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SILVICULTURAL AND ECOLOGICAL IMPACTS OF CONVENTIONAL FORESTRY AND 

FOREST BIOMASS HARVESTING AT THE STAND AND LANDSCAPE LEVELS:  

A LITERATURE REVIEW 

A. K. SERVICE 

 

INTRODUCTION 

The objective of this literature review is to provide a description of the current state of 

knowledge of the impacts of forest harvesting and silviculture on forest ecosystem structure 

and function, with a particular emphasis on harvesting for biomass in the Acadian Forest 

Region (Northern Appalachian/Acadian Eco-Region). Research on the effects of forestry 

practices on soil physical properties, including nutrient cycling and retention, and on carbon 

cycling and storage, as well as recommendations for future study are discussed.  

Most current forest harvesting activities in the Maritime provinces of Canada are best 

described as conventional clear-cut or stem-only harvests, in which commercial sawlogs and 

studwood are removed from a harvest area (Nova Scotia Department of Natural Resources, 

2008). While biomass harvests use much of the same equipment and the same principles as 

conventional harvests, there are important differences between these approaches that make 

the impacts of biomass harvesting potentially greater, or that may compound the effects of 

other forest management practices (Rowland et al, 2005; Kelty et al, 2008). In particular, 

biomass harvesting removes harvest residues (including branches and foliage) and non-

merchantable trees that are normally left on site following conventional harvests. In addition, 

many traditional forest products, such as dimensional lumber, require larger trees for their 

production so that conventional harvesting occurs over longer rotations, allowing trees to 

reach larger sizes. In contrast, biofuels can be produced from smaller-stem trees and forests 

managed for biomass production can be harvested on much shorter rotation cycles, with 

consequent implications for species diversity and forest ecological functions. Research on the 

impacts of biomass harvest is thus contrasted with that of more conventional forestry. 

As much as possible, this literature review draws upon studies set within the Acadian 

Forest Region and other ecologically similar forest regions within Canada and the US. The 

effects of biomass removal on forest structure, soil productivity, plant community 

composition, forest invertebrates, dead organic matter, carbon sequestration and other 

components of forest ecosystems within the Acadian Forest Region, however, are not yet well 

documented, and most field trials involve short-term studies. Ongoing research elsewhere in 

Canada, documented here, will help to inform policy guidelines of the strengths and 

weaknesses of current initiatives, while the extensive literature on the impacts of conventional 

forest management will highlight those areas that need to be considered when allocating 
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forest stands for biomass. As Arp et al (2008) point out in relation to New Brunswick’s forest 

biomass harvesting policy, there are many uncertainties about sustained forest growth that 

require further research: to what extent can repeated biomass harvesting be sustainable? Does 

leaving forest biomass on site for one year alleviate risk to soil productivity later on? How do 

nutrient exports that accompany forest biomass harvesting compare with existing on site 

nutrient capital? How can currently available information sources be used to quantify 

expected nutrient supplies and expected nutrient exports? To what extent does the reduction 

of coarse woody biomass on site affect species, ecosystem processes, nutrient cycling and 

carbon storage? Can the effects of high-yield silviculture be mitigated through additional 

forestry practices designed to protect soil productivity and conserve biodiversity? Such issues, 

and others, are addressed in this review. 

  

1. LONG-TERM EFFECTS (MORE THAN TEN YEARS) OF METHODS OF FOREST 

HARVESTING AND SILVICULTURE ON FOREST NUTRIENT CAPITAL 

 

1.1 Nutrient dynamics: Internal cycling of forest nutrients, nutrient deposition 

and nutrient release 

Soil organic matter and the activity of organisms that utilize soil are important factors 

affecting the productivity of forested sites and are key drivers of ecosystem processes (Powers 

et al, 1990, 2005; Jurgensen et al, 1997; Worrell and Hampson, 1997; Marshall, 2000; Wall 

and Westman, 2006). The role of soil organic matter in supporting soil nutrient capital, soil 

microflora and fauna, soil structure and aeration, soil cation exchange and soil hydrologic 

functions is well documented (Covington, 1981; Powers et al, 1990; Blake and Ruark, 1992; 

Henderson, 1995; Kranabetter and Chapman, 1999; Kranabetter et al, 2006; Wall and 

Westman, 2006; Hope, 2007), as is its importance in recovery after natural and anthropogenic 

disturbance (Covington, 1981; McGill and Cole, 1981; Pierce et al, 1993; Kranabetter et al, 

2006). Bormann et al (1974), for example, suggested that the rate of nutrient mobilization 

from the forest floor may regulate recovery after deforestation by ensuring the availability of 

essential nutrients. Long-term forest productivity depends upon conserving reservoirs of on 

site nutrient pools: nitrogen (N) is often the focus of nutrient research because it is required in 

relatively high concentrations in vegetation, affects the cycling of other nutrients and creates 

pollution concerns when leached into streams (Hornbeck, 1982; Hornbeck et al, 1987; Aber et 

al, 2003; Kelly et al, 2008). When N is mineralized through microbial activity, it initially 

occurs in the inorganic form of ammonium (NH4) in soil solution. If conditions are conducive 

for microbial activity, ammonium is then transformed (nitrified) into nitrate (NO3). Nitrogen 

in the form of nitrate is highly mobile and can readily leach from a forest site following 
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harvesting or other disturbance (Covington, 1981; Hornbeck et al, 1987; Ritter et al, 2007). 

Base cations, such as potassium (K), calcium (Ca) and magnesium (Mg), follow the same 

pattern but stay in cation form and do not form multiple compounds as N does (Mann et al, 

1998; Driscoll et al, 2003; Kelly et al, 2008).  

Nutrient inputs to forest ecosystems are not as obvious as the cycling of nutrients in 

vegetation growth, litterfall and decomposition. Vegetation plays a central role in forest 

nutrient cycling, and the living roots of mature trees sustain a diverse community of soil 

organisms and processes. Nutrients taken up by roots from soil solution are incorporated 

within living biomass, including woody stems and roots, foliage and fine roots (Ryan et al, 

1997; Brady and Weil, 2002; Kelty et al, 2008). In a cyclical manner, where nutrients are 

neither added nor removed but are, rather, cycled between organic form (in vegetation) and 

inorganic form (in soils), living biomass dies and produces litter that adds organic matter to 

the forest floor. Nutrients in the litterfall are in organic form but are mineralized (rendered 

inorganic) through decomposition processes and are thus available for plant root uptake (Gosz 

et al, 1973; Whittaker et al, 1979; Oades, 1988; Yanai et al, 1999; Smith et al, 2006; Ritter et 

al, 2007; Kelt et al, 2008). The balance of nutrient inputs to outputs is the factor that controls 

nutrient conservation. Input of N is from the atmosphere (in precipitation and dry deposition), 

and from biological fixation of gaseous N2 in soil spores, by microbes in the soil, or on the 

roots of legumes and other plant species (Brady and Weil, 2002). Atmospheric deposition of 

N from emissions caused by the burning of fossil fuels in vehicles and the production of 

fertilizers and animal waste, resulting in a cascade of environmental effects across large 

spatial scales, is well documented for northeast Canada and the US, led by research from the 

Hubbard Brook Research Foundation (Steudler et al, 1989; Aber et al, 1995; Tamm et al, 

1995; Aber and Driscoll, 1997; Chappelka and Samuelson, 1998; Kahl et al, 1999; Compton 

and Boone, 2000; Magill et al, 2000; Boyer et al, 2002; Castro and Driscoll, 2002; Gbondo-

Tugbawa and Driscoll, 2002; Goodale et al, 2002b; Aber et al, 2003; Driscoll et al, 2003; 

Galloway et al, 2003). Although historically N has been recognized as the nutrient most likely 

to limit forest growth in temperate and boreal ecosystems, due, in part, to a long history of 

extractive forest practices, deposition of atmospheric N has caused some forest sites to reach 

N saturation (Aber et al, 2003; Galloway et al, 2003), resulting in: (a) increased nitrification 

and NO3 leaching, with associated acidification of soils and surface waters; (b) depletion of 

soil nutrient cations and development of plant nutrient imbalances; and (c) forest decline and 

changes in species composition (Tamm et al, 1995; McNulty et al, 1996; Driscoll et al, 2003). 

The rate and extent to which these symptoms develop are controlled, in part, by the capacity 

of the biota and soils in forest ecosystems to retain deposited N (Aber and Driscoll, 1997; 

Kahl et al, 1999; Compton and Boone, 2000; Magill et al, 2000; Goodale et al, 2002b).  
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Input of phosphorous (P) from atmospheric deposition and weathering of rock is 

generally sufficient to maintain forest nutrient capital. In contrast to N, P is tightly bound to 

organic and mineral soil compounds, and therefore has low reaching rates in forested 

ecosystems (Hornbeck, 1982). Inputs of Ca, Mg and K also occur through atmospheric 

deposition and chemical weathering of rocks; but these cations do not form the same kinds of 

chemical bonds as P and can be leached from soil solution much more readily (Mann et al, 

1988; Sverdrup and Rosen, 1998). Acid conditions in soil water break the weak ionic bonds 

that hold the base cations to soil and hummus particles and increase the leaching of these 

nutrients (Hornbeck, 1982; Hornbeck et al, 1990; Kelty et al, 2008). Research by Hornbeck 

and Kropelin (1982) and Hornbeck et al (1990) indicates that elevated levels of nitrification 

following harvesting (see the following sub-section) can promote leaching losses of base 

cations and other soil nutrients due to increased soil acidity: these processes are the likely 

causes of undisturbed forest watersheds showing losses of cations with little or no loss of N or 

P (Hornbeck et al, 1990). Of all the base cations, Ca has become the focus of greatest concern 

in northeastern US and Canadian forests (Tritton et al, 1987; Mann et al, 1988; Lawrence et 

al, 1995; Yanai et al, 1999). Frequently stored in plant biomass in greater concentrations than 

other nutrients, the accumulation of Ca is high even in stemwood (particularly in the 

stemwood of certain species of oak) and may, during harvesting, be leached to forest streams 

in substantially high concentrations (Tritton et al, 1987).  

 

1.2 Impacts of conventional harvesting and silviculture on the forest floor 

Much research on the ecological and silvicultural effects of conventional timber harvesting 

has centred on soil nutrient losses, or changes in nutrient availability, to the forest floor 

(Covington, 1981; Perala and Alban, 1982; Edmonds, 1989; Powers et al, 1990, 2005; 

Edmonds and Chappel, 1994; Jurgensen et al, 1997; McGill and Cole, 1981; Hornbeck et al, 

1987; Yin et al, 1989; Hornbeck et al, 1990; Briggs et al, 2000; Yanai et al, 2000; Grenon et 

al, 2004; Wall and Westman, 2006; Smith et al, 2007). The dynamics of forest floor organic 

matter are controlled by a complex interaction of factors that change during succession: 

decomposition rate, leaf litter input, wood litter input and decomposability (Covington, 1981). 

The forest floor, furthermore, is naturally an open system that remains constant as inputs 

(above and below ground death of living biomass, dissolved and particulate organic matter in 

stemflow and throughfall, and root exudates) are balanced by outputs (decomposition of 

biomass, export to mineral soil, and export in stream flow) (Bormann et al, 1974; Covington, 

1981; Ryan et al, 1997). A review of research suggests that disturbance such as clear-cutting, 

whole-tree and stem-only harvesting, and stump removal radically alters this balance, and 

concerns over forest floor nutrient drain have persisted for decades (Boyle and Ek, 1972; 

Pierce et al, 1972; Leaf, 1979; Covington, 1981; Mann et al, 1988; Yin et al, 1989; Powers et 
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al, 1990; Dyck et al, 1994; Nambiar, 1996; Grigal, 2000; Morris, 1997; Morris et al, 1997; 

Morris, 2001; Pawson et al, 2006; Powers, 2006; Smith et al, 2007).  

The early decline in forest floor organic matter content after harvest has been 

attributed, in part, to accelerated rates of decomposition and changes in litter input. Numerous 

authors (Marks and Bormann, 1972; Stone, 1973; Bormann et al, 1974; Aber et al, 1978; 

Pritchett, 1979; Spurr and Barnes, 1980; Covington, 1981; Tritton et al, 1987; Oades, 1988; 

Hornbeck and Kropelin, 1982; Hornbeck, 1989; Harmon et al, 1990; Hornbeck et al, 1990; 

Kurz and Apps, 1999; Ballard, 2000) have speculated that de-vegetation of forest lands leads 

to higher rates of decomposition caused by increased soil temperature and moisture content, 

which in turn explains accelerated leaching of nitrate and reductions in forest floor depth. 

Because harvesting removes all or parts of the forest canopy, soil temperatures have been 

found to increase as a result of increased sunlight (Lapointe et al, 2006) and higher moisture 

conditions, in turn affected by reduced evapotranspiration (Aber et al, 1978) and more rain 

and snow reaching the forest floor (Hudson, 2000; Murray and Buttle, 2003). Early studies 

point out that the importance of these increases in decomposition may be limited to the first 

few years (less than five) immediately following forest cutting until an approximation of 

canopy closure causes microclimatic conditions at the soil surface to approach those in 

undisturbed forests (see Wiegert and Monk, 1972; Marks, 1974; Martin and Pierce, 1980). By 

the 1980s, Covington and others indicated that the process was more complex: while canopy 

closure data following clear-felling in northern US hardwoods suggested that microclimatic 

conditions were approximating pre-cutting values within four years (including leaf tissue 

production), shading, transpiration, temperature, moisture and nutrient uptake by vegetation 

did not stabilize until much later (Covington and Aber, 1980; Covington, 1981). Covington 

(1981) records a 20% decline in temperature, moisture and nutrient (N, P, Ca, Mg and K) 

conditions by year 11 after harvest, with a gradual recovery to pre-cutting levels only by year 

30. Tritton et al (1987), Hornbeck (1989) and Hornbeck et al (1990) found similar, if 

heightened, results in a study of whole-tree clear-cutting and selective thinning within 80-

year-old hardwood stands in Connecticut. Removal of 88% of above-ground biomass in the 

clear-cut watershed forest and 10% of stand biomass in the thinning treatment resulted in a 

decline in nutrient budgets directly related to temperature changes and decreases in the inputs 

of woody litter to the forest floor. Ca losses for the whole-tree clear-cut, in particular (both 

harvest removals and nutrient leaching), amounted to 13% of the total ecosystem Ca budget, 

while the Ca loss from the thinning treatment amounted to 2% of total Ca. Estimates of 

weathering rates for New England ecosystems enabled all authors to calculate nutrient 

recovery to pre-cut levels: nutrient uptake and recovery in the thinning treatment was 

expected to occur in 27 years; the whole-tree clear-cut would take 159 years to recover to pre-
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cut nutrient levels – longer than the normal rotation length (Tritton et al, 1987; Hornbeck, 

1989; Hornbeck et al, 1990).  

The effects of thinning and clear-cutting on forest floor microclimatic properties, the 

quantity and quality of substrate inputs to forest soil, organic matter turnover and nutrient 

budgets have continued to be documented extensively, both in North American and European 

studies, with most studies highlighting the need for long-term research. In colder climates, the 

most significant changes with potentially important effects on soil microorganisms continue 

to be recorded as increased soil moisture caused by higher throughfall and higher soil 

temperatures related to increased indirect sunlight (see Yin et al, 1989; Chen et al, 1995; 

Zheng et al, 2000; Spittlehouse et al, 2004; Maasen et al, 2006), with changes in soil pH, 

forest floor carbon and soil nitrogen also reported (see Vesterdal et al, 1995; Asner et al, 

1997). As a result of these changes, composition of the soil microbial community may be 

altered or microbial activities may increase (see Mikola et al, 2000; Axelrood et al, 2002; 

Zong and Makeschin, 2003; Battigelli et al, 2004). Maasen et al (2006), however, point out 

that while previous studies (see above) attribute a loss of stabilized organic matter or nutrient 

leaching after intensive forestry to higher soil organic matter decomposition rates and 

accelerated humus dynamics, this is not always the case and more recent experiments testing 

the effect of clear-cutting on decomposition rates yield mixed results. O’Connell (1987), Blair 

and Crossley (1988), Yin et al (1989) and Cortina and Vallejo (1994) report slower 

decomposition rates, while Wallace and Freedman (1986) and Hope et al (2003) report no 

change. Yin et al (1989) conclude that the effect of clear-cutting on decomposition and 

nutrient leaching depends upon regional climate, with high latitudes (cold climates) exhibiting 

higher decomposition rates due to warmer temperatures after clear-cutting, while in low 

latitudes (warmer climates), clear-cutting may impair decomposition because of the drying 

out of surface organic matter.  

In British Columbia, Prescott et al (2000, 2003) did not find any evidence that the 

influence of clear-cutting differed according to site temperature, and explain the increased 

rate of nitrate leaching and the rapid disappearance of forest floors after clear-cutting (see 

Kim and Sharik, 1996; Rumbaitis del Rio, 2006) as a result of microbial immobilization of 

nitrate in response to the exhaustion of available carbon (energy) supplies following the 

removal of whole trees. Prescott et al (2000, 2003) suggest that even if decomposition rates 

remain the same after harvesting, more N will be released as C becomes progressively more 

limiting (see also Asner, 1997). Prescott et al (2000) further explain the reduction in forest 

floor mass after clear-cutting as a result of a reduction in litter inputs after forest removal; 

however, litter type was also viewed to be important, with decomposition of pine needle litter 

frequently suppressed compared to that of deciduous leaves. Jonard et al (2006) provide a 

long-term study (30 years) on the effects of selective thinning of Norway spruce on forest-
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floor properties and the foliar nutrient of litter: N, P and K concentrations in needles 

decreased through thinning, while Ca, Mg and Na were unaffected. The authors suggest that 

thinning (both moderately and heavily) negatively affected N, P and K nutrition by removing 

nutrients contained in the thinned trees and by decreasing the forest floor thickness, reducing 

its nutrient content and its ability to support root growth. Thinning is currently used by forest 

managers to reduce tree competition and favours a small number of high-quality stems in 

order to produce a marketable timber in a shorter time. The impact of thinning on litterfall 

inputs, furthermore, varies greatly depending upon remedial slash treatment (see below). 

Jonard et al (2006) point out the long-term implications for tree nutrition and soil productivity 

of their study, as well as to the need for further field trials.  

Maasen et al (2006) conclude that in experiments on the effects of clear-cutting on 

soil microbial community structure, humus dynamics and organic matter chemistry, long-term 

monitoring (more than ten years) is required to achieve definitive results. What is clear from 

available scientific data of current long-term studies is that: 

 

� greater rates of N mineralization and nitrification are reported in forest floors and 

forest soils following clear-cut harvesting (Mann et al, 1988; Hornbeck et al, 1987; 

Fisk and Fahey, 1990; Frazer et al, 1990; Morris, 1997; Goodale and Aber, 2001; 

Prescott et al, 2003; Kranabetter and Chapman, 2004); 

� soluble organic N (SON) concentrations in forest soils are reported to increase 

temporarily after harvesting as a result of organic matter input from slash, but decline 

after long periods (Hannam; 2003; Hannam and Prescott, 2003); and 

�  losses of nutrients are recorded in the forest floor after harvesting, especially 

inorganic forms of N, and there is a negative effect on the ability of upper soil layers 

to store exchangeable base cations (Hornbeck et al, 1987; Frazer et al, 1990; 

Smethurst and Nambiar, 1990; Dahlgren and Driscoll, 1994; Chang et al, 1995; Kim 

and Sharik, 1996; Morris, 1997; Bradley et al, 2000; Ross et al, 2002; Prescott et al, 

2003; Kranabetter and Chapman, 2004; Jerabkova et al, 2006; Maasen et al, 2006; 

Thiffault et al, 2006); while 

� elevated nitrate concentrations occur in soil and drainage waters as a result of 

leaching (Bormann and Likens, 1979; Vitousek et al, 1982; Hornbeck et al, 1987; 

Mann et al, 1988; Fisk and Fahey, 1990; Feller et al, 2000; Goodale and Aber, 2001); 

and that, finally 

� the degree of soil disturbance or impoverishment, as well as the removal or 

displacement of nutrient-rich biomass during whole-tree harvesting and site 

preparation, varies considerably during harvesting and regeneration operations, may 

be mitigated to varying degrees by processes such as soil tillage and fertilization, and 
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is linked to site characteristics and climatic conditions (Allen et al, 1990; Aust et al, 

1998; Fox, 2000; Johnson et al, 2000; Stanturf et al, 2003; Carter et al, 2006; see, in 

particular, research conducted by the Long-Term Soil Productivity study: Powers et 

al, 1990, 1996, 2005; Powers, 2006; Sanchez et al, 2006b). 

 

Prescott et al (2003) and Brais et al (2004) suggest that the effect usually begins within one 

year of clear-cutting and lasts a minimum of three to five years, with temperature, moisture 

and nutrient uptake levels stabilizing possibly much later. The size of gap necessary to 

instigate increased N availability is less clear; but elevated rates of N mineralization or 

nitrification are reported in gaps as small as 0.25ha (Prescott et al, 1992), 0.1ha (Prescott et al, 

2003), 65m2 to 611m2 (Denslow et al, 1998) or gaps with as few as 15 trees removed (Parsons 

et al, 1994). Moisture content of the forest floor and mineral soil are recorded as lower in gaps 

of 1ha or more than in uncut forest, with annual inputs of above-ground litter consistently 

lower in clear-cut than in uncut forest (Prescott et al, 2003; Rowland et al, 2005). In contrast, 

rates of net mineralization, nitrification and nitrate leaching in partial cuts have been recorded 

as similar to those in uncut forests (Prescott, 1997; Barg and Edmonds, 1999; Feller et al, 

2000; Prescott et al, 2003). Thiffault et al (2007a) provide an excellent summary of the long-

term effects (15 to 20 years) on soil nutrients, soil acid–base status and tree nutrition of 

whole-tree harvesting and stem-only harvesting in Boreal Shield coniferous stands of Quebec, 

comparing the results to the effects of wildfire disturbance. In boreal forests where both N 

and base cations limit growth, wildfires were shown to increase nutrient availability for the 

aggrading forest, including organic C concentrations in the forest floor. Clear-cutting, 

whether whole-tree harvesting or stem-only harvesting, did not reproduce the conditions 

created by wildlife with respect to forest floor C, nutrients, soil acidity and base cation 

availability or with respect to conifer foliar nutrient concentrations. Instead, cation-exchange 

capacity, exchangeable Ca and K concentrations, base saturation, and organic C 

concentrations were all lower than the range of values for wildfires (Thiffault et al, 2007a).  

 

1.3 Impacts of harvesting on soil microfaunal, microbial and mycorrhizal 

activity 

Soil fauna are integral to humus formation (Klinka et al, 1981; Marshall, 2000; Battigelli et 

al, 2004; Dovciak et al, 2006; Yeates, 2007), and the release of important plant nutrients 

through mineralization of organic matter is largely controlled by microbial activity (Seastedt, 

1984; Oades, 1988; Setala, 1995). Simple communities of soil organisms (including viruses, 

bacteria, fungi and blue-green algae, as well as a host of organisms, from unicellular 

protozoans to small vertebrates and soil nematodes), present from the earliest stages of forest 

soil genesis, become more complex and grow to astronomical numbers in mature forest soils 
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(Wallwork, 1979; Marshall, 2000; Yeates, 2007). Research suggests that knowledge of the 

diversity and distribution of soil organisms, as well as an understanding of their varied roles 

in soil processes, may be applied to maintain high nutrient cycling in forests. Productive plant 

growth within well-managed forest assemblages, for example, may be more readily detectable 

than changes in physical or chemical soil properties after harvesting (see previous section), 

making soil fauna useful indicators of site degradation or recovery (Garay and Nataf, 1982; 

Marshall, 2000; Axelrood et al, 2002; Selva, 2003; Battigelli et al, 2004; see also Selva, 2003, 

for an assessment of ecological continuity and integrity, and soil health, of 28 hardwoods in 

the Maritimes’ Acadian Forest Ecoregion based on the presence of lichens and fungi).  

Recent studies (see, in particular, the British Columbia-initiated Long-Term Soil 

Productivity study: Powers et al, 1990, 1996, 2005; Powers, 2006; Sanchez et al, 2006b) that 

address the effects of soil compaction (see below) and organic matter removal on soil health 

suggest that timber harvesting methods and site preparation activities modify a variety of 

physical and chemical soil properties (see previous section), affecting: (a) soil pore space; (b) 

soil composition and the amount of organic matter; (c) forest floor and mineral soil 

temperatures; and (d) soil moisture. Alteration of these properties can, in turn, adversely 

affect the distribution, composition and activity of soil fauna (Hill et al, 1975; Cancela da 

Fonseca, 1990; Marshall, 1993, 2000; Hagerman et al, 1999; Battigelli et al, 2004; Berch et 

al, 2006; Yeates, 2007), as well as transform their living space and food supply (Shaw et al, 

1991). As Battigelli et al (2004) point out, two features of the soil ecosystem – organic matter 

and soil porosity – are related to all alterable soil properties that influence soil productivity 

(see Powers et al, 1990, 1996, 2005; Powers, 2006). The first, organic matter, supplies 

nutrients in soil, influences soil structure and provides living space for more than 80% of soil 

biota in the forest soil ecosystem (Banerjee and Sanyal, 1991). Changes in the quality and 

quantity of organic matter input are recorded as directly influencing biological activity. The 

second, soil porosity (determined by soil structure and texture), directly influences soil 

physical properties such as aeration, water storage, infiltration and flow (Oades, 1988; Childs 

et al, 1989). Soil compaction can adversely affect both soil porosity and soil pore space, 

impeding the movement of soil organisms, which do not actively burrow in the soil, but use 

existing channels and openings in the soil to move around (Wallwork, 1970).  

Numerous studies have explored, separately, the impact of various harvesting 

practices and soil compaction on soil fauna communities. Harvesting methods such as clear-

cutting (Huhta et al, 1967, 1969; Vlug and Borden, 1973; Blair and Crossley, 1988; Yeates, 

2007), whole-tree and stem-only harvesting (Bird and Chatarpaul, 1986, 1988) and selective 

logging (Hoekstra et al, 1995) have been shown to reduce soil fauna densities and to change 

community structure. Likewise, soil compaction caused by human trampling (Garay and 

Nataf, 1982; Borcard and Matthey, 1995) and mechanical activity (Smeltzer et al, 1986; 
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Kevan et al, 1995) have been found to reduce the density and diversity of soil fauna. In a 

review of current field trials, Marshall (2000) states that although more information is 

available for clear-cut forests, data from other systems indicate that the severity of impacts of 

forest harvesting practices on soil microfauna generally follows the sequence of 

clearcuts > shelterwood systems > extended rotation systems. However, all practices have 

been generally found to affect soil organisms over the short term.  

In one of the few studies on the combined impacts of organic matter removal and soil 

compaction on soil fauna ecosystems, Battigelli et al (2004) found that soil compaction and 

organic matter removal significantly reduced the density and diversity of soil mesofauna in 

the short term, and hypothesized that while lower densities may not be permanent, changes to 

the overall structure of the soil fauna assemblage in forests may be long lasting. Marshall 

(2000) suggests that changes over the longer term are less obvious because of gradual 

recovery of most biological components with canopy closure. Long-term impacts are also 

more difficult to interpret because they are frequently influenced by natural changes in the 

population dynamics of soil organisms (e.g. forest succession, drought and the invasion of 

exotic species). Responses are complex, with various groups affected differently. 

Nevertheless, although the relationships among floral composition, faunal diversity and 

sustained soil fertility are not always clear, there are indications that a simplified soil 

biological system will adversely affect nutrient cycling, tree growth and forest health 

(Marshall, 2000; Battigelli et al, 2004; Berch et al, 2006; Botting and Fredeen, 2006) (see 

Figure 1.1 for a conceptual model of disturbance processes and the forest floor). 

Decomposition rates are generally positively correlated with faunal biomass, and a diverse 

fauna is required for interacting with microorganisms in order to enhance microbial diversity. 

Berch et al (2006) found large and persistent changes in soil microbial populations and fine-

root development, and in the activity, diversity and structure of mycorrhizal and mesofaunal 

communities after long-term (more than ten years) fertilization and N deposition in the forest 

interior of British Columbia. A review of other research suggests that feeding on microflora 

by soil fauna concurrently controls certain plant pathogens, while the destruction of 

mycorrhizae (through felling or site preparation), essential for establishing coniferous 

seedlings, can lead to serious reforestation problems (Hagerman et al, 1999; Selva, 2003). 

Forest-floor bryophytes (mosses and liverworts) are particularly sensitive to canopy removal: 

because they are small they can be easily damaged or buried during logging (Fenton et al, 

2003; Åström et al, 2005; Botting and Fredeen, 2006), while physiologically they are adapted 

to cool, moist and shaded environments of the forest understorey (Furness and Grime, 1982; 

Proctor and Tuba, 1992; Marschall and Proctor, 2004), making them susceptible to stresses  

induced by canopy removal, including exposure to direct radiation, elevated temperatures and 

reduced humidity. Responses of bryophyte communities to intensive forms of forest 
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management and habitat fragmentation are well documented (Hannerz and Hånell, 1997; 

Ross-Davis and Frego, 2002, Hylander et al, 2005; Botting and Fredeen, 2006), with current 

research focused on their responses to variable retention systems (e.g. partial overstorey 

retention and retention of trees in aggregates: see Halpern et al, 2005; Nelson and Halpern, 

2005a, 2005b; Dovciak et al, 2006). 

 
Figure 1.1 Conceptual model of processes that determine short- and long-term responses of the 

herbaceous layer and soil forest floor environment (including microfaunal, microbial and mycorrhizal 

activity) to disturbances of varying severity. 

Source: Gilliam (2007)  

 

In summary, results of recent field trials on both microfaunal, fungal or mycorrhizal 

communities emphasize the importance of maintaining understorey plant biodiversity (Hunt 

et al, 2003; Dovciak et al, 2006; Gilliam, 2007; Smith et al, 2008), minimizing soil 

compaction (Powers et al, 1990, 1996, 2005; Powers, 2006), avoiding extreme microclimatic 

conditions (Axelrood et al, 2002), providing refugia for the recolonization of biota (Berch et 

al, 2006), directly introducing desirable microflora and fauna (Yeates, 2007), and retaining 

structural diversity of mixed aged groups of trees at levels considerably higher than current 

retention standards (Botting and Fredeen, 2006; Dovciak et al, 2006). 

 
1.4 Impacts of harvesting forest biomass: The removal of coarse woody debris 

and long-term soil productivity  

The most significant impact of harvesting forest residues for bioenergy centres on the removal 

of nutrient-laden woody biomass (tops, branches, foliage and deadwood) from the forest 
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floor. Most biomass harvests, for example, focus on material such as tree tops, branches or 

small stems that would otherwise be left on site in conventional timber harvests due to their 

low commercial value. Led by Freedman et al (1996) in their review of the influence of dead 

organic matter on soil health, stand structure and forest function, numerous studies have 

shown that forest residues, including the organic horizon of the forest floor, play an important 

role in the productive health of forests, on tree seedling establishment, on soil carbon cycling, 

on soil nutrient balance and water storage, and on animal activity. Field trials on the above-

ground structural elements of dead organic matter (cavity trees, snags and coarse woody 

debris) suggest that organic matter provides habitat for cavity-nesting birds, mammals, 

amphibians, reptiles and saproxylic invertebrates (Hunter, 1990; Carey and Johnson, 1995; 

Butts and McComb, 2000; PSU Wildlife Fact Sheet 1, 2001; PSU Wildlife Fact Sheet 7, 

2001; Gunnarsson et al, 2004; Patrick et al, 2006; Shroeder et al, 2006), as well as for 

vascular plants, bryophytes, lichens, liverworts and fungi (Selva, 1994; Botting and Fredeen, 

2006), which depend upon deadwood for nutrients and moisture. In turn, many trees rely on 

mutualistic relationships with ectomycorrhizal fungi (Hagan and Grove, 1999; Åström et al, 

2005; DOE/Joint Genome Institute, 2008). Studies have further demonstrated the importance 

of the spatial distribution and decay stage of dead organic matter as a preferred habitat for 

bryophyte, lichen, and saprophytic and mycorrhizal fungal species that have roles in nutrient 

cycling and plant nutrition (Soderstrom, 1988; Lesica et al, 1991; Berg et al, 1994; Hagan and 

Grove, 1999; Freedman et al, 1996; Rowland et al, 2005; Botting and Fredeen, 2006; 

Scharenbroch and Bockheim, 2007). Coarse woody debris is an important substrate for 

seedling establishment (McGee, 2001; Iijima et al, 2006), influencing the tree species 

composition of forest stands (Szewczyk and Szwagrzk, 1996; McGee and Birmingham, 

1997), while the shade created by slash left on clearcut forest sites protects advance 

regeneration from the extensive mortality that often results from exposure (Seymour, 1986; 

Iijima et al, 2006), and also protects seedlings and saplings from browsing (Beatty and Stone, 

1986). The organic horizon of the forest floor has been found to: 

 

� influence site quality by storing quantities of organically bound nutrients, such as N, 

and by acting as a slow-release fertilizer (Hart, 1999; Johnson and Curtis, 2001; 

Belleau et al, 2007; see Mahendrappa et al, 2006, on nutrient stores and biomass 

extraction in PEI forests);  

� play an important role in anion and cation exchange capacity (Scharenbroch and 

Bockheim, 2007) and carbon storage (according to the US Environmental Protection 

Agency, 6% of carbon stored in forests is in deadwood, while 11% is stored in forest 

floor litter; EPA, 2007);  
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� increase forest floor infiltration and water-holding capacity (Johnson and Curtis, 

2001; Botting and Fredeen, 2006; Iijima et al, 2006); and to 

� affect soil properties, such as acidity (Jurgensen et al, 1986, 1997; Freedman et al, 

1996; Belleau et al, 2006).  

 

In contrast to other studies, Laiho and Prescott (2004) question the nutritional importance of 

coarse woody debris (CWD) in northern coniferous forests (British Columbia). Their findings 

suggest that CWD contributes less than 10% of the nutrients (N, P, K, Ca and Mg) returned 

annually in above-ground litter, and about 5% of the N and P released annually from 

decomposing litter or soil. Post-harvest nitrate losses in northern coniferous forests 

(especially N-poor forests) were also reported by Laiho and Prescott (2004) to be small, so 

that post-harvest retention of N, by CWD or by other means, may not be critical to long-term 

site fertility. Instead, the authors suggest that while there is little justification for CWD 

retention guidelines that are based on the nutritional importance of CWD, there is evidence 

that CWD provides habitat and structural features critical to some species (see also Berg et al, 

1994; Freedman et al, 1996), and that retention of CWD for the purposes of biodiversity is 

warranted. The minor role of CWD in the nutrient fluxes of coniferous forests, according to 

Laiho and Prescott (2004), is attributed to its low nutrient concentrations and slow rate of 

decomposition relative to other litter types. However, while a “pulse” of CWD may only act 

as a minor temporary nutrient storage, continuous accumulation of CWD may serve as a long-

term sink for growth-limiting nutrients. Laiho and Prescott (2004) conclude by suggesting 

that CWD has more importance for the carbon fluxes of forest ecosystems; that the role of 

CWD in organic matter and nutrient cycles may vary among forest types; and that (i) in sites 

where nutrients (especially N or P) limit plant growth, CWD accumulation may reduce 

primary productivity because decomposers trap nutrients into it; (ii) in dry sites where lack of 

moisture limits plant and microbe growth, CWD may increase primary productivity and 

enhance element cycling by retaining moisture; and (iii) in nutrient-rich mesic sites, CWD 

may not play a constraining role in element cycles. 

The process of woody residue decay discussed in Laiho and Prescott (2004) is 

described by Jurgensen et al (1997) as primarily a function of invertebrate activity (see also 

Abbott and Crossley, 1982; Fahey, 1983; Erickson et al, 1985; Edmonds and Eglitis, 1989; 

Naesset, 1999); the colonization of wood by white-rot and brown-rot fungi; substrate quality; 

log diameter (Foster and Lang, 1982; Graham and Cromack, 1982; Erickson et al, 1985; 

Harmon et al, 1986; Johnson and Greene, 1991; Busse, 1994; Marra and Edmonds, 1994; 

Naesset, 1999; Yin, 1999); and soil surface microclimate (e.g. site temperature, moisture and 

aeration; see Alban and Pastor, 1993; Yin, 1999; Boulanger and Sirois, 2006; Smith et al, 

2007). Snags usually decompose slower than downed trees (Fahey, 1983; Johnson and 
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Greene, 1991; Laiho and Prescott, 2004), although faster decay is also reported (Sollins, 

1982). Harmon et al (1986) and Johnson and Greene (1991) suggest that drying of woody 

residue with resulting reduced activity of decays organisms may be the reason for the slow 

decay of standing dead boles. Downed trees are also slow to decompose as wood becomes 

colonized by invertebrates and assumes a moisture status suitable for decomposer organisms 

– this process has been suggested to take around five years (Grier, 1978; Fahey, 1983; Laiho 

and Prescott, 1999; Harmon et al, 2000), and is followed by a more rapid phase as carbon 

compounds and cellulose are decomposed. Decomposition of large conifer logs may take 

several centuries (Means et al, 1992; Daniels et al, 1997). When decayed woody residues 

become incorporated within the forest floor or mineral soil, they can be termed as soil wood – 

at this stage the wood is often covered by litter. Soil wood can comprise 50% of the surface 

soil organic matter in old-growth stands (Page-Dumroese et al, 1991), and the amount of soil 

wood present on a site generally increases as overall forest productivity heightens (Little and 

Ohmann, 1988; Prescott et al, 1989). Soil wood is recorded as retaining more moisture than 

the forest floor during summer months and can be resistant to destruction by fire (Page-

Dumroese et al, 1991). The importance of such findings in terms of forest nutrient capital lies 

in the long-term impacts of reducing deadwood. Brown-rotted wood is hypothesized to 

remain in the soil for hundreds of years (Harvey et al, 1981), thus affecting soil properties for 

long periods. In contrast, white-rotted wood (originating from conifer sapwood or hardwood 

sapwood/heartwood) rapidly loses its structural integrity once it becomes part of the forest 

floor (Jurgensen et al, 1997). However, according to field trials, white-rotted wood has a 

lower extractive content, a higher potential for non-symbiotic N-fixation and more rapid 

nutrient fluxes than brown-rotted wood and is therefore equally important (see Larsen et al, 

1980; Harmon et al, 1986; Jurgensen et al, 1989). 

A review of recent studies suggests that the decline in the quality, quantity and spatial 

distribution of the different components of dead organic matter, as well as the loss of species 

associated with these habitats, can alter stand function, nutrient stores and forest ecosystem 

processes (Freedman et al, 1996; Lindenmayer et al, 2004; Rowland et al, 2005; Belleau et al, 

2006; Botting and Fredeen, 2006; Fleming et al, 2006a, 2006b; Moroni, 2006; Scharenbroch 

and Bockheim, 2007; Smith et al, 2007). Field trials emphasize, however, that the impacts of 

extracting biomass on soil fertility and on dead organic matter are site dependent and are 

related to the nature of the pre-harvest stand, site history, the method used to harvest the 

stand, the intensity of harvest, the management techniques applied during post-harvest and the 

length of the rotation (Hall, 2002; Rowland et al, 2005; Zielonka, 2006; Harvey and Brais, 

2007; Kennedy and Spies, 2007; Taylor and MacLean, 2007). Low-nutrient sites are more 

likely to be damaged by intensive biomass removal than sites with greater nutrient capital or 

more rapid nutrient inputs (Zielonka, 2006; Kelty et al, 2008). Kelty et al (2008), for example, 
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found that with partial forest residue removal (a combination of crown thinnings and low 

thinnings that removed all small trees for biomass), levels of Ca could be replenished in 71 

years (leaching, particularly of Ca, due to acidic precipitation can reduce nutrients available to 

forests even without harvests, making Ca an element of concern). Minnesota’s biomass 

guidelines present data that show soil nutrient capital to be replenished in less than 50 years 

(MFRC, 2007), while in other studies, whole-tree removal resulted in significant long-term 

nutrient losses (Tritton et al, 1987; Hendrickson, 1988; Hornbeck et al, 1990; Martin et al, 

2000). In a detailed study of deadwood dynamics in the Acadian Forest Ecoregion of New 

Brunswick, Taylor and MacLean (2007) quantified and characterized stand-level 

accumulation of deadwood by stand type and volume change pattern; related deadwood 

dimensions and decay class to time since death; and determined the influence of cause of 

death on snag retention time and incorporation into the downed deadwood pool. Taylor and 

MacLean’s (2007) forest chronosequence of deadwood density and volume, decay pathways 

and rates of decomposition, as well as dominant forms of mortality, mirrored the results found 

for Acadian old-growth hemlock–spruce stands in Nova Scotia (Stewart et al, 2003), as well 

as for mature red spruce stands in southern New Brunswick (Freedman et al, 1996). All three 

studies provide important implications for management prescriptions, particularly with regard 

to prescribing deadwood retention guidelines. 

In an earlier study comparing natural and anthropogenic disturbance in balsam fir and 

black spruce stands in Newfoundland’s boreal forest, Moroni (2006) found that natural 

disturbance generated little woody debris two years following disturbance, while harvesting 

immediately generated large amounts. Thirty-two to 41 years following disturbance, most 

harvesting slash had decomposed, but naturally disturbed sites had significant amounts of 

woody debris from collapsed snags. Harvested sites also contained less woody debris 32 to 72 

years following disturbance than naturally disturbed sites. Based on long-term field trials, 

Moroni (2006) concludes that the conversion of forest landscapes from unmanaged to 

managed stands will reduce landscape-level deadwood stocks because of reductions in the 

area of senescent forest and the suppression of natural disturbances that generate substantial 

amounts of deadwood.  

The temporal pattern of changes in the quantity and quality of dead organic matter 

following clear-cutting and biomass extraction has been reported in a number of studies 

(McCarthy and Bailey, 1994; Sturtevant et al, 1997; Fleming et al, 2006a, 2006b; Taylor and 

MacLean, 2007). While temporal dynamics differ, the general pattern of change follows a 

bimodal distribution: amounts of woody debris are greatest during early and late stages of 

stand development, as long as small-diameter slash and residual trees are left after a cut. The 

quantity of dead organic matter in young stands then reaches its lowest level after 30 to 50 

years when harvest slash and other debris have decomposed and entered soil pools (Rowland 
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et al, 2005). Approximately 50 to 80 years after the harvest, the mature canopy begins to 

break up, contributing woody debris and enhancing the structural heterogeneity of the stand 

(Spies et al, 1988). Intensive forest management, however, appears to exacerbate the 

differences between managed and unmanaged stands with respect to woody debris. Mature 

managed stands of both hardwoods and softwoods do not have the snags, cavity trees and 

coarse woody debris in the overall volumes or in later stages of decay that are found in old-

growth stands (see, especially, Fleming and Freedman, 1998, for a study of biomass 

extraction in the Greater Fundy Ecoregion; see also Soderstrom, 1988; Lesica et al, 1991; 

Tyrell and Crow, 1994; Freedman et al, 1996; Sturtevant et al, 1997; Shifley et al, 1997; 

Goodburn and Lorimer, 1998; Linder and Ostland, 1998; Botting and Fredeen, 2006; Fleming 

et al, 2006a, 2006b; Zielonka, 2006): usually few snags or residual trees remain when site 

preparation follows conventional clear-cutting, whole-tree harvesting or harvesting for 

biomass. Mechanical site preparation and burning is reported to reduce the size and, thus, the 

volume of coarse woody debris derived from harvesting forest residues (Rowland et al, 2005). 

Open conditions after harvest, especially characteristic of young plantations, hasten 

decomposition rates and further diminish the coarser components of dead organic matter 

(Jurgensen et al, 1997; Botting and Fredeen, 2006; Fleming et al, 2006a, 2006b; Moroni, 

2006).  

High-yield plantations also tend to be spatially uniform and fast growing (Gielen and 

Ceulemans, 2001). As Rowland et al (2005) point out, because such plantations are often 

managed to maximize timber production on shortened rotations, few moribund trees develop 

and little woody debris accumulates during intervals between harvests (Gore and Pattersen, 

1986; Hansen et al, 1991; Freedman et al, 1996). Mitigating practices (see following section) 

that are commonly applied to offset the trend towards reduced volume of woody debris, snags 

and cavity trees include thinning, maintaining reserve trees and leaving behind slash (Berg et 

al, 1994; Hagan and Grove, 1999; Duval and Grigal, 1999; Belleau et al, 2006; Evans and 

Perschel, 2009). Unless residual coarse woody debris and moribund trees are left after a 

harvest, studies consistently indicate that intensive silviculture reduces large diameter classes 

of dead organic matter and late stages of wood decay. Exposure of the forest floor following 

heavy overstorey removal may, in turn, increase the decomposition rate of debris left on site, 

further affecting soil nutrient dynamics and nutrient stores, as well as overstorey and 

understorey species composition of the regenerating stand (Freedman et al, 1996; Botting and 

Fredeen, 2006; Fleming et al, 2006a, 2006b). There is a need, however, for further studies at 

fine spatial scales (square metres), which may better indicate the ecological functions of 

coarse woody debris than studies at larger (hectares) scales, especially in relation to soil 

development and nutrient cycling (see, in particular, Feller, 2003). 
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1.5 Mitigating the effects of high-yield silviculture  

Low-impact harvesting techniques that reduce soil disturbance and help to protect nutrient 

capital have been the subject of current research (Hallett and Hornbeck, 2000; Rowland et al, 

2005; Cline et al, 2006), and biomass harvesting guidelines that aim to fill in the gaps where 

existing best management practices may not be sufficient to protect forest resources under 

new harvesting regimes exist for Maine (MFS et al, 2008), Minnesota (MFRC, 2007), 

Missouri (Missouri Department of Conservation, 2008), Pennsylvania (PA DCNR, 2008), 

Wisconsin (WDNR, 2008), parts of Canada and for the Forest Stewardship Council. Biomass 

guidelines in Canada are designed and implemented at the provincial level; an overview is 

provided in Ralevic et al (2008). In Nova Scotia, a multi-stakeholder biomass committee of 

government, industry and environmental groups has been formed to discuss guidelines, while 

in New Brunswick the Department of Natural Resources has recently released its forest 

biomass harvesting guidelines (New Brunswick DNR, 2008). These guidelines exclude 

harvests on high-risk (low-nutrient) areas, and harvest and silviculture planning remain 

separate processes guided by the Crown land management framework. An overview of 

ongoing existing research on biomass harvesting and biodiversity in Canada is provided by 

Mallory (2008), with existing knowledge gaps highlighted by Titus et al (2008a), developed 

as a result of the 2008 Scientific Foundation for Sustainable Forest Biomass Harvesting 

Guidelines and Policy conference. 

Studies and recommendations addressing the issue of mitigating the effects of high-

yield forestry and biomass extraction focus largely on silviculture techniques (e.g. harvesting 

impacts on regeneration, residual stands, post-operations, re-entry, erosion and compaction) 

and their impacts upon soil productivity (chemical, physical and biological) (as well as upon 

wildlife and biodiversity, water quality and riparian zones, and disturbance regimes, which 

are beyond the remit of this review). Boyle et al (1973) and Hallet and Horbeck (2000), for 

example, found that harvesting during the winter after leaf fall reduces nutrient loss from 10% 

to 20%, as can leaving cut trees on the ground in the harvest area until their needles have 

dropped (one growing season) (Nord-Larsen, 2002; Richardson et al, 2002). Kelty et al 

(2008) suggest that nutrient stores may be conserved if whole-tree removal is not combined 

with clear-cutting, especially on sites with low inherent fertility. These include sites with 

coarse-textured sandy soils, with shallow soils over bedrock, or with moist organic soils. 

Estimates of the length of time to replenish calcium removed during whole-tree clear-cuts 

(Tritton et al, 1987; Hornbeck, 1990; Hornbeck et al, 1990) are reported as greater than 100 

years, even for average sites. Kelty et al (2008) suggest that when a large clear-cut is planned 

with stem-only harvesting, a large fraction of nutrients will remain with only 20% of biomass 

left on site (from 18% for Ca to 64% for P) that would otherwise have been removed in the 

harvest. Reducing the intensity of biomass harvests of stands dominated by oak (oak has been 
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found to sequester greater amounts of C in stemwood compared to other species; Kelty et al, 

2008); replacing whole-tree biomass removal harvests with standard silvicultural methods 

that employ partial harvests (e.g. patch selection, shelterwood and thinning) (Rowland et al, 

2005; Belleau et al, 2006; Thiffault et al, 2006); using shelterwood to establish advanced 

regeneration (Harmon et al, 1986); and planning intensive harvests to occur in the dormant 

season after leaf fall so that foliar nutrients can be cycled into forest floor organic matter, 

instead of being removed in the harvest (Cline et al, 2006), are all methods that have been 

proposed to reduce the ecological effects of forest harvesting and to aid in the retention of soil 

nutrients. 

The Pennsylvania biomass guidelines suggest that a range of 15% to 30% pre-harvest 

biomass, depending upon soil type, microclimate and forest composition, will militate against 

nutrient depletion, soil erosion and loss of wildlife and habitat (PA DCNR, 2008). This 

translates into leaving one out of every 3 to 6 harvested trees per hectare on the forest floor. 

Further woody debris should be left on site to protect advanced regeneration of native species 

from weather-related factors, competition from shade-intolerant and/or non-native vegetation 

and from foraging wildlife, while an average of 5 trees with cavities and 1 to five snags per 

hectare may protect nutrient stores. Reserve trees and patches at 5% to 15% crown cover or 

stand area, including large-girthed trees, cavity trees and mast trees, form part of the retention 

guidelines for the Wisconsin biomass report, as well as retaining more than 3 large snags, 

cavity trees and mast trees per acre, and a minimum of 5 tonnes per acre of fine woody debris 

(FWD) (either pre- or post-harvest) after even-aged regeneration treatments and at least 1 

tonne per acre after thinning or uneven-aged treatments, well distributed throughout the site to 

maintain nutrient levels. The forest litter layer, stumps and/or root systems should be left 

intact (Wisconsin Department of Natural Resources, 2008). Maine’s guidelines recommend 

leaving all existing coarse woody material and creating at least 3 logs per acre greater than 15 

inches in diameter and 1 log 21 inches in diameter if fewer exist (MFS et al, 2008). In order to 

sustain soil nutrient levels, 20% of FWD is also recommended as being left distributed on 

site. Further thresholds and limits for deadwood retention as well as other mitigating factors 

to reduce inordinate soil disturbance may be found in the policy guidelines of Maine (MFS et 

al, 2008), Minnesota (MFRC, 2007), Missouri (Missouri Department of Conservation, 2008), 

Pennsylvania (PA DCNR, 2008), Wisconsin (WDNR, 2008) and New Brunswick (New 

Brunswick DNR, 2008). 

In a detailed paper on deadwood dynamics in the Acadian Forest Ecoregion of New 

Brunswick, Taylor and MacLean (2007) point to the difficulty of allocating a fixed number of 

snags and dead trees per hectare in harvest guidelines. In order to diminish economic losses 

from the retention of dead trees, a policy of minimum standards for the amount of downed 

dead wood (DDW) and snags to be retained in harvested stands was developed in the Pacific 
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Northwest, US (Harmon, 2002). These standards are frequently based on the minimum 

volume of DDW found in old-growth forests, which range from 309m3 ha-1 to 1421m3 ha-1 for 

DDW, and 65m3 ha-1 to 635m3 ha-1 for snags in Douglas fir–hemlock stands (Spies and 

Franklin, 1991). These estimates are much lower for old-growth stands in eastern North 

America and typically contain 50m3 ha-1 to 150m3 ha-1 of DDW (MacMillan, 1981; Harmon et 

al, 1986), and 1m3 ha-1 to 80m3 ha-1 of snags (Pedlar et al, 2002; Stewart et al, 2003). Taylor 

and MacLean (2007) suggest that comparison of deadwood volumes from the literature is 

made difficult by the use of different survey techniques, minimum diameters and 

decomposition rates, which vary by species, climate and region (Harmon et al, 1986). In 

addition, allocating a fixed number of snags per hectare in order to maintain forest structure 

may not maintain that structure because snags are continuously lost to decay and must be 

replaced (Spies and Franklin, 1991). Achieving and maintaining target densities of snags and 

DDW appears to be difficult because of the dynamic nature of recruitment (mortality), decay, 

attrition due to snag fall and, mostly, due to lack of data (Taylor and MacLean, 2007). 

Slash (logging residue) management is discussed in depth by a number of authors and 

results from field trials are occasionally inconsistent. The removal of slash after whole-tree 

clear-felling and biomass harvesting is reported to induce large reductions in forest nutrient 

pools (Mälkönen, 1976; Kimmins, 1977; Mann et al, 1988; Hendrickson et al, 1989; Olsson 

and Staaf, 1995; Stevens et al, 1995; Sverdrup and Rosén, 1998; Jacobson et al, 2000; Nord-

Larsen, 2002; Paré et al, 2002; Belleau et al, 2006; Thiffault et al, 2006) and changes in 

nutrient dynamics (Brais et al, 1995, 2002; Bélanger et al, 2003; Thiffault et al, 2006), with 

pools of exchangeable cations and pH reported to to be lower (Rosenberg and Jacobson, 

2004; Thiffault et al, 2006), especially in the organic layer, than in comparable stands 

subjected to conventional or partial harvesting (Nykvist and Rosén 1985, Olsson et al, 1996a). 

Rosenberg and Jacobson (2004) found that in thinnings, the removal of slash can be expected 

to reduce the soil pools of N and base cations to a lesser extent than whole-tree harvesting in 

clear-fellings. Johnson and Curtis (2001) also found that pool sizes of both C and N tended to 

be greater following partial harvesting and lower following whole-tree harvesting compared 

to unharvested controls. In contrast, stem-only harvesting, where branches and tree tops are 

left on the ground and where slash is effectively retained, have been shown to increase N 

stores (O’Connell et al, 2004; Thiffault et al, 2006) and to limit nutrient export (leaching) 

(Paré et al, 2002), although it may favour nutrient immobilization by microorganisms 

(Vitousek and Matson, 1985; Fahey et al, 1991a, 1991b). However, nutrient losses were also 

reported to occur when logging residues were left on site (Rosén and Lundmark-Thelin, 1987; 

Stevens and Hornung, 1990; Staaf and Olsson, 1994), probably due to enhanced 

mineralization of the soil organic layer and to increased nitrification rates (Rosén and 

Lundmark-Thelin, 1987; Emmett et al, 1991). Reductions in nutrient uptake by plants may 
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also contribute to the higher rates of leaching reported in some studies following partial 

harvesting since the remaining slash may suppress revegetation by shading and/or acting as a 

physical barrier (Fahey et al, 1991b; Olsson and Staaf, 1995). However, such physical barriers 

are also reported to be temporary, and disappear as the residues decompose (Olsson and Staaf 

1995).  

Belleau et al (2006), in a study in northern Quebec, found that slash left on site 

reduced forest floor acidity and increased basic cation availability. In addition, stem-only 

harvesting, which left large amounts of slash on upland mesic sites, did not reduce soil 

temperature or limit tree growth; instead, rapid understorey biomass response and effective 

cation exchange capacity limited nutrient leaching on site and contributed to overall forest 

productivity. The authors conclude that, in the long term, stem-only harvesting and slash 

retention can alleviate nutrient losses induced by harvesting (Belleau et al, 2006). In addition, 

because rates of slash decomposition depend upon slash amount, size, composition and 

proximity to the soil (Harmon et al, 1986; Fahey et al, 1991b), chipping of slash may increase 

decomposition and present a safer alternative to current methods of slash burns (Korb et al, 

2004; Belleau et al, 2006). In sum, proper slash (forest residue) management can contribute to 

maintaining the productivity of forest ecosystems (Niemela, 1999; Rosenberg et al, 2004; 

Belleau et al, 2006; Jonard et al, 2006; Thiffault et al, 2006), limiting nutrient losses and 

allowing for synchronism between nutrient releases and stand requirements (Stevens et al, 

1995; Thiffault et al, 2007a, 2007b); but more field trials are needed on the long-term effects 

of harvesting and slash retention in relation to a range of silviculture methods and across a 

range of sites.  

Finally, in addition to logging residue recovery, a range of soil rehabilitation 

techniques to mitigate soil degradation during forestry operations also centre on tillage to 

loosen compacted soils (Plotnikoff et al, 2002); the restoration of organic matter and nutrients 

lost during road and landing construction (Sanborn et al, 2004); and recirculation of wood ash 

(Vance, 1996; Borjesson, 2000; Ring et al, 2006). Strategies for restoring soil organic matter 

generally include conserving and replacing organic-rich surface soils; establishing grass and 

legume cover crops that enhance organic matter inputs to soil; adding organic amendments 

derived from waste logs, stumps, treetops and branches in close proximity to the site or from 

external sources; and the direct application of fertilizers (Bulmer et al, 2007). The effects of 

tillage and organic amendments on compacted soils have produced mixed results. Although 

some studies have indicated that tillage can improve soil conditions and forest productivity 

(Andrus and Froehlich, 1983; Bulmer, 2000), others demonstrated little improvement 

(McNabb, 1994). In still other cases, minor amounts of soil compaction had not proved 

detrimental to tree growth, indicating that rehabilitation may not always be necessary for the 

establishment of forest on disturbed soils (Eisenbies et al, 2005; Sanchez et al, 2006a). The 
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addition of organic waste materials to soils where organic matter was depleted or lost was 

found in some studies to have positive effects on soil conditions, including reduced bulk 

density (Sanborn et al, 2004) and improved water retention (Zebarth et al, 1999), as well as 

better plant growth (Ringe and Graves, 1990; Sanborn et al, 2004); but the responses 

depended upon the characteristics of the organic material and upon site conditions (Bulmer et 

al, 2007).  

Organic amendments vary in their physical and chemical composition and include 

materials that are nutrient poor, such as wood waste (Campbell et al, 1994), and nutrient rich, 

such as manure, municipal biosolids or compost (Bulmer et al, 2007). The effects of 

amendments also depend upon the method of application. Brady and Weil (2002), for 

example, state that placing amendments on the soil surface moderates soil temperature and 

prevents evaporative water loss, while Binkley (1984) also found that decomposition was 

slower, which reduced potential problems associated with the immobilization of plant 

nutrients. Nutrient limitation has also been overcome with the application of N fertilizer 

(Sanborn et al, 2004), while Vance (1996) received positive results over successive rotations 

in applying wood-fired boiler ash as a replacement for lime in order to enhance the soil 

productivity of intensively managed forests. The environmental effects of recycling biofuel 

ashes are discussed by Ring et al (2006), who (contrary to Vance) found that improvements in 

soil chemistry were lacking and that, instead, at high doses, adverse effects were obtained: 

wood-ash application increased the leaching of dissolved organic carbon and increased 

concentrations of aluminium (Al), sulphate (SO4
2–) and nitrate (NO3

–) due to the high ionic 

strength that they generated and to increased microbial activity, findings that mirrored 

Lundstrom’s (2003) earlier research. 

 

2. THE EFFECTS OF METHODS OF FOREST HARVESTING AND SILVICULTURE ON SOIL 

ACIDIFICATION 

The leaching of nitrate from managed forests has implications for forest management in 

relation to water quality and soil acidification, and has been the subject of recent study. 

Nitrogen deposition has increased substantially over the last four to five decades in North 

America and Europe (Vitousek et al, 1997; Aber et al, 2003; Driscoll et al, 2003; Gundersen 

et al, 2006) and may continue to increase on other continents in the future (Galloway et al, 

2004). The use and management of forested lands have also intensified (e.g. in terms of forest 

harvests, fertilizer and lime addition, ditching, road-building, soil preparation, weed control, 

afforestation, etc.) and may lead to immobilization and leaching of N (Worrell and Hampson, 

1997; Gundersen et al, 2006). Recent field trials have suggested that leaching of N from 

forests may not only impair water quality by increasing nitrate concentrations in groundwater 
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and by causing eutrophication of surface water; nitrate leaching may also cause soil 

acidification and, therefore, mobilization of aluminium and other potential toxic metals in soil 

and surface water (Hornbeck et al, 1987; Sverdrup et al, 1994; Yanai et al, 1999; Wilpert et 

al, 2000; Bélanger et al, 2003; Zhu et al, 2003). An increasing fraction of the acidity in 

surface waters has been reported as being related to nitrate (Stoddard et al, 1999). Increased 

soil acidification induced by nitrate leaching may, in the long term, also reduce forest 

production due to the leaching of nutrient base cations together with nitrate (see, in particular, 

Sverdrup et al, 1994, for an explanation of acidification and tree growth; see also Worrell and 

Hampson, 1997; Driscoll et al, 2003; Gundersen et al, 2006).  

 In a detailed study of nitrate fluxes in temperate forest waters and soils, Gundersen et 

al (2006) evaluated the impact of air pollution and silvicultural management practices upon 

nitrate concentrations in order to identify important controls on nitrate leaching. Three 

disruption cycles – excess input, reduced plant uptake and enhanced mineralization – are 

identified by Gundersen et al (2006) as the primary causes for elevated nitrate leaching and 

consequent acidification of soils in temperate forests (alongside land-use history and previous 

forest management) (see Figure 2.1). Research indicates that most nitrogen in temperate 

forest ecosystems is bound relatively inactive in soil organic matter (Persson et al, 2000a); 

only 2% to 20% of N is recorded as being found in trees and ground vegetation (Perez et al, 

1998; Persson et al, 2000b). The N cycle in temperate forests, furthermore, is characterized by 

an almost closed internal cycle between primary producers and the large pool of N in soil 

organic matter, where key processes are litter production (foliage and roots), decomposition, 

mineralization (including nitrification), immobilization, and plant uptake (see Figure 2.1) 

(Driscoll et al, 2003; Zhu et al, 2003). Decomposition and mineralization are key processes 

limiting plant uptake in undisturbed forests, where organic matter accumulates in the soil;  

however, through symbiosis with mycorrhiza, plants may cover part of their nitrogen 

requirements through the uptake of amino acids directly from the organic pool (see Nasholm 

et al, 1998; Neff et al, 2003; Persson et al, 2003; Schimel and Bennett, 2004). In the long 

term, release of organic bound N due to forest fire or other natural disturbance events, and the 

removal of N in logs and coarse woody debris in managed forests are reported as being 

significant to site N mass balance (Vitousek et al, 1997; Aber et al, 2003; Driscoll et al, 

2003). Other losses mainly occur as dissolved N (in the form of ammonium, nitrate and other 

dissolved N) in seepage water: studies indicate that nitrate is highly mobile in soil and is 

easily leached so that the nitrification process is the gateway to major N losses from forest 

soils (Gundersen et al, 2006). Nitrifying organisms, furthermore, may be limited by low pH 

(Brady and Weil, 2002), although nitrification has also been found to occur in acid forest soils 

(Gundersen and Rasmussen, 1990; Stark and Hart, 1997). 
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Figure 2.1 A simplified model of the natural N cycle in forests. Nitrogen enters the forest through 

nitrogen fixation and deposition, and leaves through harvests, fires, denitrification and leaching. The 

extent of soil organic matter (SOM) and plant N pools in temperate forests is shown in kg ha-1 for N. 

The internal circulation of N ranges from 15 to 150 kg ha-1 a-1. Coniferous forests have lower turnover 

compared to deciduous forests, which have higher N content in their foliage. 

Source: Gundersen et al (2006) 

 

Disruption to the retention of inorganic N in forests may occur when N sources from external 

inputs and mineralization exceed the sinks for N in plants and microbes (uptake and 

immobilization) (Gundersen et al, 2006). This imbalance may be caused by various natural or 

man-made impacts upon the N cycle (such as clear-cutting). Likens et al (1970), for example, 

documented a classic experiment at Hubbard Brook, US, during the 1960s, where an entire 

catchment was clear-cut and herbicide treated, with significant impacts upon water quality 

(extreme nitrate concentrations) and forest disturbance. In this case, the cause of elevated N 

loss was reported as disturbance of the forest cover, leading to reduced N uptake, while the 

source of nitrate was nitrification of soil and N within litter. 

 

2.1 Management options 

The results from Gundersen et al’s (2006) long-term data syntheses on the three types of N 

cycle disruption in temperate forests are summarized as follows, and are compared to other 

studies. Only those results relating to the effects of forest harvesting and silviculture, and to 

current management options, are included: 

 

� Type I: excess nitrogen input (air pollution, fertilization and planting of N2-fixing 

trees). The concern that N input from air pollution may lead to more widespread 
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disruptions in retaining plant available N in forests, and may result in the 

acidification of forest soils and seepage water, has been the subject of numerous 

studies (e.g. Falkengren-Grerup et al, 1987; Lawrence et al, 1995; Binkley and 

Hogberg, 1997; Yanai et al, 1999; Aber et al, 2003; Driscoll et al, 2003; Thiffault et 

al, 2007b) and was discussed in section 1. A shift has occurred from concerns over N 

deficiencies in temperate forests to concerns over chronic N deposition and N 

saturation, where the availability of mineral N exceeds the combined nutritional 

demands of plants and microbes (see Andersson et al, 2002; Fisk et al, 2002; Aber et 

al, 2003; Driscoll et al, 2003; see also Figure 2.2 for a schematic illustration of the 

progression of a forest ecosystem from N limitation to N excess and the potential 

effects of N deposition). Gundersen et al (2006) provide a detailed description of this 

progression: in the first phase, primary production increases. Plants and microbes 

absorb added N and the N contents of plants increase. Internal cycling of N is then 

accelerated through increases in litterfall N, net mineralization and tree N uptake 

(Nadelhoffer et al, 1999). As N availability increases, the composition of the forest 

floor vegetation may gradually change towards more nitrophilic species, and other 

essential nutrients (e.g. P, K, Ca and Mg) may periodically limit tree growth. In the 

accelerated N cycle, net nitrification becomes significant and nitrate begins to appear 

in soil water. The ecosystem thus approaches N saturation. When elevated nitrate 

leaching becomes chronic, soil acidification occurs; after reaching N saturation, N 

leaching continues to increase with deposition (see Aber et al, 1998; Emmett et al, 

1998; Fenn et al, 1998; Aber et al, 2003; Driscoll et al, 2003).  Nutrient loss, 

impairment of base cation uptake by Al toxicity, destabilization and forest decline 

have been reported in field trials as a result of excess N deposition in forests, 

especially where nutritional imbalance was significant (Schulze, 1989; Sverdrup et 

al, 1994; Cronan and Grigal, 1995; McNulty et al, 1996; Yanai et al, 1999; Zhu et al, 

2003).  

Forest fertilization with N is a common practice in intensively managed 

plantations; Binkley et al (1999) report that it occurs on approximately 0.5 million 

hectares yearly in the industrialized world. Gundersen et al (2006) found that the 

effects of fertilization on N cycling and leaching differ from those of chronic N 

additions from air pollution since with fertilizer doses, more N is taken up by 

vegetation (see also Johnson, 1992). Fertilization is also aimed at N-limited forests in 

order to enhance productivity. Numerous studies of the effect of fertilization on 

leaching losses have been carried out (Tamm, 1991; Aber et al, 1993; Sheppard, 

1994; Stevens et al, 1993; Ring, 1995; Adams et al, 1997; Ohrui and Mitchell, 1998; 

Berch et al, 2006), led by Binkley et al (1999), who compiled data on N 
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concentrations in soil water and adjacent streams after forest fertilization for a 

comprehensive review on water-quality impacts. According to Binkley et al (1999) 

and Gundersen et al (2006), although operational forest fertilization appears to pose 

limited risk to soil water quality, the fertilization of forests is increasing in many 

regions, in some cases with repeated application or application to entire watersheds, 

rather than in single stands. According to both studies, the greatest increases in 

nitrate leaching as a result of fertilization derives from (i) direct application to 

streams; (ii) use of fertilizers containing nitrate; and (iii) the application of high rates 

(or repeated doses) in forestry operations. In addition, fertilization in regions with 

high N inputs from the atmosphere may move towards N saturation (Aber et al, 

2003; Driscoll et al, 2003). Berch et al (2006) also found high N treatments to be 

associated with decreased mycorrhizal colonization and reduced fine-root biomass, 

with potential long-term impacts upon forest ecosystem health. 

Gundersen et al (2006) found the abundance of N-fixing trees such as alder 

(Alnus spp.) in forest stands or catchments to significantly increase N input to forest 

ecosystems. Black and red alder have been used as a sivicultural tool to improve soil 

fertility and the N status of forest soils (see Bormann and DeBell, 1981; Beaupied et 

al, 1990; Binkley et al, 1992; Hurd and Raynal, 2004), with biological N-fixation 

involving either symbiotic or free-living soil microbes. Annual symbiotic N-fixation 

by alder stands ranges considerably between studies (according to Binkley et al, 

1992, results generally vary between 50 to 200kg ha-1 a-1). Beaupied et al (1990) 

found that 94% of N in alder leaves was derived from fixation. High levels of nitrate 

in soil water and some streams have been reported in forests with N-fixing species 

(Binkley et al, 1992; Van Miegroet et al, 1992; Robertson et al, 2000). The mean 

annual concentration of nitrate in soil water under alder from stands in the US and 

UK have been reported to range from 3 to 6mg L-1 of N (Van Miegroet et al, 1990; 

Robertson et al, 2000), comparable to soil water concentrations found in high 

deposition regions in Europe (see Sverdrup et al, 2004). Nitrogen concentrations in 

soil water have been observed to be higher than in throughfall and suggest 

substantial N enrichment and nitrification in forest soils (Robertson et al, 2000; 

Gundersen et al, 2006), with most of the nitrate enrichment taking place in the forest 

floor and top 10cm of the soil profile (Van Miegroet and Cole, 1985). As for N 

deposition, elevated N leaching may be reversed when fixation is reduced 

(Gundersen et al, 2006). Cutting of alder stands and other N-fixing species, for 

example, drastically reduced N-fixation and decreased nitrate levels post-harvest (see 

Homann et al, 1994; Mann et al, 1988; Robertson et al, 2000). 
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� Type II: reduced plant uptake (clear-cutting, partial thinning and weed control). The 

major single man-made disturbance to forest ecosystems has been cited in numerous 

studies to be clear-cutting (Vitousek and Melillo, 1979; Hornbeck et al, 1987; Yin et 

al, 1989; Knight et al, 1991; Prescot, 1997; Briggs et al, 2000; Akselsson et al, 2004; 

Gundersen et al, 2006). Disruption of the N cycle as a result of forest disturbance 

through forestry practices (particularly clear-cutting) is reported by Gundersen et al 

(2006) to be largely caused by the abrupt decrease in tree uptake. Plant uptake of N 

is disrupted and decomposition rate changes depending upon local conditions (Yin et 

al, 1989). In general, net mineralization and nitrification have been found to increase 

as a result of decreased immobilization in litter by microbes (Prescott, 1997; 

Smethurst et al, 1998), although if large amounts of logging residues with a high 

carbon–nitrogen ratio are left on site, microbial immobilization may increase and 

delay mineralization response (Yin et al, 1989; Gundersen et al, 2006). The effect of 

clear-cutting on nutrient leaching has been documented in numerous studies since the 

1960s (Durand et al, 1992; Reynolds et al, 1992; Homann et al, 1994; Dahlgren, 

1998; Robertson et al, 2000) In particular, Likens et al (1970, 1977) detailed the 

classic experiments at the Hubbard Brook Experimental Forest, US, where a 

dramatic increase in nutrient leaching was found to be the result of catchment-scale 

clear-cuts.  

Gundersen et al (2006) list harvest intensity, site preparation and site quality as 

critical factors in influencing nitrate concentrations in soil and stream waters during 

clear-cutting operations. The degree of biomass removal in connection with clear-

cutting, for example, may influence the magnitude of N export from the system. 

Whole-tree harvesting (WTH), compared to conventional or stem-only harvesting, 

has been reported to remove two to four times more N from forest floors due to lower 

C:N ratios in foliage and branches (see also Johnson et al, 1982; Mroz et al, 1985; 

Moller, 2000; Bélanger et al, 2003), while both increased and decreased nitrate 

leaching after whole-tree harvesting compared to conventional harvesting have been 

shown (Mann et al, 1988; Hendrickson et al, 1989; Stevens et al, 1995). In addition, 

Gundersen et al (2006) demonstrated that site-specific differences may be equally 

important: the combined effect of biomass harvest regimes and site-specific 

conditions were shown to influence several processes, such as regrowth and nutrient 

uptake of vegetation, N mineralization, and immobilization of soil organic matter and 

logging residue – all of which exert important controls on N retention and nitrate 

leaching, especially after clear-cut (Gundersen et al, 2006; see also Vitousek and 

Melillo, 1979).  
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Decomposing logging residues may be an important sink for N due to the high 

C:N ratio, and decomposers have been found to re-translocate large amounts of N 

into deadwood until the C:N ratio is low enough to allow nitrogen release (see 

Vitousek and Melillo, 1979). Woody debris may also prevent erosion in well-drained 

areas: Briggs et al (2000) observed increased nitrate export after whole-tree 

harvesting in well-drained areas compared to those that were poorly drained. 

Additional studies found a reduction of nitrate leaching with the amount of woody 

debris left on site, especially if chipped or buried (see Carlyle et al, 1998; Bélanger et 

al, 2003). Stevens et al (1995), for example, found that woody debris left after 

conventional harvesting was a net sink of N for three years and a source of N in the 

fifth, while Bélanger et al (2003) reported beneficial impacts upon soil acid–base 

status when residues were left on site post-harvest. Observed increases in 

exchangeable Al3+ concentrations and decreases in base saturation in the forest floor 

also suggested that the benefits of maintaining forest harvest residues on site were 

greatest for acidic forest floors (Bélanger et al, 2003). Correlations between site 

fertility, harvest regime and vegetation regrowth, although not yet well documented, 

have provided further results. Mann et al (1988) compared high- and low-fertility 

sites and observed higher leaching of nitrate after whole-tree harvesting than 

conventional harvesting at low-quality sites, and the opposite in high-quality sites. 

Gundersen et al (2006) suggest that biomass accumulation is more rapid after WTH at 

high-fertility sites, whereas vegetation is nutrient limited after whole-tree harvesting 

at low-quality sites.  

Conventional and whole-tree harvesting are often associated with other 

disturbances that may further influence the degree of nitrate loss and leaching. Slash 

is frequently piled to make replanting easier on conventional harvest sites; but N 

leaching has been found to be substantial under slash piles (Staaf and Olsson, 1994). 

Whole-tree harvesting includes mechanical disturbance with delayed regrowth of 

ground vegetation, favouring replanting, damage to forest tree seedlings, compaction 

of soils (see following section) and less woody debris to retain water and nutrients 

(Mou et al, 1993), while substantial amounts of other nutrients may be removed by 

WTH (Johnson and Todd, 1998; Yanai, 1998). Although nitrogen may be replaced at 

high N atmospheric deposition sites, weathering may not be able to supply a new 

forest stand with sufficient base cations and P, with the possibility of soil 

acidification and reduced long-term soil fertility (Gundersen et al, 2006) (but see 

following point on the application of wood ash from bioenergy).  

One of the important controls on the magnitude and duration of elevated nitrate 

concentration after harvest is the recovery of the plant N sink documented by many 
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studies (Bormann et al, 1977; Hornbeck et al, 1987; Emmet et al, 1991a, 1991b; Weis 

et al, 2001). Emmet et al (1991a, 199b) found an 80% to 90% reduction in nitrate 

leaching when more than 50% grass cover was established after clear-felling; Mellert 

et al (1998) found high negative correlation between vegetation cover and nitrate in 

soil solution at windthrown and cleared sites in Germany. Although weeds may 

improve N retention after harvest, they also exert strong competition during 

regeneration or during the establishment of new plantations, and weed control has 

been shown to improve tree growth in a number of species and is widely practised in 

forestry (Chang and Preston, 2000). Gundersen et al (2006) describe weed control in 

detail as comprising herbicides, site preparation involving mechanical removal, 

mulching and inter-specific competition – all of which influence the leaching of 

nitrate after harvest in different ways. Application of herbicides is the most common 

practice of weed control; a number of studies have shown increased soil temperature 

and moisture along with increased nitrate concentrations in forest soil after herbicide 

treatment (see Vitousek and Matson, 1985; Vitousek et al, 1992; Munsen et al, 1993; 

Lambert et al, 1994), with consequent mineralization and nitrification. In a study of 

moderately well-drained soils in Maine, Briggs et al (2000) observed that application 

of herbicide the fourth year following harvest resulted in nitrate in soil solution 

similar in duration and extent to levels after clear-cutting (herbicide was applied to 

inhibit the growth of competitive hardwoods from interfering with conifer 

development). In addition, site preparation such as disking, performed to improve soil 

conditions or as a weed control, may have significant effects on the magnitude and 

duration of increased nitrate in seepage waters in forest sites: Vitousek and Matson 

(1985) found increased N mineralization, nitrification and nitrate losses as a result of 

intensive site preparation, while Bormann and Likens (1979) and Briggs et al (2000) 

suggested that soil preparation may increase the risk of erosion and export of N in 

suspended particles to forest streams.  

Alternatives to clear-cut harvests include gap regeneration and selective cutting 

or thinning, with the aim of creating uneven-aged stands (Larsen, 1995). Stand age 

and structural diversity are important factors in determining N uptake in forest 

ecosystems (Gundersen et al, 2006). The retention of N in forests, for example, has 

been observed to decline dramatically after crown closure. Nitrate leaching losses 

subsequently increase as the growth rate of forests decrease (see De Boer et al, 1993; 

Emmet et al, 1993; Goodale et al, 2000). Regeneration within gaps or beneath old and 

senescent trees, combined with selective thinning, may create forests of mixed ages 

with continuously higher N demand and N retention on a regional scale (Gundersen et 

al, 2006), although no data appears to exist on whether high N demand can be 
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sustained over the long term through selective thinning. Prescott (1997) studied a 

number of alternative silvicultural practices to clear-cutting in British Columbia and 

found low and almost even levels of forest floor nitrification in old-growth, shelter 

wood and patch-cut stands compared to high levels in clear-cut stands. Feller et al 

(2000) similarly found significantly higher seepage nitrate in clear-cut sites in the 

same region compared to uncut forest, although only a smaller or insignificant 

increase in nitrate concentration in 50% and 71% cut areas. Bäumler and Zech (1999) 

observed an immediate increase in topsoil ammonium concentration followed by a 

moderate increase in soil solution nitrate, with a peak concentration after six months 

after 40% thinning in mixed mountain forest in Germany, with concentrations back to 

pre-cutting conditions after one year. At three other southern Germany sites, Weis et 

al (2001) found almost no increase in nitrate leaching from selective cuts in Norway 

spruce during the first year, but significant increases after clear-cutting of adjacent 

stands. Briggs et al (2000) observed no increase in nitrate concentrations in forest soil 

after a 12-fold reduction in stem density after thinning in balsam fir and red spruce in 

Maine. 

 

� Type III: enhanced mineralization of soil N (liming and lowering of groundwater 

tables as a result of soil preparation and ditching). The major portion of N in 

temperate and boreal forests is stored in soil, where it is incorporated within an 

organic matter pool in the forest floor or in mineral soil. Changes in soil conditions 

may enhance mineralization of stored organic N and contribute further to the 

available N pool. Soil temperature, water content, pH and aeration, together with the 

quality of the organic material, are key factors controlling decomposition (see both 

Swift et al, 1979, and Gundersen et al, 2006). Forest activities such as soil 

preparation, liming and drainage are documented as having a significant impact 

upon these factors and, thus, upon mineralization and nitrification of soil N. If 

mineralization is greater than uptake, leaching and acidification of the soil may occur 

(Bélanger et al, 2003; Driscoll et al, 2003). Climate change (increased atmospheric 

CO2, temperatures and changed rainfall patterns) compounds such effects and may 

alter the mineralization of soil N so that sustained high mineralization and 

nitrification rates may exceed plant demands for N even in well-growing stands 

(Gundersen et al, 2006).  

An extensive literature exists on the long-terms effects of liming on both soil 

biology and chemistry. Intended effects include an increase in soil pH, increased base 

saturation (Johnson et al, 1995; Brunner et al, 2004) and reduction in the release of 

aluminium (Al) (Keersmaeker et al, 2000), but also alteration of C and N cycling 
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(Persson et al, 1989; Arnold et al, 1994). Gundersen et al (2006) suggest that different 

responses in net microbial N transformation may be caused by the responses of both 

mineralization and immobilization. Concerns about liming (or the application of 

wood ash recycled from bioenergy production) involve the increased levels of nitrate 

in forest soil solution (see De Boer et al, 1993; Geary and Driscoll, 1996), which 

represents the risk of contamination of seepage water. A decrease in ammonium and a 

corresponding increase in nitrate are attributed to increased nitrification. Liming has 

been reported to cause decreased forest floor C:N ratios (Kreutzer, 1995) and 

increased forest floor pH, which are positively correlated with net nitrification (see 

Persson et al, 2000b), although in a number of north European studies on N-poor 

soils, liming did not significantly increase leaching of N (Hindar et al, 2003). Liming 

also promotes the establishment of vegetation, which in other studies has been 

reported to increase the resilience of forest ecosystems to nutrient losses after harvest 

(Bauhus and Bartsch, 1995; Keersmaeker et al, 2000) due to the propagation of 

species with a high nutrient demand. Brunner et al (2004) found that application of 

wood ash to stands of Norway spruce increased pH, base saturation and cation 

exchange capacity, closing the nutrient cycle after intensive harvesting and reversing 

the effects of soil acidification. Liming, nevertheless, has been found to have a major 

impact upon a large number of biological and chemical processes, which influence N 

mobility and plant requirements for N. Gundersen et al (2006) summarize by pointing 

out that it is unclear what controls the response of nitrate leaching to liming, although 

individual studies point to the dose of lime or wood ash as increasing response, with 

greatest response in sites that already leached nitrate before liming and where N 

deposition was relatively high (Kreutzer, 1995; Geary and Driscoll, 1996).  

Improved drainage by ditching, especially in forested wetland catchments, is a 

common practice in conventional forestry. Drainage of soils and subsequent oxidation 

of organic compounds has been found to mobilize large amounts of stored organic N. 

Callesen et al (1999), for example, found NO3–N concentrations of up to 120mg L-1 

following ditching of a nutrient-rich bog characterized by a low C:N ratio. The effect 

of draining wetlands upon forest growth is well documented, while the effects on 

other ecological processes, such as mineralization, nitrification and nitrate leaching 

are less well understood. Drainage has been observed to result in a direct transport of 

leached nitrate to forest streams (Briggs et al, 2000), while silvicultural practices such 

as thinning, clear-cutting and soil preparation in drained wetlands showed increased 

levels of suspended sediment and nutrients compared to undisturbed controls 

(Bormann and Likens, 1979; Sheppard, 1994; Briggs et al, 2000). In a study of 20 

catchments in Sweden and Finland, Lepisto et al (1995) found that drainage explained 
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20% and 67% of the export of ammonium and organic N, respectively, to forest 

streams, indicating increased erosion due to drainage activities. 

 

Figure 2.2 Hypothesized responses of managed temperate forest ecosystems to increased N deposition 

in relation to soil acidification: (a) ecosystem responses; (b) relative changes in growth; (c) N status; 

(d) input–output relations. The time scale (x-axis) for the responses may differ widely between 

ecosystems and regions. 

Source: Gundersen et al (2006) 

 

3. THE EFFECTS OF METHODS OF FOREST HARVESTING AND SILVICULTURE ON SOIL 

COMPACTION 

Soil compaction and forest floor removal are perceived as two of the most common 

disturbances caused by forest harvesting practices and mechanical site preparation in boreal 

and temporal forests (Corns, 1988; Froehlich, 1988; McMinn and Hedin 1990; Powers et al, 

1990; Brais, 2001, Page-Dumroese et al, 2006; Scott et al, 2007; Tann et al, 2008). Many 

studies have found that soil physical and chemical properties such as bulk density, soil 

porosity, soil texture, aeration, water content, temperature and substrate availability are 

affected by soil compaction and forest floor removal, and that site productivity and microbial 

activity, in turn, may be substantially altered (Tew et al, 1986; Zabowski et al, 1994; Gomez 

et al, 2002; Tan et al, 2005, 2008; Carter et al, 2006; Page-Dumroese et al, 2006; Flemming et 

al, 2006; see also Greacen and Sands, 1980, for a detailed description of the mechanics of 
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compaction). By changing the percentage of macro- and microporosity, for example, soil 

compaction may cause oxygen deficiency by reducing oxygen diffusion rates, which, in turn, 

affects the activities of enzymes such as catalase and phosphatase (Glinski et al, 1986; Pagliai 

and De Nobili, 1993). Dehydrogenase, catalase, protease and phosphatase enzymes play 

important roles in carbon, nitrogen, and phosphorus nutrient cycling in forest soils (Brady and 

Weil, 2002; Tan et al, 2008). Field trials suggest that soil compaction due to forestry 

operations reduces the activities of these enzymes (Dick et al, 1988; Jordan et al, 2003; Tan et 

al, 2008), although higher phosphatise activity has been found in compacted soils, suggesting 

that in certain sites, microbial communities may be tolerant and resilient to soil compaction 

(Buck et al, 2000; Shestak and Busse, 2005). Post-harvest forest management practices have 

also been found to reduce extracellular enzyme activities involved in litter decomposition 

(Waldrop et al, 2003; Hassett and Zak, 2005), although Quilchano and Marañón (2002) found 

that site factors (soil pH, available nutrients and soil texture) and sampling season had a 

greater influence on enzyme activities than management factors after compaction (e.g. shrub-

clearing and stand thinning).  

Changes in soil enzyme activities after soil compaction and forest floor removal are 

clearly complicated and may depend upon enzyme type, site or soil types, and climatic 

conditions (Dick et al, 1988; Arencena, 2000; Li et al, 2002). Tan et al (2005) found that soil 

compaction reduced microbial biomass N in the mineral soil and that forest floor removal 

tended to reduce microbial C and N biomass in the surface mineral soil. In a later study, Tan 

et al (2008) observed that microbial biomass and enzyme activities were only minimally 

affected by soil compaction, and that the physical and biological properties of the forest floor 

(e.g. bulk density, porosity and aeration) recovered from compaction a few years after harvest 

operations (findings corroborated by Kabzems and Haeussler, 2005, and Mariani et al, 2006), 

but that forest floor removal in conjunction with compaction significantly reduced microbial 

biomass and enzyme activity (of protease and phosphatase, enzymes involved in N and P 

transformations). The authors conclude by suggesting that the link between enzyme activities 

and microbial biomass may help to provide microbial community parameters (or indicators) 

that can be related to potential rates of organic compound degradation (Tan et al, 2008). For 

example, enzyme activity to microbial biomass ratio provides a measure of the enzyme 

activity per unit biomass, which may be used as an index to evaluate the response of soil 

enzyme activities to management practices (Tan et al, 2008). 

The link between tree growth, soil compaction and forest floor removal, and 

reductions in microbial and enzyme activities is also discussed in other studies. Reduced 

trembling aspen and white spruce growth caused by soil compaction was observed to be 

directly related to reductions in microbial biomass and enzyme activities that reflected 

changes in soil fertility (Nannipieri et al, 2002; Tan et al, 2006). Hazlett and Zak (2005) 
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reported 10% to 30% reductions in extracellular enzyme activities caused by intensive aspen 

harvesting (merchantable bole harvest, whole-tree harvest and whole-tree harvest plus forest 

floor removal, with significant compaction occurring in all three cases) compared with no 

harvesting, and attributed the effects to reduced litter input and changes in soil structure and 

climate after clear-cut harvest. In a similar study, Waldrup et al (2003) found that 

phosphatise, peroxidise and a-glucosidase activities in the forest floor were reduced by post-

harvest management (slashing, mechanical chipping and piling, and burning) as a result of 

changes in litter quality and soil porosity, soil moisture, nutrient availability and soil 

structure. In contrast, no difference in enzyme activity between whole-tree harvesting and 

whole-tree harvesting plus scarification treatments were fine in a jack pine ecosystem by 

Staddon et al (1998), while Nannipieri et al (2002) observe that forest type, regional climate, 

composition of microorganisms and the specificity of enzymes to catalyse certain reaction 

make predictions on the response of enzyme activity to compaction and forest floor removal 

difficult. Indeed, a number of studies highlight that the relationships between microbial 

biomass, enzyme activities and soil nutrients are often site specific (Nannipieri et al, 2002; 

Tan et al, 2005, 2008), but that, generally, reductions in microbial biomass and enzyme 

activities likely lead to reduced rates of N and P transformations, decreasing N and P nutrient 

stores (Nannipieri, 1994; Zahir et al, 2001; Tan et al, 2008). Furthermore, if microbial 

populations and enzyme activities do not recover after stands establish, reductions in N and P 

availability can potentially limit long-term productivity in forest ecosystems (Tan et al, 2008). 

An extension of this is research on the effects of compaction and organic matter removal on 

soil mesofaunal activity, which are integral to humus formation and the release of important 

plant nutrients through mineralization of organic matter (Klinka et al, 1981). Battigelli et al 

(2004) provide a detailed assessment of the impact of soil compaction on soil mesofauna and 

oribatid mite fauna in a sub-boreal spruce stand in British Columbia, where significant 

reductions in mesofauna density and diversity pointed to serious implications for long-term 

soil health. 

Tree response, itself, to soil compaction results from complex interactions between 

soil strength; water and nutrient availability; nutrient retention; soil aeration; mycorrhizae 

populations; the distribution and abundance of rainfall; and natural soil drainage (Froehlich 

and McNabb, 1984, Brais, 2001; Page-Dumroese et al, 2006; Scott et al, 2007; Shestak and  

Busse, 2007). Concerns arise relating to heavy operational practices, such as the laying of 

construction roads and extraction tracks, that disturb and compact soils (reducing the extent 

and time of root growth), or that remove organic matter layers from the soil surface (Greacen 

and Sands, 1980; Clemente et al, 2005). Changes in soil water content from compaction affect 

temperature flux; this, in turn, results in altered microclimatic conditions, leading to reduced 

root growth and stand productivity (Page-Dumroese et al, 2006). Tree susceptibility to 
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compaction has been reported as species specific (Mohering and Rawls, 1970; Wästerlund, 

1985; Froehlich et al, 1986; Corns, 1988) and different soils compacted to the same degree 

may induce different growth responses (Wästerlund, 1985; Powers, 1999). The effect of 

compaction on seedling growth and establishment, furthermore, is often exacerbated by the 

concurrent effects of vegetation response to disturbance (Stransky, 1981; Kozlowski, 1999, 

Powers, 1999). In experimental field and laboratory trials, seedling growth reductions as a 

result of artificially induced compaction have been reported for numerous species, including 

Pinus contorta (Corns, 1988; Conlin and van den Driessche, 1996, 2000), Pinus sylvestris 

(Wästerlund, 1985), Picea glauca (Corns, 1988), and Picea abies (Wästerlund, 1985), while 

further field studies have reported growth reductions on primary skid trails for 9- to 18-year-

old Pinus ponderosa (Froehlich et al, 1986), 5-year-old Pinus taeda (Lockaby and Vidrine, 

1984) and 32-year-old Pseudotsuga menziesii (Wert and Thomas, 1981). Eight years after 

planting, Miller et al (1996) observed a growth reduction for Tsuga heterophylla growing on 

primary skid trails, while Pseudotsuga menziesii and Picea sitchensis were unaffected. In a 

long-term study in the southern fringe of the boreal forest east of the Quebec–Ontario border, 

Brais (2001) found that residual forest soil compaction (as expressed by increase in soil 

strength) remained six years following forest harvesting on both fine-textured and coarse 

textured soil in the wheel track areas of skid trails, while soil structure (bulk density and 

macroporosity) in less trafficked areas had begun to improve. Higher seedling mortality rates 

in the wheel track areas on fine-textured soils were caused by rutting during skidding cycles, 

although Brais (2001) noted that observed relationships between growth and soil parameters 

stemmed from natural soil structure and inherent soil constraints as much as from harvest 

traffic-induced conditions.  

Results from this and other studies (see, for example, Worrell and Hampson, 1997; 

Brais and Camiré, 1998, and Burger and Kelting, 1998) underline that soil quality indicators 

for sustainable forest practices must be soil and management specific: coarse-textured soils, 

for example, may naturally be more resilient to compaction and skidding cycles than fine-

textured soils, while nutrient-limited and drought-stressed sites are the most vulnerable to 

repeated passes of heavy equipment (especially during periods of rainfall). Frozen soils are 

generally resistant to changes in structure caused by equipment passes (Brais and Camiré, 

1998; Ballard, 2000) and Kelty et al (2008) recommend restricting harvesting to frozen-

ground conditions on susceptible soils (e.g. moist, fine-textured soils), particularly in the case 

of biomass harvesting, which can potentially lead to greater soil compaction. For example, 

multiple passes on harvest areas are more likely with combined sawlog and biomass harvests, 

particularly if different equipment is used to cut sawtimber trees and small understorey trees, 

and this can increase compaction problems (McNabb et al, 2001; Zerner et al, 2007; Kelty et 
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al, 2008), especially where the removal of slash for biomass reduces the protection provided 

by a ground cover of forest residues. 

Once compacted, various studies have shown that forest soils often recover slowly 

(many decades) to undisturbed levels of bulk density or soil strength (Froehlich et al, 1985; 

Tiarks and Haywood, 1996; Page-Dumroese et al, 2006; Zenner et al, 2007). Recovery rates 

depend upon many factors; but chief among them appear to be number of repeated harvest 

cycles and traffic operations (see Figure 3.1 for an illustration of density of aspen per hectare 

as a function of skidding traffic intensity), soil moisture conditions during harvest, soil texture 

and rock-fragment content (see Miller et al, 1996; Williamson and Nielsen, 2000; McNabb et 

al, 2001; Liechty et al, 2002; Sheridan, 2003, Ampoorter et al, 2007). In turn, the extent of 

compaction, the weight and function of the machinery, the total load, the equipment speed, 

the initial soil bulk density, the depth of impact and subsequent soil recovery are all factors 

that determine the consequences of timber harvesting or site preparation on forest 

productivity, while the duration and variability of compaction can be significant and can vary 

from site to site or at different depths in the soil profile (Courtin et al, 1983; Wang et al, 2005; 

Page-Dumroese et al, 2006; Scott et al, 2007; Zenner et al, 2007).  

 

 
Figure 3.1 Density of aspen suckers per hectare three years post-harvest as a function of pre-harvest 

aspen basal area (m2 ha-1) and skidding traffic intensity (number of passes). 

Source: Zenner et al (2007) 

 

4. THE EFFECTS OF METHODS OF FOREST HARVESTING AND SILVICULTURE ON SOIL 

EROSION 

Accelerated soil erosion due to forest operations and land-cover change has been increasingly 

viewed as a critical component of global land degradation (Hornbeck et al, 1987; Page-
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Dumroese et al, 2000; Croke and Hairsine, 2006; Berhe et al, 2007), and the opening or 

removal of forest canopies during harvesting and clear-cutting results in a sequence of 

responses that are remarkably similar regardless of geographic location (Croke and Hairsine, 

2006), attributable to the common nature of site disturbances associating with forestry 

operations. Activities such as tree removal and road construction expose large areas of bare 

ground to the erosional effects of raindrop splash, surface runoff and wind (Douglas et al, 

1995; Ziegler et al, 2000; Croke and Hairsine, 2006), with some of the more commonly 

described impacts of these disturbances including increased soil compaction, surface runoff, 

erosion, landslide risk and corresponding reductions in soil permeability, fertility and organic 

matter (Page-Dumroese et al, 2000; Berhe et al, 2007). The development of road and track 

networks as part of logging and afforestation further exacerbates problems of surface erosion 

and runoff development (see Reid and Dunne, 1984; Fahey and Coker, 1989; Douglas et al, 

1995; Wemple et al, 1996; Ziegler et al, 2000; Croke and Hairsine, 2006). Croke and Hairsine 

(2006) found that the relative differences in the magnitude of these impacts often result from 

variations in the intensity of harvesting and land-clearing operations, as well as prevailing 

climatic characteristics (especially rainfall intensity). Rates of soil loss from surface erosion 

processes and resulting sediment discharges, in both undisturbed and disturbed catchments, 

are reported to be several orders of magnitude higher in areas with high intensity short-

duration rainfall events (Douglas, 1999). Rainfall intensity and, more specifically, the 

frequency and magnitude of extreme rainfall events are a dominant control on the nature of 

runoff generation and, thus, on sediment transport and reduced soil nutrient pools (Douglas, 

1999). Increased sediment loading from forest soils as a result of accelerated erosion from 

forestry operations also affects water quality, aquatic species, and the delivery of nutrients 

and sorbed chemicals to downstream watercourses (Novotny and Chesters, 1989).  

Although studies exist on the linkages between harvesting, forest removal, road 

construction, sediment transport and water quality, a clear understanding of these processes is 

often still lacking due, in part, to the difficulties of accurately measuring the amount of 

sediment and attached nutrients delivered to, stored and re-mobilized within (and eventually 

transported from) river systems in forested catchments (Croke and Hairsine, 2006). 

Nevertheless, the major components of sediment delivery as they relate to erosion processes 

in managed forests may be outlined as follows: 

 

� Runoff-generating mechanisms in undisturbed forests are generally dominated by 

subsurface storm flow (SSSF) through macropores and topographically controlled 

mechanisms such as saturation-excess overland flow (SOF) (Moore et al, 1993; 

Bonnell, 1993; Croke and Hairsine, 2006) (see Figure 4.1). Infiltration excess is 

reported to be rare in undisturbed temperate forests due to high infiltration capacities 
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(see Talsma and Hallam, 1980), so that the relative impacts of SSSF and SOF on 

water quality in pristine forests is regarded to be minimal. 

 

 

Figure 4.1 Conceptual framework of how runoff source strength and the connectivity of the delivery 

pathway combine deliver sediment to stream networks in forested catchments. The overall delivery of 

sediment varies from very little (top left) to very high (bottom right). 

Source: Croke and Hairsine (2006) 

 

� In logged forests, runoff generation and delivery mechanisms are altered to varying 

degrees due to harvesting operations and, in particular, road construction 

(Constantini and Loch, 2002). Increased areas of compacted soil and degraded 

ground cover have been shown to affect hillslope hydrological processes and 

catchment stream flows to varying degrees (Harr et al, 1975; Ziemer, 1981; 

Megahan, 1983; King and Tennyson, 1984; Wright, 1990; Douglas et al, 1995). 

Jones and Grant (1996), for example, observed that streamflow changes related to 

forest roads could be more important than those related directly to vegetation 

removal, although it is difficult to quantify the separation of effects. La Marche and 

Lettenmaier (2001) used a distributed hydrological–soil–vegetation model to 

estimate the effects of forest roads on peak flows in nine basins in the US. They 

concluded that the location of clear-cuts in relation to road connectivity were more 
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important than the total amount of clear-cuts in determining road effects on erosion 

and peak sediment flows. 

� Disturbed land surfaces that are a result of forestry operations and that have been 

observed to affect sediment delivery processes and surface erosion include unsealed 

roads, log haulage tracks, general harvesting areas and, to a lesser extent, stream-side 

vegetated areas or riparian buffer zones. Unsealed road surfaces and logging tracks 

are regarded as one of the most hydrologically active areas within a harvested forest 

and are a major influence on sediment runoff, resulting in higher peak discharges 

than occurred for the same environment without roads (La Marche and Lettenmaier, 

2001) (see Figure 4.2). This is largely due to their compacted nature and low 

infiltration capacity (see Luce and Cundy, 1994; Croke et al, 1999a; Ziegler et al, 

2000). Luce and Cundy (1994) report estimates of infiltration rates on unsealed road 

and track surfaces as ranging from 0.5mm h-1 to 20mm h-1; surface overland flow, 

furthermore, is rapid and often spatially uniform across the entire road network (Reid 

and Dunne, 1984; Luce and Black, 1999). Ziegler et al (2004) identify four distinct 

features of unsealed roads that affect runoff generation and storm flow response: (i) 

highly compacted road surfaces and roadside margins that produce overland flow 

and allow all surface water to run off rapidly; (ii) cutbanks that intercept subsurface 

flow, and then re-route it via the faster overland flow towards the stream channel; 

(iii) ditches and culverts that capture both surface and subsurface flow and channel it 

more rapidly to streams; and (iv) gullies developed at drainage outlets, which also act 

to channel surface and subsurface flow and deliver it efficiently to streams. Relative 

contributions of surface and subsurface flows, furthermore, are expected to vary 

according to road type, soil depth, soil structure and rainfall intensity (Wemple and 

Jones, 2003).  

General harvesting areas or harvested hillslopes represent the largest land surface 

by area within a forested catchment (Croke and Hairsone, 2006). Where selective 

logging or partial cutting occurs on a rotational basis, runoff generation in these 

compartments typically develops slowly, predominantly on the bare or more 

disturbed parts of the hillslopes (Croke et al, 1999a, 1999b). Forest vegetation also 

contributes to a lack of sediment transport in these areas so that channelized flow has 

been reported as rare, limiting the ability of runoff to transport large amounts of 

sediment (Prosser and Williams, 1998; Croke et al, 1999a; Ziegler et al, 2000). 

The retention of undisturbed buffer strips or riparian zones immediately adjacent 

to the majority of streams and drainage lines in managed forests has played a key role 

in moderating the impact of forestry operations on stream water quantity and quality 

(Norris, 1993). Vegetated buffer strips and riparian zones have a range of functions, 
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including maintaining the stability of the stream channel, providing riparian habitat 

and a long-term recruitment of woody debris, regulating light and water temperatures 

in forest streams, and acting as a vegetative filter for sediment runoff between the 

areas of disturbance and the stream network (Croke and Hairsine, 2006). In fact, this 

function is considered the final line of filtering since sediment generated on roads, 

tracks and other compacted areas frequently passes through the general harvest areas 

before entering the buffer strip (Abdul and Gillham, 1989; Norris, 1993). Riparian 

zones themselves are usually characterized by a rough soil surface, often with an 

intact litter layer (Norris, 1993). The soil is frequently porous with many macropores 

and the rooting zone is often deep – sediment deposition, which occurs as a result of 

reduced runoff due to increased infiltration relies on the presence of an unsaturated 

surface in the riparian zone. The very porous nature of undisturbed riparian zone soil 

assists in this process (Croke and Hairsine, 2006), whereas the presence of a wet zone 

from a water table can inhibit it.  

 
Figure 4.2 Conceptual diagram outlining the impacts of sediment runoff in forested catchments with 

unsealed roads and logging tracks, compared to the same area without roads. Note the higher and 

earlier peak discharges expected for catchments with roads. 

Source: Croke and Hairsine (2006) 

 

4.1 Management options 

Controlling runoff source strength and the delivery of sediment (and attached nutrients: see 

Page-Dumroese et al, 2000, for an analysis of the extent of C, N and cation exchange capacity 

loss as a result of soil erosion) has been the subject of numerous studies in relation to 

minimizing the off-site impacts of forestry operations. The more commonly applied practices 

include siting and designing roads and road crossings to minimize sediment inputs; the use of 

riparian buffer strips; partial and patch harvesting; and restrictions to logging activities in 

relation to slope and soil type (see Table 4.1 for a summary of management measures by 

Croke and Hairsine, 2006). Strategies that limit sediment production from forest roads and 

tracks include revegetation, gravelling and regular maintenance (Carr and Ballard, 1980; 
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Burroughs and King, 1989; Heede and King, 1990; Constantini et al, 1999), while the 

discontinued use of skid trails and logging roads between cutting cycles in some operations 

has been seen as a significant factor in limiting sediment transport (Constantini and Loch, 

2002). The intensity of traffic has been found to be crucial to the persistence of these areas as 

a sediment source (Reid and Dunne, 1984; Luce and Black, 1999). In a ten-year study of 

recovery from clear-cutting at the Hubbard Brook Experimental Forest, New Hampshire, 

Hornbeck et al (1987) state that known precautions were taken during logging to protect the 

forest floor and to maintain low erosion losses. For example, logging was conducted during 

early fall when chances of erosion and sedimentation were least. A buffer strip of trees was 

left along the stream channel in the strip cut, and efforts were made to avoid streamside zones 

in both the clear-cut and strip road. Skid roads were kept at lowest possible grades, and water 

bars were installed. These efforts, together with rapid revegetation, prevented serious erosion 

and resulted in minimal changes in nutrient losses in suspended or particulate form, thus 

protecting forest streams at Hubbard Brook (Hornbeck et al, 1987). 

Streamside vegetated areas are an important management tool in protecting water 

quality from surface erosion for two main reasons. First, increased hydraulic roughness within 

the buffer or filter strip, largely determined by the density of vegetation and roughness 

elements, slows surface flow velocities and induces sediment deposition, in this way reducing 

total sediment loads delivered to the stream (Barling and Moore, 1994; Loch et al, 1999). 

Second, high hydraulic conductivity within these vegetated areas promotes increased surface 

water infiltration, limiting the overland flow (with its associated pollutants) to streams 

(Martin and Pierce, 1980; Lynch et al 1985; Borg et al, 1988; Norris, 1993; Loch et al, 1999; 

Constantini and Loch, 2002; Ward and Jackson, 2004). The placement and width of buffer 

strips in forest catchments has been a contentious subject, although two main approaches exist 

for mitigating the inflow of sediment from upslope forested areas. The first is to protect 

runoff-generating areas in the landscape (such as general harvesting areas and roads). The 

second is based on determining the appropriate sediment transport distance through the buffer 

strip – usually a 30m buffer is regarded as effective in trapping most of the sediment from 

harvested areas, although absolute width depends upon site-specific conditions, and in steep 

terrains, achieving a 30m buffer strip width is difficult (Clinnick, 1985; Barling and Moore, 

1994). Borg et al (1988) found that halving the buffer strips widths from 200m to 100m and 

from 100m to 50m had few detrimental effects on water quality, although their complete 

removal led to changes in the stream channel profile and to algal blooms. Davies and Neilsen 

(1994) examined the impacts of forest logging on in-stream habitat, fish and macro-

invertebrate populations and found that at less than 30m, the width of riparian buffer strips 

began to exert significant negative impacts.  
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Table 4.1 Summary of sediment management measures in managed forest environments. 

Source: Croke and Hairsine (2006) 

 

Finally, erosion rates are usually highest immediately after disturbance and loss of both soil 

and nutrients have been reported to be one to two orders of magnitude less by the second year 

(Robichaud and Brown, 1999). Page-Dumroese et al (2000) point to the importance of long-

term monitoring in managing forest erosion and raise the question of when to measure erosion 

rates: immediately post-harvest when erosion could be high or after sites have had a year to 
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rejuvenate ground cover? Accelerated erosion will remove topsoil and deposit it lower 

downslope (where microsite productivity may increase) or offsite (streams and roads) (Elliot 

et al, 1998) (see Figure 4.3). Both of these have been documented as resulting in overall 

declines in site productivity on at least portions of eroded hillslopes due to loss of nutrients, 

rooting depth and available water-holding capacity (Lal et al, 1998; Page-Dumroese et al, 

2000). In a study of forested sites in the Pacific northwest encompassing productive coastal 

rainforest to marginally productive dry, cold sites in interior mountains, Page-Dumroese et al 

(2000) found that relatively small disturbances (15% of the area) of the study soils from all 

regions resulted in relatively small losses of C, N and cation-exchange capacity; however, as 

the areal extent of disturbance became larger, substantial losses in C, N and CEC pools 

occurred, with consequent impacts upon soil productivity and recovery (often more than 50 

years). Other studies also found that cumulative effects of several small disturbances, which 

result in progressive organic matter losses over many forestry rotations, may lead to long-

term degradation of soil productivity (Sollins et al, 1980; Tiarks and Haywood, 1996).  

 

Figure 4.3 Soil and organic carbon transport from divergent hillslopes to convergent or flat 

depositional basins and erosion-facilitated inversion of a hillslope profile. 

Source: Behre et al (2007) 

Page-Dumroese et al (2000) emphasize the importance of acquiring site-specific information 

before harvest and state that blanket threshold values are not optimum in preventing erosion 

(see also Eisenbies et al, 2007). Improvement of soil monitoring efforts and forest 

management practices comes from measuring site- and soil-specific information (e.g. data on 

slope, hydrology, soil strength or bulk density, forest floor depth and climate, one of the most 

important factors in controlling organic matter accumulation and decomposition) before 

silvicultural prescriptions are delineated – this provides forest managers with the opportunity 
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to refine existing guidelines or to develop new ones (Powers, 1999; Page-Dumroese et al, 

2000). 

5. ECOLOGICAL CARBON OFFSETS AND THEIR EMERGING MARKETPLACE IN THE 

CONTEXT OF CARBON SEQUESTRATION IN THE FORESTED LANDSCAPE 

With the rise in concern about global climate change, decision-makers are actively exploring 

the possibility of using forests as a carbon sink. Forest lands store carbon in above- and 

below-ground biomass, dead organic matter, litter and soil organic matter (Dixon et al, 1994; 

Freedman and Keith, 1996; Boyland, 2006), and interest in increasing carbon storage has 

heightened in tandem with the need to reduce atmospheric CO2 concentrations linked to 

global warming (IPCC, 1996, 2007; Sohngen and Mendelsohn, 2003; McKenney et al, 2004, 

2006; van Kooten, 2004; Salam and Noguchi, 2005). The Intergovernmental Panel on Climate 

Change, for example, states that augmenting carbon sequestration by protecting and 

expanding biomass sinks, particularly forests, can make potentially significant contributions 

at costs that are comparable or lower than for emission source controls (IPCC, 1996, 2007). 

The Kyoto Protocol has provided a structured incentive to increase forest carbon stocks as a 

method of meeting signatories’ carbon targets and is the international community’s policy 

response to the threat posed by global climate change (van Kooten et al, 2004). In brief, the 

protocol requires developed countries to reduce their CO2 emissions by an average of 5.2% 

from the 1990 level during the commitment period of 2008–2012, or by a total of 

approximately 250 megatons (106 metric tonnes, denoted by Mt C) of carbon per year (IPCC, 

2007). Before Russian ratification in late 2004, over 120 countries had ratified, with 

developed countries’ proportion of the 1990 emissions at 44.2% (van Kooten et al, 2004). 

With Russian ratification and in light of the US having opted not to ratify, the proportion of 

1990 emissions accounted for by developed (Annex B) countries is 61.6% (IPCC, 2007). The 

Kyoto Protocol permits countries to take into account carbon fluxes due to afforestation 

(growing trees on land that has not been forested in the past 50 years), reforestation (growing 

trees on land that was forested but was converted to non-forest use since 1990) and 

deforestation activities in determining 2008–2012 emissions. In the first commitment period 

only, some countries can claim carbon credits that do not need to be offset against 

afforestation, reforestation or deforestation debits. Carbon credits, or carbon offsets, are 

emission-reduction credits generated by organizations or governments (Richardson, 2001; 

Kollmuss, 2007; Taylor, 2007; van Kooten et al, 2007) that reduce the amount of CO2 (or 

other greenhouse gases) in the atmosphere. Carbon offsets are usually measured in tonnes of 

carbon dioxide equivalents and are bought and sold through a number of international 

brokers, retailers, trading platforms and not-for-profit organizations. Although many types of 

activities can generate carbon offsets (e.g. renewable energy projects such as windfarms or 
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installations of solar, small hydro- and geothermal energy, to energy-efficient projects such as 

cogeneration and methane capture from landfills), only those related to carbon sequestration 

in forested landscapes are mentioned here.   

 Canada can claim 12Mt C (44Mt CO2) each year through (verified) forest 

management activities that enhance carbon uptake: according to its implementation plan 

(Government of Canada, 2002), it expects to claim 5.5Mt C (20Mt CO2) in this manner, 

amounting to 8.3% of its required CO2 emissions reduction (if Canada elects to include forest 

management in its Kyoto accounting). As van Kooten et al (2007) explain, while more can be 

claimed, there is a fear that by identifying a larger managed forest area, CO2 release from 

natural disturbances (e.g. fire, insects and diseases) on managed land will negate the claimed 

amount. Canada’s Kyoto Protocol implementation plan calls for nearly one quarter of the 

country’s total Kyoto Protocol target to be achieved through terrestrial carbon sinks (16 to 

18Mt C per year), split between actions already under way and proposed new actions 

(Government of Canada, 2002). Strategies to increase storage in accordance with Canada’s 

implementation plan vary widely and include (in addition to afforestation of marginal lands 

and reforestation), lengthening rotation ages; changing stocking densities; fertilization and 

thinning regimes; harvest scheduling tactics that increase long-term carbon storage while 

maintaining harvested volumes; and harvesting biomass for bioenergy and wood product 

substitution for more carbon-intensive products (McKenney, 2000; Sohngen and Brown, 

2004; Boyland, 2006). McKenney et al (2006) suggest that in Canada three scenarios 

represent the most common afforestation possibilities for carbon uptake: (i) fast-growing, 

short-rotation poplar plantations; (ii) conifer plantations with relatively fast to medium growth 

rates; and (iii) hardwood plantations with growth rates and rotation lengths similar to those 

for conifers but with potentially higher timber and biodiversity values, while interest in 

harvesting for biomass continues to rise (Titus et al, 2008a; Evans and Perschel, 2009). 

Few studies have examined the economics of how specific forest management 

practices can produce cost-effective carbon benefits (Boyland, 2006), although broad analyses 

have been conducted on converting marginal agricultural lands into plantations, calculating 

the individual costs of sequestering 1 tonne of CO2. For example, using meta-regression 

analysis to quantify (and qualify) differences in results from 68 studies that provide estimates 

on costs of carbon uptake and storage in forest ecosystems (1047 observations from over 30 

countries, with most data for the US and Canada), van Kooten et al (2004) suggest that the 

lower range of cost estimates for creating carbon forest credits is Cdn$10 to Cdn$35/t C 

(CdnS$2.75–Cdn$36/t CO2) if product sinks are permitted and opportunity costs of land are 

ignored. If opportunity costs of land are appropriately credited, the costs rise to US$62 to 

Cdn$130/t C (van Kooten, 2004). In a separate study, Boyland (2006) suggests that realistic 

estimates indicate that the costs of producing large amounts of carbon through afforestation 
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are between Cdn$15 and Cdn$50/t CO2 (and see also McKenney et al, 2004; Richards and 

Stokes, 2004; Yemshanov et al, 2005). Krcmar et al (2001) found that 1.4Mt C could be 

sequestered in a region of north-eastern British Columbia consisting of 1.2 million hectares, 

with 10.5% of marginal agricultural land, over a period of 200 years at a cost of 

approximately Cdn$40/t C. This amounts to an average of approximately 1.3t C per hectare, 

or approximately 52kg C per hectare per year over normal carbon uptake. Van Kooten et al 

(2004, 2007) calculate that if Krcmar et al’s (2001) result is applied to all of Canada’s 

productive boreal and temperate forestland and surrounding marginal farmland, 20% of 

Canada’s annual Kyoto Protocol target (approximately 10 to 15Mt of C annually) could be 

achieved through afforestation at an average cost of Cdn$40/t C or Cdn$11/t CO2, with the 

time required to implement such a planting programme taking at least 40 years (van Kooten et 

al, 2000, 2004).  

At the forest stand level, Boyland (2006) suggests that the additional revenue from 

carbon credits does increase the value of afforestation activities over that of timber alone; 

however, areas in Canada that could produce acceptable returns (8% to 12%) are reported to 

be small (Biggs, 2004; McKenney et al, 2004; van Kooten and Eagle, 2005; Boyland 2006), 

and the Forest2020 analysis for afforestation estimates that the best 100,000ha in Canada 

could produce a combined timber and carbon return on investment of only 8.7% (Canadian 

Forest Service, 2006). Boyland (2006) suggests that it is doubtful if this low level of return on 

even the best sites will be enough to prompt investment given the risks and long time 

horizons involved (see also Shaikh et al, 2003, for an economic assessment of landowners’ 

incentives). Economic analyses have also found mixed results for individual forest 

management activities. Location (climate) and type of activity (in particular, tree planting and 

substitution of fossil fuels with biomass) have been found to have a significant influence on 

the estimated costs of carbon uptake, while other variables, such as whether soil and product 

sinks are included or whether a bottom-up approach is used, may be of lesser importance (van 

Kooten et al, 2007). Despite low projected carbon credit prices (approximately Cdn$10/t CO2: 

van Kooten et al, 2007), however, the fact that carbon credit sales can generate regular 

payments much sooner than the eventual harvest at rotation age may make carbon offsets 

attractive. In general, as interest rates rise, carbon credits may become more attractive 

because they provide interim payments that are discounted less (see Zhou, 2001; Feng, 2005). 

Zhou (2001) found low-cost silvicultural options to be more promising than higher-cost 

operations, even when the intensive options produce more carbon. Increasing stand densities 

over the target that maximizes timber volume is an example of this, with the potential of 

having low incremental silvicultural costs, low impact on timber volume and quality, and of 

producing a relatively good combined timber and carbon return (Zhou, 2001). Huang and 

Kronrad (2001) found that extending the rotation age to increase carbon stock is a cost-
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effective method of producing carbon, although only in specific circumstances: extending the 

rotation age also delays timber harvest and therefore decreases net present value. More 

intensive silviculture treatments, such as fertilizing, have produced mixed results in terms of 

carbon return (see Nilsson, 1993; Lai et al, 2002). 

At scales larger than the stand level, the most frequently studied carbon management 

option is afforestation (see earlier for cost estimates of carbon forest credits)  (van Kooten, 

2004; Boyland, 2006), although van Kooten et al (2004, 2007) found that many analyses 

suffer from poor methodology and incompatibility of figures. For example, carbon offset 

studies cited by van Kooten et al (2004, 2007) frequently provided too little information to 

enable an outside analyst to determine how much carbon was to be sequestered and at what 

cost; and failed to take into account the duration of the project, CO2 emissions at the end of 

the planning horizon (either timber rotation age or the Kyoto Protocol’s first commitment 

period) and potential leakages; and frequently ignored issues of additionality. Boyland (2006) 

further suggests that problems with economic analyses that are designed to identify which 

options are the most cost effective originate with the equations used to calculate the cost of 

sequestering or storing 1 tonne of carbon in forests. Many analyses use flow-summation or 

average storage methods (see also Richards and Andersson, 2001), which ignore the timing of 

sequestration when totalling carbon benefits (i.e. carbon sequestered in the future is treated 

equally with carbon sequestered in the present). Boyland (2006) suggests that only the 

discounted carbon method should be used, which includes a time value for carbon 

sequestration through a discount rate to calculate net present equivalent (NPE) for carbon 

benefits.  

In addition to problems with cost formulae, the next most important barrier to 

informative economic analyses of carbon projects involves landscape-levels costs and 

constraints (Pfaff et al, 2001; Boyland, 2006; McKenney et al, 2006). Landscape-level 

(primarily afforestation) projects are accompanied by a number of challenges on top of those 

found at the stand level: most of these relate to economic gradients across a wide geographic 

land base (particularly for countries such as Canada) or through time (Richards and 

Andersson, 2001). Ignoring these gradients by using average values ignores the opportunities 

presented on economically marginal lands and hides fundamental trends, such as diminishing 

marginal returns for carbon projects as lands with higher and higher timber profits are 

incorporated (Boyland, 2006; see also McKenney et al, 2004, 2006, and Sathaye et al, 2006, 

for challenges in predicting future carbon price scenarios, especially in relation to preventing 

deforestation). As Boyland (2006) suggests, including enough factors to be relevant but 

generalizing enough to make carbon offset projects manageable is an important balancing act 

in making analyses successful (see Pfaff et al, 2000, for a description of an interdisciplinary 
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model to assess the benefits of forest carbon sequestration, where economics and ecology 

form the building blocks of credible policy measures: see Figure 5.1). 

 

 
Figure 5.1 Simple integrated model for assessing the viability of forest carbon sequestration. 

Source: Pfaff et al (2000) 

 

One further difficulty, as cited by numerous authors, is that terrestrial carbon offsets are 

temporary and it is impossible, a priori, to determine how credits for temporary offsets will 

exchange for permanent CO2 emission reductions in carbon-trading markets (see Freedman 

and Keith, 1996; Pfaff et al, 2000; Irland et al, 2001; Marland et al, 2001; Richards and 

Andersson, 2001; Scott, 2001a, 2001b; Sedjo and Marland, 2003; van Kooten, 2004; van 

Kooten et al, 2007). As van Kooten et al (2007) point out, if the discount rate is 10%, then a 

temporary carbon offset will be worth only one tenth as much as a permanent CO2 emission 

reduction, making the sink option less attractive from a financial perspective (although this 

does not preclude tree planting for biodiversity as well as for carbon purposes).  If Canada, 

furthermore, is to remain committed to long-term climate mitigation, it must increase its 

emission-reduction target in the next Kyoto Protocol commitment period. It must then meet 

that target, plus the shortfall from the previous period. The problem is compounded by the 

fact that stored, and accounted for, carbon must technically remain in situ, which will be 

difficult given the non-permanence of forest sinks (van Kooten et al, 2007). 

Gitz et al (2006) add a further economic rationale to the debate by framing it in terms of 

the optimal timing for “acting under uncertainty”. In economic terms, the cost of biological 

carbon sequestration is not just a matter of investment, and of operating and maintenance 

costs; it also incorporates the opportunity costs of removing land from other uses (see also 

Irland et al, 2001). This raises the question of whether carbon sequestration in forests should 

(i) be used as a brake for net emission growth in the short term, taking advantage of cheap 

sequestration in order to gain time to allow for the large-scale generation of cheaper carbon-

saving technologies; or (ii) whether it should it be used as a safety valve, triggered later to 

reduce the costs of accelerating abatement (CO2 reduction) efforts in relation to global 

warming. Gitz et al (2006) suggest that in the first-case scenario, carbon sequestration 

provides a substantial margin of freedom for relaxing carbon constraints on the energy sector. 

From this follows the argument that: 
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� If fossil fuel abatement policies are not adequately implemented, it is economically 

unsound to use temporary sequestration measures since these will eventually add 

carbon to the atmosphere and, hence, increase the threat of climate change (Gitz et 

al, 2006; see also Richards and Andersson, 2001; Scott, 2001a, 2001b; and the point 

made by van Kooten et al, 2007, above). 

� The use of forests as carbon sinks alleviates but does not cancel the necessity of 

precautionary CO2 abatement measures in the energy sector. Indeed, sequestration 

acts only as a brake by limiting the rise (and rate of change) in atmospheric CO2 

(Gitz et al, 2006). 

 

 
Figure 5.2 The Carbon Flux Model: For policy-makers to implement effective management practices 

regarding carbon sequestration and carbon offsets, mutually agreed upon models of the forest carbon 

cycle must be used. This model considers the carbon that is offset by burning forest biomass or 

substituting for fossil fuel-intensive products, and accounts for the dramatic loss of carbon by 

conversion of forestland to non-forest uses, as well as emissions from harvesting activities and the 

creation of wood products.  

Source: Perschel et al (2007) 

 

Gitz et al (2006) thus view carbon sequestration as a safety valve, to be triggered in the case 

of “impending catastrophe” and not as a replacement for constraints on “acceptable” 

emissions. Sohngen and Sedjo (2006) differ in their results by suggesting that if governmental 

policy focuses on stringent targets, resulting in high and fairly stable carbon prices, large and 

long-term foreset sequestration programmes may be productive, although short-term stop-gap 
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measures (e.g. short-rotation timber crops) are ineffective as carbon offsets. Four additional 

points are highlighted by Scott (2001a, 2001b): 

 

� Is the equivalence assumption unrealistic? The idea of sinks as offsets rests on the 

premise that 1 atom of carbon sequestered in a tree is equal to 1 atom of carbon 

sequestered underground in fossil fuel reserves. Stone (2001a, 2001b) suggests that 

equivalence is only retained if carbon is held in forests or wood products in ways that 

ensure it will remain as stable as if it were in underground coal or oil reserves for 

over a century (the length of time that the unit of CO2 it offsets will have a radiative 

effect on the atmosphere; see Lohman, 2001). Any of the counted carbon-

sequestering wood that burns, rots or oxidizes undermines equivalence – so do 

forestry practices that release carbon from existing sinks. As an IPCC report states: 

“Enhancement of carbon stocks resulting from land-use change and forestry activities 

is potentially reversible through human activities, disturbances or environmental 

change, including climate change… This potential reversibility and non-permanence 

of stocks may require special attention with respect to accounting, for example, by 

ensuring that any credit for enhanced carbon stocks is balanced by accounting for any 

subsequent reductions in those carbon stocks, regardless of the cause” (IPCC, 2000). 

This proposed solution requires that for each tonne of carbon emitted, the polluter 

must sequester 1 tonne of carbon and keep it sequestered for the length of time that 

the emitted carbon remains in the atmosphere (see Oberthur and Ott, 1999). Stone 

(2001a, 2001b) notes that measuring and tracking carbon units for decades or 

centuries relies on the existence of institutions that can persist reliably over these 

periods to do this. 

� Is it possible to determine which sink enhancements merit recognition? Two key 

debates in climate change negotiations centre on additionality and leakage. Flexibility 

mechanisms outlined in the Kyoto Protocol require that offset credits are based on 

benefits that are additional to what would otherwise have occurred (Stone, 2001a). In 

order to gain credit, governments and institutions have to develop business-as-usual 

reference points as baselines. Concern arises where governments attempt to claim 

credit for actions they would have taken anyway (e.g. with regard to afforestation) 

since this negates progress made towards the goal of mitigating climate change (Pfaff 

et al, 2000). For example, without a baseline, nations would be able to gain credits 

that allowed them to pollute in a business-as-usual fashion, without making any 

changes to their land-use practices (as Van Kooten et al, 2007, suggest, Kyoto may 

help to conserve forests, but at the expense of greater pollution elsewhere). The 

leakage issue is also problematic. Leakage refers to unexpected loss of anticipated 
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global greenhouse gas reductions due to the displacement of activities leading to 

carbon emissions. For the sinks mechanism to retain credibility, Stone (2001a, 2001b) 

suggests that steps must be taken to ensure that increased carbon storage in one 

terrestrial ecosystem in one place does not hasten the release of carbon elsewhere 

(particularly in relation to deforestation). 

� Can a narrow emphasis on using forests for carbon sequestration result in negative 

environmental impacts, including the conversion of old-growth forests to short-

rotation stands? Interest in forests as carbon sinks has been linked to research that the 

CO2 content of the atmosphere may be reduced more efficiently by replacing old-

growth forests with intensively managed plantations (see Harmon et al, 1990). 

Accepted scientific findings (Sampson and Sedjo, 1997; Malhi et al, 1999; 

McKenney et al, 2004) indicate that rapidly growing short-rotation stands may 

sequester carbon faster than old growth by fixing atmospheric carbon through 

photosynthesis due to the fact that as trees grow and mature, the rate at which they fix 

carbon decreases because they have a lower net primary productivity (Harmon et al, 

1990). However, the rate of atmospheric carbon sequestration may be less important 

than the length of time during which carbon can be stored at the landscape level (see, 

in particular, Luyssaert et al, 2008, as well as McKenney, 2000; van Kooten et al, 

2004, 2007). According to 1999 Canadian Forest Service data, in Canada, which 

claims about 10% of the Earth’s forested area, the total store of carbon in forests is 

over 225 billion tonnes. The annual flux in carbon is much smaller in absolute terms: 

between 1920 and 1990, it averaged 118 million tonnes of uptake annually and recent 

evidence suggests that approximately 45 million tonnes of carbon may be released 

per year (Canadian Forest Service, 1999). Old-growth forests generally have small or 

negligible flows of carbon because net biomass accumulation is modest (Cohen et al, 

1996; Sampson and Sedjo, 1997); however, they do have significant stocks of carbon 

and can maintain these over the long term (Cohen et al, 1996; Li et al, 2002). Further 

research also suggests that until the rate of biomass accumulation exceeds the rate of 

decomposition, young plantations will still be a net source of carbon, and while it 

may take only a decade for such plantations to become sinks, it may take over a 

century for them to achieve carbon stocks as large as that of original old-growth 

forest (Janisch and Harmon, 2002, for example, found that regenerating stands took 

150 years to equal the mean total live and dead wood in an old-growth stand and that 

at a rotation age of 80 years, stored approximately half the wood C of remaining 

nearby old-growth forests, indicating that conversion of old-growth forests to younger 

managed forests results in a significant release of C to the atmosphere). Indeed, 

further research indicates that secondary growth will never sequester as much carbon 



 52 

as primary forests since modern commercial silvicultural practices generally produce 

forests with less volume (see Schulze et al, 2000). In contrast, initiatives to slow 

deforestation and to promote natural forest regeneration have been suggested as being 

able to offset as much as 12% to 15% of global fossil fuel carbon emissions from 

1995 to 2050 (Watson et al, 2001). 

� Will treating forest sinks as offsets divert attention from the critical work of cutting 

energy-related emissions? Studies suggest that genuine forest sink enhancements – 

initiatives focused on replanting degraded lands and structured to preclude damage to 

old growth, peatlands and other crucial existing sinks – may provide environmental 

benefit, but should, at best, be considered as complements to, rather than substitutes 

for, emission cuts (see Lohmann, 2001; Pfaffe, 2001; Boyland, 2006; Gitz et al, 2006; 

van Kooten et al, 2004, 2007), largely because forests as sinks are impermanent and 

the amount of land available for growing forests is limited. In sum, as Stone (2001a) 

points out, it is illogical to plant trees to offset continuing industrial emissions when 

the carbon sequestered is insufficient to offset emissions from the harvest and 

clearing of other forests. Instead, the focus should be on positive moves to cut energy 

consumption, improve efficiencies, promote sustainable technologies and develop 

other emission-reducing steps.  

 

6. CARBON STORAGE IN NATURAL AND MANAGED FORESTS BY MAJOR 

COMPARTMENT (INCLUDING THE SPECIAL CASE OF PLANTATION AND 

AFFORESTATION) IN THE CONTEXT OF CARBON SEQUESTRATION IN THE FORESTED 

LANDSCAPE 

Forests are a critical component of the carbon (C) cycle, storing over 80% of global terrestrial 

carbon (more than 1 x 1015 metric tonnes) in the form of living biomass, coarse woody debris, 

forest floor organic matter, and soils (Dixon et al, 1994; Pregitzer and Euskirchen, 2004); 

thus, their management has important implications for the concentration of greenhouse gas 

CO2 in the atmosphere (Houghton and Woodell, 1989; Post et al, 1990; Sedjo and Solomon, 

1991; Shulze et al, 2000; Harmon, 2001; Tremblay et al, 2006; Gough et al, 2008a). In the 

Northern Hemisphere, forests are estimated to sequester up to 7 x 108  metric tonnes of C 

annually (Goodale et al, 2002a), or nearly 10% of current global fossil fuels C emissions 

(IPCC, 2007). However, there is a great deal of variation in the capacity of individual forest 

ecosystems to sequester C, and annual rates of forest C storage vary across latitudes due to 

broad gradients in community composition (tree species and vegetation type; see Figure 6.1) 

(Paul et al, 2002; Vogt et al, 2005; Perschel et al, 2007); soil type (Côté et al, 2000; Vejre et 

al, 2003); soil texture (Ladegaard-Pedersen et al, 2005); mineralogy (Torn et al, 1997); 
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climate, growing season length, precipitation and temperature (Liski et al, 1999; Giardina and 

Ryan, 2000; Davidson and Janssens, 2006; Fleming et al, 2006; Tewksbury and Van 

Miegroet, 2007); and solar radiation (Pregitzer and Euskirchen, 2004; Gough et al, 2008a). 

The degree to which the potential of forests to store and cycle C is being met is also variable 

and has taken on increased importance in the wake of the Kyoto Protocol (Harmon, 2001). 

Clearing of forests for agriculture (Hall and Uhlig, 1991), harvesting for commercial forest 

products (Houghton et al, 1983, 1987; Harmon et al, 1990) and the removal of non-

commercial products such as fuelwood and biomass for bioenergy (Brown et al, 1991; 

Houghton, 1991; Kelty et al, 2008) have all reduced the amount of C stored in forests. Other 

management activities such as afforestation, fertilization in plantation forestry, and protection 

from fire and insects have been reported to increase amounts of C stored by forests (see Tans 

et al, 1990; Kauppi et al, 1992; Cias et al, 1995; Salam and Noguchi, 2005; Eriksson et al, 

2007), although the effects of other common practices such as thinning, partial cutting and 

species replacement is uncertain as the focus of past research has been on harvestable volume 

and economic value, as well as environmental implications, rather than on C sequestration.  

 

 
Figure 6.1 Forest carbon stocks by forest type in the US northeast: according to this study, 38% of 

carbon is stored in alive above-ground biomass; 8% in alive below-ground biomass; 6% in deadwood; 

10% in forest litter; and 38% in soil organic matter. 

Source: Perschel et al (2007) 
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Understanding how variation in annual carbon storage is controlled at the ecosystem scale is 

central to any approach that uses forest C sequestration to mitigate anthropogenic CO2 

emissions. Research highlighting significant advances in determining the carbon balance of 

forests is summarized here, although it is apparent that critical uncertainties still remain, 

particularly in the behaviour of soil carbon stocks (Malhi et al, 1999; Gough et al, 2008a). 

 

6.1 Quantifying annual forest carbon storage 

The net carbon budget of a forest is a fine balance between processes of carbon acquisition 

(photosynthesis, tree growth, forest ageing and carbon accumulation in soils) and processes of 

carbon release (respiration of living biomass, tree mortality, microbial decomposition of litter, 

oxidation of soil carbon, degradation and disturbance) (Malhi et al, 1999; Körner, 2003). 

These processes operate on a variety of time scales from diurnal to seasonal, interannual, 

interdecadal and beyond, and are influenced by a number of climatic and environmental 

variables, such as climate, temperature, moisture availability and frequency of disturbance 

(Liski et al, 1999; Dixon et al, 1994; Giardina and Ryan, 2000; Pregitzer and Euskirchen, 

2004; Davidson and Jamssens, 2006; Risk et al, 2008). In a meta-analysis of 32 ecosystem 

warming experiments, for example, Rustad et al (2001) found that higher soil temperatures 

stimulate CO2 emission from soils, although concurrent increases in nutrient availability and 

higher atmospheric CO2 levels may enhance net primary productivity and C input to soils (see 

Kirschbaum, 1995; Melillo et al, 2002; Tewksbury and Van Miegroet, 2007). In addition, 

there are significant differences between forest types such as tropical, temperate and boreal 

forest biomes (Malhi et al, 1999). Two empirical methods exist for quantifying annual forest 

carbon storage. Ecological and meteorological measurements of C fluxes between forests and 

the atmosphere play complementary roles in quantifying spatial and temporal patterns of 

ecosystem C storage (Gough et al, 2008a). While most research focuses on either one or the 

other approach, concurrent measurements have been shown to allow good independent 

assessments of C storage rates and are important for gauging the accuracy of annual C storage 

estimates since many sources of uncertainty are associated with both approaches (Schmid et 

al, 2003; Curtis et al, 2005; Gough et al, 2008b).  

Ecological estimates of C storage rely on direct and indirect measurements of C gains 

and losses by a forest ecosystem’s C pools. Usually this approach includes direct or inferred 

estimates of wood, leaf litter, woody debris and root mass production or loss; biomass losses 

to herbivory; and respiratory C losses by soil decomposers or soil heterotrophic respiration 

(Ouimet et al, 2007; Gough et al, 2008a; see Figure 6.2). The sum of all C gains and losses 

over a year is the ecological estimate of annual forest C storage. In brief, the amount of C 

fixed by forest ecosystems and stored in organic matter is related to forest net primary 

productivity (NPP), defined as total plant photosynthesis minus plant respiration (Janisch and 
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Harmon, 2002). Annual rates of NPP include all plant matter produced in a year (e.g. foliage, 

fine roots, woody stems and branches, as well as woody roots), while the mortality of whole 

trees or of branches, leaves and roots is not subtracted (Dixon et al, 1994; Kelty et al, 2008). 

Net ecosystem productivity (NEP) is defined as total photosynthesis minus total ecosystem 

respiration (Janisch and Harmon, 2002), which includes the respiration of microbes, insects 

and all other microfauna that consume and decompose biomass. Thus, all annual rates of NEP 

include all plant matter produced in a year minus all decomposition during that year (Janisch 

and Harmon, 2002). NPP measurements are useful for understanding the pattern of carbon 

sequestration over time (see Körner, 2003; Boyland, 2006); however, the ultimate measure of 

carbon sequestration rate is NEP since it represents the balance of carbon input through 

biomass production to carbon output through biomass decomposition (Dixon et al, 1994). 

When photosynthetic rates are greater than ecosystem respiration rates (i.e. NEP is positive), 

biomass accumulates and the forest ecosystems is considered to be a sink. A forest ecosystem 

is considered to be a carbon source when respiration exceeds photosynthesis and there is a net 

flux (loss) of CO2 from the ecosystem (Körner, 2003; Fleming et al, 2006b). 

 

 
 

Figure 6.2 Ecological and meteorological approaches to measuring annual forest carbon storage. 

Note: Independent ecological and meteorological methods are used to derive estimates of annual forest 

carbon (C) storage. Ecological C storage is the sum of annual live (L: wood) and dead (D: leaf, wood 

and fine root litter) mass production, as well as annual herbivory losses (H), minus annual 

heterotrophic respiration (Rh). Meteorological annual C storage is the difference between annual gross 

photosynthesis (Pg) and ecosystem respiration (Re) estimated using the eddy-covariance in which 

ecosystem CO2 fluxes are correlated with the upward and downward motion of air. Here, short-term 

ecosystem C fluxes (F) are calculated as the average covariance between fluctuations in vertical wind 
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speed (w) and the CO2 mixing ratio (c), plus changes in c integrated across vertical height (h) above the 

forest floor over time (t). Meteorological annual C storage is the cumulative sum of CO2 exchange over 

one year between forest and atmosphere. Boxed and circled figures refer to estimates from the 

University of Michigan Biological Station (UMBS) forest in 2000. Note that agreement between 

methods has been observed to improve with multiple years of C storage data because there is a lag 

between photosynthetic C uptake, estimated meteorologically, and growth, estimated ecologically. At 

UMBS, mean ecological and meteorological estimates of annual C storage converted to within 1% of 

each other over five years (1999–2003). 

Source: Gough et al (2008a) 

 

Gough et al (2008a, 2008b) provide a detailed description of the methodology for ecological 

approaches to measuring forest C storage. In brief, above-ground wood, including stems and 

branches, is not easily measured at the ecosystem scale; instead, species-specific above-

ground wood mass is generally inferred from equations relating to tree diameter to wood mass 

(see also Ter-Michaelian and Korzukhinn, 1997). Below-ground wood, or coarse root mass, 

can be estimated as a function of tree diameter, or soil cores can be collected and root mass 

scaled to the whole ecosystem (Gough et al, 2008b). Wood production is the incremental 

change in mass between two measurement periods. Leaf and fine woody debris production is 

measured directly using litter traps positioned on the forest floor to collect fallen leaves and 

debris (Gough et al, 2008b). Coarse woody debris production is frequently measured from 

field surveys of dead wood volume and density (Gough et al, 2007), while fine root 

production is measured directly or as the product of standing fine root mass and fine root 

turnover. Root production can be measured directly using in-growth cores (mesh cores 

containing root-free soil are inserted into the ground and fine root ingrowth is quantified) 

(Gough et al, 2008a, 2008b). Standing fine root mass is generally estimated from soil cores; 

fine root turnover can be estimated from equations relating turnover to soil nitrogen 

availability (see Raich and Nadelhoffer, 1989) or to soil temperature (Gough et al, 2008b). 

Annual foliar losses to herbivory are estimated by measuring damage to green leaves and 

shoots; by collecting insect faeces below the canopy; and through herbivore feeding trials 

relating to leaf mass to faeces production (Gough et al, 2008b). Carbon loss from soil 

heterotrophic respiration – part of the decomposition of soil organic matter – must also be 

accurately estimated. Briefly, respiratory C losses from soil heterotrophs are usually estimated 

by measuring soil surface CO2 efflux and dividing this flux into respiration derived from 

heterotrophic and plant sources – but see Hanson et al (2000) for a thorough review of all 

methods. Finally, annual forest C storage is the sum of C growth of all biomass pools minus 

respiration from soil organic matter decomposition. 
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 Meteorological methods for estimating annual forest C storage depend upon 

continuous high-frequency (10 per second) measurements of three-dimensional wind speed 

and CO2 concentrations above the forest canopy using a sonic anemometer and infrared gas 

analyser (Körner, 2003; Gough et al, 2008b). An eddy-covariance statistical method is then 

used to estimate forest C fluxes from wind and CO2 data (see Baldocchi, 2003; Schmid et al, 

2003; Gough et al, 2008a, 2008b). In this approach, the vertical transport of air packets (or 

eddies) covaries with the flux of CO2 into or out of the forest canopy. The net movement of 

CO2 into the forest indicates that ecosystem photosynthesis is greater than respiration; in turn, 

CO2 transport from the forest to the atmosphere suggests that respiration exceeds 

photosynthesis. Meteorological methods can measure forest C fluxes from over several 

hectares to many square kilometres (Fleming et al, 2006b), while the area of forest that is 

measured varies with weather conditions because wind speed affects the distance that CO2 

travels before it is sampled. The year-long sum of C fluxes into and out of forests thus 

represents the annual forest C storage (Fleming et al, 2006b), and Gough et al (2008a) note 

that mean meteorological estimates of C storage should converge with ecological estimates 

within five years (see Figure 6.1). 

 

6.2 Carbon stores in forest soils  

Soils represent a large and extremely important global C reservoir and potential sink that, if 

carefully managed, may be used to offset CO2 emissions to the atmosphere via soil C 

sequestration mechanisms (Swift, 2001; Wang and Hsieh, 2002; Lal, 2005; Jones et al, 2008). 

Forest soils are particularly important in this regard because they account for more than 70% 

of the world’s soil organic C reserves and the forests they support contain more than 80% of 

total above-ground terrestrial C stocks (Dixon et al, 1994; Pregitzer and Euskirchen, 2004; 

Jandl et al, 2007). According to Dixon et al (1994), 69% of global carbon in forest ecosystems 

is stored as soil organic matter, and 31% as living biomass. However, there is a marked 

contrast between high latitude and tropical forests: in the temperate and boreal zone, 84% of 

carbon is stored in soil organic matter and only 16% in active living biomass, whereas in the 

tropics, carbon is partitioned more or less equally between vegetation and soil (Dixon et al, 

1994). The primary cause for this difference is temperature, which at high latitudes limits the 

growing season and restricts decomposition and nutrient cycling, but at low latitudes 

encourages rapid decomposition of soil organic matter and rapid recycling of nutrients into 

vegetation growth (Vogt et al, 1996; Malhi et al, 1999; see Asfaw et al, 2007, for an 

assessment of differences in soil carbon stores due to variations in seasonal temperature, in 

conjunction with changes in microtopography and harvesting, in Nova Scotia). This contrast 

between these biomes may result in very different responses to global climate change. 

Furthermore, although the quality and quantity of inputs affect the storage of C in forest 
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floors, abiotic factors controlling C loss may be more important in determining C storage in 

temperate and boreal ecosystems (Simmons et al, 1996; Vogt et al, 1996; Tewksbury and Van 

Miegroet, 2007). Forest harvest, for example, may have a significant effect on forest floor 

structure and function through mechanical disturbance, inputs of logging slash, alterations in 

litter production and leaching of dissolved organic matter, as well as changes in temperature 

and moisture regimes, and estimates of the effect of forest harvest on soil C storage are 

critical to predicting local ecosystem sustainability and global C exchange with the 

atmosphere (Yanai et al, 2000; Asfaw et al, 2007; Weishampel et al, 2009). Carbon stocks 

and rates of sequestration in forest soils, then, are influenced by a combination of factors such 

as tree species, soil characteristics, climate and management practices – all of which interact 

in a complex manner with time (Lal, 2005). In addition, substantial uncertainty, resulting 

from natural variability, the use of nonstandardized methods and incomplete data, surrounds 

the magnitudes and turnover rates of soil C pools (Malhi et al, 1999; Wang and Hsieh, 2002; 

for a detailed description of measuring and interpreting C and N pools in soil horizons, see 

Vejre et al, 2003; for simulation models predicting soil organic carbon stores, see Grace et al, 

2006).  

Research published within the last 20 years has considered the impacts of various 

forest management practices on soil C storage or sequestration (Powers et al, 1990; Kurz and 

Apps, 1999; Malhi et al, 1999; Yanai et al, 2000; Johnson and Curtis, 2001; Curtis et al, 2002; 

Harmon et al, 2002; Kurz et al, 2002; Melillo et al, 2002; Vejre et al, 2003; Yanai et al, 2003; 

Grace et al, 2006; Miller et al, 2006; Powers, 2006; Tremblay et al 2006; Asfaw et al, 2007; 

Bekele et al, 2007; Eriksson et al, 2007; Jandl et al, 2007; Ouitmet et al, 2007; Tewksbury and 

Miegroet, 2007; Gough et al, 2008a, 2008b; Jones et al, 2008; Diochon et al, 2009; 

Weishampel et al, 2009; Vávřová et al, 2009). While earlier literature provided conflicting 

evidence regarding the impacts of forest harvesting on soil C, with some studies showing 

increases, others decreases and the majority little or no change (Johnson and Todd, 1998). In 

a more recent meta-analysis of reported results, Johnson and Curtis (2001) suggest that 

different harvesting methods (resulting in either the removal or retention of harvest residues) 

produce significant contrasting effects on topsoil C and N. Stem-only harvesting (i.e. residue 

retention) tends to cause increases in topsoil C and N, whereas whole-tree harvesting (i.e. 

residue removal) results in decreases (Johnson and Curtis, 2001). Jandl et al (2007) note that 

the impacts associated with different harvesting and residue management treatments tend to 

diminish with time, although they also suggest that it is important to make the distinction 

between labile and stable pools of soil C with respect to management impacts. For instance, 

Carlyle (1993) observed that the majority of forest harvesting and site preparation activities 

appear to diminish the size of the labile soil C pool; because this loss can be offset by residue 

retention or resumed litter inputs, however, the effect is probably temporary and only 
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reductions in the stable pool are likely to persist in the long term. Furthermore, Carlyle (1993) 

and, more recently, Bauhus et al (2002) and Homann et al (2004) found that it is important to 

analyse mineral soil coarse fractions in studies involving soil C stock assessment. Almost all 

studies determine C stocks in the mineral soil fine (<2mm) fraction and ignore potential 

stocks contained within the coarse (>2mm) fraction of forest soils (see also Gough et al, 

2008a). Age-related variations in carbon storage and dynamics in the soil organic layer 

(specifically below 20cm) were more recently investigated by Diochon et al (2009), who 

concluded that storage of C reached a minimum 32 years post-harvest in a first-rotation red 

spruce stand, at which time C stores were approximately 50% that of intact forest. However, 

storage approached the range of intact forest approximately 100 years post-harvest, with 

concentrations of carbon below 20cm possibly driving temporal trends in whole soil storage – 

suggesting that further emphasis should be placed upon examining carbon below 20cm when 

evaluating the sequestration potential of intensive forest management. 

The three harvest residue management treatments most commonly applied and 

compared in recent forest soil carbon studies are stem-only harvesting, whole-tree harvesting 

and whole-tree harvesting plus forest floor removal (e.g. Smethurst and Nambiar, 1990; 

Johnson and Todd, 1998; Smith et al, 2000; Laiho et al, 2003; Tan et al, 2005; Jones et al, 

2008). In addition to comparing treatments, comparisons are often made with preharvest 

conditions (e.g. Huntington and Ryan, 1990; Johnson and Todd, 1998; Belleau et al, 2006). In 

most cases, impacts on soil C and N have been examined within the first ten years following 

harvest or treatment application (e.g. Huntington and Ryan, 1990; Mendham et al, 2002; 

Powers et al, 2005; Belleau et al, 2006; Jones et al, 2008), with only a few studies 

investigating treatment effects beyond ten years (see Olsson et al, 1996; Johnson and Todd, 

1998; Thiffault et al, 2006; Eriksson et al, 2007; Jones et al, 2008). Almost all studies of 

shorter-term (≤10 year) effects found at least some significant treatment differences and 

overwhelmingly showed that treatments that retained residues tended to increase the levels of 

C and N (or microbial biomass C and N), whereas treatments that removed residues, forest 

floor materials, or both tended to decrease levels of C and N (see Merino et al, 1998, 2004; 

Mendham et al, 2002, 2003; Laiho et al, 2003; Chen and Xu, 2005; Powers et al, 2005; Tan et 

al, 2005; Belleau et al, 2006). Declines in soil organic carbon stock following harvesting also 

depend upon management practices such as rotation length and thinning (with longer rotation 

lengths reported as increasing C stocks: see Kaipainen et al, 2004), while fertilization, which 

increases the production of litter that enters the soil, has been reported to influence the 

decomposition of soil organic C. Martikainen et al (1989) found that CO2 release decreases 

after application of N fertilizer in plantations, resulting in a larger carbon stock. Of the later 

studies, several reported significant treatment effects. In a study assessing the impacts of 

harvest residue management on forest floor and mineral soil C and N stocks in a mid-rotation 
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plantation, Jones et al (2008) found that after a period of 17 years, the removal of forest floor 

material and harvest residues was sufficient to limit the accumulation of C in the top 0m–

0.1m of mineral soil, and that retention of harvest residues resulting from conventional (stem-

only) harvesting led to significantly greater C stocks in the total mineral soil, forest floor and 

total soil pools than the removal of harvest residues plus forest floor. In Thiffault et al (2006), 

whole-tree harvesting also resulted in less soil organic C than stem-only harvesting. These 

findings highlight the importance of retaining the forest floor for maintaining soil C stocks as 

well as for tree nutrition in plantation forest soils, and that while the harvest residue 

management impacts are largely restricted to the forest floor and top 0.1m of mineral soil, 

they should be retained on site and disturbance avoided (see also Smith et al, 2000; Powers et 

al, 2005; Belleau et al, 2006).  

According to Article 3.3 of the Kyoto Protocol, signatory countries can subtract from 

their emissions CO2 accumulated in carbon sinks, notably non-forested areas planted on 

marginal agricultural land (IPCC, 2000). In order for Canada’s targeted 6% reduction of 

greenhouse gas emissions to reach below 1990 levels in the first commitment period of 2008–

2012, carbon must be sequestered in stands planted on land that has not been forested for at 

least 50 years (afforestation), or on land that was forested but converted to non-forested land 

before 1990 (Tremblay et al, 2006; Ouimet et al, 2007). Bouwman and Leemans (1995) 

suggest that approximately 50 Mg ha-1 of organic C can be sequestered in soils within a 30-

year period through afforestation of recently used arable land. In contrast, other studies found 

that within this time span, organic C accumulation in afforested soils was negligible 

(Vesterdal et al, 2002) or even negative (Tremblay et al, 2006). In a meta-analysis of soil 

organic C stocks and land-use change, Guo and Gifford (2002) found that conversion from 

crop to plantation increased soil organic C storage by 18%; but conversion from pasture to 

plantation did not change C storage or even decreased it by 10% in higher rainfall areas.  

Ouimet et al (2007) highlight the importance of taking local factors into account in 

order to provide a more solid basis for monitoring or reporting changes in organic C in forest 

soils over time. In a long-term (50-year) study of former farmland in southern Quebec, 

Ouimet et al (2007) estimated organic C stocks of three different ecosystems compartments – 

vegetation biomass, forest floor and mineral soil – inferring their storage rates over time 

based on a chronosequence of afforestation sites with red pine. The high number of sites 

(348) studied also permitted the investigation of the effects of soil order, drainage and texture 

on the distribution of organic C stocks in these compartments. Results indicated that red pine 

plantations on fallow farmland soils in southern Quebec could be considered to have among 

the highest potentials for organic C storage compared with other commonly planted tree 

species, in the order of 0.56 Mg C ha-1 year-1 in the forest floor, 0.86Mg C ha-1 year-1 in loamy 

mineral soils (0–100cm) and 2.33 Mg C ha-1 year-1 in the whole ecosystem over a 22-year 
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period. Ouimet et al (2007) suggest that during afforestation, organic C in soils accumulates 

mainly on the soil to form the forest floor and in the subsoil of loam soils (30–100cm of the 

mineral soil); no significant accumulation was found in sandy soils over the period covered 

by the 50-year chronosequence.  

 

6.3 Carbon stores in above-ground biomass and deadwood  

The pattern of carbon storage during stand development in the living above-ground biomass 

of forest ecosystems is also of great significance to forest management and to assessments of 

carbon reserves. In a global meta-analysis of field studies of carbon cycling and storage, 

Pregitzer and Euskirchen (2004) determined the average rates of net primary productivity 

(NPP) and net ecosystem productivity (NEP) over stand ages after stand-replacing 

disturbances to old growth forests (i.e. patterns of productivity beginning with disturbance at 

age 0 and progressing to old-growth status). Growth trends (measured in Mg of C ha-1 year-1) 

in NPP revealed an increase from 0–10 years (when the stand has an open canopy) to 11–30 

years (canopy closure), when maximum biomass rates are attained, with a subsequent gradual 

decline corresponding to increasing stand age. Hypotheses for the decline in biomass 

production have been suggested as follows: (i) canopy density is reduced as trees grow taller  

 

 
Figure 6.3 Photosynthesis, nutrient supply and respiration: the carbon cycle of a forest ecosystem. For 

forests, 1MJ of absorbed photosynthetically active radiation yields 1g of biomass, an efficiency of 

approximately 1.8%. Of the carbon fixed in photosynthesis in forests, roughly 50–70% is lost to 

respiration of foliage, woody tissue and fine roots, and associated symbionts. 

Source: Ryan et al (1997)  
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and are exposed to wind effects, causing breakage of fine twigs, canopy gaps between crowns 

and total leaf area to decline; (ii) nutrients become stored in woody portions of living 

biomass, reducing nutrients available for leaf function; (iii) diverse stand structure containing 

dominant and suppressed trees may not be as efficient at biomass production as the structure 

of younger stands with a single canopy layer of trees of uniform crown size; (iv) and plant 

maintenance rates increase as trees mature, although photosynthesis remains constant (see 

Ryan et al, 1997, for a detailed explanation of carbon allocation in woody plants). 

NEP trends reported by Pregitzer and Euskirchen (2004) show young forests as 

carbon sources (i.e. ecosystem respiration rates exceed primary production), resulting from 

partially open forest canopies, which reduces total photosynthetic rate and increases in the 

rate of decomposition of the forest floor and coarse woody debris (see also Gielen and 

Ceulemans, 2001, for an assessment of carbons stores in young rapidly growing poplar 

stands). Increased decomposition is suggested by Pregitzer and Euskirchen (2004) to be a 

result of warmer temperatures and increased moisture due to reduced evapotranspiration. In 

contrast, forests in the 11–30 year age class (young closed-canopy stands) have the highest 

net rates of carbon fixation (with high NPP and lowered decomposition rates). Intermediate-

aged (30–120 years) and older (120–200 years) forests then show gradually declining NEP 

values. The decline in NPP and the decomposition of senescent and dead trees reduce total 

carbon fixation of older forest stands; however, studies suggest that old growth still acts as 

carbon sinks (Harmon et al, 1990; Malhi et al, 1999; Pregitzer and Euskirchen, 2004; 

McKenney, 2000; van Kooten et al, 2004, 2007), while some research suggests that old-

growth can shift from sinks to sources as temperature and rainfall vary (Ryan et al, 1997; 

Suchanek et al, 2004) (see also section 5). In a meta-analysis of forest carbon flux estimates 

for the Northern Hemisphere, Luyssaert et al (2008) similarly found that old-growth stands 

remove CO2 from the atmosphere at rates that vary with climate and nitrogen deposition. 

However, contrary to the premise that ageing forests cease to accumulate carbon, their 

research suggests that in forests between 15 and 800 years of age, net ecosystem productivity 

is usually positive and that old-growth forests can continue to accumulate carbon contrary to 

the long-standing view that they are carbon neutral. With half of the world’s primary forests 

(6 x 108 ha) located in the boreal and temporal regions of the Northern Hemisphere, Luyssaert 

et al (2008) suggest that these forests alone sequester approximately 1.3 ± 0.5 Gt C per year, 

providing at least 10% of global net ecosystem productivity.  

In terms of tree physiology, stemwood may account for the greatest stores of carbon 

in above-ground biomass, followed by coarse roots and branches (see Ryan et al, 1997, for 

forest biomass production in relation to carbon stores). Gough et al (2008a) found that 

stemwood accounted for 95% of carbon stocks in living trees, although the contribution to the 

total C pool varied with forest age, while coarse root biomass (which persist longer after 
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harvest, providing a longer-term C storage mechanism than fine roots, which tend to 

decompose quickly) were found to contain significant C stores by Miller et al (2006). 

Pregitzer and Euskirchen’s (2004) description of NPP and NEP trends (which 

represent annual rates of carbon balance), should not be confused with the change in total 

amount of carbon stored in a forest stand over time (see also Kelty et al, 2008). Total carbon 

stocks in temperate forests are also described by Pregitzer and Euskirchen (2004) as showing 

a steady increase after the 0–10 year establishment stage (with mean values for temperate 

forests ranging from 100Mg C ha-1 in the 0–10 year stage to 500Mg C ha-1 at the 121–200 

year stage). Other studies have similarly shown an increase in forest ecosystem carbon pools 

with stand age (Curtis et al, 2002; Hooker and Compton, 2003; Yanai et al, 2003; Gaboury et 

al, 2009). 

 The long history of the commercial use of temperate and boreal forests has resulted in 

extensive records of forest inventories and changes in land use (Malhi et al, 1999). Numerous 

studies, as a result, have estimated forest biomass changes not only in mature forests, but also 

across the patchwork of forest landscapes affected by natural disturbance and human activity, 

and syntheses of forest inventory data have been published for Canada (see Apps and Kurz, 

1994), the US (Turner et al, 1995) and elsewhere. By compiling and comparing such data, 

Dixon et al (1994) estimated that northern temperate and boreal forests were accumulating 0.7 

± 0.2Gt C year-1, with Houghton (1996) estimating a net uptake of 0.8 Gt C year-1. In an 

analysis of the carbon budget of Canada’s forests (1920–1989), Kurz et al (2002) found that 

Canadian forest ecosystems have been a C sink of approximately 0.2 Gt C year-1, attributing 

their results to a shift in forest age-class structure towards a greater average forest age. Kurz 

et al (2002) suggest that forest disturbances, which largely determine Canadian forest 

dynamics on a time scale of decades, appear to have been less frequent in the period of 1920 

to 1970 than in previous decades, although increases were apparent during 1970 to 1989, 

contributing to a decrease in the C sinks. In addition, Kurz et al (2002) suggest that forests 

which are subject to large-scale fluctuations in disturbance regimes on a time-scale 

comparable to tree lifetimes do not appear to reach an equilibrium C-exchange with the 

atmosphere, and that assessing C budgets requires accounting for the carbon dynamics of 

entire forest areas, not merely for that portion recently affected by anthropogenic disturbance. 

 Conflicting results for stand-level analyses on strategies to conserve or absorb C 

primarily relate to the way in which woody slash and deadwood is treated (see Harmon and 

Marks, 2002) (see also following sub-section). Studies that exclude woody slash and soils 

have typically found management treatments such as clear-cutting to increase C stores in 

forest ecosystems (e.g. Birdsey, 1992), while those that include these pools do not (see 

Harmon et al, 1990; Krankina and Harmon, 1994). Disagreement over the role of plantations 

in C balances is also documented in stand-level analyses. For example, conversion of older 
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forest to younger stands has generally been shown to release C to the atmosphere (Cooper, 

1983; Cropper and Ewel, 1987; Harmon et al, 1990; Dewar, 1991; Schulze et al, 2000), while 

intensive management practices such as the creation of plantations have also been shown to 

increase C stores in forests (see Sedjo and Solomon, 1991; Kauppi et al, 1992; Kershaw et al, 

1993; Johnsen et al, 2001). As Harmon and Marks (2002) suggest, these differences stem in 

part from the selection of initial conditions. Establishing plantation forests on sites with 

degraded soils or sites that have been deforested can result in significant uptake of C. Planting 

the same forests on sites formerly occupied by old growth can result in significant C loss to 

the atmosphere depending upon the type and age of forest (Harmon and Marks, 2002). It is 

interesting to compare such findings with the meta-analysis of carbon sinks in the Northern 

Hemisphere by Goodale et al (2002a) (see Figure 6.4). In Canada, where large disturbances 

occurred many years earlier than in Russia, modelled decomposition of deadwood from past 

disturbances exceeded estimated production of deadwood during 1990–1994. According to  

 

 

 
Figure 6.4 Net change in forest-sector carbon pools according to a meta-analysis of carbon sinks in 
the Northern Hemisphere. Positive values represent carbon sinks, and negative values represent 
carbon sources to the atmosphere. SOC = soil organic carbon; ‘‘n.a.’’ indicates that data were not 
available. 
Source: Goodale et al (2002a) 

 



 65 

Goodale et al (2002a), total accumulation of deadwood across the northern temperate and 

boreal zone amounted to a sink of approximately 0.15Pg C year-1 during the late 1980s and 

early 1990s, while net accumulation of harvested wood in the form of long-lived forest 

products and in landfills represented an additional C sink in the forest sector of about 0.08Pg 

C year-1 combined within Canada, the US, Europe and Russia for the late 1980s and early 

1990s (see Figure 6.3) (1 Pg [petagram] = 1 billion metric tonnes of C). Modelled losses of 

forest floor material and soil organic carbon (SOC) in Canada and Russia exceeded modelled 

accumulation in the US and Europe to the extent that the forest floor was estimated to be a net 

source of about 0.08Pg C year-1 across the northern temperate and boreal zone. Goodale et al 

(2002a) suggest that for soil organic carbon, the best modelled estimates available indicate 

that SOC is accumulating 0.21Pg C year-1 through the incorporation of dead organic matter 

from past disturbances in Canada, through long-term humification processes in Russia, 

through reversion of agricultural lands to forest in the US, and through increased forest 

productivity in Europe.  

 

6.4 Constraints on carbon storage in relation to the removal of biomass 

One of the fundamental differences between the effects of harvesting and natural disturbance 

on forest carbon dynamics is the fate of biomass and dead organic matter C pools after 

disturbance. Soil C has been found to remain relatively stable after many of these 

disturbances unless followed by extreme treatment (e.g. cultivation, slash burning and 

windrowing) (Johnson, 1992; Mattson and Smith 1993); however, more biomass C is 

generally removed and less dead organic matter C remains on site after harvesting than during 

natural disturbance (Krankina and Harmon 1994; Duvall and Grigal 1999; Thornley and 

Cannell 2000; McRae et al, 2001; Harmon and Marks 2002). Clear-cutting, for example, 

removes 70% to 90% of standing biomass from a site (Colombo et al, 2005), although 

depending upon logging method, tops, branches and foliage may be left behind, increasing the 

deadwood C pool. For partial-cut silvicultural systems, total forest C after harvest is 

comparatively high due to the portion of standing biomass that remains in residual overstorey 

trees (Colombo et al, 2005; Salam and Noguchi, 2005; Eriksson et al, 2007). Greater relative 

slash inputs to the dead organic matter pool also occur with partial cutting since cut-to-length 

and tree-length harvest may be used to minimize damage to overstorey trees and advance 

regeneration. Litter inputs from the residual overstorey can further help to minimize post-

harvest reductions in the dead organic matter pool, while the sheltering effect of a partial 

canopy on the understorey environment may reduce decomposition and losses from the forest 

soil C pool (Dixon et al, 1994).  

In contrast, removal of biomass from forests for the purposes of generating biofuel 

directly competes with the function of forests as carbon sinks (Harmon et al, 1990; Harmon 
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and Marks, 2002; Gough et al, 2008a; Kelty et al, 2008). Full-tree harvesting removes a larger 

proportion of aboveground tree biomass than cut-to-length and tree-length logging methods, 

while the extraction of branches and foliage, along with the stem, eliminates nutrient-rich 

organic matter (Freedman et al, 1986; Foster and Morrison, 1987; Titus et al, 1998; Morrison, 

1990; Morrison et al, 1993; Colombo et al, 2005). Biomass utilization has been shown to 

affect forest C dynamics by influencing the size and composition of post-harvest dead organic 

matter C pools, long-term site productivity and the rate of stand regeneration. Logging 

residues, for example, can be greatly reduced by full-tree harvesting (McInnis and Roberts, 

1995), while lower slash (forest detritus) loads have raised concerns that soil C may decline 

as a result of reduced organic matter inputs (Hendrickson et al, 1989; Johnson, 1992) and by 

creating a forest floor micro-environment more favourable for soil respiration (Hendrickson et 

al, 1989). In a meta-analysis of the long-term effects of biomass harvesting intensity on soil C 

(based on field trials comparing full-tree with tree-length logging), Johnson and Curtis (2001) 

found that harvesting method had a significant impact upon soil C, with full-tree logging 

decreasing soil carbon by an average of 6%, and tree-length harvesting increasing soil C by 

18% (Johnson and Curtis, 2001). These and other results also suggest that the effects of 

biomass utilization on soil C may be more pronounced for coniferous species, with 

preliminary field trials indicating that soil C in hardwood and mixedwoods may be less 

affected by biomass utilization (Knoepp and Swank, 1997; Johnson and Curtis, 2001), 

although Duckert and Morris (2001) states that the influence of biomass harvesting on the C 

dynamics of northern coniferous forests is still poorly understood.  

Intensive removal of biomass has also been reported to influence the physical, 

chemical and biological properties forest soils, which in turn affects site productivity and 

forest carbon cycles (Johnson et al, 2002) (see section 1.4). In the short term, organic matter 

removal can reduce microbial biomass, non-symbiotic N-fixation, mycorrhizal populations 

and soil fauna, all of which may diminish site productivity (Jurgensen et al, 1997; Marshall, 

2000; Moore et al, 2002; see section 1.4). The removal of nutrients in foliar and fine woody 

tissues may further reduce long-term site productivity depending upon plant available nutrient 

pools and their natural replenishment through, for example, weathering, precipitation, dry 

deposition, mineralization and biological N-fixation (Weetman and Webber, 1972; Kimmins, 

1977; Aber et al, 1978, 1995, 2003; Jurgensen et al, 1997). Early studies of the nutrient 

budgets of northern US forest types have indicated that additional nutrient losses of 15% to 

almost 400% could result from full-tree harvesting compared with conventional, less 

intensive silvicultural methods (see Freedman et al, 1981, 1986), especially on poorer quality 

sites with low nutrient reserves and/or thinner soils (Boyle et al, 1973; Alban et al, 1978; 

Weetman and Algar, 1983; Freedman et al, 1981, 1986; Hendrickson et al, 1987, 1989; Egnell 

and Leijon, 1999; Egnell and Valinger, 2003). In general, results have shown that the 



 67 

potential adverse effects of nutrient depletion and organic matter reduction as a result of 

intensive biomass utilization is greater where rotations are shorter, on poorer sites, in cooler 

climates (shallow, coarse-textured soils), and where followed by intensive site preparation 

(Worrell and Hampson, 1997; Harmon and Marks, 2002; Colombo et al, 2005). Given such 

concerns, Kelty et al (2008) suggest that forest stands which develop following following 

biomass harvest should have high biomass growth rates, so that carbon sequestration begins 

promptly on site. This necessarily means that nutrient conservation and protection of soil 

physical properties during harvests is critical in order to maintain high site productivity, 

which, in turn, leads to high carbon storage. Nevertheless, when choosing tree species to 

favour in a regenerating stand, it is more important to match species to appropriate sites than 

to choose species with high biomass growth rates to promote on all sites (Kelty et al, 2008). 

Productive and healthy forest, for example, are not uniform, but feature uneven or multi-aged 

stands, with young growth existing alongside dominant species, the presence of standing dead 

and dying trees, coarse woody debris, and shade-intolerant dominants growing above a lower 

canopy of shade-tolerant species. It is these features that will ensure not only the ecological 

integrity of forest ecosystems but the protection of valuable carbon stores (see also Spies and 

Franklin, 1991; McLeod, 1992; Blozan, 1994; Tappeiner et al, 1997; Fleming and Freedman, 

1998; Mosseler et al, 2003a, 2003b, 2000c; Selva, 2003). 

 

7. THE EFFECTS OF MANAGEMENT SYSTEMS ON THE CARBON NEUTRALITY OF 

HARVESTING FORESTS FOR BIO-ENERGY IN THE CONTEXT OF CARBON 

SEQUESTRATION IN THE FORESTED LANDSCAPE 

The use of renewable energy sources to replace fossil fuels is one of the most important 

means of limiting greenhouse gas emissions. Forests are a source of energy through the 

conversion of woody biomass into solid, liquid or gaseous fuel. Woody biomass comprises 

organic material such as bark, sawdust, timber slash and millscrap; thinnings and small-

diameter trees removed during commercial forestry; fallen treetops and limbs from logging; 

“low-quality” branches, tops, foliage and decaying forest wood; as well as plantation crops 

such as willow and poplar (Schlamadinger and Marland, 2001; Kelty et al, 2008). The 

conversion of biomass involves various biochemical, thermo-chemical and physical/chemical 

processes, the end product of which consists of transportation fuel (ethanol and biodiesel), 

heat, and electrical power for domestic, commercial and industrial purposes. As a valuable 

alternative to finite fossil-based resources, and particularly on a local scale, forest biomass 

can be a renewable source of energy, helping communities to achieve economic self-

sufficiency and energy independence (Hall, 2002).  
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It is often perceived, however, that biofuels, such as forest residues, do not cause net 

CO2 emissions to be released to the atmosphere based on the reasoning that carbon stored in 

plants and trees, which is released in burning fuel, is taken up again by regrowing vegetation, 

and that biomass fuels are thus a carbon-neutral form of energy. This assumes a renewable 

solar energy system where photosynthesis produces a fuel that is easily stored and used, and 

where CO2 emitted is recycled in a sustainably managed production system. Here, trees 

extract CO2 from the atmosphere during photosynthesis and accumulate it as carbon in plant 

matter; this carbon is released back to the atmosphere as CO2 during combustion (see 

Schlamadinger and Marland, 2001). This premise disregards (i) the effects of forest residue 

removal on forest soil carbon stocks (Palosuo et al, 2001), as well as (ii) the emissions 

generated from burning, including indirect emissions released in the fuel harvest, production, 

transportation and conversion chain (all of which require significant inputs of energy, 

generally provided by fossil fuels; Schlamadinger and Marland, 2001; Johnson, 2008). The 

removal of residues from the forest floor has been well documented as diminishing carbon 

flow to soils, in turn decreasing soil C storage and altering decay rates of organic compounds 

left on site (see sections 1.4, 1.5, 6.2 and 6.4 and accompanying references). Studies 

incorporating forest carbon accounting models (e.g. Schlamadinger and Marland, 2001; Hall, 

2002; Miner and Perez-Garcia, 2007) have found that the use of forest biomass fuels may 

emit more C per unit of energy than fossil fuels if biomass fuels are derived from 

unsustainable land practices that result in a reduction of biological carbon stocks, such as 

those sequestered in forest soils (Swift, 2001; Hall, 2002; Wang and Hsieh, 2002; Lal, 2005; 

Jones et al, 2008). Schlamadinger and Marland (2001), for example, found that simple use of 

biomass fuels does not guarantee significant reductions in CO2 emissions, and the potential 

for emissions offsets is modest unless the system has high efficiencies and low fossil-fuel 

requirements. Carbon neutrality, furthermore, is influenced by method of harvest and 

chipping (see Liski et al, 2001, for an assessment of how rotation lengths should be accounted 

for in the carbon budgets of forest ecosystems when calculating greenhouse gas emissions or 

removals under the Kyoto Protocol); age and type of forest; use and longevity of the wood 

product; and distance and method of transport to a processing facility (Liski et al, 2001; Post 

et al, 2004; Miner and Perez-Garcia, 2007, Johnson, 2008), all of which must be accounted 

for.   

The importance of incorporating all elements of the carbon profile into the carbon 

neutrality equation is highlighted by Miner and Perez-Garcia (2007). Direct emissions (i.e. the 

transfer of greenhouse gases, primarily CO2, to the atmosphere from forest products industry 

facilities or from elsewhere in the forests products life cycle), sequestration (carbon stored in 

forest ecosystems, forest products and landfills) and avoided emissions (e.g. emissions from 

the combustion of fossil fuels that would have occurred if the industry did not rely on biomass 
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fuels and combined heat-and-power systems) have significant implications for the forest 

industry’s connection to the global carbon cycle. Related activities include forest growth, the 

productivity of forest soils, harvesting and regrowth, the conversion of old-growth forests to 

plantations, the establishment of new forests, the transport of raw materials, forest products 

manufacturing (including the use of purchased electricity), product transport, carbon stored in 

products, and emissions from products disposed in landfills (Miner and Perez-Garcia, 2007). 

The Canadian forest sector’s Operational-Scale Carbon Budget Model (see Kull and Banfield, 

2006) provides a similar stand- and landscape-level modelling framework to assess the carbon 

neutrality of Canadian forestry policy in accordance with the Kyoto Protocol. Net change in 

forest ecosystem carbon; forest ecosystem carbon storage by forest type and age class; net 

change in forest products carbon; and forest-sector carbon emissions form the basis of 

indicators to assess the impacts of forest management upon the carbon cycle, with an 

emphasis upon the potential for harvesting for biomass.  

However, as Miner (2007) suggests, the issue is not really about biomass carbon 

neutrality. Rather, it is about how best to use forest biomass to control the global increase in 

atmospheric CO2 without causing other environmental problems. According to the 

Worldwatch Institute (2007) if the primary goal is to mitigate climate change, biomass, in 

general, can reduce carbon emissions more effectively by displacing coal (for electricity) than 

by displacing gas (for fuel). However, key assumptions are made, such as sustainable 

methods of harvesting and transport and an adequate timeframe over which sequestration can 

offset emissions (e.g. a harvesting cycle of at least 60 years) (Worldwatch Institute, 2007). 

Determining factors to assess the sustainability of harvesting for biomass should include the 

following elements if the case for carbon neutrality is not to be weakened: 

 

� the length of forest rotation or the frequency of harvest in partial-cut stands; 

� the amount and quality of forest residues retained on site (leaves, stumps, roots, 

decomposing logs and standing dead trees); 

� the proportion of trees removed (e.g. stems only or stems plus branches, leaves, 

stumps and roots): 

� land-use history in terms of natural and anthropogenic disturbance to forest structure 

and forest soils; 

� soil property characteristics; 

� the effects of harvesting on hydrology, soil erosion and slope stability; 

� the impacts of harvesting on soil microfauna and soil microbes (and, thus, on soil 

fertility, plant growth and forest productivity); 

� the value trade-offs implicit in managing forests for bioenergy (Worldwatch Institute, 

2007; Kimmins, 2008). 
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Kimmins (2008), for example suggests that harvesting of bioenergy at infrequent intervals on 

sites with fertile soils and high rates of reaccumulation of nutrients should not threaten long-

term tree growth (see also Volk et al, 2004). If such harvesting of bioenergy, in addition to 

logs for timber, is conducted within a landscape pattern of forests of different ages, and 

“islands” of forest are left with high loadings of decomposing logs, snags and organic matter, 

soil productivity and carbon stores can be sustained. Such islands (e.g. the retention patches in 

variable retention silviculture) provide reservoirs of organisms that can recolonize intensively 

harvested areas once organic matter and nutrients have reaccumulated. In contrast, one or 

more of short rotations/frequent entries, low soil fertility, a lack of organic matter and low 

nutrient legacies from the past, and/or lack of retention patches may fail to sustain a variety of 

forest values and may, in fact, not even maintain bioenergy production over the long term 

(Kimmins, 2008).  

Other studies indicate that unless the goal is short-term reductions in CO2 emissions, 

afforestation and reforestation measures should be considered before using forest or 

agricultural land for the production and use of biofuels or even of electricity. Research by 

Tampier et al (2004) maintains that over a 50-year period, trees can sequester more carbon 

dioxide out of the air than can be displaced through transportation fuels or electricity from 

biomass. Nevertheless, the International Energy Agency recommends that afforestation and 

forest protection are only conditional mitigation options, while bioenergy can “provide 

irreversible mitigation impacts” (IEA, 2002, 2006, 2007).  

Such findings highlight the need for criteria and indicators of sustainable forest 

management in relation to the harvesting of biomass and to the release of forest carbon stores. 

The policy context within which biomass is undertaken is crucial. Many types of regulations, 

laws, policies, subsidies and taxes affect biomass production systems and the motivation 

behind bioenergy initiatives: these include forest land availability; sustainable forestry 

practices; policies for extracting woodfuel; forest laws; forest industry operations; waste 

disposal laws; energy production from woodfuel; emission regulations; subsidies and 

financial incentives; and market considerations (Hall, 2002). Significantly, the Kyoto Protocol 

itself does not treat all carbon the same. Whereas displacement of fossil fuel emissions (e.g 

through the use of biofuels) produces credits under the Kyoto Protocol by reducing national 

CO2 emissions, removing carbon from the atmosphere into growing biomass produces credits 

only in limited circumstances (IPCC, 2007), and under the forest inventory reporting 

framework devised by the IPCC itself (IPCC, 2000), biomass combustion is not assumed to 

be carbon neutral. As Schlamadinger and Marland (2001) point out, in the case of forest 

carbon neutrality, there are important trade-offs between carbon storage and the displacement 
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of carbon emissions through the production and use of biomass products – each involve 

significant ecological, social and economic considerations. 

 

8. ELEMENTS/PROCESSES THAT SHOULD BE CONSIDERED FOR EITHER IMMEDIATE OR 

LONG-TERM RESEARCH IN ORDER TO INFORM SUSTAINABLE FOREST MANAGEMENT 

DECISIONS: A SUMMARY 

The structure and composition of forests are increasingly influenced by global phenomena, 

such as the presence of introduced species, climate change and anthropogenic changes to 

biogeochemical cycles (Vitousek et al, 1997; Simberloff, 2000; Honnay et al, 2002; Drever et 

al, 2006). Major transformations of forest ecosystems are under way, in many cases resulting 

in substantial losses of timber values or commercial extinction of valuable tree species, along 

with a reduction in native biodiversity (Simberloff, 2000; Hoekstra et al, 2005; Drever et al, 

2006). In addition to these global influences, forests are also being shaped by regional and 

local forces. In Canada, for example, the area logged per year doubled between 1960 

(approximately 500,000ha year-1) and 1995 (approximately 1 million ha year-1) (Drever et al, 

2006), and in many areas harvesting has replaced fire as the dominant disturbance in 

productive forests (World Resources Institute, 2000). While ecologists and forest managers 

recognize that periodic disturbances are essential features of temperate and boreal forests, 

there is widespread concern that conventional clear-cutting and stand establishment practices 

degrade forest ecosystems, particularly with respect to their structural and species diversity 

and to the productivity of forest soils (Haeussler et al, 2002). In addition, forests often 

experience the cumulative and often fragmentary impacts of development pressures, such as 

road-building, oil and gas development, urban and suburban encroachment and agriculture 

(Forman, 2000; World Resources Institute, 2000; Schneider et al, 2003; Drever et al, 2006). 

This combination of disturbance and developmental pressures can reduce biodiversity and 

diminish the capacity of forests as both an ecological and economic resource (Costanza et al, 

2000; see, in particular, Mosseler et al, 2003a, 2003b, 2003c in relation to disturbance and 

old-growth forests of the Acadian Forest Eco-Region). 

 The challenge for silviculture and ecosystem management is to negotiate the tricky 

balance between disturbances that are necessary to maintain the productivity and integrity of 

ecosystems, and those that are excessive or degrading (DeLeo and Levin, 1997; Perry and 

Amaranthus, 1997; Lindenmayer et al, 2000; Haeussler et al, 2002; Curran et al, 2005; Cline 

et al, 2006; Pawsom et al, 2006; McCarney et al, 2008). It is evident from definitions of 

ecological resilience (i.e. the capacity of ecosystems to absorb disturbance and undergo 

change while maintaining its essential functions, structures, identity and feedbacks) and 

ecological degradation (i.e. processes or events that reduce the productivity or value of 
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ecosystems or that delay or prevent ecosystems from recovering from disturbances through 

normal successional processes) that there is no purely technical solution to the problem of 

deciding whether the integrity of an ecosystem has been maintained. As Haeussler et al 

(2002) state, some human value judgements are always involved. However, careful scientific 

structuring and analysis of problems, as well as improved knowledge of ecosystem response 

to disturbance can contribute substantially to the selection of management solutions – whether 

in relation to soil productivity levels required to maintain tree growth or to the degree of 

forest structural diversity necessary to sustain wildlife (see Seymour, 1986, and Seymour et 

al, 2002, for a detailed discussion of measuring and defining acceptable levels of forest 

disturbance and, conversely, unacceptable levels of ecosystem degradation). Many ecologists 

(e.g. Holling, 1996; Peterson et al, 1998), furthermore, have argued that resource managers 

should focus on maintaining ecological resilience rather than on setting specific and sustained 

targets, such as allowable annual cuts or a minimum amount of wildlife habitat – a paradigm 

known as natural disturbance-based management (see Drever et al, 2006, for a review of this 

paradigm, including discussions of forest ecosystem stability and adaptivity). 

 In Canada today, definitions and assessments of ecosystem integrity remain 

contentious (Haeussler et al, 2002); however, there is broad agreement among scientists and 

the public that forest management practices must change if they are to maintain biological 

diversity and ecosystem integrity over the long term (Veeman et al, 1999; Higdon et al, 

2006). In response, Canadian forest research has entered a new phase in which knowledge of 

natural disturbance dynamics is actively incorporated within stand- and landscape-level forest 

management (see Woodley et al, 1997; Bergeron et al, 1999, 2002; Spence et al, 1999; 

Mosseler et al, 2003a; Higdon et al, 2006). Across the country (see Mallory, 2008), ecological 

approaches are being used to plan and implement major silvicultural systems experiments and 

adaptive management projects in which the long-term conservation of biological diversity and 

the maintenance of ecosystem integrity are primary management objectives – this is 

particularly the case with research initiatives on the harvesting of biomass and site 

productivity, which, in Canada, is a relatively new field. This follows an earlier period of 

mainly stand-level silvicultural research where the emphasis was on solving tree regeneration 

objectives, setting quotas for clear-cuts and establishing young, rapidly growing plantations 

(Haeussler et al, 2002). 

 Mallory (2008) and Titus et al (2008a) provide a comprehensive list of research 

initiatives taking place across the Canadian provinces which address (either wholly or in part) 

the scientific foundation for sustainable forest biomass harvesting, the effects of biomass 

removal on site productivity, as well as the impacts of conventional forestry in conjunction 

with harvesting for biomass. In the Atlantic provinces, for example, there are two main types 

of research: biomass harvesting field trials and forest modelling. Six field trials exist across 
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Prince Edward Island, New Brunswick and Nova Scotia established by M. K. Mahendrappa, 

and one field trial in central Newfoundland consisting of three replicates across a site 

productivity gradient (see Titus et al, 2008a). Forest biomass modelling initiatives are being 

carried out by P. Arp of the University of New Brunswick (see Arp et al, 2008). Based upon 

such inventories of ongoing research across Canada, as well as upon the studies presented in 

this literature review (see also individual sections for specific recommendations for further 

research), priorities for immediate and long-term research can be identified. Both existing 

knowledge and knowledge gaps highlighted here will help to inform policy guidelines for 

sustainable forest management and will emphasize the strengths and weaknesses of current 

research. Elements/processes that should be further considered, and which point out gaps in 

knowledge regarding harvesting for biomass, are listed as follows (see Titus et al, 2008b, for 

a more detailed synthesis of research priorities in Canada; priorities listed here are also drawn 

from numerous other sources cited in this report). Although global studies have been 

conducted on many of these issues (as demonstrated in this review), knowledge gaps exist for 

the Acadian Forest Eco-Region. 

 

Forest floor soils and nutrient pools: 

� Conduct long-term studies of nutrient cycling and site productivity of forest soils in 

relation to different forest management practices. Determine cause-and-effect 

relationships between harvesting (stem-only versus whole-tree harvesting; residue 

removal; clear-cutting), soil nutrient removals, loss of organic matter and forest 

decline. 

� Examine species-specific responses to soil nutrient conditions. 

� Examine changes in depths and quality of the forest floor in relation to harvesting 

methods. 

� Investigate site-specific responses to nutrient fluxes (e.g. N, P, K, Mg and Ca and 

cation-exchange capacity) and effects of whole-tree harvesting, stem-only harvesting 

and biomass removal on nutrient productivity. 

� Develop best practice guidelines, criteria and indicators and long-term experimental 

field trials on the links between forest site productivity and climate, soil properties, 

nutrient cycling and forest management. Define indicators of soil change that may 

lead to forest decline. 

� Investigate the relations between acid (N) deposition, harvesting and potential base 

depletion in forest soils, particularly in relation to removing forest floor residues. 

� Examine the effect of removing nutrient-laden biomass, fine woody debris and coarse 

woody debris on the nutrient balance of forest soils, and on soil mesofauna, 

microflora and micorrhizal activity. 
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� Establish criteria regarding the protection of the forest floor, including roots, stumps, 

leaf litter and below-ground biomass in relation to harvesting practices. 

� Investigate the spatial and temporal effects of heavy operational practices such as the 

laying of construction roads and extension tracks on the compaction and erosion of 

soils, including the removal of organic matter layers from the soil surface.  

� Examine the potential for soil amelioration techniques (such as fertilization and the 

application of wood ash) and their effects on long-term soil productivity, as well as 

on soil mesofauna, microflora and micorrhizal activity. 

� Examine the relation between nutrient cycling and biodiversity (e.g. the link between 

disturbance, soils, site productivity, species diversity and forest growth). 

� Examine temporal impacts upon site productivity in relation to silviculture practices 

(short term versus long term). 

� Map site sensitivity based on potential change in soil productivity indicators. Based 

on field trials, scientific principles, empirical trials and accepted definitions of 

ecological resilience, forecast sustainable harvest levels on a site-sensitivity basis and 

monitor these indicators through long-term research to determine if management 

practices are meeting sustainability criteria. 

 

Biodiversity: 

� Conduct long-term studies on site productivity and nutrient cycling in relation to 

biodiversity at the generic, species and landscape levels. 

� Determine the immediate and long-term impacts of removing fine and coarse woody 

debris (including slash and other forest detritus) upon biodiversity. 

� Link forest management practices and harvesting techniques with biodiversity 

impacts (e.g. critical forest functions and values such as soil and water quality, 

critical natural habitat, forest regeneration, genetic species and ecosystem diversity).  

� Incorporate biodiversity indices within long-terms studies. 

� Determine ecosystem thresholds in terms of forest harvesting quotas. 

� Examine how whole-tree harvesting and harvesting for biomass emulate or diverge 

from natural disturbance regimes. Establish criteria so that rates of harvesting do not 

exceed levels that can be permanently sustained; data should be based on growth and 

regeneration levels, site index models that incorporate natural disturbance 

comparability indices, and classification of soils appropriate to the scale and intensity 

of operations. 

� Establish levels of pre-harvest biomass to be retained on site to buffer against nutrient 

depletion, soil erosion and loss of wildlife habitat. 
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� Devise criteria and indicators of sustainable forest management to protect, maintain 

and/or enhance a diversity of habitats for native species (e.g. declining trees and 

snags; vertical horizontal structural complexity; retention of well-distributed large 

woody debris; habitats and refugia for sedentary species). 

� Identify sensitive ecosystems, protected areas and those that support rare, threatened 

or endangered species of flora and fauna to be protected from biomass harvest.  

� Improve knowledge of the ecological significance of downed wood to forest stand 

function, nutrient stores and forest ecosystem processes, and the extent to which its 

quantity, quality and spatial distribution are modified by intensive harvesting and 

management (this includes snags, cavity trees and fine and coarse woody debris – 

critical habitat for indigenous species).  

� Examine the extent to which forest management may be based on shifting-mosaic 

habitat models of stand harvesting and replacement; such models emphasize the 

retention of areas of mature and older growth forest, riparian buffers, non-harvested 

ecological reserves and dead organic matter. 

 

Carbon sequestration: 

� Examine how variation in annual forest carbon storage is controlled at the 

ecosystem scale, with an emphasis on the behaviour of soil carbon stocks. 

� Establish criteria and indicators of sustainable forest management in relation to 

forestry operations and the release of forest carbon stores in forest soils and 

above- and below-ground biomass. 

� Conduct life-cycle analyses of the carbon forestry equation in order to accurately 

assess the potential for storing carbon in forests, wood products and landfills. 

� Investigate relations between forest fuel production, quality control of forest fuel 

harvesting and the release of carbon sequestered in forest soils. 

� Assess the extent to which carbon offset credits will prompt an additional use of 

wood products and a reduction in the use of substitutes (e.g. how much fossil fuel 

is used to produce a substitute wood product, such as a beam, and how long will a 

wood beam last compared to a steel beam?). 

� Examine the relationships and trade-offs between forest carbon management, 

sustained timber yield and the conservation of wildlife habitat (assessments 

should be based on ecological parameters, harvest flow regulations and market 

incentives for timber/biomass supply). 

� Provide an analysis of silvicultural systems and their carbon capture (how can 

specific forest management techniques sequester additional carbon – e.g. through 

such practices as retention of coarse woody debris, development of forest 
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structural complexity and uneven-aged stands, retention of mature trees and 

implementation of low-impact logging). 

 

Economics: 

� Investigate the effects of increased forest management on carbon storage in forest 

ecosystems. 

� Determine the availability of the biomass resource and the optimal placing of 

infrastructure for biomass collection, conversion and distribution (can this be 

done locally?). Factor in transport and production costs and their associated 

emissions within the carbon neutrality equation. 

� Determine optimal returns from biomass from different product streams (e.g. 

energy, fuel, bio-composites). 

� Assess the level of CO2 emissions from forestry operations. 

� Conduct life-cycle analysis of systems (e.g. land-use and market implications 

from the interaction of biomass retrieval, traditional forestry and agriculture). 

 

Landscape-level change: 

� Examine ecosystem disturbance as a result of harvesting on wide spatial and temporal 

scales, as well as at site-specific levels. 

� Conduct retrospective or comparative studies that contrast managed and unmanaged 

(naturally disturbed) forest stands, particularly if older managed stands are available 

for study. While community-level studies provide essential information on the local 

effects of silvicultural practices on forest ecosystems, such studies should not be 

separated from the larger landscape- and regional-level context in which profound 

changes to forest land-use patterns, biotic distributions and climate are currently 

taking place. 
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