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The role of mycorrhizas in forest
soil stability with climate change
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1. Introduction

Global change and the related loss of biodiversity as a result of explosive human population
growth and consumption are the most important issues of our time. Global change,
including climate change, nitrogen deposition, land-use change and species invasions, are
altering the function, structure and stability of the Earth’s ecosystems (Vitousek, 1994;
Lovelock, 2009). Climate change specifically has been marked by an 80% increase in
atmospheric CO; levels and a 0.74 °C increase in average global near-surface temperature
over the period 1906-2005, with average temperature projected to increase by an additional
1 to 6°C by 2100 (IPCC, 2007). Warming is expected to continue for centuries, even if
greenhouse gas emission are stabilized, owing to time lags associated with climate processes
and feedbacks (IPCC, 2007). Precipitation patterns have changed along with temperature,
with average annual increases up to 20% in high-latitude regions but decreases up to 20% in
mid- and low-latitudinal regions. The changes in temperature and precipitation patterns
have resulted in higher sea levels, decreases in the extent of snow and ice, earlier timing of
species spring events, upward and poleward shifts in species ranges, increases and earlier
spring run-offs, and increases in forest disturbances by fires, insects and diseases. Of critical
importance are the effects of global change on soils. Soils store one-third of the Earth’s
carbon and, therefore, small shifts in soil biogeochemistry could affect the global carbon
balance (Schlesinger & Andrews, 2004). The effects of global change on soils are complex,
however, with multiple feedbacks across broad spatiotemporal scales that have the potential
to further amplify climate change effects on the ecology of the Earth. Changes in soils are
already occuring as a result of climate change, and include increased soil temperatures,
increased nutrient availability, melting of permafrost, increased ground instability in
mountainous regions, and increased erosion from floods (IPCC, 2007).

Forests are especially important in the carbon balance of the Earth. Even though forests
comprise only 30% of the terrestrial ecosystems, they store 86% of the above-ground carbon
and 73% of the world’s soil carbon (Sedjo, 1993). On average, forests store two-thirds of their
carbon in soils, where much of it is protected against turnover in soil aggregates or in
chemical complexes (FAO, 2006). Forest soils not only absorb and store large quantities of
carbon, they also release greenhouse gases such as CO,, CH; and N;O. The carbon sink and
source strengths of soils have been considered relatively stable globally, with the strong sink
strength of northern-mid latitudes roughly balanced by the strong source strength of the
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tropics (Houghton et al., 2000). However, climate change can upset the soil carbon balance,
or its functional stability, by reducing carbon storage and causing a large positive feedback
to atmospheric CO; levels. Indeed, the amount of CO, emissions being sequestered by
terrestrial ecosystems is declining and they may become a source by the middle of the 21st
century (Cox et al., 2000; Kurz et al., 2008a). When this happens, the atmospheric carbon
trajectory will become less dependent on human activities and more so on the much larger
carbon pools in terrestrial ecosystems and oceans (Cox et al., 2000). To underscore the
gravity of this shift, the magnitude of total belowground respiration is already
approximately 10 times greater than fossil fuel emissions annually (Lal, 2004). The effect of
climate change on soil functional stability is particularly concerning in high latitude
ecosystems (boreal forests, taiga, tundra and polar regions) because these systems store 30%
of the Earth’s carbon, and are currently warming at the fastest rates globally (IPCC, 2007;
Schuur et al., 2009). The tundra-polar regions recently became a net source of atmospheric
CO; (Apps et al., 2005). The functional stability of soils or ecosystems is defined in this paper
as the maintenance of soil or ecological complexity within certain bounds so that key
processes (e.g., carbon cycling, productivity) are protected and maintained (Levin, 2005).
Although the climate change forecasts by the IPCC (2007) have the illusion of predictable
and steady change over the next century, the real changes in climate will likely be sudden
and unexpected (Lovelock, 2009). Indeed, non-linearity, unpredictability and disequilibrium
characterize the Earth and its ecosystems as complex systems (Levin, 2005). Congruently,
the IPCC (2007) is predicting an increase in the frequency of climatic extremes, such as
heavy rains, heat waves and hot days/nights. These will affect disturbances caused by fire,
drought, hurricanes, windstorms, icestorms, insect and disease outbreaks, and invasion by
exotic species, and these are projected to increase in frequency, extent, severity and intensity
as climate changes (Dale et al., 2001). Changes in natural disturbance regimes have the
potential to increase the uncertainty in climate change projections because of their large
effects on terrestrial carbon pools (Houghton et al., 2000; Kurz et al., 2008b). Disturbances
could greatly overshadow the direct incremental effects of climate change on forest soil and
ecosystem stabililty, or the effect of mitigation efforts (Kurz et al., 2008b). Large increases in
forest fire and insect disturbances in Canada since 1980 have already reduced ecosystem
carbon storage (Kurz & Apps, 1999). Disturbances not only kill plants and affect soil carbon
storage, but they also accelerate nutrient cycling, alter mycorrhizal communities, and
change soil foodweb dynamics.

Carbon storage in soils involves complex feedbacks between plants and soil organisms.
Carbon storage depends on the balance between carbon inputs through photosynthesis and
outputs through autotrophic (root and mycorrhiza) and heterotrophic (soil microbial)
respiration (Bardgett et al., 2008). Both photosynthesis and respiration are directly affected
by climate change factors; including atmpospheric CO, level, soil nutrient availability, and
temperature and precipitation patterns. They are also clearly affected by tree mortality. The
direct effects of these climate change factors on plants then feed back to indirectly affect the
structure and activity of soil microbial communities, which drive nutrient cycling, soil
carbon storage, and soil stability (Bever et al., 2002a). The intimate cascading interaction
between plants and soil microbes in their response to climate change factors is likely of
critical importance in predicting the consequences of climate change to ecosystem stability
and the carbon balance. Although the feedbacks are complex and poorly understood, we are
already measuring climate change effects on soil carbon in high latitude ecosystems (Apps
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et al, 2005; Schuur et al., 2009) as well as on the composition and activity of soil
communities involved in soil nutrient cycling in northern forests (Treseder, 2008).

Of the soil microbes, mycorrhizal fungi are likely the most intimately involved and
responsive to carbon fluxes between plants, soils and the atmosphere, and hence are
important to consider in climate change impacts on terrestrial ecosystems. This is because of
their pivotal position at the root-soil interface, where they link the aboveground and
belowground components of biogeochemical cycles. Mycorrhizal fungi are obligate
symbionts with all forest tree species, where they scavenge soil nutrients and water from the
soil in exchange for photosynthate from the tree. Without their fungal symbionts, most trees
cannot acquire enough soil resources to grow or reproduce; without the trees, the fungi have
insufficient energy to carry out their life cycle. Because of this obligatory exchange,
mycorrhizal fungi are considered the primary vectors for plant carbon to soils (Talbot et al.,
2008) and, conversely, the primary vectors of soil nutrients to plants (Hobbie & Hobbie,
2006). The fungal partner plays a role in other essential services as well, such as increasing
soil structure, protecting soil carbon against mineralization, and protecting tree roots against
disease or drought. A single mycorrhizal fungus can also link different plants together, thus
forming mycorrhizal networks. These networks have been shown to facilitate regeneration
of new seedlings, alter species interactions, and change the dynamics of plant communities
(Selosse et al., 2006). As such, mycorrhizas are considered key players in the organization
and stability of terrestrial ecosystems (Smith & Read, 1997; Simard, 2009).

The objective of this synthesis paper is to review the role of mycorrhizas and mycorrhizal
networks in the stability of forest ecosystems and forest soils as climate changes. We start by
reviewing the role mycorrhizal fungi play in soil carbon flux dynamics. We then review
some of the direct effects of climate change factors (specifically increased CO,, nutrient
availability, temperature and drought) on plants and mycorrhizal fungi. Next, we briefly
review the current and potential effects of climate change on forests in North America. The
crux of our review, however, is on the role of mycorrhizas and mycorrhizal networks in
helping to mitigate the effects of climate change through their stabilizing effects on forest
ecosystems. We use our own research in the interior Douglas-fir forests of western North
America to illustrate these stabilizing effects, including the role of mycorrhizal networks in
forest recovery following disturbance and in soil carbon flux dynamics. We then discuss the
potential roles that management can play in helping maintain forest stability as climate
changes. The body of studies suggests that mycorrhizal fungi, and their capacity to stabilize
forests, will have a significant impact on the terrestrial portion of the global carbon budget.

2. The role of mycorrhizal fungi in soil carbon fluxes

The soil carbon pool is 3.3 times larger than the atmospheric carbon pool and 4.5 times
larger than the biological carbon pool (Lal, 2004). As a result, the global carbon balance is
strongly influenced by soil carbon flux dynamics. The global soil carbon pool is 2500 Gt, and
is comprised of 1500 Gt organic carbon (70%) and 950 Gt inorganic carbon (30%)
(Schlesinger & Andrews, 2004; Lal, 2004). The organic portion of the soil pool is comprised
of plant roots, fungal biomass, microbial biomass, and decaying residues. It includes fast-
cycling sugars, amino acids and proteins, and slow-cycling cellulose, hemicellulose and
lignin. The soil organic pool is highly dynamic, variable, and greatly influenced by land use
practices (Rice et al., 2004).
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There are three functional groups of fungi in soils: mycorrhizal (i.e., mutalists), saprotrophic
(i.e., decomposers) and pathogenic (i.e., parasitic) fungi. Of these, the mycorrhizal (plant-
fungal) symbiosis is ancient, having evolved over 4.5 million years into a tight mutualism
(generally speaking, but there is a continuum in the symbiosis between mutualism and
parasitism; Jones & Smith, 2004). The mycorrhizal symbiosis involves thousands of fungal
species world-wide (Molina et al.,, 1992). Mycorrhizas are universally present in all
terrestrial biomes, including native forests, woodlands, savannas, grasslands and tundra
(Smith & Read, 1997). The three dominant groups are ectomycorrhizas (ECM, primary on
trees and shrubs in boreal and temperate ecosystems), ericoid mycorrhizas (ERM, primarily
on Ericaceae species in high latitude and high altitude ecosystems), and arbuscular
mycorrhizas (AM, primarily on grasses, herbs and tropical tree species).

Many mycorrhizal taxa associate with a broad range of plant species, and thus are
considered host generalists. Most fungi in the AM group are considered host generalists,
whereas fungi in the ECM and ERM groups include both host generalists and host
specialists (i.e., that associate with a narrow group of plant species) (Molina et al., 1992). The
low host specificity of many mycorrhizal taxa allows a single mycorrhizal fungal mycelium
to link the roots of two or more plants of one or more species in a mycorrhizal network.
Increasingly, mycorrhizal networks are recognized as ubiquitous in terrestrial ecosystems,
including tropical, temperate and boreal forests (van der Heijden & Horton, 2009).
Mycorrhizal networks can function in the mycorrhizal colonization of new seedlings, spread
of fungal mycelia, or transfer of carbon, nutrients or water between plants (Simard et al,,
2002), thus affecting plant and fungal community dynamics. The architecture of mycorrhizal
networks can follow regular, random or scale-free models. In both regular and random
networks, links (e.g., fungi) tend to be distributed equally among nodes (e.g., trees). In scale-
free models, however, some nodes (e.g., hub trees) are highly linked (Bray, 2003). The
architecture of the network reflects its resilience against disturbance (e.g., removal of trees).
All mycorrhizas take up nutrients and water from the soil in exchange for photosynthate
carbon from host trees. Photosynthate carbon has been shown to transfer from host plants to
mycorrhizal hyphae within hours (Johnson et al., 2002) and this drives half of the
belowground microbial activity, with the rest fueled by heterotrophic metabolism of dead
organic matter (Hogberg & Hogberg, 2002). Plants invest photosynthate carbon in
mycorrhizas (instead of building their own roots) because the small and profuse hyphae
have 60 times more absorptive area than fine roots (Simard et al.,, 2002). Generally, as
nutrient and water limitations increase, plants allocate more photosynthate to mycorrhizal
hyphae to increase soil resource uptake. This explains their increasing dominance (relative
to bacteria) in high latitude, high altitude or upslope ecosystems (Hobbie, 2006; Hogberg et
al., 2007). In turn, colonization by mycorrhizal fungi has been shown to up-regulate
photosynthesis (Rygiewicz & Anderson, 1994; Miller et al., 2002).

A large portion of photosynthate carbon is allocated belowground and metabolized by
roots, mycorrhizal fungi and heterotrophic organisms. The proportion of carbon that is
allocated belowground to roots and mycorrhizas has been shown to range from 27-68% of
net primary productivity (NPP) in ECM culture studies (Hobbie, 2006). The proportion of
carbon allocated directly to mycorrhizal fungi ranges from 1-21% of total NPP (Hobbie,
2006). The amount allocated to root exudation represents 1-10% of NPP, and is important in
fueling soil foodwebs and soil organic matter formation (Cardon & Gage, 2006).
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Mycorrhizal fungi have a diversity of functions in carbon metabolism. They not only
directly access mineral nutrients and water in soil in exchange for photosynthate, they can
also decompose soil carbon for energy and nutrient uptake. For example, mycorrhizal fungi
have been shown to assimilate simple organic compounds (e.g., amino acids) from the soil
solution while in symbiosis (Ndsholm et al., 1998). Recently, ECM fungi, ERM fungi and, to
a lesser extent AM fungi, have also been found to act as decomposers of larger organic
molecules (e.g., proteins, chitin, pectin, hemicellulose, cellulose, polyphenols) by producing
extracellular enzymes (e.g., proteases, polyphenol oxidases) (Read & Perez-Moreno, 2003;
Tu et al., 2006; Talbot et al., 2008). Talbot et al. (2008) proposed three conditions under which
mycorrhizas act as decomposers: (1) when plant photosynthate is low (e.g., in shade, winter-
early spring, or when plants are declining) and mycorrhizas require an alternative energy
source, (2) when soils are highly organic (e.g., at high latitude or high altitude) and
mycorrhizas are required to mine organic nutrients, or (3) when plant productivity is high
(especially in crop plants), and mycorrhizal decomposition is primed by large belowground
photosynthate carbon fluxes. The model of Talbot et al. (2008) differs from the traditional
decomposition model where saprotrophic fungi were considered exclusively responsible for
all soil organic matter decomposition. In addition to saproptrophs, however, different taxa
of mycorrhiza fungi are now recognized as targeting different carbon sources, implying
niche partitioning. This niche partitioning can help explain why such a dazzling diversity of
fungi are involved in carbon and nutrient metabolism in soils (Hansen et al., 2008). It also
points to the importance of understanding the diverse roles of plants and fungi in global
carbon flux dynamics.

Arbuscular mycorrhizal fungi generally do not break down soil organic matter, but they do
play important roles in promoting soil aggregation and soil carbon storage. Soil aggregation
occurs when hyphae pervade soil pores and entwine soil particles. Mycorrhizal hyphal
growth in soils is extensive, with mycelial lengths reaching 111 m cm- (0.5 mg g, or up to
900 kg ha) in a prairie soil (Miller et al., 1995). Though AM hyphae turn over quickly (in
days to a few months), they also deposit significant quantities of relatively recalcitrant
carbon compounds such as chitin and glomalin. Glomalin is a carbon-, nitrogen- and iron-
rich glycoprotein produced in fungal cell walls (Treseder & Turner, 2007). When it is
deposited during decomposition, glomalin joins hyphae in binding small soil particles, thus
promoting aggregation and soil stability. Although it constitutes only 0.4-6% of hyphal
biomass, glomalin accumulates in soil macro-aggregates at much higher masses (e.g., >100
mg g') than does hyphae. In soil aggregates, glomalin carbon is protected from
decomposition by chemicals and soil organisms, allowing it to remain in soils for decades
and accumulate over time (Rillig et al., 2001; Zhu & Miller, 2004). Carbon in bulk soil, by
contrast, is more vulnerable to decomposition. Hence, AM glomalin represents a large
pathway for storage of stable carbon in soils. Glomalin content of soils generally increases
with the abundance of AM plants and carbon allocation to AM hyphae, and has been shown
to represent 3-8% of soil carbon in undisturbed AM grassland and chaparral communities
(Rillig et al., 2001).

The composition of mycorrhizal communities shifts with changes in the balance of carbon
and nutrients in soils because of fungal species variation in demands for carbon, nitrogen
and phosphorus. For example, increases in carbon allocated belowground with CO;
enrichment or warming may shift the mycorrhizal community toward dominance by high
biomass fungi with proteolytic or long-distance exploration capabilities that enable them to
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compete for scarce nutrients or contribute to soil carbon storage (Treseder, 2005; Hobbie &
Hobbie, 2006). These fungi are also considered important in forming mycorrhizal networks
with high transfer capacity (Simard & Durall, 2004). In the next section we discuss how
climate change can trigger such shifts in the mycorrhizal fungal community.

3. Effects of climate change factors on mycorrhizal fungi

Climate change is resulting in increasing atmospheric CO, concentrations, increasing soil
nutrient availability, regional warming and regional drying as a result of fossil fuel burning,
land use change, and nutrient pollution. These changes are having multi-faceted effects on
plants, mycorrhizal fungi and ecosystems. In this section, we review the key climate factors
individually and their potential effects on mycorrhizal fungi.

3.1 Atmospheric CO; enrichment

Carbon as atmospheric CO; has increased from a pre-industrial level of 280 ppm to 392 ppm
in 2010 (Keeling, 1998; IPCC, 2007; http://co2now.org/). The most important effects of
atmospheric CO; enrichment on mycorrhizal fungi are expected to be indirect through their
impacts on plants (Staddon & Fitter, 1998). Plants generally respond to CO; enrichment with
increased photosynthesis, decreased stomatal conductance, and increased net primary
productivity (Poorter, 1993). They also distribute greater amounts of carbon belowground to
roots, mycorrhizas, soil foodwebs and exudates (Pritchard et al., 2008; Drigo et al., 2008),
due either to greater productivity or shifts in allocation patterns (Zak et al., 2000). Increased
availability of carbon to mycorrhizas belowground is considered an important strategy for
plants to meet their increasing needs for nutrients and water (Bazazz, 1990; Rogers et al.,
1994). In addition to these predicted shifts, mycorrhizal function may also change with
increasing COp, resulting in lower net carbon costs or increased nutrient-uptake benefits for
host plants (Johnson et al., 2005). In addition to acquiring carbon, mycorrhizal fungi also
mediate the return of CO; to the environment through metabolism and decomposition. The
degree to which the increased carbon allocated belowground is rapidly released as CO, or
allocated to a more recalcitrant soil pool is not well understood.

In keeping with the above predictions, Treseder (2004) found in a meta-analysis of field
studies that mycorrhizal abundance increased on average by 47% (84% for AM fungi; 19%
for ECM fungi) with increased atmospheric CO; concentration; these increases occurred
irrespective of biome, level of CO; enrichment or measurement method. Meta-analyses are
powerful tools that can be used to detect general responses in ecosystems that are often
difficult to isolate in individual studies. Individual studies are still critical, however, in
uncovering sources of variation and response mechanisms. In long-term CO, enrichment
experiments, for example, Allen et al. (2005) and Treseder et al. (2003) were able to
determine that AM fungal abundance response increased with CO; enrichment and peaked
at 550-650 ppm. (Some caution is needed in interpreting such experiments because abrupt
rises in CO; enrichment can over-estimate mycorrhizal responses (Klironomos et al., 2005)).
Treseder et al. (2003) also determined that net ecosystem exchange to the atmosphere
declined with increasing CO,, where the extra carbon was added to bulk soil and, to a
greater degree, soil macro-aggregates through increased AM hyphal growth and glomalin
production. Staddon et al. (1999) also showed that AM fungi stimulated carbon flow
belowground with elevated CO,, but they estimated that most of this belowground carbon
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was respired. Allen et al. (2005) found that the standing crop of fungi, bacteria and soil
organisms did not increase with elevated CO; in arid chaparral ecosystems, but they
speculated that microbial turnover increased in response to increased carbon allocation
belowground. A few other studies have found no effect or even reduced AM fungal
colonization with increased CO; levels (Staddon & Fitter, 1998). Though the meta-analysis of
Treseder (2004) showed strong trends, clearly there are multiple environmental and species
influences on mycorrhizal responses to elevated CO; that remain to be explored.

Enrichment of CO; is expected to cause shifts in mycorrhizal community composition. These
shifts will depend on the relative abilities of different fungal taxa to exploit carbon, nitrogen
and phosphorus pools, or to acclimatize to the changing environment. Where elevated CO;
increases belowground carbon allocation and stimulates nutrient deficiencies, “late stage” or
medium or long distance “exploration types” of mycorrhizal fungi may be favoured because
of their specific exploration strategies for accessing immobile or distant nutrient patches
(Agerer, 2001; Hobbie & Agerer, 2010). Where phosphorus is limiting in particular, fungi
that invest more carbon into hyphal branching should be favoured because of the relative
immobility of this nutrient (Treseder, 2005). In environments where nitrogen is more
limiting, however, fungal groups that invest in rhizomorphs that forage over long distances
to nitrogen-rich patches should be favoured. Other mycorrhizal fungal taxa may also be
favoured in these low nutrient environments because of their adaptations for producing
extracellular enzymes to decompose soil organic complexes (see above), or for cultivating
associative N-fixing bacteria in their hyphosheres in exchange for nitrogen (Agerer, 2001;
Treseder, 2005). Studies examining ECM communities under the low nutrient conditions
expected under CO; enrichment have found shifts toward morphotypes dominated by
extraradical hyphae, rhizomorphs and thin fungal sheaths, and to communities dominated
by Cortinarius, Suillus, Tricholoma or Cenococcum (Lilleskov et al., 2001 and 2002; Treseder,
2005). These exploration fungal types are also considered important in the formation of
mycorrhizal networks and transfer of nutrients between plants, suggesting that elevated
CO;2 may favour the development of more extensive networks that link plants over long
distances.

In addition to its effect on the composition of mycorrhizal communities, elevated CO, has
also been shown to alter the composition of the broader soil microbial community (Allen et
al., 2005). Increased carbon allocation to roots and mycorrhizas stimulates soil foodweb
activity, but variation in the amount and quality of carbon can favour specific members of
the foodweb. For example, saprotrophic fungi have been shown to increase in abundance
with rising CO, because of greater inputs of root and leaf litter to the soil (Parrent &
Vilgalys, 2007). Modifications in litter chemistry, including increases in lignin concentrations
with increasing CO; levels (Norby et al., 2001), should also have consequences for soil
microbial communities (Bradley et al., 2007).

3.2 Soil nutrient enrichment

Nutrient availability is generally increasing in two ways with global change: through
localized anthropogenic nutrient deposition via fertilization and pollution and, to a lesser
extent, through increased microbial decomposition with soil warming. Although global
change is having the strongest impact on the nitrogen cycle, soil warming has the potential
to affect the availability of all soil nutrients. Nitrogen deposition specifically has increased
by 3-5 times through industrial fixation and fossil fuel burning, and now exceeds levels of
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natural nitrogen fixation world-wide (Vitousek, 1994). Because plant productivity is
nitrogen-limited globally, NPP has increased and plant distributions have shifted in
response to nitrogen enrichment (Vitousek, 1994; Treseder et al., 2005). Currently most
nitrogen deposition is in the temperate regions of the USA and Europe, where nitrogen is
considered most limiting, but future nitrogen deposition is expected to increasingly occur in
the tropics (Dentener et al., 2006). Nutrient enrichment through soil warming can result in
increased NPP, but this may ultimately be limited by depletion of the soil nutrient capital
(e.g., phosphorus).

In global change studies, scientists have investigated nitrogen enrichment effects on plants
and mycorrhizas along nitrogen deposition gradients, in fertilization experiments, and in
experiments that have artificially increased soil temperature. These studies have generally
shown positive effects of nitrogen enrichment on aboveground plant productivity but
negative effects on the belowground foodweb (Treseder et al., 2004). As soil nutrient
availability increases, plants have less need for investing carbon into roots, mycorrhizas and
microbial activity for nutrient uptake, and therefore they allocate more carbon to
aboveground biomass. A recent meta-analysis has indeed shown that industrial nitrogen
deposition not only stimulated aboveground forest growth (Thomas et al., 2010), but also
reduced soil microbial activity, diversity and soil organic matter decomposition, thus
stimulating carbon sequestration in temperate forests (Janssens et al., 2010). Congruently, in
a meta-analysis of field fertilization studies, (Treseder, 2004) found that mycorrhizal
biomass declined on average by 15% with soil nitrogen enrichment (25% decline in AM
biomass versus 5% decline in EM biomass) and by 32% with soil phosphorus enrichment.
Similar declines (15%) in total microbial biomass (fungi plus bacteria) with nitrogen
additions were observed in a separate meta-analysis of 82 field studies, with greater declines
where fertilizer was added over longer periods and at higher amounts (Treseder et al.,
2008). Janssens et al. (2010) caution, however, that saturating levels of nitrogen deposition
could lead to declines in forest productivity, both above- and belowground, because of soil
acidification, leaching of ions and nitrogen, and increasing phosphorus deficiencies. These
negative effects may overwhelm any positive effects of nitrogen deposition world-wide,
particularly in tropical forests where phosphorus is the primary limitation to tree growth.
Fertilization studies suggest that smaller changes tend to occur in ECM than AM fungal
communities and in deciduous than coniferous forests (Peter et al., 2001; Aber et al., 2003;
Treseder et al., 2007; Vitousek et al., 2008). Correspondingly, ECM fungal diversity and
richness declined in coniferous forests along a nitrogen deposition gradient (Lilleskov et al.,
2002), but appeared to decline to a lesser degree in deciduous forests (Arnolds, 1991). The
differences in these responses is likely related to the degree to which plant species are
nitrogen or phosphorus limited, the diversity of associated fungal species, and the
availability of soil mineral and organic nitrogen (Talbot et al., 2008). For example, many
deciduous tree species are more nutrient-rich than coniferous species (Simard et al., 1997a;
Jerabkova et al., 2006), and should therefore be less sensitive to nutrient additions. In
addition, AM plants generally occur in more nutrient rich environments (Smith & Read,
1997), but the wider diversity of fungi that ECM plants host for accessing nutrients may
provide a degree of functional similarity that buffers the community against increases in
nutrient availability (Jones et al., 2010).

Where nutrients are elevated, “early stage”, contact or short distance “exploration types” of
mycorrhizal fungi may be favoured because of their ability to rapidly colonize new
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seedlings and exploit nutrient-rich environments (Deacon & Donaldson, 1983; Hobbie &
Agerer, 2010). When plants are initially establishing on disturbed or enriched sites, carbon
can be briefly limiting to mycorrhizal growth. Under these conditions, mycorrhizal taxa that
allocate more biomass to exchanges sites, such as arbuscules in AM fungi, or the Hartig net
in ECM fungi, or those taxa that can acquire carbon from alternate sources, may also be
favoured (Treseder, 2005). The decline in ECM fungal diversity observed by Lilleskov et al.,
(2001, 2002) along a nitrogen deposition gradient corresponded with a shift toward early
successional fungi such as Laccaria, Paxillus and Lactarius that posess these characteristics.
Early successional fungi have been shown to form mycorrhizal networks in forests and
facilitate carbon and nitrogen transfer over short distances (Simard et al., 1997a), but to a
smaller degree than later successional fungi (Teste et al., 2009a). Reductions in mycorrhizal
richness, whether involving early or later successional fungi, reduces the complexity of
mycorrhizal networks, which has corresponded with lower rates of nutrient transfer and
survival of establishing seedlings in temperate forests (Teste et al., 2009a).

Nitrogen deposition can not only reduce mycorrhizal activity and diversity, but it can also
favour specific saprotrophic communities (Janssens et al., 2010). After 19 years of annual
fertilization at Toolik Lake, Alaska, for example, Deslippe et al. (2010) found an increase in
the abundance of saprotrophs and small changes in the ECM fungal community. The
increasing group of saprotrophs (as discussed by Janssens et al. (2010)) can be superior at
producing cellulose-decomposing and phosphate-acquiring enzymes, but not be very
efficient at producing lignin-degrading enzymes. Ironically, the saprotrophs can therefore
leave more recalcitrant organic matter, ultimately leading to greater accumulation of soil
carbon and reducing respiration. Studies show that a large fraction of this soil organic
matter is chemically or physically protected from further microbial decay, particularly
where it is associated with clay particles. It is important to note that the more decay resistant
carbon is the result of saprotrophic biochemical transformations rather than increased soil
aggregation; this is because mycorrhizal abundance and rhizodeposition generally decline
with increasing nitrogen availability. The long-term stability of these changes in soil carbon
is therefore uncertain.

3.3 Soil warming

Plant growth generally increases with soil temperature, but it can also decline where
nutrient deficiencies are induced or soil water availability is reduced through increased
rates of evapo-transpiration (Pendall et al., 2004). Where plant productivity increases with
soil temperature, mycorrhizal and microbial activity are also predicted to increase to help
meet increasing nutrient and water demands (Pendall et al., 2004). In keeping with these
predictions, mycorrhizal fungal abundance has been shown to increase with soil warming.
However, they have also declined initially where limiting thresholds of nutrient or water
availability were exceeded (Rustad et al., 2001). Thus, temperature effects on mycorrhizal
activity can be mediated through nutrient and water cycles.

Plants and mycorrhizas are not necessarily limited by the same resources at the same time,
and feedbacks between climate change factors will mediate plant, mycorrhizal and soil
responses to warming (Hobbie, 2000; Pendall et al., 2004). Moreover, plants and mycorrhizal
fungi may acclimate to soil temperature changes (Allison et al., 2010). This suggests we
should expect variable effects of soil warming on mycorrhizal fungi depending on the type
of plant community, the length of time since warming, and feedbacks among different
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climate processes. For example, mycorrhizal fungal growth increased following 14 years of
warming in the Arctic tundra at Toolik Lake, Alaska (Clemmenson et al., 2006) but declined
in mature black spruce forests of Alaska (Allison and Treseder, 2008). After 19-years in the
warming treatment at Toolik Lake, Deslippe et al. (2010) found that ECM colonization of the
dominant tundra shrub, Betula nana, had returned to control levels, suggesting the ECM
community had acclimatized to the new conditions. However, they also found an increase
in high biomass mycorrhizal fungi with proteolytic capacity, especially Cortinarius, and a
reduction in fungi with high affinities for nitrogen, especially Russula, supposedly reflecting
Betula nana’s increased demand for nutrients bound in soil organic matter with warming. In
the black spruce forest, the decline in fungal biomass likely coincided with reductions in soil
moisture and increases in nitrogen availability. Exceeding minimum thresholds in soil
moisture due to evapotranspiration appears to constrain the predicted mycorrhizal increases
with warming, and this ought to occur more commonly in dry than moist forests or than
moist tundra underlain by permafrost.

The positive effects of soil warming on the abundance of mycorrhizal fungal taxa with high
biomass and long distance exploration types found by Deslippe et al. (2010) suggests that
soil warming should promote development of larger mycorrhizal networks. At Toolik Lake,
Deslippe & Simard (2010) found that mycorrhizal networks transferred fixed carbon
between Betula nana shrubs, but not to other plant species, and the amount was potentially
sufficient to affect the performance of Betula nana. Development of larger mycorrhizal
networks with warming should therefore favour community dominance by Betula nana and
may help explain its current expansion on the Arctic tundra with warming. The increase in
carbon uptake throught expansion of Betula nana in the tundra, however, will likely be
exceeded by carbon release resulting from permafrost thawing effects (Schuur et al., 2009).
In addition to general increases in mycorrhizal biomass with soil temperature, increases in
microbial activity should lead to increases in soil organic matter decomposition. This is
because microbes produce extracellular enzymes that catalyze the conversion of soil organic
matter to dissolved organic carbon, which is the rate-limiting step in decomposition (Allison
et al.,, 2010). The increase in decomposition with soil warming is speculated to offset the
increases in carbon allocation belowground with increased atmospheric CO;. In keeping
with this expectation, soil CO, and CH4 emissions have been found to initially increase in
soil warming experiments. However, emission rates have been found to then decline back to
control levels within a few years once microbes acclimate to the elevated temperature and
allocate less carbon toward biomass growth (i.e., they reduce their carbon-use efficiency)
(Allison et al., 2010). The short-term nature of respiration increases have also resulted partly
from rapid depletion of labile carbon pools (Bradford et al., 2008).

3.4 Reduced soil water availability

Reduced precipitation predicted for mid-latitude ecosystems will likely result in increasing
water limitations to plant growth (IPCC, 2007). When soil water availability declines, plants
should allocate more carbon to mycorrhizal fungi so that they can access scarce soil water
(Augé, 2001). Conversely, in areas where precipitation increases, less plant carbon should be
allocated to mycorrhizal growth. Studies show that drier conditions have tended to increase
arbuscular mycorrhizas as predicted but have had variable effects on ectomycorrhizas
(Allison & Treseder, 2008). While water limitations are generally expected to increase with
climate change, increases in water use efficiency may buffer some of the negative effects of
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drought. For example, colonization with mycorrhizal fungi can increase plant water use
efficiency due to improved phosphorus nutrition (Augé, 2001). Water-use efficiency of
plants has also been shown to increase with atmospheric CO, (Bazazz, 1990).

3.4 Overall climate change effects

The inter-related effects of climate change factors on forest ecosystems, plants and
mycorrhizal fungi are complex and difficult to predict. The results of field studies generally
suggest that increased CO,, soil warming and soil drying should increase plant carbon
allocation to mycorrhizas and shift the fungal community to species characterized by high
biomass, long distance exporation strategies, and proteolytic capabilities for meeting
nutrient demands. These mycorrhizal types should favour development of mycorrhizal
networks, which would promote tree species establishment and survival, but they should
also have greater decomposition capabilities. Conversely, nutrient enrichment should
reduce mycorrhizal fungal abundance and favour early successional mycorrhizal species
that are nitrophillic and with more limited networking capacity. This may limit growth of
older trees or promote invasion of weedy plants that are less reliant on mycorrhizal fungi
for meeting their resource needs. On balance, the present state of knowledge regarding
climate change trajectories suggests that forest health will decline in the future and forest
soils will become a net source of atmospheric CO; (Jones et al., 2004; Pendall et al., 2008;
Kliejunas et al., 2009; Kurz et al., 2008a). Changes at high latitudes, including thawing and
warming of Arctic and boreal soils are especially at risk of strong positive CO, and CHy
feedbacks to the atmosphere (Schuur et al., 2009), as is evidenced by the recent shift in Arctic
soils from being a net carbon sink to a net carbon source (Apps et al., 2005). This has the
potential to greatly amplify climate change in the near future (Schuur et al., 2009).

Climate change factors could also alter the functional roles of mycorrhizal species in soil
carbon dynamics (e.g., as vectors, scavengers or decomposers) (Talbot et al., 2008). Similarly,
these changes could shift the compatibility and cooperation between hosts and fungi along
the mutualism-parasitism continuum, and the relative fitness of various mycorrhizal fungi
and other microbes that currently protect roots or suppress root disease (Kiers & van der
Heijden, 2006; Hoeksema & Forde, 2008; Kliejunas et al., 2009). Specific changes in plant
growth and physiology, population genetics, and interactions with changes in the
mycorrhizal community, will also affect interplant interactions, plant community
composition, and mycorrhizal fungal community composition. Therefore, the direct and
indirect effects of climate change on both plants and mycorrhizas should have direct
consequences for the global carbon balance.

4. Effects of climate change on forests and their mycorrhizal communities

The effects of climate change on forests are expected to be profound (Aber et al., 2001; Dale
et al., 2001). Climate change is expected to affect tree species and forest distributions, forest
dynamics and succession, the interactions and co-evolution between trees, mycorrhizal
fungi and other mutualists, and ecosystem function (Malcolm et al., 2006; Hamann & Wang,
2006; Whitham et al., 2006). Forest productivity can change slowly in response to the
relatively slow and directional changes in mean CO; levels, temperature and precipitation,
but it can also change rapidly in response to extreme events (e.g., drought, fire, insect
outbreaks), which are occurring with greater frequency and severity world-wide (IPCC,
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2007; Liu et al., 2010). There are currently 120 documented cases of forest dieback world-
wide that are directly attributed to climate change (Allen et al.,, 2010). Forest decline
resulting from climate change, whether due to slow increases in stress or sudden diebacks,
has the potential to transform soil microbial communities and cause massive CO, feedbacks
to the atmosphere. The dieback of 12 million hectares of lodgepole pine due to the mountain
pine beetle epidemic in British Columbia, for example, has changed these forests from a net
sink to a net source of carbon to the atmosphere (Kurz et al., 2008a).

In the Northern Hemisphere, the distribution of plant communities is expected to change
dramatically and idiosyncratically over the next century. The IPCC (2007) generally predicts
a northward migration of the boreal and temperate forests, an expansion of prairie and
shrub-lands, and a dramatic reduction in the taiga and Arctic tundra. In British Columbia,
climate models predict that the sub-boreal, montane and subalpine forests will almost
disappear by 2100, while the grasslands and temperate forests will greatly expand to the
north (Hamann & Wang, 2006; Spittlehouse, 2008). For each 1°C increase in temperature,
forest zones will have to move 160 km (Petit et al., 2004; Hamann & Wang, 2006); for an
increase in 4°C over the next century, species in the Northern Hemisphere may have to
move northward by 500 km (or 500 m higher in altitude), or a few kilometers per year to
find a suitable habitat (IPCC, 2007). This far outpaces the historical tree migration rate of
100-200 m per year estimated from pollen records and chloroplast DNA analyses
(MacLachlan & Clark, 2004). If tree species are unable to migrate as predicted or adapt
rapidly, they will face extirpation (Aitken et al., 2008). Gene flow of pre-adapted alleles from
warmer climates will help tree species migrations at the leading edges of their ranges;
however, populations at the rear edges will have greater chance of dieback due to lags in
adaptation and migration ability (Aitken et al., 2008). Diebacks and declines are already
evident in North American species such as paper birch, trembling aspen, ponderosa pine,
pinyon pine and lodgepole pine (Hogg et al., 2002; Mueller et al., 2005; Bouchard et al., 2008;
Heineman et al., 2010). Conversely, northward or upward migration is evident in lodgepole
pine, white spruce and green alder (Johnstone & Chapin, 2003; Danby & Hik, 2007).
Mycorrhizal fungi, through their obligate role in tree establishment, survival and growth,
will play a key role in the conservation of core native forests, minimizing diebacks of forests
at the trailing edges of tree species ranges, and facilitating migration of tree species at the
leading edges of their ranges. Mycorrhizal networks, and their role in mycorrhization and
mediation of resource distribution among trees according to need, will likely play a key role
in maintaining both the integrity and reorganization of old and new forests. In the next
section, we describe how mycorrhizal networks play an important role in the self-
organization and stability of forests.

5. Role of mycorrhizal networks in forest stability with climate change

In this section, we argue that the most important role of mycorrhizas with climate change
may be in their stabilizing effects on forests that are under increasing environmental stress.
The functional significance of mycorrhizal fungi at these higher levels of ecosystem
organization is increasingly recognized, including the role of mycorrhizal networks in forest
regeneration, succession and resistance against exotic invasions (Nara & Hogetsu, 2004;
Simard & Durall, 2004; Selosse et al., 2006; McGuire et al., 2007; Simard, 2009). Mycorrhizal
networks may thus provide a community-based model for feedback pathways that promote
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forest stability with climate change. We explore this concept with our research on
mycorrhizal networks in the interior Douglas-fir forests of British Columbia.

Interior Douglas-fir forests vary widely in composition and structure, from predominantly
single-species, uneven-aged forests in the arid and cool climatic regions, to multi-species,
even-aged forests in the moist, warm climatic regions of British Columbia. Regardless of
this variation in forest composition and structure, Douglas-fir is a dominant tree species.
The composition of the fungal community changes with succession, where a few pioneering
taxa such as Wilcoxina rehmii and Mycelia atrovirins radicans dominate the roots of Douglas-fir
germinants in the first few years following wildfire or harvesting disturbances (Jones et al.,
1997; Teste et al., 2009a; Barker et al., 2010). This is followed by rapid succession to a more
diverse, late-stage ECM fungal community increasingly dominated by the Rhizopogon
vinicolor/R. visiculosus complex (Twieg et al., 2007). The Rhizopogon complex joins up to 63
other ectomycorrhizal species in a complex fungal community colonizing interior Douglas-
fir (Twieg et al., 2007). Even with shifts in ECM fungal species composition with disturbance
and succession, there is enough functional similarity among taxa that total enzyme
production by the community remains unchanged (Twieg et al., 2009; Jones et al., 2010).
Congruently, seedling nutrient uptake and growth remain stable over a wide range of
disturbance severities (Barker & Simard, 2010).

Early and late successional ECM fungi form mycorrhizal networks linking together
Douglas-fir trees of many ages in the arid temperate forests (Teste et al., 2009b, Beiler et al.,
2010). Douglas-fir can also form linkages with several other tree and shrub species in these
forests (Simard et al., 1997b; Hagerman et al., 2001; Twieg et al., 2007). In a dry, uneven-aged
interior Douglas-fir forest, we used multi-locus, microsatellite DNA markers to determine
that all Douglas-fir trees were interconnected and that the young trees had regenerated
within the extensive Rhizopogon network of old veteran Douglas-fir trees (Beiler et al., 2010).
Most of the young trees were linked to large, old hub (i.e., highly connected) trees,
suggesting the network had scale-free properties; thus, the hub trees were important in self-
regeneration of the old-growth forests. In similar forests nearby, we examined this
experimentally and showed that seedling establishment success increased by four times
where they had full access to the mycorrhizal network of older Douglas-fir trees (Teste &
Simard, 2008; Teste et al., 2009b). Access to the network not only improved seedling
survival and physiology, but seedlings were colonized by a more complex fungal
community and received carbon, nitrogen and water transferred from the older trees
(Schoonmaker et al., 2008; Teste et al., 2009a,b). The finding that the network had scale-free
properties suggests they were robust against random removal or death of individual trees,
which would have little effect on the connectivity of the network (Bray, 2003). By contrast,
targeted removal of hub trees, such as through high-grade logging, or insects that selectively
attact large trees (e.g., bark beetles), would have negative effects on the regeneration system.
In fact, network models have shown that removal of highly connected nodes can cause the
scale-free network to stop functioning (Bray, 2003). Random networks, where links are
distributed equally among nodes, such as those found in the widely spaced Quercus garryana
forests of California (Southworth et al., 2005) are conversely more likely to unravel from
random tree removal.

The mixed Douglas-fir - paper birch stands in the moist, warm Interior Cedar-Hemlock
forests are more productive and regenerate more readily after disturbance than do the pure
Douglas-fir stands of the dry forests (Simard et al., 2005), but mycorrhizal networks also
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play a role in Douglas-fir regeneration. In the understory of century-old paper birch and
Douglas-fir mixtures, establishment success of Douglas-fir has increased where seedlings
were linked into the mycorrhizal network of older trees (Simard et al., 1997b). There, greater
regeneration success was associated with seedling colonization by a more complex
mycorrhizal network associated with the mature trees (Simard et al.,, 1997b). In nearby
clearcuts, Douglas-fir seedlings have also benefited from simple mycorrhizal networks by
receiving carbon from neighbouring paper birch, particularly where Douglas-fir was shaded
(Simard et al., 1997a). Net carbon transfer followed a source-sink photosynthate gradient,
from carbon- and nutrient-rich paper birch source seedlings to increasingly light-stressed
Douglas-fir sink seedlings. Traditional models of forest dynamics predict that regeneration
patterns are controlled by competitive interactions with neighbours (Oliver & Larson, 1997),
but this study showed that facilitation by networks increased regeneration performance and
affected interspecific interactions between paper birch and Douglas-fir, encouraging a more
diverse tree community. These tree-species-rich forests are also more resilient to insect
attack and disease than pure Douglas-fir forests, as shown when deciduous species are
removed by weeding or thinning (Morrison et al., 1988; Baleshta et al., 2004; Simard et al.,
2005).

Forest ecosystems are dynamic, and this is illustrated by dynamic patterns and processes in
mycorrhizal networks. Not only do the complexity and composition of mycorrhizal
networks change over time (Twieg et al., 2007), but belowground fluxes of nutrients change
over the growing season with shifts in source-sink gradients among networked plants (Lerat
et al., 2002). Using dual 13C/14C labelling in the field, Philip (2006) found that the direction
of net carbon transfer reversed twice over the growing season: (1) from shooting Douglas-fir
to bud-bursting birch in spring; (2) then reversing, from nutrient and photosynthate-
enriched paper birch to stressed understory Douglas-fir in summer; and (3) reversing again,
from still-photosynthesizing Douglas-fir to senescent paper birch in the fall. The carbon
moved back-and-forth between birch and fir through multiple belowground pathways,
including mycorrhizal networks, soils, and a non-networked mycorrhizal-soil pathway
(Philip et al., 2010). Here, there appears to be a dynamic interplay between birch, fir and the
interconnecting fungi, with carbon and nutrients moving in the direction of greater need
over the growing season, resulting in an integrated, dynamic system.

Where severe disturbances remove forest floor and trees in dry climates, mycorrhizal
networks are disrupted, resulting in greater reliance of new germinants on mycorrhizal
colonization by spores or mycorrhizal fragments in the soil (Teste et al., 2009a; Barker et al.,
2010). Although severe disturbances are part of the historic mixed fire regime in the interior
Douglas-fir forests, they have usually been infrequent and restricted to small patches
(Klenner et al., 2008). As the climate of these forests becomes warmer and drier (Hamann &
Wang, 2006), severe disturbances are expected to increase in extent and frequency (Dale et
al., 2001), raising concerns about mycorrhizal spore production and dispersal into the
disturbed areas. Production of fruiting bodies declines in dry summers (Durall et al., 2006),
and belowground dispersal of spores by truffle-forming species such as Rhizopogon may be
limited over extensive openings. Douglas-fir seed rain and regeneration have also been
sporadic in these forests (Vyse et al.,, 2006), and the resulting regeneration lags in dry
summers could cause local extinction of Rhizopogon and other network-forming ECM fungal
taxa. Nevertheless, early successional ECM fungi are host-generalists, and they will continue
to play a critical role in seedling establishment following disturbance.
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In spite of the greater risk of severe fires disrupting networks in arid climates, the stress-
gradient hypothesis suggests that biotic facilitation of Douglas-fir regeneration by
mycorrhizal networks should be even greater in stressed environments. We tested this
hypothesis along an environmental stress gradient caused by soil disturbance in the dry
interior Douglas-fir forests. We found that naturally regenerated Douglas-fir seedlings
received more transferred carbon through mycorrhizal networks from their neighbours
where soils were disturbed by forest floor removal and compaction than where soils were
undisturbed, but only where the seedlings were initially well colonized by EM fungi (Teste
et al., 2010). Here, disturbance created a sufficient source-sink gradient between seedlings
for carbon transfer to occur, but receiving seedlings also had to be healthy and colonized
well enough to generate adequate sink strength. We are also testing network facilitation
along a regional precipitation gradient across the interior Douglas-fir forests, from the very
dry climate of the Interior Douglas-fir zone to the moist climate of the Interior Cedar-
Hemock zone (M. Bingham, unpublished data); this regional climate gradient is serving as a
proxy for climate change. Early results suggest that, as expected, older Douglas-fir trees
transferred more carbon through Rhizopogon-dominated mycorrhiza networks, and thus
facilitated tree regeneration more strongly, in dry than in wet climates. A decade of drought
combined with western spruce budworm and Douglas-fir bark beetle attack, however, has
resulted in extensive dieback of these older trees (Campbell et al., 2003; Maclauchlan et al.,
2007). Extensive hub tree mortality in some stands may be exceed thresholds where
Rhizopogon networks are no longer sufficiently intact to facilitate regeneration (M. Bingham,
unpublished data). Simpler networks comprised of early successional fungi, however, ought
to continue to play a critical role in regeneration after disturbance (Barker et al., 2010).

6. Facilitating the stabilizing effects of mycorrhizas through forest
management

6.1 Historical management practices

Forest management practices that sequester carbon include conservation of native forest,
siliviculture practices that emulate natural processes, reforestation of crop-lands,
manipulations of tree chemistry to favour lignin, and changes to the soil microbial
community. Conversely, those forest management practices that result in net losses of soil
organic matter include deforestation or conversion of native forests to plantations (Giller et
al., 1997; Lal, 2004; Guo & Gifford, 2002). In an analysis of forest harvesting studies, Nave et
al. (2009) showed that harvesting of native forests reduced soil carbon storage by an average
of 8%, with considerably more lost from the forest floor (30%) than the mineral soil (no
consistent change). In general, forest practices that result in carbon sequestration favour
fungi over bacteria (e.g., since fungi have half the respiration rate of bacteria (30-40% versus
60%)). They should also favour fungal taxa that produce prodigious mycorrhizal networks
for increased soil aggregation and connectivity, or that produce decay-resistant compounds.
In the interior Douglas-fir forests of British Columbia, forest management practices have
generally ignored the importance of ECM fungi or mycorrhizal networks in the natural
forest regenerative capacity following disturbance. Over the past century, clearcut or high-
grade harvesting along with severe insect attacks and severe fire have taken over mixed fire
and insect attacks as the primary disturbance agents in these forests (Campbell et al., 2003;
Maclauchlan et al., 2007; Klenner et al., 2008). The standard harvesting practice has been to
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remove the tallest, straightest, largest diameter stems (i.e., the hub trees) for their economic
value, and leave patches of smaller residual trees and advance regeneration to grow and
disperse seed into the harvested gaps (Vyse et al., 2006). These management practices are
characterized by high mortality of establishing seedlings and patchy regeneration (40%
survival of planted seedlings in the very dry forests; Simard, 2009). High-grading not only
compromises mycorrhizal networks and regenerative capacity but probably also affects
genotypic diversity of the trees comprising the forests. Indeed, the high-grading
management approach, combined with summer drought (Hamann & Wang, 2006), episodic
seed dispersal (Vyse et al., 2006) and gap-phase disturbance regime characteristic of interior
Douglas-fir forests (Klenner et al., 2008), has lead to variable natural regeneration success
across the dry climatic zones of interior Douglas-fir (Vyse et al., 2006; Stark et al., 2006).

In the moist, warm forests, or at the upper elevations of the dry forests, clearcutting
followed by planting has become the most common practice. The interior Douglas-fir
nursery stock that is planted on to these sites is grown under high watering and nutrient
regimes and thus seedlings are non-mycorrhizal when lifted for planting (Kazantseva et al.,
2009). Historically, regeneration of interior Douglas-fir under these conditions has been
more or less successful provided site preparation is suitable, frost pockets recognized and
weather conditions are favourable. However, the recent increase in extended summer
droughts and more variable weather conditions in the wetter forest types, combined with
the cumulative high-grading effects and increased severity of natural disturbances
(Flannigan et al., 2005; Maclauchlan et al., 2007; Klenner et al., 2008; Kurz et al., 2008a), have
changed the structure of these forests and lead to greater uncertainty in regeneration
outcomes. Tree mortality is expected to increase even further at species trailing edges as
summer drought and disturbance severity increase (Dale et al., 2001; Campbell et al., 2003;
Parmesan, 2006). Mycorrhizal colonization and networks should become increasingly
important to the recovery of these forests from disturbance as they become increasingly
drought-stressed during the summer months as predicted by climate models (Hamann &
Wang, 2006).

Forest practices, therefore, can play an important role in carbon sequestration and forest
stability under climate stress. Conservation of whole intact forests should be a global
priority given the alarming trends in climate change and loss of biodiversity. Where
harvesting is necessary, however, retention of hub trees and their mycorrhizal networks
should help maintain the strong carbon storage capacity of forests that is critical to the
global carbon balance. Just as conserving living trees plays a critical role in conserving
mycorrhizal diversity and function, mycorrhizas in turn play a critical role in the self
organization and productivity of forests. By contrast, large-scale clearcutting not only
increases greenhouse gas emissions (Kurz et al., 2008b), it also removes critical hub trees,
threatens biodiversity (Jones et al., 2003; Martin et al., 2004) and could promote decline of
nearby forests.

6.2 Future management practices

Forests may shift to new stability domains with climate change (Suding et al., 2004). As
discussed in Section 4, climate models predict a dramatic shift in tree species ranges in
North America (Parmesan, 2006; Hamann & Wang, 2006), typically with northward or
eastward migration at the leading edges and extensive mortality at the trailing edges. To
help mitigate lags in forest re-assembly and minimize the potential for large carbon pulses
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to the atmosphere, humans can play an important role in mitigating the decline of existing
forests and in assisting tree migrations (Rehfeldt et al., 2001). At the trailing edges of tree
species ranges, conservation of hub trees forming complex mycorrhizal networks should
increase ecosystem stability by facilitating natural regeneration. Conserving forests in these
warmer ecosystems will be very important for the source of pre-adapted alleles they
provide for currently colder climates (Aitken et al., 2008), as well as for their strong carbon
storage capacity. At the leading edges, an important potential barrier in tree migration may
be in the colonization of non-local tree genotypes by weakly compatible local mycorrhizal
fungi. Although most temperate trees are colonized by both host-specific and host-generalist
ECM fungi (Molina et al, 1992), thus providing insurance against negative fungal
community composition shifts, the symbiosis of specific plant and fungal pairings can range
from mutualistic to parasitic (Bever, 2002a; Klironomos, 2003; Jones & Smith, 2004).
Moreover, recent research shows that plants and fungi benefit more frequently with locally
adapted associates (Johnson et al., 2010). Indeed, strong feedbacks between compatible
symbionts have historically contributed to species coexistence and stability in plant and
fungal communities (Bever, 2002b; Klironomos, 2003), whereas weak or antagonistic
feedbacks have resulted in forest plantation failures. This research suggests trees that are
migrated to new environments may suffer from poor matchings with local mycorrhizal
fungi as well as intense competition with existing plants, leading to uncertain performance
within local, existing mycorrhizal networks. Such poor marriages could limit the success of
assisted tree migrations and contribute to the loss of forest stability (Suding et al., 2004). The
loss could be magnified where management practices fail to conserve a diversity of tree and
fungal genotypes (Levin, 2005). By contrast, conserving a genetically diverse community of
mycorrhizal fungi at the leading edge of tree species ranges may reduce the risk of
deleterious matchings and facilitate regeneration of genetically diverse forests with high
adaptive capacity (sensu Whitham et al., 2006).

Even with good management and assisted migrations, mature and juvenile tree mortality is
expected to increase from disturbances associated with climate change (IPCC, 2007).
Mortality can be managed in a manner that eases the transition from one forest type to
another, however, by conserving the structural and functional legacies of the original forest
and establishing the new forest before the old trees are completely dead. It is well
established that healthy plants can transfer nutrients to other healthy plants directly through
mycorrhizal networks (Simard & Durall, 2004; Selosse et al., 2006), but even larger amounts
may transfer from dying trees to healthy roots (Simard et al., 2002; Pietikdinen & Kytoviita,
2007). Where the dying native forest is protected (i.e., not salvage logged) until the new
generation or community of trees is established, the new seedlings may be poised to capture
nutrients released from the mycorrhizal network of the dying trees before they are acquired
by soil microbes. Where new seedlings are not established during the dying process, the
organic compounds exuded from senescing roots may be rapidly immobilized by the
rhizosphere microbial community and, through turnover, the CO; respired back to the
atmosphere and the inorganic nutrients released to the soil solution for microbial uptake,
other plant uptake, or leaching. If germinants of native plants can avoid competition with
soil microbes by acquiring carbon and nutrients directly from dying trees through a
mycorrhizal network, they may establish more rapidly, thus increasing competiveness with
non-networking invasive plants and reducing CO, feedback to the atmosphere. Mycorrhizal
networks connecting new generations with old in forests under climate stress may thus be
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important in conserving existing forests, facilitating native plant establishment and
migration, providing barriers to weed invasion, and mitigating large carbon losses.

7. Conclusions

Forests have been diminishing world-wide because of land-use changes and are
experiencing additional stress from climate change. While CO, enrichment, warming and
nutrient pollution are increasing forest productivity and belowground carbon sequestration
in North America and Europe, increases in drought, extreme weather events and
deforestation practices are also pushing disturbance regimes outside of their natural range.
Wide-spread forest diebacks or decline are already occuring in response to increasing
drought, wildfire, and insect and disease attacks with climate change. These have the
potential to outweigh any positive effects of climate change factors on increased
belowground carbon allocation to mycorrhizas, soil microbes or roots. Recovery of these
forests is uncertain given the changing dynamics between climate, trees and their
mutualists, as well the changing severity and extent of disturbances. The potential for
positive feedbacks from dying forest respiration to atmospheric CO; levels is high. Humans
can play an important role in mitigating forest mortality and assisting migration of species,
thus dampening the impacts of climate change.

Mycorrhizas play an important role in the recovery and organization of forests, and it
therefore follows that conservation of mycorrhizal fungal communities should help stabilize
forests and soils with climate change. Mycorrhizal networks form rapidly following
disturbance in the interior Douglas-fir forests of British Columbia, providing critical water
and nutrients to establishing seedlings. In mature Douglas-fir forests, most trees, even those
of different species, ages and sizes, are connected by a mycorrhizal network. The extensive
networks of large hub trees facilitate regeneration of younger trees in the understory,
helping them tolerate the stressful environmental conditions. Mycorrhizal networks and
hub trees are foundational to the organization of forests because they create favorable local
conditions for tree establishment and growth. Therefore, conserving hub trees and
mycorrhizal networks appears important to the conservation, regeneration and restoration
of forests. Conserving forests, mitigating or managing forest diebacks or declines, and
assisting migration of tree species are all important strategies for adapting to the effects of
climate change.
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