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ABSTRACT

Increasing temperatures have been recorded around the world, leading

to changes in precipitation, sea-level rise and extreme events. Climate

models are currently in use to simulate the effects of these changes on

vegetation cover, which is a strong indicator of ecosystem changes in

response to various drivers. Climate change, as well as anthropogenic

stressors, is affecting forest dieback and tree-species migration. This
chapter addresses the connections between changes in various forest

types and the global soil carbon, nitrogen and hydrologic cycles, and

related feedbacks between these factors and both natural and

anthropogenic environmental changes. We discuss the ways these

feedbacks between land use, vegetation changes and global nutrient

and water cycles can lead to further climate change and soil

degradation, which have profound effects on food security, and we

conclude by proposing the use of soil characteristics as tools to inform
land managers of challenges they may face in preserving valuable

services from forested lands and cropping systems.
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1 Introduction

Widespread forest mortality is a worldwide phenomenon, and scientists

researching possible causes often arrive at the conclusion that effects of climate

change are behind much of the forest dieback.1,2 In the past two decades,

warmer temperatures and decreased precipitation have been identified as the

main causes for pest outbreaks, increased forest fire frequency and extended

drought-related stress.3,4

Climate change is an important factor leading to forest dieback and tree

species migration as they relate to drought, water stress, early snow melt,

reduced snow cover, pest outbreaks and fire risk.1,2,5,6 Forest ecosystems are

facing many stresses, both natural and human-caused that can contribute to

changes in forest dynamics. Anthropogenic stressors are often related to land

conversions for agriculture or urbanisation, fire suppression or initiation, and

pollution. Natural stressors may include severe drought, waterlogging and cold,

and secondary insect attacks and diseases of stem and root fungi.7 Although

some forests might have a positive response to increased carbon dioxide

emissions and longer growing seasons,8,9 this response appears to be regional or

temporary as current global forest loss is exceeding forest gain10 (Figure 1).

Figure 1 This map shows the locations of forest dieback documented in a
2010 publication.2 An interactive version of this map, including
details of forest type, dieback causes and extents and original data
sources can be found at: http://app.databasin.org/app/pages/datasetPage.
jsp?id5b2947eeae2e5488a86eacf0fcd4df7a4 (Source: Dr. Joerg Steinkamp,
Biodiversity and Climate Research Centre, Wendy Peterman,
Conservation Biology Institute).11
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Due to limitations in the understanding of forest physiology, climate and

mortality, forest die-offs are a big uncertainty in climate projections of

terrestrial ecosystem impacts, climate/ecosystem interactions and carbon-cycle

feedbacks.12 Scientists are always seeking greater understanding of the

complex mechanisms leading to forest dieback, migration and shifts in species

dominance to help predict where and when these changes may occur.

Soils hold important clues about shifts in hydrology and vegetation across

the landscape because, in terrestrial systems, soil characteristics govern the

reception, storage and redistribution of precipitation. This, in turn, determines

the supply of plant-available water and, indirectly, the nutrients necessary for

plant establishment and growth. Because soils with more water are less

sensitive to warming, changes in soil moisture result in changes in soil heat

capacity and conductivity, which, in turn, affect infiltration and water

transport in the soil profile.13,14 Soil response to changes in precipitation has

implications for vegetation water needs, fire risk, pest outbreaks, infiltration

rates and groundwater recharge;15 therefore, in-depth analyses of these soil

characteristics can give scientists and managers the tools they need to predict

where trees will be most vulnerable to future water stress and where they will

be most likely to establish and thrive under future conditions.

In this chapter, we review existing literature for examples of on-going forest

responses to climate change, many of which are also exacerbated by

anthropogenic stressors. We discuss the implications for the global carbon,

nitrogen and hydrological cycles and how resulting changes in forest lands and

associated ecosystem services may affect food security in the future. We

conclude by providing a method to use soil characteristics to inform land

managers of challenges they may face in preserving valuable services from

forested lands and cropping systems.

2 Projected Trends in Climate Change

2.1 General Climate Trends

Rising temperatures have been recorded around the world and are projected to

continue to rise, with regional and local patchiness, causing an overall decrease

in the longevity, extent, and thickness of glaciers, ice sheets, and snowpacks.16

Observations have shown that land has been warming up at a faster rate than

oceans, due to the greater inertia of deep oceans. Sea-level rise projections

presented in the last IPCC report2 were extremely conservative, and new

publications suggest that higher levels are likely to be reached by the end of the

century, if current trends of ice-melting and ocean-warming continue.17

Global warming is likely to drive an increase in global mean precipitation

(rain and snowfall). However, the degree of spatial and seasonal variation

remains large, even when considering multi-model means. All simulations

point to increases in precipitation at high latitudes where more rain than snow

has recently been observed, a trend that probably will continue as winter
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temperatures increase. There is also a general agreement over precipitation

decreases in the sub-tropics. Models agree to a lesser extent over an increase of

precipitation in the tropics, and cloud formation and wind patterns are areas

of uncertainty in model structure, as current understanding remains limited.

Natural climate variability (e.g. El Niño Southern Oscillation (ENSO),

Pacific Decadal Oscillation (PDO), Atlantic Multi-decadal Oscillation (AMO))

and its impacts have been well documented for many regions of the world,18

but the understanding of the causes of shifts in teleconnections (related climate

anomalies) remains limited and thus difficult to include in climate models.

Extreme events (long, intense droughts, flood, hurricanes and typhoons) are

also difficult to predict from general circulation models. The latest report from

the Intergovernmental Panel on Climate Change (IPCC)19 warns about the

increased risk of more intense, more frequent and longer-lasting heatwaves, as

exemplified by the European heatwave of 2003 that killed several thousands of

people and caused widespread forest mortality.20 Along with a greater risk of

drought, there is an increased chance of intense precipitation and flooding due

to the greater water-holding capacity of a warmer atmosphere, such that both

wet and dry extremes should become more severe. Several modelling studies

are projecting that future cyclones could become less numerous but more

severe, with greater wind speeds, more intense precipitation, and higher ocean

waves.

These extreme events, while unpredictable, often shape our landscapes. Past

extreme events such as the drought of the 1930s that caused the Dust Bowl in

the USA, or the 1998 floods in China caused by heavy rainfall that affected 240

million people, certainly affected natural ecosystems and human land use.

Recently, reports of extreme events have been increasing. For example, a

drought in the of summer 2010 caused crop failure and huge fires in Russia,

while record rainfall caused extensive flooding and loss of life in both China

and Pakistan. These extremes might be evidence of climate destabilisation, but

they are at the very least consistent with what climate scientists have been

expecting. They certainly pose a challenge to the more comfortable prospect of

chronic linear change rather than abrupt and unpredictable change, yet these

events might be what people most need to take into account when they

consider preparing for change. In the past, the reliability of models was tested

in part by simulating large disturbances and observing the simulated system’s

response. It may be necessary for practitioners to focus on disturbance

simulation to fully explore the resilience of their systems.

3 Changes in Forest Dynamics

3.1 Introduction

Forests and woodlands account for approximately 30% of terrestrial land

cover21 and store about 45% (more than 1 trillion tonnes) of the carbon in

terrestrial ecosystems.12,22 Changes in vegetation cover are strong indicators of
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ecosystem changes in response to many change agents, including land use and

climate change. Forests can be either contributors or inhibitors of climate

change on regional scales, but they have the potential to play a significant role

in mitigating the pressures of global environmental change.22

Land-use practices and climate change may work in concert to weaken the

ability of trees to defend themselves against pests, improve conditions for

native pests to flourish, and introduce unfamiliar pests to new locations. Non-

native forest pests have increased globally since the 1990s due to increased

international trade and other human activities23 and now threaten forest

productivity and diversity.24–27 For example, the root fungus Phytophthora

cinnamomi, which originated in Papua New Guinea and is now contributing to

forest mortality in the USA and Australia, and to Iberian oak decline in the

Mediterranean and coastal northwestern regions of Europe,7 is a pathogen

requiring warm, wet soils to infect roots, and extreme weather conditions, such

as drought or waterlogging, can increase the susceptibility of trees to

infection.7

In addition to non-native pest introduction, pollution is another human

cause of altered forest dynamics around the world. Forests adjacent to urban

and agricultural areas are responding to increased nitrogen deposition and

other airborne pollutants.28,29 Human activities such as road-building and land

conversion lead to landscape fragmentation, which increases forest edges.29

These edges can be ‘‘hotspots’’ of dry deposition, with as much as four times

the rate of atmospheric nutrient delivery as areas without edges.30,31 The

difference between pollutant concentrations from the forest edge to the interior

can be very large, possibly even exponential, especially when particles are

transported horizontally by wind.29 Several studies of excessive nitrogen

deposition have shown that the cumulative effects of nitrogen additions over

many years can be negative due to a phenomenon called ‘‘nitrogen

saturation’’,32 which can ultimately lead to nitrogen leaching into surface

waters.33

3.1.1 Tropical Peat Swamp Forests

Montane peat swamps in cloud and other tropical forests play a significant

role in the global carbon cycle as they store a considerable amount of carbon in

their soils.34,35 Approximately 60% of the known peatland forests are in south-

east Asia. Peat soils form from decayed woody plant debris decomposing in

high precipitation and temperature conditions in swamp forests at low

elevations in river valleys.36,37

A high estimate of the remaining historical peat swamp forests is 36%.38

Drying of peat swamps through logging or for agricultural use is increasingly

common, but when these soils dry, they are extremely flammable.39–41 Peat

soils are unique in their ability to burn above and below ground.42 Clearance

and burning of peat swamp forest in south-east Asia could contribute to 3% of

total global human emissions.43,44 The 1998 Indonesia fires burnt some 8
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million hectares of land and, according to scientific estimates, released between

0.48 and 2.57 Gt of CO2 into the atmosphere, which is between 13 and 40% of

the mean annual global carbon emissions from fossil fuels. The exact amount

remains uncertain.45

3.1.2 Tropical Rainforests

Changes in Amazon rainforest ecosystems have the potential to affect not only

the global carbon budget, but the hydrological cycle and feedback to global

climate as well. Climate and air quality in the Amazon region are highly

dependent on feedbacks between vegetation cover, land surface and

biogeochemical fluxes.46 Approximately eight tonnes per year of water

evaporates from Amazon forests.19 Run-off from the Amazon basin to the

Atlantic Ocean accounts for 15–20% of the global freshwater flow to oceans.47

Amazon forests also contain currently between 90 and 140 billion tonnes of

carbon,48 which is about nine-to-fourteen decades of the current anthro-

pogenic carbon emissions.49

Some simulations indicate Amazon forests will convert to grasslands by the

end of the 21st century,50–54 causing dramatic changes in soil and hydrologic

conditions.55 The HadCM3 general circulation model projects that regional

warming and drying will also lead to large-scale forest dieback.56 Grasses can

expand into disturbed forest patches via animal or wind seed dispersal, but

more often there is deliberate grass seeding by ranchers after logging.57 As of

2001, deforestation in the Amazon had reduced the original forest area from

6.2 million km2 to 5.4 million km2 (i.e. 87% of original area),56 and existing

plans to build new infrastructure could further reduce Amazon forests to 3.2

million km2 (53% of original) by 2050.48

The overall indications of research on Amazon forest decline is that forest

degradation by humans or climate could lead to an even hotter, drier climate in

Amazonia. Deforestation reduces the recycling of water,44,55 while decreased

forest evapo-transpiration leads to decreased surface cooling, which leads to

warmer air temperatures, higher evaporative demand and increased water

stress.55,56 Fire hazard also increases in a drier climate, potentially causing an

increase in smoke and dust aerosols that could alter the frequency and amount

of precipitation received.55,58 A coupled climate-carbon model from the UK

Meteorological Office Hadley Centre showed that severe drying of Amazon

forests would lead to forest losses, resulting in feedbacks at both regional and

global scales, further magnifying drought conditions and forest degrada-

tion.46,56,59

Amazon forests on dry margins or on shallow, infertile soils are most

vulnerable to drying.55 Amazon trees avoid drought stress by penetrating

deeply into the soil to access deep soil water, and they utilise hydraulic

redistribution of water to more shallow soil horizons.60–64 The threshold of

drought tolerance in Amazon forests has been shown experimentally as an

available soil water capacity less than 30% of its maximum value.62,65 During
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the El Niño 1997–1998, forest mortality increased 50% post-drought66 as

canopy dieback increased radiant energy into the forest and increased the

temperature in the forest interior, further drying the soils and increasing fire

risk.57,67

In addition to climate change, human pressure on Amazonia is important.

Humans look to this region to exploit biofuels to substitute for oil, cattle and

swine industries, agro-industry expansion, sugar cane for ethanol, palm oil for

biodiesel and soy crops.55–57 Land-use changes increase habitat fragmentation,

edge effects of pollution and dry air circulation under forest canopy, and fire

ignition sources.57

3.1.3 Temperate Forests

In the USA, the regional importance of many tree species is changing rapidly.

Some tree species are experiencing dieback in response to precipitation and

temperature changes, while others are seeing shifts in species dominance. In a

regression tree analysis of eighty common trees species under five future

climate scenarios for 2100 counties in the eastern USA, Iverson and Prasad68

project that average species richness may remain the same or even increase

with climate change, but there are likely to be dramatic changes in forest type

in this region.

All five models68 predict an extirpation of spruce-fir forests in New England,

USA, and all but the two least-severe models show an extirpation of aspen and

birch species (both still largely reduced). Maple, beech and birch species are

largely reduced under all scenarios. The main increases are seen in oak-hickory

and oak-pine woodlands, which are projected to increase 34% and 290%,

respectively. The loblolly shortleaf pine is projected to decrease by 32% and

shift its range to the north and west. Longleaf slash pine is projected to

decrease by 31%, but elm-ash-cottonwood woodlands are projected to remain

in the upper Great Plains region of the USA.

According to their consensus models, 24 species in the eastern USA will see a

decline of at least 10%, while 35 species will see an increase in regional

importance, with 12 of these increasing by 100% or more. Recent national

forest assessments21 indicated that the total area of USA national forests has

been increasing annually, but that the amount of increase is slowing

dramatically. More recent US Forest Inventory Analysis (FIA) studies69 show

that some eastern states are levelling off in forest increase and others are

beginning to decline.

Coops and Waring70,71 used the 3-PG process-based model to predict forest

responses to climate change. Predictions of future tree distributions in the

Pacific Northwest of the USA show large changes in lodgepole pine and

ponderosa pine distributions. They show that lodgepole pine is most likely to

persist at sites with significant spring frost, summer temperatures below 15 uC,

and soils that are fully recharged from snow melt. Using future climate

projections, they predict a decrease of 8% in suitable lodgepole pine habitat

164 Wendy Peterman and Dominique Bachelet



and, by the last 30 years of the 21st century, they predict that the species will be

absent from most of its current range. By 2050, there is likely to be a significant

decrease in its distribution, especially in central Oregon and Washington,

British Columbia and the western side of the Rocky Mountains, so that by

2080 lodgepole pine is projected to be gone from Oregon, Washington and

Idaho (Figure 2). The most restricting factor in the pine persistence is soil

water.

As the climate warms, tree species are expected to migrate to higher altitudes

and higher latitudes into areas previously characterised by low temperatures.

The compositions of high-elevation forests are changing rapidly.15 Altitudinal

tree lines are seen as the most sensitive to global warming, because historic

temperature decreases at higher altitudes have been the main limitation on tree

lines globally.73 As temperatures increase, altitude becomes a less reliable

predictor of tree-line limitation. In the Andes, Chile, Patagonia and the Rocky

Mountains of Montana, tree growth at tree lines did increase in brief pulses

with subsequent infilling over several centuries, but, in the past fifty years,

Figure 2 This map shows the lodgepole pine (Pinus contorta) projected range
contraction in North America between the present and 2080.72 (An
interactive version of this map and other maps of future species
distribution simulations can be found at: http://app.databasin.org/app/
pages/galleryPage.jsp?id5896ee1c381fd4a50b5f811b4b11c0898).
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these regions have shown actual declines at the tree line, with the biggest

decline 200 m below the tree line.73

Although many species have been observed to move uphill in response to

temperature, this change alone is not enough to understand future plant

distributions. There is evidence of some downhill shifts despite climate

warming.74–76 Drivers of species distribution shifts and mechanisms are not

well understood at present, but it’s possible that some species may track

decreases in water deficit to lower elevations rather than temperature increases

to higher elevations.77 In the past century there has been an increased density

of younger tree cohorts at lower elevations.78,79

3.1.4 Alpine Forests

Climate projections show the greatest and earliest warming trends at higher

latitudes (45 to 65 uN), especially in continental interiors.80,81 At the thermal

ecotone, small changes in temperature can have large consequences.82 The

interior regions of Alaska are good places to investigate possible climate-

change effects on vegetation composition and soil thermal dynamics, because

changes in snowmelt affect surface and sub-surface soil moisture through

interactions with permafrost.83 Changes in surface hydrology and soil

temperature affect forest and tundra vegetation as well as forage availability

for ungulates.84 In Alaska, the tree line is shifting northward into the tundra,

important migratory bird and caribou habitat.15

Yellow cedar (Callitropsis nootkatensis), a tree found in British Columbia,

Canada, and the Pacific Northwest of the USA, is experiencing varied

responses to changes in soil temperature and hydrological conditions.85

Between the 19th century and the present, yellow cedar has seen a high rate of

mortality only in SE Alaska and bordering regions of Canada, with dieback

symptoms originating in the roots, spreading to the crown and finally

manifesting in the bole of the trees.86 The emergence of the initial symptoms in

the roots indicates soil factors in the causes of stress,85 which generally makes

trees more susceptible to predators; however, biotic agents are not the primary

cause of death.87–93

Yellow cedar is usually drought tolerant and successful in poor soils,94 but it

also tends to decline on poorly-drained soils,87 and in the late 19th century a

warming period at high latitudes95 was associated with yellow cedar decline.96

D’Amore and Hennon87 explored the soil conditions connected to cedar

decline and concluded that warmer air and soil conditions, reduced snow

packs, and early spring warming are causing trees to de-harden too early and

to become susceptible to late-frost injury.

3.2 Hydrologic Responses

Changes in temperature, precipitation and vegetation cover have major

implications for the global water balance in which soils play an integral role.
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One of the most valuable ecosystem services provided by forests at the

watershed scale is to provide clean drinking water. With warming, there will be

an increased need for forest cover to provide shade and reduce evaporation,

protecting soils and streams from water losses, while potential declines in their

extent due to human land-use or increased climate-driven mortality may

reduce their ability to do so.97 Although some studies have shown that forest

harvest on certain soils with certain topography can increase water yields,

particularly when precipitation exceeds evapotranspiration, this increase in

water from vegetation removal is small and short-lived,98 and it has the

potential to increase the frequency of landslides, because root removal

destabilises soils.

Furthermore, small changes in the proportions of winter precipitation versus

snow can greatly alter seasonal stream flow throughout the year.99 Simulations

run by Tang and Zhuang100 show that increased precipitation combined with

earlier snowmelt and delayed snow onset, lead to longer snow-free periods in

tundra and boreal forests, which could increase the growing season by up to

three weeks during the 21st century. In Alaska, USA, higher temperatures over

the last century have led to changes in the length of the growing season for

terrestrial ecosystems,101 and increased evapotranspiration in response to

warming is also leading to an overall decline in spring soil moisture.102

In southeast Asia, ‘‘cloud’’ forests that take water from clouds to augment

ground water and mountain streams, sometimes doubling the effective rainfall

in the dry season and increasing total forest moisture inputs by 10%,103,104 are

threatened by climate change as well as expanding infrastructure, forestry and

agriculture. Currently, tropical montane forests cover about 92 million

hectares (15% of tropical rain forests).105 One half of the tropical montane

forests can be found in south-east Asia (approximately 32 million hectares).106

The biodiversity of native frogs, birds and mammals can be higher than in

lowland tropical rain forests, making these habitats critical for conserva-

tion.107,108

The cloud forests of Malaysia are declining 23% faster than lowland forests

in the region.109 Clearing for agriculture and cattle leads to pesticide and

fertiliser contamination in surrounding watersheds, decreased water yields in

highland streams,110 and severe soil erosion and stream sedimentation.111 In

addition to land conversion, commercial selective logging currently affects

1.1% of cloud forests globally (higher than other tropical forests).112 Possible

solutions to cloud-forest decline may be increasing protected areas to preserve

intact ecosystems and integrating the forests into desired human uses through

agroforestry and increased animal husbandry, and thus increasing land-use

efficiency.104

3.3 Carbon Responses

One of the most important ecosystem services that forests deliver is in their role

as a large carbon sink. According to the US National Climate Assessment,113 if
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one-third of the current croplands were converted to forests, the US carbon

emissions could be reduced by as much as 10%. Carbon uptake depends on

climate, disturbance and management legacy, age and type of the forests.114

While water availability limits productivity in semi-arid grass, shrub, wood-

land and dry forest ecosystems,115 at high latitudes where low temperatures

limit water availability, early snowmelt and soil thaw initiate photosynthetic

carbon uptake, and warming induces a longer growing season where radiation

is the limiting factor.116 Soil properties limit the availability of both water and

nutrients, potentially limiting plant growth. Soil texture, depth, salinity and

topography have strong local influences on forest growth.117–121

Soil organic carbon (SOC) pools may store as much as 90% of the carbon in

terrestrial ecosystems122 but can also vary widely in response to woody plant

encroachment (from 26200 g C m22 to +2700 g C m22).121,123–131 The increase

in woody encroachment of grasslands and deserts during the 20th century has

been attributed to a variety of factors, such as increased atmospheric CO2

concentration, land-use change (grazing), climate patterns and fire suppres-

sion.132–134

Woody plants influence SOC pool sizes, particularly beneath their

canopies,135 through litter accumulation; they can affect soil respiration and

leaching (roots and microbes) and reduce erosion.121 Because of the greater

rooting depths and higher root lignin content of woody plant species, soil

carbon is generally higher in shrublands than grasslands122,136,137 and is

accompanied by more resistant organic matter in deeper soil layers.138–141

Barger et al.121 showed that bulk density and clay content mediate the

magnitude and direction of SOC changes with woody encroachment. Increases

in bulk density are linked to low SOC, and carbon losses are associated with

soils of bulk densities greater than 1.6 g m23. In the southern Great Plains,

USA, SOC accumulation rates are three times greater in fine soils than in

adjacent coarse soils,136 and woody encroachment with higher SOC contents

has been associated with a clay gradient.142–145

3.4 Nitrogen Responses

Nitrogen availability is closely tied to the water cycle146,147 and it controls

photosynthetic rates and thus forest productivity, as well as carbon allocation

and resulting canopy development.148–156 Nitrogen can limit carbon uptake

even when water is readily available, but when water is limiting, plants cannot

take up available nitrogen unless they develop a symbiotic relationships with a

nitrogen fixer.157–159 For this reason, the sizes of the soil carbon and nitrogen

pools are good indicators of any change in the local soil nitrogen-supplying

capacity.160–162

Nitrogen dynamics are very much driven by the constant feedbacks from

plant, soil and microbial interactions.163 Tree species influence nitrogen cycles

in different ways through root uptake, mycorrhizal associations, exudation

and the chemical quality of plant litter,164 and trees in the same climate with
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different soil fertility can exhibit different rates of growth and above- and

below-ground nitrogen accumulation patterns.165 For example, root turnover

and exudation provide a large carbon and nutrient source for soil microbial

communities166 which can generate rhizosheaths to enhance plant nutrient and

water uptake by creating a beneficial microenvironment around the roots.

Mycorrhizal hyphae can also allow plants better access to resources in the

various soil layers beyond the tree canopy.

The age and land-use history of a forest determines overall nitrogen

availability. Older, aggrading systems retain their nitrogen biomass in the soil,

but disturbed systems lose nitrogen in large pulses, decreasing nitrogen

mineralisation for plant uptake.167–169 When fires burn forest litter and

understory, immobilised nitrogen in the biomass gets released to the

atmosphere.170,171 Other forest nitrogen outputs include biomass loss from

harvest, erosion, leaching and gaseous transfers.172

Forests in humid temperate ecosystems are historically nitrogen limited, but

Skeffington and Wilson32 published a new theory of forest ‘‘nitrogen

saturation’’ in response to increased levels of atmospheric nitrogen deposition.

When background nitrogen levels are low, temperate forests usually experience

sub-optimal nitrogen availability, and nitrogen additions can enhance tree

growth on very short-term intervals.173,174 Under conditions of elevated

nitrogen deposition, there is the potential for forest nitrogen concentrations to

exceed plant and soil uptake, leading to nitrogen losses from the system.33,163

Nitrogen saturation is characterised by increased nitrate losses from forest

soils in spring snowmelt and soil water percolating below the rooting zone

during the growing season.33,175 As negatively charged nitrate ions leave the

soil, they combine with positively charged ions such as calcium and aluminum

that leach as well, causing decreased soil fertility and increased acidity.33

Consequently, excessive nitrogen concentrations add stress to forest ecosys-

tems in temperate regions and may lead to decreased forest production and

eventually decline, as nitrogen-saturated forests become net nitrogen sources

rather than sinks.33,163 Furthermore, leached nitrate reaching streams affects

water quality and has implications for nitrous oxide emissions to the

atmosphere.

Nitrogen leaching is highly dependent on precipitation and snowmelt as well

as the amount of water infiltrating below the rooting zone in the soil.176,177

At the Hubbard Brook Experimental Forest in New Hampshire, USA,

Bernal et al.178 observed that a decline in snowpack is turning the soil into a

massive nitrate sink. Repeated model simulations of the system suggest that

two mechanisms of soil organic nitrogen storage are responsible for the

observed decrease in nitrate export: (1) more nitrogen is being held in the soil

as decreased snowpack reduces the water flow paths, allowing more

opportunities for microbes and plant roots to immobilise nitrates, and (2)

the gradual accumulation of nitrogen as the forest recovers from abrupt

nitrogen losses due to past timber harvests, hurricanes or ice storms. There also
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appears to be a small effect of the recent sugar maple decline on the change in

nitrate export.

4 Food Security Implications of Forest and Soil
Responses to Global Change

4.1 Anthropogenic Soil Degradation

Forest degradation and the resulting soil degradation are closely tied to the

major issues facing world food production in the face of global environmental

change. Because soil degradation is affecting crop productivity and contribut-

ing to malnourishment around the world,179 improving soil quality is essential

to maintaining life on earth.180 Soil health is a high priority listed by the

United Nations’ Millennium Project hunger task force and the United States

Department of Agriculture reports that decreasing degraded soils and

increasing crop yields by 0.1% could reduce the number of starving people

by 5% in a decade. Global hotspots of degradation include central and

southern Asia, China, the Andes, the Caribbean, and the savannas of South

America.181

In 1991–1992, the International Soil Reference and Information Center

(ISRIC) developed a global database of human-induced soil degradation. Soil

degradation derives from increasing pressure on land to improve living

conditions, provide higher standards of living, or simply allow human survival.

Five human causes of soil degradation are: (1) deforestation or removal of

natural vegetation for agricultural use, roads, timber harvest or urbanisation,

(2) overgrazing, (3) inefficient agricultural practices, (4) overexploitation of

vegetation for domestic use, such as fuels and fencing (incomplete vegetation

removal is insufficient to prevent topsoil removal), and (5) bio-industrial

activities that lead to soil pollution.181

In a 2004 Science article, J. Kaiser179 gave an overview of global soil

degradation and its impacts on regional food scarcity. Soil degradation is given

as the main obstacle to reducing hunger in Africa and the cause of the current

devastation in Haiti. The previously forested landscape of Haiti has been

severely denuded until only 3% of the original forest cover remains. At least

one-third of the landscape has lost too much topsoil to be able to support

crops. In the 1930s, the USA temporarily experienced a similar plight when a

combination of poor land-management and drought contributed to a massive

loss of topsoil in the midwestern states. In China, the Loess Plateau, the site of

the fastest topsoil loss in the world, loses approximately 1.6 tons of loess each

year, and some lands in the lower Himalayas have totally lost the capacity for

food production. In sub-Saharan Africa, where farmers cannot afford

fertilisers, and crop residues and animal excrement are used for fuel, soil

fertility is quickly declining. In some parts of Africa, farmers traditionally

rested fields, but now land constraints are too tight. In the Middle East and

India, poor irrigation is leading to salinisation of soil, and in Australia the

170 Wendy Peterman and Dominique Bachelet



eradication of some native plants is causing dramatic changes in local water

tables, leading to salinisation of the topsoil. Desert expansion, driven by

conversion of grasslands in the Sahel of Africa, Kazakhstan, Uzbekistan and

northern China, has led to wind erosion and dust storms.

4.1.1 Mechanisms of Soil Degradation

Oldeman181 defined two categories of soil degradation: (1) the displacement of

soil material by water or wind erosion, and (2) in situ soil deterioration through

chemical or physical processes. Erosion or topsoil removal reduces soil fertility

and may reduce crop rooting depths. Deforestation, overgrazing, and

agriculture are the main causes of water erosion, because they expose soil to

the direct impacts of rainfall, and wind erosion is almost always caused by a

decrease in vegetation cover from overgrazing or the removal of vegetation for

another use. Chemical degradation can be from loss of nutrients and organic

matter (insufficient fertilisers, using poor soils, removal of natural vegetation),

salinisation (from poor irrigation practices), acidification (from over applica-

tion of fertilisers), or pollution (in industrialised nations with high population

densities). Physical degradation includes compaction or sealing (from heavy

machinery, low organic matter or high silt), waterlogging (from human

intervention in natural drainage systems), or the subsidence of organic soils

(drainage or oxidation of peat soils).

Soil chemical and physical weathering rates are driven by vegetation,

temperature, and precipitation.181,183 This can be greatly intensified in areas

where land use accelerates soil denudation, exposing more mineral surface area

and rocks.184 Bayon et al.185 showed that chemical weathering of surface minerals

due to intensified human land-use and forest clearing, rather than regional

climate change, may have led to an abrupt vegetation shift from rainforest trees

to savannas in Central Africa 3000 years ago. Records of past vegetation patterns

show a great loss of primary forests as they were replaced by savannas and other

pioneer species between 3000 and 2200 ago. At the same time, archaeological

research shows that Bantu-speaking people migrated into the region and cleared

forest for agriculture and iron smelting.186–191 This large-scale deforestation event

may still influence current vegetation patterns in African rainforests.192,193

4.1.2 Soil Degradation Implications for Soil Carbon and Nitrogen

Land erosion plays a significant role in global nutrient cycles. Soil organic

carbon and soil nitrogen are both easily removed by wind and water erosion,

which can lead to feedbacks to the atmosphere. Land cultivation leads to organic

matter losses, directly affecting the soil chemical, physical and biological

properties that affect crop production.194 Khormali195 showed that soil organic

carbon and nitrogen in Iran are significantly depleted by increased water erosion

from past deforestation. Vagen et al.196 showed that some landscapes under

cultivation more than fifty years without organic matter enrichment have
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extremely low organic carbon and total nitrogen content. Soil carbon and

nitrogen content of the 0–10 cm layer is lower after 53 years of cultivation than it

is in nearby natural forests.197 Cultivation also reduces soil aggregate

stability,198 exemplified by the fact that average bulk density of a rainforest

soil is lower than in deforested areas.199 These reductions in soil porosity lead to

soil degradation due to changes in water infiltration and percolation.200

4.1.3 Repairing Soil Degradation

The challenge the world now faces is how to manage forests and agricultural

lands proactively to deliver food and water to humans, while also preserving

biodiversity and other ecosystem services.201 Strategies to reduce or even reverse

soil degradation include no-till farming, water conservation and harvest, cover

cropping, woodland regeneration, agroforestry, improved grazing practices,

more efficient irrigation and erosion control.181,179 Soil organic-matter content

is of the utmost importance and can be improved by management practices that

add biomass to the soil, reduce disturbance and improve soil structure.

4.1.4 The Agroforestry Alternative

From Conte,202 ‘‘A forest understood as an agrarian landscape can include

many centuries of forest-based husbandry.’’203,204 For centuries, farmers in the

eastern Arc Mountains of Africa used agroforestry in the mountains to cultivate

native and introduced plants.205–209 At Mt. Kisagau, traditional botanical

knowledge is tightly connected to a 1000 m elevation gradient and conveyed to

generations through oral history that details the agro-ecological use of the entire

mountain.202 Farming once entailed a mosaic of forest ecosystems at varying

stages of exploitation and regeneration that emphasised mobility, since water

rather than temperature was a key factor of tree migration across Africa.210

Farmers combined imported grain species with African beans, sorghum and

millet,211,212 and there is evidence that Asian banana was possibly a feature in

African agroforestry for more than 5000 years.212 More recently, western-style

agricultural and forestry practices ignored lessons of indigenous land-use and

forest evolution, emphasising timber yields only, and the landscape was quickly

degraded to a point where indigenous trees could not even be replanted.202

Agroforestry practices have been common for thousands of years in Europe,

Africa and South America, and may hold the key to understanding how to use

fertile forest soils to support all life without denuding and degrading them.

5 Soil Characteristics as Tools for Adaptive
Management

Scientists are currently developing new tools based on soil characteristics to

help farmers and land managers evaluate the potential effects of climate
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change on soil water availability and develop appropriate strategies to adapt to

the change or possibly mitigate negative climate impacts. Correlation models

can incorporate the effects of geology, elevation and specific soil properties

into a vulnerability index, estimating where crop or tree mortality will most

probably occur during periods of prolonged drought or flood. With some

awareness of this vulnerability, managers can implement practices to reduce

soil erosion or decrease competition for scarce resources in areas at high risk of

mortality, or they can focus soil quality restoration efforts in areas where

forest or crop resilience is expected.

Soil physical characteristics are reliable predictors of forest health as the

climate changes, because the temporal scale at which climate affects soil

development is much longer (thousands to millions of years) than the scale at

which climate is affecting trees (days, months or years). Soil characteristics

constrain water and nutrient availability to forests and crops alike, and hold

clues about how water might be moving through the soil. These factors can be

indicators of whether rainfall is likely to evaporate or infiltrate, as well as the

amount and duration of water storage in the rooting zone. Because they hold

or release moisture based on their texture, depth and chemistry, soils can either

mitigate or exacerbate climate change impacts to plants, affecting ecosystem

vulnerability to heatwaves, wildfires and pest outbreaks. Therefore, soil

characteristics hold the key for farmers and land managers seeking sustainable

means to meet the food and energy demands of a growing population.
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