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ABSTRACT15

Soil ecology science has contributed a rich understanding of natural soil patterns and 16

processes, and played a role in revolutionizing the management of ecosystems.  This basic 17

understanding is also providing a foundation for predicting and managing the consequences 18

of climate change on ecosystems, including their resilience to disturbance, biotic diversity, 19

and carbon and nutrient dynamics. To help address the challenges of climate change, future 20

soil ecology research and management would benefit from a complex systems approach, 21

where network and dynamics systems theory are used to predict plant community and 22

ecosystem responses to disturbance.  A reductionist approach to management that ignores 23

networks and system dynamics, by contrast, is destined to contribute to ecological24

degradation as climate changes.  In this paper, I describe mycorrhizal networks as models 25

of biological networks in the interior Douglas-fir forests of British Columbia, and the role 26

they play in carbon flux and regeneration dynamics following disturbance. I propose a 27

conservationist approach for managing forest mycorrhizal networks and hub trees that can 28

facilitate native plant migrations, limit exotic plant invasions, and bolster ecological 29

resilience.  Interdisciplinary research that integrates the dynamics of multiple, overlapping 30

networks will help develop management practices that sustain ecosystems in our changing 31

climate.  32
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INTRODUCTION37

Soil ecology science has contributed greatly to our understanding of natural patterns 38

and processes in soils, the impact humans have had on them, and management approaches 39

useful in soil conservation. With explosive human population growth over the last two 40

millennia, soil science has also played an important role in revolutionizing ecosystem41

management, from sustainable hunter-gatherer systems, to self-sufficient farming systems, 42

and, more recently, to globally trading industrial, agricultural and forest harvesting systems. 43

The industrial revolution has had multiple feedbacks, with ecosystem effects that occur at 44

increasingly larger scales, to where humans have influenced the global climate (IPCC 45

2007). Global climate change will have unprecedented impacts on ecosystems, 46

communities, species and genetic diversity that could well lead to mass extinctions in a 47

relatively brief period (Thomas et al. 2004). We need only look at climate model 48

predictions for species migrations over the next century to understand the enormity of 49

ecological changes that lay ahead (Walther et al. 2002; Parmesan 2006; Hamann and Wang 50

2006).  The discipline of soil science provides an invaluable baseline for understanding,51

predicting and managing these changes.  Research in soil ecology, in particular, has helped 52

us understand basic feedbacks between soil biology, physics and chemistry, and how these 53

feedbacks affect nutrient cycling, water availability, and ecosystem productivity. This 54

knowledge will be fundamental to addressing ecological problems that are associated with 55

climate change.  56

In this paper, I discuss how soil ecologists can adopt a complex systems approach to 57

research and management to help address changing species distributions, disturbance 58

regimes, and ecosystem resilience with climate change (Levin 2005). A more integrated 59

understanding of the role soil organisms play in organizing and stabilizing ecosystems, for 60

example, will help us manage native and exotic plant species diebacks and migrations 61
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(Reinhart and Callaway 2006; McDowell et al. 2008; Geber 2008) or mitigate changes in 62

nutrient availability, carbon sequestration and soil stability (Rillig and Mummy 2006). To 63

build the rationale for a complex systems approach to soil ecology, I have organized this 64

paper in four sections.  First, I review predictions for climate change, species distributions 65

shifts, and limits to species migrations, and summarize strategies that have been 66

recommended for addressing these issues.  Second, I discuss how a complex systems 67

approach can be useful to soil ecologists in helping address some of the complex issues 68

associated with climate change.  Third, I review research on soil biological networks 69

(specifically mycorrhizal networks) and interpret their fundamental role in defining soils as 70

complex, dynamic, adaptable and resilient systems.  Fourth, I analyze two case studies 71

where poor management has failed to protect biological networks, and how this, in 72

combination with climate change, may be undermining the complexity and resilience of 73

forest ecosystems.  Finally, I use soil ecology research on mycorrhizal networks as a 74

framework for applying a complex systems approach for helping manage species shifts and 75

ecological resilience with our changing climate.76

77

CLIMATE CHANGE AND SPECIES MIGRATIONS78

“Global warming is the defining issue of our time”1, with global temperatures 79

expected to rise up to 4oC by 2100, with associated changes in precipitation patterns, increases 80

in sea level, and decreases in snow and ice cover (IPCC 2007).  One of the biggest challenges 81

for ecologists will be in predicting the consequences of global warming for biodiversity and 82

proposing strategies for mitigating loss of species (Thuiller 2007). The loss of species is83

currently occurring at an unprecedented rate, and is expected to reach 30-70% over the next 84

century (Walther et al. 2002; IPCC 2007), representing the earth’s sixth major extinction 85

  
1 Brian Walker, Member of IPCC Scientific Panel, CBC News, October 1, 2008.
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(Chapin et al. 2002).  This loss in biodiversity is expected to threaten the very resilience of the 86

earth’s ecosystems, their capacity to adapt to further change, and our ability to manage 87

ecosystems sustainably (Levin 2005). Given that soils are habitat for an amazing array of 88

unknown species, whose functions are largely unknown but likely fundamental to ecosystem 89

functioning (Fitter et al. 2005), soil ecologists will be required to make critical contributions 90

to the global conservation of species and the maintenance and management of key ecosystem 91

functions.92

To avoid extirpation as climate changes, many species will have to adapt, evolve or 93

migrate at a rapid rate (Aitken et al. 2008).  For each 1oC increase in temperature, for 94

example, ecological zones will have to move 160 km (Petit et al. 2004; Hamann and Wang 95

2006); for an increase in 4°C over the next century, species in the Northern Hemisphere may 96

have to move northward by 500 km (or 500 m higher in altitude), or a few kilometers per year97

to find a suitable habitat (IPCC 2007).  This far outpaces the historical tree migration rate of 98

100-200 m per year estimated from pollen records and chloroplast DNA analyses 99

(MacLachlan and Clark 2004). Predicted species migrations patterns in the Northern 100

Hemisphere are expected to result in dramatic reductions in the Arctic Tundra, northward 101

migration of the boreal and temperate forests and, with increases in summer drought, 102

expansion of the grassland and shrub-land biomes (IPCC 2007) (Figure 1).  In British 103

Columbia, for example, the current climatic envelopes of the arid Bunchgrass, Ponderosa Pine 104

and Interior Douglas-fir zones (based on temperature and precipitation) are expected to 105

replace the current climatic envelopes of the sub-boreal and boreal forests in north-central 106

British Columbia over the next century (Hamann and Wang 2006).  107

The ability for species to adapt or migrate with climate change is constrained by 108

many factors, however.  They will be limited by phenotypic plasticity, selection pressures, 109

dispersal ability, fecundity, and the hospitability of the new environment (Aitken et al. 110
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2008).  In new environments, migrants will require the presence of compatible soil biota,111

absence of extreme climatic events such as killing frosts, and disturbances that create safe 112

sites with low competitive intensity from resident plants and microbial networks, and yet 113

that are not so severe that they create extreme soil or microclimatic conditions (Loehle and 114

LeBlanc 1996; Kelly 2008). Because of differences in species-specific niche requirements, 115

species ranges are expected to shift idiosyncratically, resulting in re-organization of 116

communities (Le Roux and McGeoch 2008). Whereas gene flow of pre-adapted alleles 117

from warmer climates may promote migration at leading edges, populations at the rear118

edges will have greater chance of extirpation due to lags in adaptation and migration ability 119

(Aitken et al. 2008). This is already evident in diebacks of species such as paper birch, 120

trembling aspen, ponderosa pine and pinyon pine in North America (Hogg et al. 2002; 121

Mueller et al. 2005; Bouchard et al. 2008; Kurtz et al. 2008), as is northward or upward 122

migration of species such as lodgepole pine, white spruce and green alder (Johnstone and 123

Chapin 2003; Danby and Hik 2007; Lantz 2008).  Species most likely to persist are those 124

that currently have large populations and high fecundity, such as lodgepole pine (Hamann 125

and Wang 2006), unless there are unexpected climate-associated disturbances such as the 126

mountain pine beetle and Dothistroma needle blight epidemics (Kurz et al. 2008; Woods et 127

al. 2006)   The limited ability of trees to migrate is particularly concerning because forests 128

dominate most of the earth’s terrestrial surface and biomass, are integral to the earth’s 129

carbon and nutrient cycles, and are fundamental to the functioning of global ecosystems 130

(Aitken et al. 2008).  131

Compounding the genetic, climatic and biotic barriers to rapid species migration is the132

expected increase in disturbance severity and frequency (Dale et al. 2001), which may result 133

in even greater fragmentation of ecosystems already disturbed by land use and exotic 134

invasions.  Fragmentation of habitat will require a greater contribution of rare long-distance 135
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seed dispersal events, or increased efforts at facilitated migration (i.e. planting genotypes 136

adapted to future climates), which can help establish founder populations that may become 137

locally adapted for further range expansion (Petit et al. 2003; Parmesan 2006; Aitken et al. 138

2008). With changing disturbance regimes, it is also expected that up to 40% of terrestrial 139

ecosystems will become net carbon sources by 2100, with accelerating feedbacks to 140

greenhouse gasses in the atmosphere (IPCC 2007).  These challenges have governments 141

starting to shift their focus away from resource extraction to protecting ecosystems,142

facilitating the migration of species, and managing for carbon storage and ecological 143

resilience (Parmesan 2006). 144

Societies can mitigate the impacts of climate change by reducing greenhouse gas 145

emissions, reducing loss of natural habitat and deforestation, assisting migration of species, 146

and sequestering carbon in soils and growing stock (IPCC 2007).  More specific strategies for 147

forests include adaptive management for maintaining resilience and carbon storage capacity, 148

reforesting disturbed areas quickly with appropriate mixtures of species, afforesting areas long 149

denuded of native forest, and using forestry by-products for bio-energy.  Implementation of 150

these strategies will clearly also benefit biodiversity and conserve soils and water. Assisted 151

migrations of tree genotypes and their associated soil biota, particularly of tree species with 152

fragmented populations, will be useful for meeting some of these strategies, although 153

limitations to migration are poorly understood.  To help with this, species can be transferred 154

from warmer to colder climates to provide a source of pre-adapted alleles (Aitken et al. 2008).  155

Parallel strategies for prairie or agricultural lands include land management to increase soil 156

carbon storage, restoration of degraded lands, improved nitrogen fertilizer application, and use 157

of dedicated energy crops (IPCC 2007).  158

It is well recognized that there is no panacea to adaptation and mitigation to climate 159

change (Ostrom et al. 2007; IPCC 2007).  Command-and-control or reductionist solutions to 160
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ecosystem problems are destined to fail sooner or later (Holling 1973).  Rather, ecological and 161

social systems should be understood as complex systems that are best managed with ingenuity 162

using multiple, adaptive processes of governance (Levin 2005). Ecosystems in particular, 163

should be managed for their resilience and genetic diversity, and those at the leading and 164

trailing edges of species ranges kept intact for their source populations of locally adapted 165

alleles.166

167

SOILS ARE COMPLEX, ADAPTABLE SYSTEMS168

Ecosystems are complex, adaptable systems, of which soils, water, biota and climate are 169

fundamental components.  Soils themselves are complex, adaptable systems within the 170

larger ecosystem fractal dimension, just as ecosystems join human socio-politico-economic 171

components comprising global systems resilience (Diamond 2007).  Soils are considered 172

complex, adaptive systems because: (1) they are systems composed of interacting parts 173

(e.g., soil particles, plant roots, soil organisms, water, nutrients, etc.) and processes (e.g., 174

decomposition, mineralization, translocation, volatilization, etc.) over multiple spatial and 175

temporal scales; (2) they are complex as a result of self-organization, with emergence of 176

structure from the interaction between the parts of the system (e.g., soil structure emerges 177

from the interaction between soil organisms and soil particles; nutrient cycling emerges 178

from interactions among plants, soil organisms, and the soil physical and chemical 179

environment); and (3) they are adaptive, resulting from the evolution and adaptation of soil 180

organisms and other interacting species (Levin 2005).  As complex systems, soils have 181

certain features, including: (1) they are indeterminate because soil biota evolve in a 182

somewhat ordered yet random manner (Gould 1991); (2) relationships and processes are 183

non-linear, such as changes in nitrification or nutrient uptake with temperature or CO2184

concentrations, making predictions uncertain; (3) boundaries are fuzzy, such as between 185

For Review Purposes Only/Aux fins d'examen seulement



  Mycorrhizal Networks, Complex Systems and Climate Change 9

soil pores and the atmosphere to which gases are exchanged, making it difficult to define 186

“the soil system”; (4) the soil system is in non-equilibrium because it is influenced by the 187

outside, such as by the climate; (5) there are feedback loops that cross scales or hierarchies, 188

resulting in self-organization (e.g., CO2 levels affect mycorrhizal diversity, which feeds 189

back to affect CO2 uptake by plants; Klironomos et al. 2005); (6) there are many adaptive, 190

interacting parts that result in emergent properties (e.g., the symbiotic relationship between 191

mycorrhizal fungi and plant roots emerging as hyphal networks important in nutrient uptake 192

and transfers; Simard et al. 2002); (7) they have system memory or legacies, such as 193

nutrient capital or coarse woody debris housing organisms and processes that remain after 194

disturbance; and, as a result of this, (8) they are sensitive to initial conditions following 195

disturbance.  The hierarchical and interactive nature of complex systems is illustrated in 196

Figure 2. Other complex adaptable systems that have these properties include the human 197

brain and human or animal societies.  In the human brain, emergent properties such as 198

empathy or critical thinking arise from neurons repeatedly transmitting neuro-hormones in 199

response to mindful practice (Doidge 2007).  In soil biotic communities, simple societies 200

arise from individual organism behavior, such as in ant colonies.  Among humans, culture 201

and economics arise from social behavior in complex societies. 202

Because of their complexity and adaptability, soils are inherently resilient to natural 203

environmental disturbance; provided disturbance thresholds are not exceeded, they will 204

recover from or adjust to change through pedogenesis over long periods of time (Baskin 205

1997). Soils can also degrade rapidly with intensive and inappropriate land use, however, 206

such as under European-style agricultural or industrial management systems (e.g., causing 207

increases in salinity, acidity or chemicals; loss of mass and structure through erosion; loss 208

of physical, chemical and biological processes, such as nutrient or organic matter 209

depletion), with numerous examples existing world-wide (Chisholm and Dunsday 1987; 210
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Barrow 1991). Once thresholds are exceeded, recovery of degraded soils occurs in 211

“pedogenetic” time.  Where disturbance thresholds are not exceeded, soils are inherently 212

resilient because of strong feedbacks between structures and function.  Resilience is the 213

capacity of a system to absorb disturbance and reorganize while retaining essentially the 214

same function, structure and feedbacks, and therefore the same identity (Figure 3).  215

Resilient soils are usually well structured, supporting plant growth that results in carbon 216

inputs and decomposition, further promoting soil structure and productivity.  Not all soils 217

are equally resilient or stable, however. Factors that affect soil resilience and stability are 218

soil type and vegetation, climate, land use, scale, and disturbance regime (Seybold et al. 219

1999).  For example, more productive soils that are home to a greater complexity of plants 220

and soil organisms have greater response diversity, functional similarity and integrity of 221

recovery mechanisms, enabling them to recover from a wide range of disturbances 222

(Elmqvst et al. 2003).  Similarly, in favorable climates, soils naturally rich in nutrients and 223

water result in faster plant recovery from disturbance, thus stabilizing the system against 224

further changes.  Complex self-organized systems, such as our native soils, naturally tend 225

toward health, resilience and stability (Levin 2005).  Soils become unstable, however, when226

disturbance thresholds are exceeded or management intensification occurs.  Then, 227

functional regulation by soil biodiversity is replaced with high energy chemical and 228

mechanical inputs to meet production expectations (e.g., tillage, fertilization, irrigation or 229

pesticide application for industrial crop or wood production) (Giller et al. 1997; Mitsch et 230

al. 2001).  231

Understanding and predicting behaviour of complex systems requires a science of 232

systems, which can include network and dynamics systems models (Levin 2005).  Most 233

complex systems can be represented as networks, with interactions occurring between linked 234

nodes. Networks can represent spatial and temporal pattern, which are key to understanding 235
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the structure, function and interactions between soil and aboveground biodiversity (Ettema 236

and Wardle 2002). Soils are comprised of multiple interacting networks operating at a range 237

of spatial and temporal scales, such as mycorrhizal networks, plant root systems, microbial 238

biofilms, and soil pore systems (through which resources are translocated, transformed and 239

metabolized), which interact with networks at larger scales, such as soil resources following240

gradients controlled by topography or land use practices. The composition, structure and 241

function of biophysical networks at one scale (or hierarchical level) can influence 242

communities and resources at other levels (Beare et al. 1995). For example, soil biotic 243

networks have been shown to interact with vegetation and environmental factors to influence 244

hydrologic pathways between terrestrial and aquatic ecosystems (Bardgett et al. 2001). Soil 245

biodiversity, structured from the detritusphere to the rhizosphere, regulates biogeochemical 246

cycling at higher levels (Beare et al. 1995).  These belowground networks interact with 247

aboveground networks, such as seed dispersal, plant distribution or animal networks, 248

providing a relevant framework for describing whole ecosystem patterns and processes. For 249

example, mycorrhizal networks linking together plants have been shown to both promote and 250

reduce plant species competition, co-existence and diversity, thus affecting plant community 251

patterns (Grime et al. 1987; Hartnett and Wilson 1999; van der Heijden 2002; Kytöviita et al. 252

2003). These examples illustrate how biological network patterns (below- and aboveground) 253

depend on environmental conditions, disturbances, and biological population processes (e.g.,254

dispersal, reproduction or competition), and how they influence behaviour of complex 255

systems at larger scales.256

Understanding the underlying spatial structure (complexity, architecture and scale) of 257

networks is fundamental to understanding ecological processes that determine complex 258

systems behaviour (Proulx et al. 2005). It is well known in aboveground biotic communities259

(Tilman and Pacala 1993; Ellner et al. 2001), and increasingly so in soil communities (Kretzer 260
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et al. 2003, Tedersoo et al. 2003; Dickie et al. 2003; Koide et al. 2005; Thiet and Boerner 261

2007; Wolfe et al. 2009), that spatial heterogeneity and structure contribute to habitat diversity 262

and resource patchiness, which can promote species coexistence and biodiversity (Ettema and 263

Wardle 2002).  In mycorrhizas, for example, understanding network structure can help us 264

understand patterns in fungal propagule dispersal, fungal colonization of plants, mycelial 265

growth and competitive dynamics, or resource distribution among other soil organisms and266

plants, and how these affect plant species distributions and interactions.  Moreover, the 267

structure of a network is indicative of its resilience, where some networks maintain their268

integrity with minor perturbations and whereas others are more vulnerable to reorganization 269

or collapse (Bray 2003; Proulx et al. 2005). 270

Several network models have been proposed for ecological applications, including 271

regular, random, and scale-free networks, which are characterized by the pattern and 272

accessibility of links (Bray 2003) (Figure 4). To help visualize this, consider mycorrhizal273

networks, where fungi form links between plants of the same or different species274

(representing nodes or hubs) (Francis and Read 1984; Simard and Durall 2004; Southworth et 275

al. 2005; Selosse et al. 2006). The mycorrhizal networks can function in resource (carbon, 276

nutrients or water) transfer between plants (Simard et al. 1997a), or as mycorrhizal 277

colonization vectors (Nara and Hogetsu 2004).  In regular or local network models, fungal 278

links are distributed similarly among plant nodes, but there is a greater tendency for a plant to 279

link with nearest than distant neighbors, resulting in formation of cliques or clusters (Bray 280

2003; Proulx et al. 2005; Southworth et al. 2005).  A plant node can be randomly linked to 281

multiple nearest neighbors by more than one fungal link.  Resources can be transferred 282

through the network by a variety of different routes, much like the spread of rumors through a 283

town-hall where each person is restricted to talking to only their immediate nearest neighbors.  284

These networks are vulnerable to random removal of links or nodes near the edges of the 285
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network. In random or homogenous network models, each plant node is linked to a relatively 286

small number of other nodes that are randomly distributed around the network.  The fungal 287

links are decentralized and not cliquish, and the efficiency of resource transfer through the 288

network is determined by the least number of plant nodes the resources have to transfer 289

through from start to finish.  Random networks work much like a telephone network, where 290

each person (or node) is randomly distributed to other people they know throughout the 291

country.  These networks can be easily traversed because there are few steps, or degrees of 292

separation, between nodes.  Random networks are more resilient to perturbations than regular 293

or scale-free networks.  In scale-free models, the degree of links between nodes is variable, 294

where some nodes, or hubs, are highly connected relative to the average (Barabási and Albert295

2002). This model is more representative of living networks, such as mycorrhizal or neural 296

networks, which grow by accretion and have a dendritic form.  They can be used to explain 297

behaviors as diverse as the world-wide web, stock markets, or disease transmission. Scale-298

free networks are resilient to random removal of links but are vulnerable to a targeted attack 299

that removes a key node (Bray 2003; Proulx et al. 2005).300

301

MYCORRHIZAL NETWORKS IN COMPLEX SYSTEMS 302

Mycorrhizal networks and how they affect the dynamics of complex systems (e.g., 303

forest ecosystems) provide a scientific model for new soil ecology research aimed at 304

understanding the role of soil biota in ecosystem resilience or tree migrations with climate 305

change.  Ectomycorrhizal fungi (EMF) play a fundamental role in seedling establishment 306

by colonizing roots and exchanging available soil resources for plant carbon.  Increasingly 307

recognized, however, is the functional significance of EMF at higher levels of biological 308

organization, including their role in facilitating forest regeneration and succession (Nara 309

and Hogetsu 2004; Simard and Durall 2004; Selosse et al. 2006; McGuire et al. 2007). In 310
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this section, I describe research we have been conducting on the role of mycorrhizal 311

networks in interior Douglas-fir stand dynamics.  This is followed in the next section by an 312

analysis of management practices that appear to reorganize the networks and compromise 313

ecosystem resilience. 314

Interior Douglas-fir forests vary widely in composition and structure, from 315

predominantly single-species, uneven-aged forests in the arid and cool climatic regions, to 316

multi-species, even-aged forests in the moist, warm climatic regions of British Columbia.  317

Regardless of this variation in forest composition and structure, Douglas-fir is a dominant 318

tree species, and the Rhizopogon vinicolor/R. visiculosus EMF complex dominates319

Douglas-fir root systems through succession (Molina et al. 1992; Twieg et al. 2007).  This 320

fungus joins up to 105 other ectomycorrhizal species in a complex fungal community 321

colonizing interior Douglas-fir of British Columbia (Twieg et al. 2007).  The composition 322

and evenness of the fungal community changes with disturbance and succession, where a 323

few pioneering taxa such as Wilcoxina rehmii and Mycelia atrovirins radicans out-number 324

Rhizopogon spp. on the roots of Douglas-fir germinants in the first few years following 325

wildfire or harvesting disturbances (J. Barker, unpublished data; Teste et al. a, in press), 326

provided the disturbances fall within the natural mixed disturbance regime (Klenner et al. 327

2008).  This is followed by rapid succession to a more diverse, late-stage EMF community328

dominated by Rhizopogon spp. (Twieg et al. 2007). This EMF community is resilient to 329

perturbations, with enough functional similarity among taxa that community enzyme 330

profiles (Twieg et al., in press) and seedling nutrient uptake and growth remain stable over 331

a range of disturbance severities (J. Barker, unpublished data). 332

Early or later stage EMF can link together Douglas-fir trees of many ages in the dry 333

forests (K. Beiler, unpublished data) or, if they are host-generalists, link Douglas-fir with 334

other tree and shrub species in the wetter mixed forests of interior British Columbia (Simard 335

For Review Purposes Only/Aux fins d'examen seulement



  Mycorrhizal Networks, Complex Systems and Climate Change 15

et al. 1997b; Hagerman et al. 2004; Twieg et al. 2007).  In a dry, uneven-aged forest, for 336

example, we have used multi-locus, microsatellite DNA markers to examine the network that337

Rhizopogon vinicolor and R. visiculosus (links) form with Douglas-fir trees (nodes) (Kretzer 338

et al. 2003). We have discovered that all of the young Douglas-fir trees in this forest have 339

regenerated within the extensive mycorrhizal network of old veteran Douglas-fir (K. Beiler, 340

unpublished data).  That most young trees were linked to large, old hub (i.e. highly connected) 341

parent trees suggests the network had scale-free properties, and that hub trees were important 342

in self-regeneration of the old-growth climatic climax stands. In similar forests nearby, we 343

have proven this experimentally, showing that seedling establishment success increased 344

substantially where they were linked into the network of older Douglas-fir trees (Teste and 345

Simard 2008).  Access to the network not only improved seedling survival and physiology, 346

but this was associated with colonization of the seedlings by a more complex fungal 347

community as well as carbon, nitrogen and water transfer from the older trees (Schoonmaker 348

et al. 2008; Teste et al. a and b, in press). The finding that the network had scale-free 349

properties suggests that removal of hub trees can have negative effects on the regeneration 350

system.  Network models have shown that removal of highly connected nodes can cause the 351

whole network to stop functioning (Barabási and Albert 2002).352

Even though the mixed Douglas-fir – paper birch stands in the moist, warm Interior 353

Cedar-Hemlock forests are more productive and regenerate more readily after disturbance 354

than in the dry forests (Simard et al. 2005), mycorrhizal networks also play a role in 355

regeneration of Douglas-fir. In the understory of century-old paper birch and Douglas-fir 356

mixtures, establishment success of Douglas-fir has increased where seedlings were linked into 357

the network of older trees (Simard et al. 1997b).  In the forest, greater regeneration has been 358

associated with colonization of a more complex mycorrhizal community on networked 359

seedlings (Simard et al. 1997b), but in clearcuts, networked Douglas-fir have also received 360
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carbon from neighbouring paper birch trees, particularly where Douglas-fir was shaded 361

(Simard et al. 1997a).  Net carbon transfer followed a source-sink photosynthate gradient, 362

from carbon- and nutrient-rich paper birch source trees transferred carbon to increasingly 363

light-stressed Douglas-fir sink trees (Figure 5).  Traditional models of forest dynamics predict 364

that regeneration patterns result from competitive interactions with neighbours, but this study 365

showed that facilitation by networks affected interspecific interactions between paper birch 366

and Douglas-fir, encouraging a more diverse tree community.  The tree-species-rich forests 367

are also more resilient to insect attack and disease than pure Douglas-fir forests where other 368

species have been removed by weeding or thinning (Morrison et al. 1988; Baleshta et al. 369

2004; Simard et al. 2005; Woods 1994).  370

Complex systems are dynamic, and this is illustrated by dynamic patterns and 371

processes in mycorrhizal networks. Not only do the complexity and composition of 372

mycorrhizal networks change over time (Twieg et al. 2007), but belowground fluxes of 373

nutrients change over the growing season with shifts in source-sink gradients among 374

networked plants (Lerat et al. 2002).  Using dual 13C/14C labelling in the field, Leanne Philip 375

found that the direction of net carbon transfer reversed twice over the growing season: (1) 376

from shooting Douglas-fir to bud-bursting birch in spring; (2) then reversing, from nutrient 377

and photosynthate-enriched paper birch to stressed understory Douglas-fir in summer; and (3) 378

reversing again, from still-photosynthesizing Douglas-fir to senescent paper birch in the fall 379

(Philip 2006) (Figure 5). The carbon moved back-and-forth between birch and fir through 380

multiple belowground pathways, including mycorrhizal networks, soils, and a non-networked 381

mycorrhizal-soil pathway (Philip 2006).  Here, there appears to be a dynamic interplay 382

between birch, fir and the interconnecting fungi, with carbon and nutrients moving in the 383

direction of greater need, resulting in an integrated, dynamic system.  384
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Where severe disturbances combust or remove forest floor and trees in dry climates, 385

mycorrhizal networks are disrupted, resulting in greater reliance of new germinants on 386

mycorrhizal colonization by spores (Teste et al. a, in press). In the dry interior Douglas-fir 387

forests, severe wildfire that destroyed mycorrhizal root systems has resulted in slightly 388

delayed EMF colonization of germinating seedlings (J. Barker, unpublished data).  389

Although severe disturbances are part of the historic mixed fire regime in the interior 390

Douglas-fir forests, they have usually been infrequent and restricted to small patches391

(Klenner et al. 2008).  As the climate of these forests becomes warmer and drier (Hamann 392

and Wang 2006), severe disturbances are expected to increase in extent and frequency 393

(Dale et al. 2001), raising concerns about mycorrhizal spore production and dispersal into 394

the disturbed areas.  Production of fruiting bodies declines in dry summers (Durall et al. 395

2006), and belowground dispersal of spores by truffle-forming species such as Rhizopogon396

may be limited over extensive openings.  Douglas-fir seed rain and regeneration have also 397

been sporadic in the interior Douglas-fir forests (Vyse et al. 2007), and the resulting 398

regeneration lags in dry summers could cause local extinction of Rhizopogon spp. and other 399

network-forming EMF taxa. 400

In spite of the greater risk of severe fires disrupting networks in arid climates, the 401

stress-gradient hypothesis suggests that biotic facilitation of Douglas-fir regeneration by 402

mycorrhizal networks should be greater in stressed environments.  We tested this hypothesis 403

along an environmental stress gradient caused by soil disturbance in the dry interior Douglas-404

fir forests.  We found that naturally regenerated seedlings received more transferred carbon 405

through mycorrhizal networks from their neighbours where soils were disturbed by forest 406

floor removal and compaction than where soils were undisturbed, but only where the 407

seedlings were well colonized by EMF (Teste 2008). Here, disturbance created a sufficient 408

source-sink gradient between seedlings for carbon transfer to occur, but receiving seedlings 409
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also had to be healthy and colonized well enough to generate an adequate sink strength.  We 410

are also testing network facilitation along a regional precipitation gradient across the interior 411

Douglas-fir forests, from the very dry climate of the Interior Douglas-fir zone to the moist 412

climate of the Interior Cedar-Hemock zone (M. Bingham, unpublished data); this regional 413

climate gradient is serving as a proxy for climate change.  Early results suggest that, as 414

expected, mycorrhizal networks facilitate tree regeneration more strongly in dry than in wet 415

climates.  A decade of drought combined with western spruce budworm and Douglas-fir bark 416

beetle attack (Campbell et al. 2006; Maclauchlan et al. 2007), however, has resulted in 417

extensive dieback of older trees.  It appears that extensive hub tree mortality in some stands 418

may be exceeding thresholds where the mycorrhizal networks are no longer sufficiently intact 419

to facilitate regeneration (M. Bingham, unpublished data).420

421

LOSS OF COMPLEXITY422

Poor management practices that fail to conserve biotic diversity, networks, and423

associated ecological processes may cause loss of resilience with the added stress of climate 424

change. The historic management paradigm in interior Douglas-fir forests has been to harvest 425

the largest (hub) trees for their high value (i.e. high-grading) (Klenner et al. 2008), remove 426

stumps and roots to reduce root disease (Morrison et al. 1988), and leave thickets of 427

understory trees or plant seedlings to grow into future stands (Vyse et al. 2006).  Scale-free 428

network models and dynamics systems theory suggest that removal of these hub trees can 429

destabilize the network and make the system vulnerable to reorganization or, where thresholds 430

or tipping points are exceeded from removal of most or key hubs, cause collapse of the system 431

to a new state (Bray 2003).  High-grading also can affect genotypic diversity of the trees 432

comprising the forests.  Indeed, the high-grading management approach, combined with 433

summer drought (Hamann and Wang 2006), episodic seed dispersal (Klinka et al. 2000) and 434
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gap-phase disturbance regime characteristic of interior Douglas-fir forests (Klenner et al. 435

2008), has lead to variable natural regeneration across the dry climatic zones of interior 436

Douglas-fir (Newsome et al. 1991; Stark et al. 2006).  To augment natural regeneration, 437

seedlings are often planted, but even they suffer from high mortality due to drought, 438

competition from pinegrass, summer frost, tramping by cattle (Simard et al. 2003), and lack of 439

mycorrhizas at the time of planting due to high fertilization and irrigation regimes used in 440

commercial nurseries (Berch et al. 1999).  In the dry forests that interface with the grassland, 441

survival of planted interior Douglas-fir has averaged only 40%, and at higher, wetter 442

elevations, survival is still less than 50% where pinegrass competition and cattle grazing are 443

not carefully controlled (but approx. 75% survival where they are controlled) (Simard et al. 444

1998; Newsome et al. 1998).  445

Tree mortality is expected to increase even further, particularly at the tree range 446

margins, as summer drought and disturbance severity increase with climate change (Parmesan 447

2006; Campbell et al. 2006; Woods et al. 2006).  Within the next century, these forests are 448

predicted to fade into grasslands as temperatures rise and regional precipitation declines 449

(Hamann and Wang 2006).  In dynamics systems theory, climate change behaves here like a 450

strange attractor, pulling ecotone forests into a new stability domain, or ‘basin of attraction’, 451

that better resembles grasslands (Scheffer et al. 2002).  Even today, the severity and extent of 452

disturbance from wildfire and insect outbreaks in the interior Douglas-fir zone appear to be 453

exceeding historic limits and causing extensive mortality near the forest-grassland ecotone 454

(Maclauchlan et al. 2007).  Because large interior Douglas-fir trees are hubs for mycorrhizal 455

networks, and are important for redistributing resources along source-sink gradients in a 456

pattern that facilitates regeneration (increasing establishment success from <10% to almost 457

40% seedling survival three years after seed germination; Teste et al. b, in press), a 458

dramatically different management approach is needed if we are to conserve interior Douglas-459
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fir forests and improve their ability to recover following disturbance.  Forest harvesting that 460

emulates the mixed fire regime, where hub trees or groups of hub trees remain in a patchy 461

distribution (Klenner et al. 2008), should provide a seed source and sufficiently intact 462

mycorrhizal networks to facilitate natural regeneration.  In partially harvested openings in 463

interior Douglas-fir forests, we have observed that groups of retained hub trees have survived 464

the decade-long drought better than isolated trees, providing an intact network that has 465

continued to facilitate natural regeneration within their rooting zone (Teste and Simard 2008).466

The interior Douglas-fir forests are but a small example of ecosystems at risk from 467

insufficient management coupled with climate change.  The lodgepole pine (Pinus contorta468

var. latifolia) forests that grow above them and the ponderosa pine (Pinus ponderosae) forests 469

that lie below them have largely been killed over the past decade by mountain pine beetle 470

(Dendroctonus ponderosae Hopkins), with 80% mortality of 12 million hectares of forest 471

expected by 2014 (Taylor et al. 2006).  Lodgepole pine is the most widely distributed conifer 472

species in British Columbia, and forms vast, relatively pure forests comprised of diverse 473

meta-populations that originated following the pioneering wildfires and land-clearing around 474

the turn of the 20th century (Klinka et al. 2000).  The continuous and broad extent of these 475

forests over the landscape, combined with their vulnerable age class and the more favourable 476

climate (higher winter and summer temperatures, and low summer precipitation) for beetle 477

reproduction, has created a perfect storm for the profound natural disturbance event we are 478

witnessing today (Taylor et al. 2006).  The beetle is moving into previously uncharted 479

territory – northward, upward and into new tree species (Logan and Powell 2001).  Forest 480

management has not created this problem but has contributed to it, and may be further 481

increasing the vulnerability of future forests.  Extensive salvage logging of the beetle-killed 482

forests, for example, has destroyed understory spruce and subalpine fir trees that were 483

destined to naturally succeed the lodgepole pine (Astrup et al. 2008).  Natural lodgepole pine 484
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regeneration has also been patchy and sparse owing to insufficient seed source, undisturbed 485

seedbeds (Astrup et al. 2008), and perhaps lack of biological networks to facilitate it.  Salvage 486

logging has also increased the degree to which beetle-killed forests have become a net CO2487

source to the atmosphere by almost 20% (Kurz et al. 2008). Lodgepole pine continues to be 488

the most widely planted species in British Columbia by far, and while it is suitable to a wide 489

range of sites, it is also being planted in unsuitable areas at unnaturally high densities to meet 490

reforestation standards (Klinka et al. 2000; British Columbia Ministry of Forests 2000 and 491

2007), overwhelming native tree species composition (Simard and Vyse 2006).  Where it has 492

been planted inappropriately, lodgepole pine is suffering extensive mortality and damage from 493

diseases such as Dothistroma needle blight (Dothistroma septosporum) (Woods et al. 2005), 494

western gall rust (Endocronartium harknessii (J.P. Moore) Y. Hirat.) (Heineman et al. 2008), 495

and Armillaria root disease (Armillaria ostoyae Henk.) (Simard et al. 2005; Woods 1994), 496

resulting in fewer than 50% of plantations meeting free-growing standards after they have 497

been declared free-growing (Heineman et al. 2008).498

499

BIOTIC FACILITATION OF SPECIES MIGRATION500

Climate change, coupled with disturbances such as high-grading or extensive 501

clearcutting, insect and disease attack, invasion by exotic weeds, and increasing severity of 502

fire, may shift forests to new stability domains.  Species distribution models predict a 503

dramatic shift in tree species ranges in Canada with climate change (Parmesan 2006; 504

Hamann and Wang 2006), typically with northward migration at the leading edges and 505

extensive mortality at the trailing edges. It is widely recognized that assisted tree migration 506

may be an important strategy for mitigating climate change effects on forests (Rehfelt et al. 507

2001). However, colonization of non-local tree genotypes by weakly compatible local 508

ectomycorrhizas may be an important barrier to seedling establishment and successful 509
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migration (Selosse et al. 2006). Most temperate trees are colonized by host-specific and 510

generalist fungal taxa, potentially forming mycorrhizal networks (Simard et al. 2002).  511

However, research on arbuscular mycorrhizae suggests the symbiosis can range from 512

mutualistic to parasitic depending on the specific pairings (Bever 2002; Klironomos et al. 513

2003). Plants have benefited more frequently when associated with locally adapted fungi 514

(Klironomos et al. 2003), and feedbacks between the symbionts have contributed to species 515

coexistence and stability in the plant and fungal communities (Bever 1999; Klironomos 516

2002). This is supported by recent research showing that variation in tree genotype 517

influences the structure, function or stability of EMF, soil microbial and arthropod 518

communities (Whitham et al. 2006). However, when trees are moved to new environments, 519

they may suffer from poor matching with local fungi as well as competition with existing 520

plants, leading to poor performance within the existing mycorrhizal network. High variation 521

in the symbiosis response could therefore limit the success of assisted tree migrations and 522

contribute to loss of ecosystem resilience (Suding et al. 2004). Moreover, the loss could be 523

magnified where management practices fail to conserve a diversity of tree and fungal 524

genotypes (Levin 2005). By contrast, conserving genetically diverse mycorrhizal networks 525

at the leading edge of species ranges may reduce the risk of deleterious matchings and 526

facilitate regeneration of genetically diverse tree communities with high adaptive capacity 527

(sensu Whitham et al. 2006). At the trailing edge, conservation of hub trees forming 528

mycorrhizal networks should increase ecosystem stability by facilitating natural 529

regeneration.530

Mature and juvenile tree mortality is expected to increase from disturbances associated 531

with climate change, regardless of good management (IPCC 2007). Mortality can be 532

managed in a manner that conserves ecosystem legacies, however, providing structure and 533

processes that ease the transition from one forest type to another. It is well established that 534
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nutrients can transfer directly through mycorrhizal networks between healthy plants (Simard 535

and Durall 2004; Selosse et al. 2006), but other studies suggest that even larger amounts may 536

transfer from dying to healthy roots (Simard et al. 2002; Pietikäinen and Kytöviita 2007).537

Alternatively, organic compounds exuded from senescing roots may be rapidly immobilized 538

by the rhizosphere microbial community and, through turnover, increase nutrient availability 539

in the soil pool for microbial or plant uptake. If germinants of native plants can avoid 540

competition with soil microbes by acquiring carbon and nutrients directly from dying trees 541

through a mycorrhizal network, they may establish more rapidly, thus increasing 542

competiveness with non-networking invasive plants. Mycorrhizal networks connecting new 543

generations with old in forests under climate stress may thus be important barriers to weed 544

invasion and facilitators of native plant establishment. 545

546

SUMMARY547

Climate change is the biggest ecological challenge we face today. The ability for 548

tree species to adapt and migrate falls short of predicted changes, requiring intelligent 549

management of meta-populations and ecosystems, particularly at the leading and trailing 550

edges of species ranges. Ecosystems are complex adaptive systems that self-organize and 551

are characterized by non-linearity, non-equilibrium, feedback loops, fuzzy boundaries, 552

emergent properties, system memory, and indeterminate behviour.  However, “command-553

and-control” management styles that govern while ignoring the complexity and panarchy of 554

ecosystems, economics and society, has repeatedly been shown as doomed to failure. This 555

approach will be particularly ineffective as we deal with climate change. Examples are556

beginning to appear, such as the demise of pine forests from the mountain pine beetle 557

epidemic and chronic regeneration problems in the interior Douglas-fir forests.  Interior 558

Douglas-fir forests are complex systems characterized by heterogeneous Rhizopogon559
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networks linking multiple-tree cohorts across time and space, and they are important in 560

facilitating regeneration, particularly under climatic drought stress.  When key hub-trees are 561

removed by high-grading or severe fire, the networks may collapse, leading to regeneration 562

failure.  Management that conserves networks and manages ecosystems as complex 563

adaptive systems, however, may maintain ecological resilience, allowing forests to persist 564

and providing a gene pool for genotype migrations as climate changes.   565
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980

981

982

Figure 1.  The terrestrial ecosystems of Canada most threatened by climate change include, 983

from the top left to the bottom right: grasslands, mountains, wetlands, coniferous forests, 984

coastal areas, and tundra (Walther et al. 2002).985
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986

Figure 2.  Complex soil systems can be placed in a hierarchical organization, with genes of 987

individual organisms underlying interactions with higher levels, such as mycorrhizal 988

networks, forest regeneration within networks, stand structure and carbon dynamics.  989

Although interactions occur most strongly between proximate levels (or scales), they also 990

occur across disparate levels, such that genotypes can have forest community and ecosystem 991

effects (sensu Whitham et al. 2006).  Conversely, ecosystem effects, such as CO2 efflux, can 992

affect mycorrhizal community structure (Klironomos et al. 2005). Arrows represent 993

interactions between different levels.994
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Figure 3.  Cup-and-ball model of ecological resilience.  The curve represents a stability 999

landscape, with basins or cups representing domains of attraction.  The ecosystem state is 1000

represented by the position of the ball within the stability landscape.  Resilience1001

corresponds to the width of the basin, and is “the capacity of a system to absorb 1002

disturbance and reorganize while undergoing change so as to still retain essentially the 1003

same function, structure and feedbacks - and therefore the same identity”.  Stability 1004

corresponds to the depth of the basin and is “the strength of the feedbacks”, or potential 1005

energy required to flip the ball out of the stability domain (Elqmvst et al. 2003).1006

1007
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1008

1009

1010

1011

1012

Figure 4.  Network theory, where most systems can be represented as networks with 1013

interactions across links.  In forests, the circles (nodes) can represent trees and the lines (links) 1014

can represent interconnecting mycorrhizal fungal genets.  The regular, random and scale-free 1015

networks differ by the pattern and accessibility of links (please see explanation in the text).  1016

Figure from Southworth et al. (2005).1017
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Figure 5.  Source-sink patterns in carbon transfer through mycorrhizal networks between 1020

paper birch and Douglas-fir saplings over the growing season.  Actively growing Douglas-fir 1021

is a stronger source and leafless paper birch is a stronger sink for carbon and nitrogen in the 1022

spring and fall, resulting in net transfer to paper birch.  In summer, conversely, fully foliated 1023

paper birch is a stronger carbon and nitrogen source than understory Douglas-fir, and there is 1024

increasing net transfer to Douglas-fir as shade from taller paper birch neighbors increases 1025

(model based on Philip 2008). 1026
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