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wood-based products. EFORWOOD produced, as an output, a tool, which allows for analysis
of sustainability impacts of existing and future FWCs.
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publish relevant deliverables from the project in EFI Technical Reports. The reports
published here are project deliverables/results produced over time during the fifty-two
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of these reports you may contact the corresponding organisation highlighted on the cover
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Abstract

This document synthesises the impact of forest gemant on environmental services from forests.
Environmental services including biodiversity, amilality, carbon stock and sequestration, water
quality and water quantity are defined by setsdfdators. Focus is on impacts of the single forest
management operations on indicators and of typiealagement alternatives (combinations of
operations) on the services.
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1. Introduction

by

Raulund-Rasmussen, K., Hansen, K., Katzensteinet,dtstau, D., de Jong, J., Gundersen,
P.Humphrey, J.W., Ravn, H.P. and Klimo, E.

Mankind has always utilised the forests. In theilgigg, the use was concentrated to felling of leing
trees for firewood and simple constructions. Laternore dramatic use and management like burning
as part of shifting cultivation systems becameudest. Today, management include several
alternatives ranging from simple regulations amd ilastensity utilisation in the entire forest ecasya

to modern high intensity management including leegvy use of machinery, use of introduced tree
species or genetically improved plant materiag piteparation like soil tillage, artificial drairag
fertilisation and use of pesticides. The manageraketnative in use is first of all determined bg t
purpose of forestry.

Often we demand several goods or services frornfotiests besides the primary woody products.
Focus has been mainly on internal ecosystem serlikeebiodiversity and soil quality and on extdrna
protective functions like carbon sequestrationaater quality and quantity of the water leaving the
forest ecosystem.

Research has documented that management operediases more or less significant influence on
structure, dynamics and functioning of the forestsystem and at the end on the services we demand
from the forests. The entire and by man untoucbeekt ecosystem is the most relevant reference for
evaluation of forest management operations effemiay, such nature forest reserves are seldom in
Europe and they are often protected, among otlireggho serve as a reference for research.

Our objective with this report is to synthesise ¢tbenprehensive knowledge on effects of forest
management operations on environmental servicestie forests and present it in the context of the
EFORWOOD project (www.eforwood.com/). The repomizins five central chapters about each of
the services: biodiversity, soil quality, carboestration, quantity of water leaving the systeh a
quality of water leaving the system. A sixth chapi@mmarises and synthesises the effects of forest
management operations across the services and kfi@snpossible trade-offs depending on the
management objective.

The five handled services are defined and effddtsrest management operations evaluated by use of
the indicator approach (Ferris and Humphrey, 198&lhinny et al., 2006). The most central
indicators used in our report are listed in Tablethgether with so-called MCPFE and EFORWOOD
indicators (MCPFE, 2002, Ramensteiner etialpreba,b). To a certain degree, the use of indicators
offers the possibility to evaluate effects quatitiely. However, an evaluation of management effect
also poses several challenges. Some operationgdiatigely short-term effects and are reversible
whereas others have long-lasting legacy effectsaamdearly irreversible. Likewise, some operations
have local effects whereas others have wider aff@etside the treated forested area. Large scale
manipulation experiments including at least tworafiens are the ultimate approach for assessment
of operation effects. Although a huge amount ohsexperiments are conducted the experimental
approach is often completed by a generic approglging on deduced knowledge.

The number of forest management operations inruseiopean forestry is high and the operations
are diverse. In Table 1.2 we have listed and grotipe operations considered in this report. In
principle, the operations are isolated and maydmebined freely. In practice, however, the objective
of the forestry more or less determine a set ofagament operations. We call a set of operationa for
forest management alternative. We define 5 alteremin Table 1.3 and based on the examination of
the operations effect on the services we synthésezgross effect of each of the alternatives.



1.1. Methodology

This report contains both elements of a typicaleenand a synthesis. We do not intend to review the
huge amount of literature in detail for all comtioas of forest operations and impacts on indicator
Fortunately, more narrow and detailed reviews sadlable in the literature for many operations. On
the other hand, there are also combinations lackipgrimental investigations forcing us to use a
generic approach. For the water quantity and caskegunestration services some modelling exercises
have been performed in order to quantify impactsoofie operations. More precise descriptions will
appear in each of the separate chapters.



Table 1.1. Overview and coupling of environmengavises, specific indicators for use in this systeeMCPFE (2002) criteria and indicators, and Bfmod whole chain
(Ramensteiner et al, in prep) and M2 indicatorsr{iRasteiner et al, in prep).

Environmental
service

Specific (sub)indicators for use in

this synthesis

MCPFE Criteria

MCPFE Indicators

EFORWOOD Indicators

Biodiversity

Water quality

Water quantity

Soil quality

Carbon
sequestration

- Tree species
- Forest continuity
- Soil disturbance

- Maintenance , conservation and}.1 Area of natural, seminatural, - Area of regeneration within even aged stands and

appropriate enhancement of
biological diversity in forest

- Standing and laying coarse and finecosystems

woody debris
- Presence of key habitats
- Authentic water regime

-Concentraion of problematic

- Maintenance and appropriate

elements and compounds in seepagenhancement of protective

water leaving the system (nitrate,

functions in forest management

DOC, aluminium, and heavy metals) (notably soil and water)

- Evapotranspiration from the systemMaintenance and appropriate

- Runoff coefficient

- Ground water recharge
- Snow interception

- Available nutrient stock
- Compaction

- Soil acidity

- Soil erodability

- Forest floor morphology, C/N ratio, functions in forest management

and pH

- Carbon in living biomass (above

and below ground)

Carbon in forest floor and mineral

soil

- Carbon loss due to leaching of - -

DOC and sediments

- Emission of gaseous compounds.

enhancement of protective

functions in forest management

(notably soil and water)
- Maintenance of forest

ecosystem health and vitality.
- Maintenance and appropriate

enhancement of protective

(notably soil and water)

and protected forests
4.2 Threatened species

4.3 Proportion of land managed

for conservation

4.4 Stands of at least 2 species

4.5 Proportion of forest land
under regeneration

5.1 Protective forests — soil,
water and other ecosystem
functions

5.1 Protective forests — soil,
water and other ecosystem
funcions

2.2 Soil condition

5.1 Protective forests — soil,
water and other ecosystem
funcions

- Maintenance and appropriate 1.4 Carbon Stock
enhancement of forest resources

and contribution to global
carbon cycles

uneven aged stands, classified by regeneration type
- Threatened forest species (red list)

- Area of protected forest land

- Dead wood

- Landscape-level spatial pattern of forest cover

- Area of forest and other wooded land classifigd b
number of tree species occurring and by forest type
and by protection status

- Area of forest and other wooded land designated t
prevent soil erosion, to preserve water resounres,
maintain other forest ecosystem functions, part of
MCPFE Class “Protective Functions”

- Emissions to water

- Evapotranspiration and surplus of water
(precipitation — evapotranspiration)

-Emissions to soil

- Green house gas balance
- Carbon sequestration




Table 1.2. Forest management operations considieréte report.

Tree species choice
Regeneration
Site preparation

Stand establishment

Stand management and harvesting

Other management options
(infrastructures?)

Risk of natural hazards promoted by
management

natural, potential naturaipéhtced
planting, sowing, natural regeneration

physical manipulation, e.g. solil tillage, ditching
chemical treatments, e.g. fertilisation, liming
prescribed burning

weed control

pest control

game (deer or others) protection

silvicultural regime, e.g. clear-cut system, contins
cover system

pruning

thinning

rotation length

road construction

fencing

other infrastructure

buffer zones

fire prevention

windthrow

avalanches




Table 1.3. Definition of the forest managementraives suggested by Duncker et al. (2007) foemvironmental services perspective.

Management alternatives Description and manageaigettive Tree species Site management and cultivation rules  Harvest gamtls
Rules management rules
Forest nature reserve No management at all, natural Natural Not applicable Not applicable

disturbances and succession is the
driver of development.

Reference for authenticity and
biodiversity refuge.

S Close to nature forestry Only minor managementii€also  Natural or Mostly natural regeneration without  Thinnings are extensive;

= be called “Low intervention”. adapted soil tillage. None or only exceptionally final harvesting often

= chemical or physical site according to target

& manipulations. diameter

g Multifunctional forestry An alternative defined Iyan Often natural Cultivation might be artificial after site Thinnings and stand

5 characterised by inclusion of several or adapted. and soil preparations. Chemical regulation are often

o considerations and goals, e.g. social, manipulation like fertilisation and use performed. Rotation

%’) environmental and economic. of pesticides and other physical length are often

2 manipulation are seldom. lengthened because of

o environmental and social

= considerations.

P Intensive even-aged Focus mostly on saw-logs. Other Optimal No restrictions within legislation No restrictions

g forestry products or externalities are of secondaccording to

- priority. production

v or purpose
Wood-biomass production  Focus is only on produatiblignin No No restrictions within legislation. No restrictior@ften
typically for energy or pulp. Often restrictions. short rotation and none or
short rotation. Could be called lingo- Optimal few thinnings. Roots and
culture or agriculture with trees. according to stumps may be harvested
purpose as well.




10



2. The impact of forest management on biodiversity

by

Johnny de Jong, Jonathan W. Humphrey and Hans Rater

2.1. Introduction

Forests and other wooded land cover roughly 30 #eofotal land area of Europe and deliver a wi
range of social, economic and environmental benafiluding key components of biodiversity (FAO,
2004; CEC, 2006; EEA, 2006). In recent decadedfajland European agreements on sustainable
multi-functional forestry have led to the developref policies and targets for the conservation and
enhancement of forest biodiversity in Europe (CEI6).

Under the 8 Environment Framework (CEC, 2001), member statésé European Union (EU-25)
have agreed to halt the loss of biodiversity indperby 2010, and a recent review of progress in
achieving this goal has indicated positive trermtddrests (EEA, 2006). In particular, forest aiea
not decreasing, forests are growing older and i valuable for conservation, a high percentage
of forest area in some countries has now receiveéependent certification indicating that sustaieabl
management is in place, and 25% of the forestiangaw protected to retain biodiversity and
landscape values. However, there is still a needitivess issues such as the impact of habitat
fragmentation, harvesting of old-growth forestir@ie change and pressure for intensification of
forest utilisation leading to simplification of fst biotopes in some countries (EEA, 2006).

One of the most difficult challenges faced by the$try sector is to deliver improvements in the
economic outputs (timber and other materials) fforasts whilst not unduly compromising
biodiversity (Angelstam et al., 2004). In addititimere is an increasing realisation that biodiversi
conservation is unlikely to be achieved by pursursgrategy that focuses solely on protecting small
areas of key biotopes or the needs of a few pyispecies and targeting economic activity in other
places (Andersson et al., 2004; Bruinderink et28103; Watts et al., 2005).

To date there has been no attempt to study thecitspé forestry activities on sustainability acrtss
whole Forest-Wood-Chain (FWC). In this sectionithpacts of FWC activities on biodiversity is
reviewed in a European context. The aim is to preae evaluation and synthesis of the known effects
of specific forest management operations (Tablednziodiversity and to rank the importance of the
different effects pointing out the most importantlanfluential management operations.

2.2. Concepts and indicators

The term “biodiversity” or biological diversity haeen defined as “the variability among living
organisms from all sources includingter alia, terrestrial, marine and other aquatic systemstlamd
ecological complexes of which they are part; thidudes diversity within species, between species
and of ecosystemsit]” (UN Environmental Programme, 1992). The ternfregjuently used in
conservation discussions. In general terms the mmprtant abiotic factors determining the
distribution and abundance of different taxa acEs®pe are climate, soil type and geomorphologic
conditions. Also biotic factors such as competitipredation, parasites, diseases etc are important
(Krebs, 1985). In forests other important factoesthe structural complexity (e.g. variation in
vegetation structure, gaps, edges), occurrengepdritant substrates (old trees, big trees, deadlwoo
etc.), and tree species composition (Esseen €i9812).

The variation of complexity, substrate and treecigsecomposition is a result of different types of

disturbances, and all together these factors cechig variation of forest biotopes in which diet
species are adapted to.
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Here we define biotope as the type of environmaften described as a combination of vegetation
type, tree species composition, structure (theiphlfeatures of the environment, e. g. open, semi-
open or edges) and management, e.g. semi-natstakes, old-growth blue-berry spruce forest, or
open meadows. Sometimes “Habitat” is used as syndayBiotope”, but here we define “Habitat”
as the range of environment in which a speciesrqéaebs, 1985). Within the same type of biotope
the tree-species composition, structure and managieregime may vary, as well as the number of
habitats for different species. Over recent yesttempts have been made to develop classification
systems for forest biotopes (Larsson, 2001; Ba#diatl., 2006) and these systems give a framework
and context for understanding the impacts of famestagement on biodiversity. However, not only
qualities in the forest biotope but also the aresmgnt of these biotopes in the landscape are iagort
for biodiversity (Angelstam, 1997).

In order to understand how to conserve biodiversifyractical terms it is important to recognise th
need for specific goals. Normally, the goal is twoget as many species as possible, but to conserve
the species occurring naturally (i.e. not introdubg humans). Total measure of biodiversity is
scientifically interesting in order to understanddiversity pattern, but it is not used for consgion
purposes. Instead a number of different indicadbtsodiversity have been suggested (Lindenmayer
et al., 2000). In reality the conservation discnisghainly focuses on the red-listed species which
often have very specific biotope, or substrate ireguent. The underlying assumption is that if we
focus on the more demanding red-listed speciesadllebher species with more general requirement
will be conserved.

Red-listed species are used both for assessingf fpualities and for evaluating management, or
conservation methods. Instead of using all re@disipecies a subset of species are used as imdicato
The idea is to use a nested pattern, in which oenae of one species indicates occurrence of many
other species. There are many suggestions of tadispecies, however there are only few examples
of scientifically investigated nestedness pattélilséon et al., 2001). Another problem is that
occurrence of species, or abundance not alwaygaae indicators e.g. if population viability or
source-sink pattern is unknown (Van Horne, 1983 @pe of indicator is the umbrella species
(Simberloff, 1998), which means that a number @fcggs have similar requirements of substrate or
biotope complexity, even though there are no atieetogical links between the species. Woodpeckers
have been suggested as umbrella species (Martikeira., 1998), and as good indicators of
naturalness of forests (Angelstam and Mikusinsg@4).

Species identification is often a problem, and beeaof that many other types of indirect indicators
are used, such as abundance of dead wood, treiespemposition, occurrence of specific substrates
etc (Nilsson et al., 2001). One problem with thiesrect measurements is that you also have to know
how much quantity is needed of the specific substrabiotope for species survival. Some threshold
values have been suggested, e.g.20%@nfor abundance of dead wood in temperate coftfest
(Humphrey et al., 2004, de Jong et al., 2004) aed af suitable biotopes, but for most species we
have no data on the limiting factors and threshaldes. Further, the threshold value might vary
within regions and during the seasons (Wiktandat.eP001).

Another method for biodiversity assessment withnaking species surveys is to use Habitat
Suitability Index (HSI). Instead of detailed knoatge of species occurrence this is based on the
composition of habitats in the landscape (Angelsthial., 2004). However, when the HSI is created
detailed knowledge about habitat selection, hab#at dispersal pattern and other factors for some
indicator species occurring in the landscape medriown. In addition landscape structure is also of
key importance for species survival (Andrén, 19ghrig and Merriam, 1994; Villard et al., 1999).
During the 1980s landscape ecology became a daatisicipline of its own with big influence on
conservation biology. Habitat fragmentation hasmhe@nted out as one of the most negative factors
behind species extinction (Fahrig, 1997).
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Habitat fragmentation contains two components &ffgdiodiversity: Habitat loss and isolation.
Habitat loss means that the suitable area is dgiageand fewer individuals can use the resources. T
population size decreases, and finally if the lzdlhitss continues the population will not be viatile

to genetic or demographic factors. The habitat toigght also result in a patchy landscape. If these
patches are small and isolated the population oh patch will go extinct, even though the total
number of individuals in the landscape is big. $gesurvival depends on habitat area, habitat
isolation, occurrence of migration routs througé thatrix (corridors), and quality of the matrix.the
forest landscape it is obvious that clear-cutstesea fragmented forest. However, it is important t
remember that also other types of management dregimented forests. Forests with high quality for
biodiversity are islands in a well managed foresSweden, for example, the forest area and the
forest volume have increased considerably durie@20th century, but meanwhile the fragmentation
has increased due to more intensive managemerttfrlgenentation is a real problem has been
demonstrated in many empirical studies (Saari.e1888; Komonen et al., 2000). On the other hand
there are a number of species, including some spspiecialised on specific substrates of dead wood,
which are able to disperse long distances or semivclear-cuts with high abundance of dead wood
and which not experience forest patches as reaidsl (As, 1993).

The dispersal capability varies a lot among diffieispecies. Species with low dispersal capability w
be the first one affected by fragmentation. If Idispersal capability is combined with low persis&n
(i.e. low possibility to survive during critical peds) the extinction risk increases. However, also
species with low dispersal capability are movinguaud, and by creating a good infrastructure species
might survive and explore new areas with suitablaitat. Therefore it is relevant to talk about
continuity of suitable habitats on the landscapelléAngelstam, 1997; Sverdrup-Thygeson and
Lindenmayer, 2002).

Many studies, both empirical and theoretical, hdemonstrated that extinction due to habitat losk an
fragmentation often is a slow process (Hanski 2000jil a certain limit populations of species will
survive even though their habitats disappear. Heweavhen this limit is passed the extinction might
be rapid. To identify this threshold value of reniiag habitat for species survival has been an
important area of study in conservation biologyhfia 2001). Several studies indicate that the
probability of extinction increases dramaticallyemhess than 10-30 % of the original habitat area
remains (Andrén, 1994).

2.3. Forest Management — methods, approaches fautisedn biodiversity
Forest management includes for example: clearagyttirainage, soil scarification, plantations, pre-
commercial thinning and thinning. Often it resuft®ven-aged monocultures. Long-term
consequences of forest management in the landsuzlpde decreasing areas of old-growth forest,
decreasing number old trees, dead wood and otherddiversity important structures (Linder and
Ostlund, 1998; Andersson and Ostlund, 2004). Howekie consequences of forest management on
biodiversity can vary considerably depending onalviimethods are used, and in many cases forest
management and species conservation can be combined

2.3.1. Tree species choice and methods of regémerat

When the forest regenerates naturally, the nextrigdion of trees is a result of the available seed
sources and natural competition within and betwsggaties. When seeds or seedlings are planted man
is involved in the selection. The traditions in &pean forestry on tree species selection are highly
variable between the regions. In intensively drif@ests where yield in cubic meters has priority,
exotic genetic varieties or species is often the. ’Bome tree species — e.g. Norway spruce, lodige p
pine and Sitka spruce — have been turned into Hie tree species outside their natural vegetation
zones. Even where broadleaved trees such as beetiteanatural vegetation the seeds used for
planting may have been selected from an exotidrorig some areas of Europe where the former
natural tree vegetation has been removed by mare tlave been attempts to re-establish this
vegetation sometimes using exotic species. Fanpba tree planting experiments in sub-arctic parts
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of Europe the tree species may have been colleci¢de southern hemisphere. BNgthophagus spp
on the Faroe Islands (@dum, 1979). The changesefdpecies will affect biodiversity as well as the
homogenous structure of the plantation. In gerdgake coniferous plantings will allow no vascular
plants or other vegetation to survive on the foflestr and very few insect species will survive in
these areas. Further on acidification of the sdilimfluence the microarthropod fauna. The numbgr
insect species associated with various tree sphaiebeen analysed in several studies. The nurhber o
species of the major plant feeding orders of irss@atpidoptera, Coleoptera and most groups of
Hemiptera) associated with British trees is closelgrelate with the number of records of their
Quaternary remains (Southwood, 1961; Kennedy amth8mod, 1984). In Britain the highest
number of insect species is found on oak, willoingtband hawthorn, whereas in Russia the highest
number is found on Pine (Southwood, 1961).

Diversifying the tree species composition of pléintass can be extremely beneficial to biodiversity.
For example in the UK, naturally created gaps ilamg spruce forests are often colonised by
broadleaved trees and mixed conifer/stands arentiegdancreasingly common (Humphrey et al.,
1998; Mason, 2006). Increasing the broadleavedardanumber of native broadleaves species in
conifer plantations is generally beneficial to biasity (Patterson, 1993; Humphrey et al., 1998).
The diversity of fungal (Humphrey et al., 2000hkn and invertebrate communities (Humphrey et al.,
1998) has been shown to increase in responsergasing broadleaves.

Intra-specific variation in different trees speaiesy also be of importance for dependant diversity.

For example genetically modifying trees for regisgto pests and diseases can impact on the vialue o
that tree species as host for a variety of orgamig@arnus et al., 2006). Therefore when dealing wit
stands of site native species in particular, theseovation of biodiversity is often best servedibing
natural regeneration which helps to retain autamimls genetic variability (Peterken, 1993).

2.3.2. Site preparation

2.3.2.1. Physical manipulations

The main site preparation methods used prior th afforestation and reforestation are tillage,
ploughing and scarification. Site preparation ipdmiant for several reasons, e.g. it has a negative
effect on weeds competing with the planted seedgedlings, and exposed mineral soil around the
new plant has a negative effect on the pine-welviobius abietis Scarification is beneficial for

some vascular plants adapted to disturbances @y&@04; Haeussler et al., 2002). The species
composition, species richness and abundance ofilaagiants are all affected. Haeussler et al. 2200
demonstrated that species richness of vasculatspteaked after moderately severe site treatment,
and that the removal of soil organic layers reslilbea higher abundance of species regeneratimg fro
seeds. However, some other organisms are negatiffelsted. Bellocq et al. (2001) demonstrated that
arthropod diversity declined with increasing poatdest site disturbance especially collembolans and
mites — which is important for keeping the soitiferby making adventitious pore structure. Dra@a
of wet habitats such as peatland, fens and swaagptihe past led to loss of wetland biodiversity,
e.g. in northern Scotland, planting on deep pehtdesrosion and loss of habitat for wading birds
(Lavers and Haines-Young, 1997). In the forest b Gkov in Denmark, Rune (1997) documented
extensive reduction in wet areas over the lastyBHa®s with a dramatic change in the flora as a
consequence.

2.3.2.2. Chemical treatments

The use of chemical control methods in forestiy igeneral limited in comparison to other growing
systems (agriculture and horticulture). However rglte rotation is intensive in time (energy forest
Christmas tree production) or space (nurseriespéisticide usage is also intensive. Control methods
always have side effects on non-target organismi@restry at large these side-effects are consitler
limited. The closer production and management nitiiesemble intensive agriculture the more we
could expect the same negative consequences ondiigity as known from e.g. agriculture. For
example, the collembolan speckeasomia quadrioculatdnas in the Boxworth growing system
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experiment shown to be negatively correlated toemaiensive pesticide usage (Greig-Smith, 1992).
This species is abundant in forests soils andsisrgil for good soil structure.

2.3.2.3. Prescribed burning

In some regions, prescribed burning is used toaedompetition from vegetation on tree
establishment. However, it can also have benfefitbiodiversity. In former times wild fires werbd
most important factor affecting the abundance afodeood in the northern boreal forests (Ehnstrom,
1997). Through prescribed burning it is possiblerate more favourable conditions for the
organisms especially adapted to the post-burningtédn. This occurs where trees are left on clear-
cuts before burning. Many rare and threatened irsgescies benefit from prescribed burning and
burnt trees that it creates (Wikars, 1992). Alseesa& bird species are favoured by the variatiotihén
landscape created by fires (Dale, 1997). Mychoafimgus has been shown to respond to fire by
fructification (Vralstad et al., 1998). Some spsaiegarded as pests are also attracted to firethe.g
longhorn beetl&onochamus sutaand the wood wasprocerus gigasnay cause economical
damage on the wood. Als$tylobius abietiss attracted to burned areas. The fungal path&lgzina
undulatagets virulent when exposed to temperatures 35-4B&tersen, 1971).

2.3.3. Stand management and harvesting

2.3.3.1. Forest management alternatives

The five management alternatives described in Taldall have different consequences for
biodiversity as described below:

1. Forest nature reserveConservation of biodiversity is the key objectivesthis type, which
means leaving the stand without doing any managen&&tands in which the organisms are
adapted to natural disturbances (e.g. large angh® iboreal forests of northern Europe) that are
left without any management very soon (within 30yé@rs) develop high nature values, mainly
due to increased amount of dead wood.

2. Close to nature forestryn order to conserve biodiversity it has beergsgted that forestry must
mimic the consequences of natural disturbancesgiBson et al., 2000). This idea has partly been
adopted by forestry and includes leaving some easutl, big trees, small biotopes with high
value for biodiversity (Larsson and Danell, 200&rduson and Elkie, 2003) and the result have
been evaluated in a number of studies (Vaiséneah,dt993; Esseen et al., 1997; Kaila et al.,
1997; Hazell and Gustafsson; 1999; Vanha-Majamdalalonen, 2001; Hautala et al., 2004;
Ekbom et al., 2006). It is however obvious thaeiems to be impossible to combine conservation
of some species with economic sustainable forestdythis is an important reason for including a
network of forest reserves within the managed leapes ((")kland, 1994, 1996; Niemela, 1997).
However there are also some stands in which thenisms are adapted to cultural disturbances
(e.g. deciduous forest in the hemi-boreal or nehmmaes) the biodiversity might decrease
without management intervention.

3. Multi-purpose forestryThe purpose here is both to increase forest ptmguand conserve
biodiversity. This includes leaving all tree-stumlesving some old or big trees, leaving dead
wood, in some regions it also mean to conservgla ioportion of deciduous trees. If the goal is
to optimise forest production it is always negatiwéeave areas for free development except
where thinning increases the risk of windthrow enghorth west Europe (Quine, 2000).

4. Intensive even-aged forestrin this management alternative, the purpose isdate a
monoculture with high forest production. Rotatiendths can be quite short (20-40 years) and
harvesting takes place by clear-cutting. The camseces of this type of management for
biodiversity is invariably negative at the standele except where the intensive plantation has
replaced a land use of even lower biodiversity #a&uch intensive agricultural fields (Humphrey,
2003).

5. Wood-biomass productioifhis management altrenative is an extreme vesi¢s) where
rotation lengths are even shorter. In most casesuhtrees are collected and used for bioenergy.
This alternative is always negative for biodiversibmpared to the other four options.
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2.3.3.2. Silvicultural regime
In the management alternatives 2, 3, and 4, threra eange of different silvicultural regimes aable
to managers which have differential impacts on ivieity. These are reviewed in general below.

2.3.3.3. Clear-cut system

Clear-cutting is the most dramatic change in tliedbsuccession. The consequences of clear-cutting
on biodiversity might be positive or negative. Theult depends on which species or species group
that are considered, and how the cutting has baeied out in relation to the natural disturbanices
the area. For species adapted to old forest witll stale disturbances and long continuity of tree
cover (e.g. many cryptogam species), clear-cutisglts in habitat loss and fragmentation of
remaining suitable habitat. However, some of ttsp@eies are able to persist during the regeneration
phase, and species with good dispersal abilityemseaffected. Species adapted to large-scale
disturbances might benefit from clear-cutting pded that suitable habitat and substrate are created
This means that in some types of forest managedruhd Close to nature management alternative,
some clear-felling may be appropriate to conserodiversity (Quine et al., 1999). In some natural
forest the fire is the main disturbance creatimgdaareas of open forests. Some of the speciesobut
all, adapted to post-fire biotopes are able toigargn clear-cuts. In some cases, clear-cutting is
combined with bio-fuel harvest. This will decredise structural diversity at the site which decrsase
the possibilities for some ground living speciestovive the open biotope succession phase (Astrém
et al., 2005).

Vascular plants is one example of a species grduphws less affected by clear-cutting, or which
even might benefit from clear-cutting. Early sucies stages of forests are important for many plant
species, and the abundance might increase conslig€¢kindholm and Vasander, 1987; Humphrey et
al., 2003). In a study of plant communities in Gdmélaeussler et al. (2002) demonstrated that specie
richness was 30-35% higher 5-8 years after loggargpared to the old forest. The result was
confirmed in Finland by Pykéala (2004) who conclutteat the number of species was almost double
in clear cuts compared to mature herb-rich foréstsa consequence of increasing abundance of some
herb species on clear-cuts several mammals besgdi, as rodents and cervids. Also some generalist
predators such as red fox, wolves and lynx befrefih increasing abundance of rodents and cervids.
Some of the most negatively affected species a&rgitie marten (Brainerd et al., 1995), squirrel$ an
some species of bats (de Jong, 1995, Ekman anohde 1996). However, most species of bats
benefit from increasing edge-area. The respondsrdrspecies varies considerably. In short predator
feeding on rodents or generalist predators areuf@ebby a more open landscape benefit by clear-
cuttings (Petty, 1998). Also many other speciesroomin the agricultural landscape associated with
open or semi-open grassland and bushes are favbymr@ddar-cutting (Humphrey, et al., 2003), while
species adapted to permanent tree cover or natildfire or water disturbances decrease. Bird
species in the latter group are often non-migratery. wood-peckers (Mikusinski et al., 2001).

Amphibians are severely affected by clear-cuttiigring some parts of the year amphibians are
connected to water, but many species spend a tohefin terrestrial biotopes. Several studies have
demonstrated a total elimination of salamandergadwear-cutting (Petranka et al., 1993; Petranka,
1994). In general many species of amphibians reguiumid condition and occurrence of dead wood.
However, by using adapted management near aqueatipbks it might be possible to combine

forestry with clear-cuts and conservation of amgmb. Invertebrates and cryptogams adapted to old-
growth forest with natural disturbances, with hadggree of specialisation, low dispersal ability and
low persistence belongs to the most negativelyctdtespecies in the managed forest. Most of the red
listed species in forest belongs to this groupiargéneral clear-cut is the main threat. Becaudevof
dispersal ability fragmentation also affects someegalist arthropods such as spiders and ground
living beetles (Miyashita et al., 1998; Abildsnesld ammeras, 2000).

One well studied consequence of clear-cuttingesetiige effect. A new edge means new climatic

conditions and interactions with new species fergpecies living in the forest. The result deperds
the composition of the edge (structure and sp&cipgosition) and sun and wind exposure. The
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increased wind exposure often results in highendhnce of dead wood near the edge which is
positive for many species adapted to disturbanedaiging dead wood. One example is beetles of the
family Scolytidae of which several species playpanant roles in the boreal forest ecosystem
(Weslien, 1992, 1994). Several other insect fasdiee very abundant in the edge biotopes (Helle and
Muona, 1985; Ferris and Carter, 2000), which adsofir birds eating insects. In the boreal region
many species of birds and mammals are attractedge biotopes (Hansson, 1994). However, for
many other species edge-effects are mainly negdtiedo the climatic changes and increased
competition (Spence et al., 1996; Esseen and Renh898). For bryophytes it has been found that
the climatic consequences are more dramatic fahdaging edges compared to north-facing edges
(Hylander, 2005).

In the boreal region clear-cutting has been conmpaiith fire disturbances. By mimicking post-fire
biotopes as much as possible it might be posgihilectease the species number on the clear cuts
(Simila et al.; 2001). In North-America Reich et@001) compared clear-cuts and wildfire areas of
different succession phase and found no differampéant species diversity. Even though there is a
structural similarity, there are also some impdrtiifierences (Delong and Tanner, 1996; Bergeron et
al., 2002). A fire disturbance creates a lot ofdd@aod and a more varied structure and the ground
cover is burned off (Bergeron, 2004; Harper etZi(02, 2004). To leave some trees and biotopes on
the clear cut does not completely compensate rfedisturbances, also restoration of biotopes by
using fires is important (Niemela, 1997).

2.3.3.4. Continuous cover systems
Continuous cover silvicultural systems encompasging types of non-clear fell management (Mason
et al., 1999), and include shelterwood, group, seidction systems (Mathews, 1999).

Small-scale cutting (e,g, small groups <0.25 hmdividual trees) is an alternative harvesting rodth
to clear-cutting. At some sites it is difficult tegenerate the forest when using clear-cuttingtians!
selective cutting might be a solution. Selectivting is also used for conservation reasons. Small
gaps created by thinning and small group fellingved the development of larger trees and the
provision of habitat conditions for a range of spegroup such as fungi, red squirrels, bryophytes
and hole-nesting birds (Humphrey, 2005). This bdhefit species requiring continuous tree-cover
such as ectomycorrhizal fungi. These species dteally adapted to low intensity fires of which mos
tree individuals survive, or to refuge biotopestibarg, 2002). However, in contrast Kropp and
Albee (1996) demonstrated that thinning affectsenyuzal fungi. The total number of species was
reduced with some species negatively affected vatilers were positively affected.

Not only is continuous tree cover important, buts® is the continuity of other resources such as
large trees and deadwood. Selective cutting regoarse particularly valuable if some trees are lef
in perpetuity to create large diameter standingfalen deadwood (Peterken et al., 1992; Humphrey
et al., 2002; Humphrey, 2005).

In a study in Sweden, Bader et al. (1995) demotestridnat the consequences for wood-inhabiting
fungi differ a lot depending on how the selectiuitiog is carried out. For these species the
abundance and quality of dead wood in the new sgambst important. Among saproxylic beetles
especially species living in hollow trees requitestinuity of substrates (Nilsson and Baranowski,
1997). There are a number of other studies denatimgirthe importance of continuity of different
substrates which in general is rare in managedt®e.g. Mycetolophidae, Okland, 1994).

2.3.3.5. Thinning and pruning

All silvicultural regimes rely on some form of pcemmercial thinning and commercial thinning if the
goal is to maintain or increase forest productiimee methods adopted are also important for
biodiversity. There are however, very few experitakstudies on the consequences for biodiversity
of thinning or cleaning. However there are manylistsi comparing biodiversity in old-growth forests
and managed forests (Soderstrom, 1988; GustafsgbHallingback, 1988; Andersson and
Hytteborn, 1991; Siitonen and Martikainen, 1994 fikainen et al., 2000). One important difference
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between old-growth forests and managed forestsrinihg. Old-growth forests have long continuity
and natural disturbances which are prevented irageohforests). Pre-commercial thinning (or
cleaning) and thinning change the composition anattsire of the stand, and it has been shown in
several studies that increased complexity and trani@ue to retention harvesting increase the
conservation value (Work et al., 2003). In consgovamainly big trees have been in focus, however,
for some invertebrates and fungi fine woody deisrigery important (Kruys and Jonsson, 1999;
Nordén et al., 2004).

The reason why big trees are such an importardtstelfor many red-listed species is that this
resource is rare. Concerning fine woody debrissthition is totally different. Even though some
species are specialised on fine woody debris fethede are red-listed. Until now fine woody debris
has not been a limiting resource. However, witliéasing interest for bio-fuel there is a risk talab
fine woody debris will be a limiting resource ahatthe number of species falling into the recetist
category will increase.

2.3.3.6. Rotation length and crop rotation

Often when a tree is harvested it is less thawiagithrough its natural life cycle. The senescence,
dying and decay of a dead tree is omitted in rafiforestry. The tree is cut when the annual insgea
in growth starts to decrease. However, most spéiziag on wood use old trees, dying or dead trees
(Samuelsson et al., 1994) and by removing thelteéere it is biological mature the habitat for a
number of organisms will be removed.

In many growing systems crop rotation is considgead management practise since negative
influences by pests and diseases are diminishiuksinvay. However this method is also negative for
organisms of no economic importance. For exampliateyrupting a long continuity of beech forest
by introducing Norway spruce the fungal flora weilange dramatically (Flemming Rune, pers.
comm.). Peterken et al. (1992) and Humphrey (20685 recommended extending rotations in
temperate plantations to benefit species assoaidthdate successional forests such as lichens. In
contrast there is also evidence that species caut &al plantation forestry and ecologically short
rotations. For example Humphrey et al. (2000) fotivad Sitka spruce plantations supported a range
of red data book fungi.

2.3.4. Other management options

2.3.4.1. Road construction, fencing, other infrasture

Transporting attacked and diseased wood out dbtlest is an important countermeasure against
pests. Consequently road building in forests isafrtbe most important actions to handle problems
with pests and diseases. During the “battle agaizdt beetles” in Norway 1978-1980, most resources
were dedicated to road construction (NOU, 1979)weieer, for other species with limited dispersal
abilities roads, tracks and other infrastructuray act as barriers eliminating or limiting migratio

Jepson (1994) presented information on boundamygeilities to certain ground beetles. He found
that 3 m dirt road reduces permeability to 50%, @ravel track reduces permeability to 15%, 0.5 m
paved road reduces permeability to 23% and 5.7lmayembankment reduces permeability 10-17%
compared to the original biotope. Fry and Robs@94) showed that even a 1m high hedge
significantly reduced landscape permeability tddadiies. Wildlife bridges have been made to
facilitate high-way crossing of deer, toads/frogd dormouseMuscardinus avellanariudwildlife
fences are made to keep out deer from new plantathdot only culture plants are influenced but also
herb diversity will be different on the inside betfence compared to the outside.

2.3.4.2. Management of edges, buffer zones andsysae for biodiversity

Open space and edge habitats are key featuremtbivdrsity in managed forests and can include
areas of unimproved scrub, tree-line/montane sguasslands, crags, bogs, heaths, and limestone
pavements (Ferris and Carter, 2000). Wet areah,asutakes, ponds, streams, fens, bogs and marshes
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provide valuable aquatic habitats (Lindemayer e28l06). Species suited to open ground and forest
edges abound in some parts of Europe becausep§distory of cultural management of ‘open’
forest with glades and rides, such as wood-pas{Mes, 2000). Way-leaves, roads, rides, and
thinning racks can form a network of open ground @dges to allow species movement inside and
outside the forest (Ferris and Carter, 2000). Manant of edges and open areas is usually required
to maintain diversity; vegetation succession if iefchecked may lead to loss of valuable speci@s. F
example, many birds depend on the maintenanceliekase edge structure (Fuller and Browne,
2003). Buitterflies require nectar sources and faadt associated with edges and open areas (Tudor
et al., 2004). Management actions can includenthg ride edge trees and encouraging the natural
regeneration of native shrubs/plants to increastansources and produce a graded edge structure;
maintaining the diversity of successional habisatsh as scrub woodland (e.g. by flailing), grasslan
(e.g. by grazing/mowing) and heathland (e.g. byogeburning); encourage mosaics or gradations of
open ground and woodland for species such as placise (Cayford, 1993).

Buffer zones are important features in managedfsras they offer protection to sensitive biotopes
such as aquatic ecosystems. Riparian areas forma ebthe most important buffer zones in managed
forest (Potvin and Bertrand, 2004) as they formiherface between aquatic habitats and woodland.
Riparian zones can have high biodiversity valuthag contain a diversity of habitats and act as
important corridors for the movement of wildlifeeflersen et al., 2004). Riparian woodland also has
an important role in improving floodwater storage @roviding resources for aquatic communities.
The most important management consideration imipiagian zone is the density and distribution of
trees, and therefore shading, and how this retateatural bank features. Maintenance of bank
processes and habitats supports a wide varietyldiife. Some riverbanks may be relatively species-
poor as a result of heavy shading by trees, fomgka densely planted non-native conifers. Riparian
buffer zones are also prone to invasion by nonsaativasive species such as Himalayan balsam
(Hejda and PySek, 2004). These are often pionemiespable to thrive in dynamic habitats within
riparian zones.

2.4. Synthesis

Forest biodiversity is a result of different typ#shatural and anthropogenic disturbances creating
high variability of habitat, structures and subsaThis variability is also related to soilspwdite and
biogeographic zone. The impact of FWC chain aeisibn biodiversity has to be evaluated in relation
to biophysical context and the different forestetyound in different parts of Europe. Thus it is
difficult to generalise across Europe as a whaletifermore, the consequences of different
management methods are difficult to generaliseusex#d depends a lot on how the management is
carried out, and different species respond in gifieways to management.

However our review has highlighted some broad mameant issues which are important for
biodiversity regardless of context. These issuledaeuite closely to the five guiding principles o
Lindenmayer et al. (2006) for biodiversity conséimain multi-purpose forests.

1. the maintenance of connectivity (i.e. addressimgetifiects of habitat fragmentation);
2. the maintenance of landscape heterogeneity;

3. the use of natural disturbance regimes to guidedmuaiisturbance regimes (i.e thinning and
cutting regimes)

4. the maintenance of stand structural complexitylditiog taking account of the impact of
associated specific stand management operatiohsasutrainage; cultivation etc);

5. the maintenance of aquatic ecosystem integrity;
With regard to the sustainability of the Forestrgdll Chain it is important also to consider the

specific role of the intensive forest managementlargo-culture production alternatives (4 and 5 in
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Table 1.3), which are somewhat out with the enveloipmulti-purpose forestry since there is an
overriding focus on timber or biomass production.

2.4.1. Intensive forest management

As far as we know there are few examples of ratbreatened species which are able to survive in
very intensively managed forest plantation systdmgeneral the number of species is very low and
is dominated by a few species with general halg@girements. Normally, at the stand level the
conservation value of these areas is very low.l@randscape level the significance of intensively
managed forest plantation depends on how largexsgadthey cover and what kind of habitats have
been removed. If they cover large areas and ndnedt has been removed it might be a threat
against many species. On the other hand if smedisaare covered and mainly intensive agricultural
fields are used for the plantation there are neatisragainst biodiversity. Some people even atate t
intensively managed forestry plantation benefitlbiersity because by concentrating timber
production to these areas other more natural foest be less intensively managed.

2.4.2. Habitat loss, fragmentation and restoringtatnetworks and

connectivity

Some of the biggest threats to biodiversity arathtlwss, leading to fragmentation, leading to
dispersal- and genetic problems. Examples of inapbtiabitat types in the natural forest which are
lacking or fragmented in the present forestry laage are uneven-aged stands, old-growth forests and
forests with continuous tree cover. In generalcgseat most threat from habitat loss and
fragmentation have very special habitat requiresiant poor dispersal ability. These requirements
can be difficult or even impossible to combine wihestry. Some examples are species demanding
very high abundance of dead wood, old trees, bigstor specific natural disturbances. The only
possibility to conserve these species is to comstir habitat and the processes creating thé righ
conditions. Normally this is only possible by stiicotection through nature reserve or nationgkgpar
In order to conserve these types of species a nletvicuch protected areas in the landscape cayerin
different types of habitats is important. The aneaded for protection depends on a number of fsictor
type of land-use in other parts of the landscdpespatial distribution of high-quality forest gats,

and the life-history of the species in the protéceea.

The dispersal capabilities of threatened specieslso be enhanced by management to increase
landscape heterogeneity and improve the “permégdhilf the matrix between habitat patches.
Invariably the matrix forms the bulk of the manadecst and there is scope here for modifying
management to improve hospitability of the matoixed data species. For example, leaving legacies
on clear-fells or doing variable density thinnitgtheory, catering for red list species shouldueas
that wider diversity is also catered for.

Habitat restoration plays a key role in reversiragyientation, but is only useful if some habitat
qualities still exist and there are source of sgpedi the landscape. Therefore restoration is most
efficient near hot-spots and for connecting difféfgot-spots to each other. However, if the coritynu
of qualities is lost and the species is extindtamtion is ineffective and it will take very lotigne

until the species return (if ever). In order tadfimot-spots many different types of indicators hlagen
suggested. However, very few have been scientifieatluated. To find suitable restoration level
threshold values of the abundance of critical ressgsihave been suggested, but so far too few
examples exist to make this operational, and maahples are only valid in a specific group of
species in a specific geographical situation. Furttevelopment and scientific evaluation is needed.

2.4.3. Landscape planning to improve heterogem&t/connectivity

There is no single prescription for a stand thdtmaximise biodiversity, different species groups
have different requirements therefore landscape Esutions are required. Nor is it always possibl
to combine forestry for timber production and caxaton on the stand level. In addition, many
species are wide ranging and rely on threshold atspand/or specific spatial configurations of
habitat at the landscape scale to ensure perséstame time.
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In essence, to conserve biodiversity there mustfioeus on creating and managing a landscape in
which species can find suitable habitats and déspgrossibilities over a long-time frame. Forestry
and other forms of land use alter the distribuaod condition of habitats, but on the landscapelligv

is possible to conserve habitat and key structaélst retaining economic productivity. Different

tools can be combined such as: strict reservesntaniily reserves, conservation agreements, adapted
management, and forestry with conservation consimers. Often some kind of economic
compensation is paid to the landowner. In thesenpies also other values, such as cultural history
and social values have been added. Basically Hrerevo main approaches:

1. Establishment of large areas of national parksatune reserves (often 20-30% of the land area) in
which there is no forestry, combined with intensivenagement outside the reserves.

2. A combination of relatively small nature reservad different types of extensive or intensive
forestry. In order to create an ecological infrastiure the area of conserved habitats and general
conservation considerations are related. The lange that is conserved the smaller is the need
for general conservation considerations and vicsave

There is also some evidence to suggest that mamegeagimes should be varied at the landscape
scale simply to improve general structural hetenegfg. However, careful planning is required to
ensure a balance between this aspiration and #tetoeensure conservation of specific priority
species and spatio-temporal connectivity of thabitats. One of the key considerations is the apati
and temporal arrangement of harvest units andiffexeht types of silvicultural regimes (e.qg. clear
cutting versus low impact regimes; short rotatieassus long rotations etc.). Natural disturbance
regimes can offer a template for informing the igpa@nd temporal arrangement of different types of
management.

2.4.4. Mimicking natural disturbance regimes

Both natural and anthropogenic disturbances hanedsduring history, and the result of this is a
dynamic ecosystem, which can be very difficultéstore or conserve. Lack of management at the
same time as natural disturbances are prevenggdife.suppression in nature reserves) might tesul
in a loss of biodiversity. However, as knowledgehaf importance of natural disturbance for
conserving biodiversity has increased there amvanincreasing range of examples where natural
disturbance is being used to guide the spatiatemgoral distribution of silvicultural regimes asso
the landscape as well as informing the creatiostroictural diversity within stands. In the formbet
general approach is to reflect a gradient of irgirgaseverity and scale of disturbance, and to mimi
different types of disturbance. In large landscapescan lead to the use of prescribed burning of
varying intensity in different parts of the landgeaand a mix of clear- cutting and low intensity
silviculture to reflect variability in the spatidistribution of stand-replacement disturbance regim
and gap-phase disturbance regimes.

2.4.5. The maintenance of stand structural comgylexi

By using some adapted forestry methods it seerhs possible to combine conservation with forestry
for the majority of species including several o tled-listed species. Most important is to mimie th
structures and habitat that naturally are creayediural disturbances, which means retaining key
elements of stand structural complexity (Lindenmagteal., 1996). These elements include structures
such as dead wood, old trees, big trees, undexysteigetation etc. Structural complexity can be
catered for throughout the “normal” crop rotatiorbg extending rotations. There is good evidence
that clear-cutting combined with structural retentcan cater for a wide range of different taxi.
Similarly, variable density thinning can be usegdaung and middle-aged stands to improve structural
diversity and spatial heterogeneity, and retairddea dying trees. Smaller biotopes such as wet
flushes, boggy areas etc can also be left undestuirblarger stands whilst also carrying out stand
management operations.
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Measures to improve structural diversity withinnsta can affect economic yield, in that the most
efficient harvesting method may not used and soeestare left etc. However, there are many
examples from different areas in Europe showingtthia kind of forestry can still be profitable. tof
mechanised operations such as harvesting candmeatirto avoid key biotopes and this can save time
and money. For example, tree growth can be redincedt areas and hence the crop may be of
reduced value and not worth harvesting.

Whilst the soil and vegetation disturbance assediatith harvesting operations and cultivation prior
to establishment can have a negative impact ondimtkie and below ground biodiversity, these
impacts can be relatively short-lived compared tmepermanently damaging activities such as
drainage or road building. Roads can be planned@ad damaging key biotopes, and current forestry
and nature conservation legislation offers protector aquatic habitats in most countries.

2.4.6. The maintenance of aquatic ecosystem inyegri

Lindenmayer et al. (2006) emphasize the importaficeaintaining aquatic ecosystem integrity, and

in our review we highlighted the importance of leuf§trips for protecting aquatic ecosystems from
the impact of forest operations. As mentioned @ghevious section, aquatic ecosystems should be
protected by legislation due to their importancenaintaining and delivering ecosystem services such
as flood control, drinking water, fish productiosaell as biodiversity. However, careful inventory
and planning is needed to ensure that the congmmaftaquatic ecosystems is maintained alongside
forestry operations.

2.4.7.Biodiversity indicators

The indicators selected by the EFORWOOD projecafsessing the impacts of different forest
management scenarios on biodiversity are list&thbie 1.1. Here we focus on the indicators in the
second column in Table 1.1. The rationale for $elacas been given in the document PD2.2.1 and
can be summarized here. Tree species compositiorasured in terms of the number of tree and
shrub species. In general, as this number goebeng is an increase in the number of differenedgc
for dependent flora and fauna. This indicator stidadl of particular value in assessing changesto th
Multifunctional forest management alternative (Eabl3), where diversifying tree species is often a
key objective of management. Forest continuitynisnalicator of long-term provision of habitat
required by a range of rare forest species. Coitgican be measured by the area and historical
continuity of woodland key habitats (e.g. in the€d to nature forest management alternative) and
also at the large scale by the overall area offarature reserve. Deadwood is a key indicatol iof a
the forest management alternatives except the Wwamdass alternative, where by definition there can
be no deadwood. Presence of key habitat such asrgmof old-growth and wet forest is an
important indicator in the Close to nature and Miulhctional forest types. Due to the statutory
framework in most countries, authentic water reg{measured by changes in ditches and irrigation)
Is a key indicator in all the forest types in Tabl8.
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3. The impact of forest management on soil quality

by

Karin Hansen, Karsten Raulund-Rasmussen and Ingeast

3.1. Introduction

Forest soils serve multiple production and envirental functions. Maintaining and enhancing forest
soil function is crucial if forestry should be ptiged in a sustainable way in accordance to the
Montreal and Helsinki processes (Schoenholtz ¢2@00; Moffat, 2003). Therefore, a growing
interest in determining consequences of differeredt management practices on plant productivity as
well as on the soil quality (SQ) has emerged.

An increased demand for forest products, mainlpé&nmand pulp wood, has led to a more mechanised
forestry with shorter rotations, higher volume erment, site and soil manipulation, and species that
are genetically improved for faster growth (Moffa896; Johnston and Crossley Jr., 2002). These
rapid advances in management practices have madermsilviculture and forestry operations more
intensive but also more diverse than earlier inli®@0s.

Some forests are managed at low intensities, targa part of European forest soils are highly
manipulated by management practices. These praacaraprise for example choice of tree species,
site preparation, ditching and draining, fertilieat liming, wood ash recycling, prescribed burning
use of herbicides, mulching, cleaning and harvgsii such silvicultural choices and management
operations have an impact on forest ecosystemslémation of soil erosion, nutrient removal,
compaction and changes in organic matter and sdémnstatus are identified as the most important
affected features (Haines et al., 1975; VitousakMatson, 1984; Worrell and Hampson, 1997;
Johnston and Crossley Jr., 2002).

Negative impacts are often balanced by naturalgeses such as soil formation and nutrient input
from weathering. A fundamental requirement for gimstble management is that the impacts of
forestry operations should not exceed the nataraj-term capacity of sites to restore themselves
(Worrell and Hampson, 1997). Therefore, also SQtrnesetained in the long-term (Power and
Myers, 1989; Page-Dumroese et al., 2000). For edasrpsion losses should not exceed soll
formation rates and nutrient removals should noeer nutrient inputs by weathering and by
deposition (Worrell and Hampson, 1997). Impacts toatinue over a long time are more likely to
exceed the self restoration capacity of the sia ghort-term impacts. Impacts therefore need to be
aggregated over at least one tree rotation befgnifisant statements regarding for example nutrien
sustainability can be made (Worrell and Hampso87).9

Soils differ in vulnerability, resilience and re@vy time. However, if the natural long-term self
restoration capacity is exceeded, the impactsoailise soil degradation and lead to a reductioQin S
(Worrell and Hampson, 1997). The degree to whicadbsoils can be restored following degradation
depends on the reversibility of individual impa@sveral impacts are reversible and recovery of the
soil resource to a certain degree is possible Efithéntroducing less intensive management and
letting natural recovery processes act over lomgpge or by improved treatments (Worrell and
Hampson, 1997).

3.2. Methods and approaches

In the EFORWOOD project, the aim is to predict mgeof responses to impacts imposed by changes
in forestry. This also includes quantification @ $esponses to such impacts. This chapter focuses o
the impact of a range of individual forest managetnogperations (listed in Table 1.2) on SQ in order
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to identify and illustrate which management optiamsy influence SQ mostly and under which
conditions. The main processes by which foress so# influenced by management operations are
identified and management-induced changes in SQuaetified when possible. The chapter
furthermore describes the nature and scale of @satogforest soils triggered by forest management
practices. It is a position statement rather thraaxaustive review of these issues, and our agglys
often build on existing data syntheses and reviygplied with newer scientific research.

A second step after this analysis will aggregageetifiect of the individual operations into evaloat
of the impact of management alternatives (prelimiypaefined in Table 1.3). This process will rum i
parallel with the further detailing of the managai&ternatives in EFORWOOD. However, a preli-
minary evaluation is presented in Chapter 7.

3.3. Concepts and indicators of soil quality

The concept of SQ has been described through etyari definitions in the literature (Andrews et, al
2004). The simplest definition of SQ is ‘the capa¢of soils) to function’ (Karlen et al., 1997) ibr

may be defined as ‘the capacity to accept, stoweyecycle water, nutrients, and energy, sustain bi
logical productivity, maintain environmental qugliand promote plant and animal health’ (Doran and
Parkin, 1994; Périé and Munson, 2000). A committgkin the Soil Science Society of America pre-
sented an expanded version of this definition defines SQ as ‘the capacity of a specific kindaf s

to function, within natural or managed ecosystemnmioiaries, to sustain plant and animal productivity,
maintain or enhance water and air quality, and sugpman health and habitation’ (Karlen et al.,
1997).

Hence, SQ is management- and ecosystem-dependess. been described as a vessel that contains
what is assigned to it (Patzel et al., 2000). Nauation of SQ can be based upon indicators of the
soil function, which should be defined in termsabiysical, chemical and biological properties and
processes and assessed against a certain stamdatdrmine whether a soil is being improved or
degraded. The overall purpose is to develop atsensind dynamic way to document a soil’s

condition and how it responds to management (Sdtalemnet al, 2000). Hence, the concept of SQ is
relative, e.g. when soil measurements are considd#rgood quality for one purpose, they may be of
poor quality when judged for another purpose. Gfml$Q therefore need to be established (Patzel et
al., 2000).

3.3.1. Indicators

The need for quantitative tools and methods tosassied monitor SQ are apparent (Doran and Jones,
1996; Andrews et al., 2004). The important rolsaf productivity to sustained forestry is cleaut b
which soil properties could be used as indicatorstistainable forest management? (Burger and
Kelting, 1998; Staddon et al., 1999; Page-Dumre¢se., 2000). Karlen et al. (1997) along with them
pose two questions that must be answered: i) h@s thee soil function and ii) what indicators are
appropriate for making the evaluation of impactg&gdunction?

Indicators of SQ can be defined as quantifiable@operties and processes that have the utmost
sensitivity to changes in soil function. Thus, tatbrs are only useful if they can be linked to the
concept of soil function, and if change in trerglfikiely to be detected in an appropriate timeescal
(Moffat, 2003). Doran and Parkin (1996) emphadise¢ $Q indicators should correlate well with
ecosystem processes, integrate soil propertiepr@ogsses, be accessible to many users, responsive
to management and climate, and, whenever possiblparts of existing databases (Andrews et al.,
2004). Especially, soil indicators responsive toateons in management are needed to compare the
effects of management practice on soil through tiroe example soil texture and soil depth change
little through time, and are not useful for assagshanagement effects (Schoenholtz et al, 2000).

In literature, different indicators have been pregmbthrough the last 15 years. For example, Katien
al. (1997) as well as Schoenholtz et al. (2000ppsed a list of selected indicators of SQ. Amomhg al
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proposed indicators, we choose to work with thietaihg: available nutrient stocks, pH, acidi-
fication, the ratio between carbon and nitrogethasoil (C/N ratio), bulk density and soil porgsit
These all indicate the maintenance of the prodnatapacity and nutritional sustainability (Tabl&)1.
Also, we will look at soil erosion and sedimentisport, which point to the protective functiond
soil.

3.3.1.1. Available nutrient stocks — input outputrient budgets

The nutrient balance is a crucial factor for thegieerm productivity and change in nutrient stoak ¢
be an important indicator. Several forest managé¢mgerations, e.g. intensive harvesting, soil prepa
ration, and choice of tree species, have documaeaitedts on the nutrient stocks (Adams et al., 2000
Watmough and Dillon, 2003). Changes in nutrientlsttan be determined historically or
retrospectively, e.g. by experimental assessmdatdand after a forest management operation.
Another way to determine changes in nutrient stecklying on estimates of all inputs to the system
and all outputs from the system where after a lcalas calculated, i.e. the nutrient balance approac
or input-output nutrient budgets. The use of inpuiput budgets as a diagnostic tool for sustainable
forest management is well described and usedbg.Banger and Turpault (1999) and Raulund-
Rasmussen et al. (2007). Inputs are elements egt@rithe system from outside sources, e.g.
dissolved in precipitation, attached to dust ootigh fixation and fertilisation, whereas output are
elements leaving the system through leaching, stingeor evaporation. For all elements except N,
important inputs also derive from chemical weathgof the soil minerals. If the input-output budget
Is balanced, the elements are neither accumulatedapleted from the system. A positive budget
means that the considered element is accumulatieé isystem while a negative budget suggests that
export exceeds import and the system is unsustaioabr time. Input-output nutrient budgets may
give valuable quantitative information for recommations applicable to forest management. Total
soil N and phosphorous (P) concentrations are afted elemental indicators of productivity.

The long rotation of forests causes a gradual shtfte distribution of nutrient pools and fluxesthe
stand develops. This results in an increasing aatation of nutrients in living biomass and detrital
material (the return of nutrients from the planttte mineral soil), and a decreasing dependence of
trees on the mineral soil to meet annual requirgsn@rfavour of internal retranslocation and nuttie
release through decomposition of the forest fl@nlé and Rapp, 1981; Miller, 1981; Johnson, 1985).
Actual distribution and cycling patterns vary withtrient, vegetation type and tree species (Cale an
Rapp, 1981). Nutrient demands by trees are dynandachange with time. Generally, nutrient
requirements and soil uptake by trees are greladéste canopy closure and decrease in the later
stages of stand development when nutrient uptagernsarily driven by wood increment. The shift in
nutrient distribution away from the mineral soilfagest matures, and the greater dependence on
organic matter decomposition for nutrient supplyrées can be reflected in an upward shift in fine
root distribution with stand age and a decreasamgeddency on the mineral soil with stand age (e.g.
Grier et al., 1981; Schoenholtz et al., 2000). figlative role of SQ in growth and production thus
varies with time and stand development (Miller, 1.98ambiar, 1996).

A long-term prediction of the development in avbligéanutrient stocks can, however, be difficult to
perform. The crucial point is often the weatheniage which is notoriously difficult to determine
although the input from weathering differs muchwesn soils and often is the factor determining the
vulnerability of the soil to management operatiaith nutritional impacts (Raulund-Rasmussen et al.,
2007). The use of computer simulation models @géchl step to predict future changes and make a
conceptualised representation of reality (Schoentalal., 2000).

3.3.1.2. Soil acidity

Soils become acid when the acid production rateeds the acid neutralisation rate. The most
important acid producing processes in most foraitg 51 humid climates are i) biomass growth and
subsequent harvesting, ii) nitrification and sulbseq leaching of nitrate and neutral base catiiihs,
net production of organic acids during decompositblitter, and iv) deposition of N and S due o a
pollution and subsequent leaching of nitrate atplsie together with neutral base cations, whereas
soil mineral weathering is the only in principleusce of acid neutralisation (van Bremen et al.,3198
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Raulund-Rasmussen et al., 2007). Acid productitaied to decomposition of organic material may
mainly show up as soil acidity in the organic matieh soil horizons whereas acid production
originating from growth and harvesting or acid d&fion also may cause a decrease in base saturation
or increase in soil acidity in mineral horizonsakhing of DOC will also affect mineral horizons
(Froberg et al., 2006).

At low pH, acidity produced by biological activity deposited from the atmosphere is accumulated in
the soil indicating an insufficient acid neutratiea by chemical weathering whereas a neutral pH
indicate a sufficiently high weathering rate to g@nsate ongoing production of acidity in the system
Increase in soil acidity may indicate insufficiesall mineral weathering or too high acid production

Forest management operations like harvesting aoidelof tree species significantly accelerate
natural increases in soil acidity due to growthakhis why soil acidity might be a valuable indigato
for SQ.

3.3.1.3. Bulk density and soil porosity

Compaction takes place as a consequence of hanyésiffic in the forest and on forest roads and
skid trails. An estimate of the compaction degrae lse made from measurement of bulk density and
soil porosity.

3.3.1.4. Soil erosion and sediment transport

Site preparation like ploughing and draining, hativgy and construction of skid trails and forestd®
influences rates of erosion and sedimentation eémzodies (Worrel and Hampson, 1997). Erosion is
often a local phenomenon and it can be estimatéaeadifference in sediment yield before and after
management operations. Damage to soils will ocdwerwthe soil formation rate is slower than the
erosion rate.

3.4. Tree species choice

Individual tree species vary in their soil-formimgpact. As Dokuchaev (1900), founder of soil
science, put it: “... different vegetation gives risalifferent soils”. Plant-mediated charactersstic
such as litter quality and root structure contribiat the chemical composition and physical
characteristics of the soil. Differences in effeatisong different tree species should therefore be
expected due to differences in litter quality, #ogivity of earthworms, differences in canopy
architecture and its interception of atmospherjpodéion, differences in root structure and rates o
nutrient uptake and growth (Miles, 1985). Earlyighss claimed that SQ can be preserved by correct
selection of tree species and that species whathtle deterioration of the soil can be mixed in
plantations with species that improve SQ. Augusi.€2002) made a relevant updated review on the
impact of different tree species on SQ.

Tree species differ in their influence on nutritatvs and nutrient balances. Trees filter the atmos
phere and capture gases and air-borne particléslymhdaand S compounds in industrialised regions,
salt near oceans and dust particles near arid Tdrdeposition depends strongly on the canopy
architecture, where height, leaf area index (LA aerodynamic roughness length play important
roles (Parker, 1983; Draaijers, 1993; Balsberg-$%aml and Bergkvist, 1995) as well as topographic
position and the distance to the forest edge ([n&ail993). Several studies have shown a much
larger throughfall deposition to coniferous tree@ps than to deciduous tree species (Ulrich, 1983;
Parker, 1983; Draaijers, 1993; Rothe et al., 280i3tensen et al., 2004; Rosengvist et al., 2007).

Nitrogen fixation is the reduction of atmospherigctblamino N, a process performed by certain soil
microbes. Some tree species have developed symbatationships with bacteria (e ghizobiumin

root nodules or symbiosis with cyano bacteriasdtptaen algae) as in lichens. These microbes
receive a supply of carbohydrates under anaerainidittons and produce amino N for use by the tree.
Nitrogen fixing trees like black and red alder adl@s mountain pine have been used in silviculture
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as a tool to improve the soil fertility (Tarrantdafirappe, 1971). The annual symbiotic N-fixation ca
be substantial and it was estimated to be betw@em8 200 kg N h&a(Binkley et al., 1992, 1994;
Bormann and DeBell, 1981) adding to the internglasl. However, N-fixation is not considered a
major issue in Europe where N-fixing species dophay a strong economic role in forestry.

Nutrients that are not taken up can be leached fhensoil (Binkley, 1994). Studies comparing the
output via water seepage in different tree spesserved 2-4 times higher output of nutrients from
Norway spruce than from beech (Lelong et al., 18#gkvist and Folkeson, 1995; Fichter et al.,
1998; Rothe et al., 2000).

The mineral weathering rate has an important impacQ. However, the mineral weathering flux is
difficult to estimate and only few studies have pamed the effect of different tree species on weath
ring and have shown that Norway spruce promoteveeilg of soil minerals and had a weathering
rate which was 2-3 times higher than under spdigie®eech, oak and birch (Lelong et al., 1990;
Bergkvist and Folkeson, 1995; Fichter et al., 1998&justo et al., 2002). The mineral weathering rate
is mainly influenced by soil pH and soil conceritas of dissolved organic carbon (DOC) (Drever,
1994; Raulund-Rasmussen et al., 1998) and suclestsidowed even 2-3 times more DOC under
Norway spruce than under beech and oak (Raulunth&ssen et al., 1998; Augusto and Ranger,
2001).

pH has an effect on the mineral weathering raté dififierent tree species have different effect bin p
in soil. The difference in pH between differentetspecies could be as much as 1 pH unit but most
often it was between 0.2-0.4 units (Augusto et241Q2). A specific study by Pedersen and Bille-
Hansen (1995) showed that deciduous tree spe@&sa(a beech) had 0.2-0.4 pH units higher than
coniferous tree species (Norway spruce and Sitkacspin the upper 15 cm of the soil after 30 years
of growth on similar soils. The input of strongasfrom air pollution accelerates the natural soil
processes, lowers pH and increases the concentadt®luminium (Al) and heavy metals in the soll
solution. Whether or not a change in tree speciksegapture these processes and cause a restorati
of soils is uncertain. Based on their review ofatiént tree species on SQ, Augusto et al. (2002)
ranked tree species in order of acidifying abidis/follows: (Norway spruce; Sitka spruce; Scotg)pin
> (White spruce; Douglas-fig} (Birch, beech; oak} (ash; lime; maple). On this basis, they
recommend that tree species with low acidifyingaetpwill be planted on soils with low buffering
capacity in areas of high atmospheric depositiahthat acidifying tree species might be mixed with
less acidifying tree species.

Early studies have shown that trees shed varialdatiies of organic matter of different chemical
composition (Bonnevie-Svendsen and Gjems, 1956; &nd Gorham, 1964). Differences in litterfall
quantity are generally smaller (between 3.5 and ladl yr?, reviewed by Augusto et al., 2002) than
differences in litter quality (nutrient concentmats, ratios among nutrients and specific componants
varying recalcitrance) (Binkley, 1994). Foliagedafciduous tree species has generally higher
concentrations of N, potassium (K), calcium (Caj aragnesium (Mg) than coniferous tree species
and thus the chemical composition of litterfall ¢enricher in nutrients under deciduous tree specie
(Augusto et al., 2002). For N and P, the nutriapti via litterfall was 10-50% higher in deciduous
than in coniferous tree species, while a differenfcE00-400% was apparent for K, Ca and Mg in
litterfall (Augusto et al., 2002).

Nutrients stored in the soil organic matter becawelable for the trees again through decomposition
(or mineralisation), exchange reactions and disssiuSoil communities exert strong influence oa th
processing of organic matter and nutrients. Earthvedhave for example been shown to have a
greater effect on carbon dioxide (§@ss than for instance daily mixing or N additigdolters and
Schaefer, 1993). Tree species have a strong eifettte composition of soil microbial communities,
but little is known for comparisons. One study barilulyn et al. (1993) suggested less than half the
N mineralisation and nitrification rate in the uppeineral soil of a Norway spruce forest companed t

a beech forest. More studies point to deciduousstastands having more bacteria and fungal biomass
in the mineral soil than in the coniferous forgséviewed by Binkley, 1994). Accumulation of
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nutrients in the forest floor also significantlyfffdrs among tree species indicating differencefén
biodegradability of the litter (Klimo, 1992; Vestid and Raulund-Rasmussen, 1998). The decomposi-
tion activity of the micro flora and ultimately thernover of nutrient are connected to thidial litter
quality, light transmittance, air temperature and moistLight transmittance is for example

negatively correlated with canopy cover and LAl &mebst management through particularly the

initial stand density and thinning intensity midgéd to higher decomposition.

A classic belief is that conifers degrade soilsleshardwoods improve them. Norway spruce is
considered to be deteriorating the site while beecharacterised as the “mother of the forest”
producing plenty of raw humus (Bonnevie-Svendseh@ems, 1956). When the input-output
nutrient budget is considered for different treecégs, it appears that deciduous tree species often
have a balanced budget whereas coniferous treeespige Norway spruce have a negative balance
(Bergkvist and Folkeson, 1995; Fichter et al., 199&justo et al., 2002). The possibly larger ldss o
nutrients for the coniferous species, especiallggions with high N and sulphur (S) atmospheric
deposition, is the background for recommendingtiohiplantation of these species in regions with
low nutrient stocks (Augusto et al., 2002).

3.5. Site preparation

Site preparation includes physical manipulatioe kil preparation carried out before stand
regeneration and ditching to improve the aeratiah® soil as well as chemical manipulation like
fertilisation, liming and ash recycling.

3.5.1. Physical manipulations

3.5.1.1. Soil preparation

Under natural circumstances forest soils are distliphysically by e.g. wind throw (Peterken, 1977;
Worrell and Hampson, 1997). During heavy stormsdthirow can cause large disturbances of soil
profiles. However, most disturbances are manmadeldferent types of mechanical methods have
been invented mainly to improve survival of seeglidluring forest regeneration. Patch scarification,
trenching, mounding, and ploughing represent methath increased intensity of disturbance of the
soil. Patch scarification involves the inversiorpatches of humus upside down to create spots to
plant in, whereas the use of either mounding, tigncor ploughing always inverts, and in addition
covers or mixes, humus with mineral soil. Deep ghing is the preferred preparation for afforesta-
tion of former arable land since it represses waeale efficiently than the other mechanical removal
methods. Ploughing causes considerable disturliartbe soil profile since horizons are mixed and
turned up and down in this way disrupting the peahig processes (Worrell and Hampson, 1997).

Soils mostly affected by erosion include sandy laadhy soils on steep slopes in upland sites and in
high rainfall areas (Carling et al., 1993). Erosi®ften a local phenomenon. Damage to soils will
occur when the soil formation rate is slower tHamerosion rate. Ploughing may cause erosion to
increase (Worrel and Hampson, 1997) and it is restse to recommend the use of lower impact
physical manipulations on susceptible sites in oroleeduce erosion.

The amount of vegetation cover after soil prepareitndicates the degree of soil disturbance.
Matthesen and Kudahl (2001) compared the effedtffsfrent mechanical preparation methods on the
vegetation cover of competing weeds and grassthe ifirst growing season on 3 afforestation sites i
Denmark. Deep ploughing (down to 60 cm) reducecttver percentage to approximately 50%,
whereas trenching in between rows and agriculploalghing (down to 20 cm) only reduced the
cover 2-8%. Munson et al (1993) studied the gravittWhite pine and spruce after scarification and
found that there was no significant effect althotlghnutrient reservoir in forest humus was removed
in the treatment resulting in decreased nutrieatlability in the mineral soil. Worrell (1996) raa#
different soil preparation techniques accordinth®volume of soil disturbed: ploughing (350-850 m
ha') > mounding (170-340 frha') > scarification using a disc trencher (110-280hat').

28



Although soil preparation in the regeneration phageificantly improves growth and survival of
seedlings a significant increase in leaching ofiants may take place (Chapter 6). In a study by
Burgess et al. (1995) scarification caused sigaifidosses in nutrient capital which was thought to
impact negatively on future forest productivityaBd (1991) also noted a compaction of the mineral
soil as a consequence of scarification after twarge

3.5.1.2. Ditching and drainage

Reclamation of peatland by artificial drainage tad®n place all over Europe, however most
intensively in Scandinavia and north-eastern Eur@uewth rates of natural trees on bogs or fens, or
introduced forest cultures following the artifictilainage have often been improved substantially du
to improved conditions for root growth and increhe@neralisation of decomposing peat (Westman
and Laiho, 2003). On peatland, artificial drainttygrefore improves the available stock of nutrients
and SQ in the short-term. However, often the irsea mineralisation rates may cause a surplus of
available nutrients with significant leaching t@gndwater or water streams as a consequence
(Callesen et al., 1999: Gundersen et al., 2006/dBteet al., 1999; Westman and Laiho, 2003). This
may be problematic for water quality (Chapter &) biodiversity (Chapter 2). The positive effect on
growth may be temporary and a continuous effect degend on ditch cleaning or secondary ditching
(Westman and Laiho, 2003; Astrom, 2002). In theykterm, severe ditching may reduce the nutrient
capital especially on bogs relying on nutrientsrfrorecipitation. In a review of a series of Finnish
experiments, Westman and Laiho (2003) could, howexa find any signs of nutrient deficiency up
to 75 year after the first ditching.

Ditching of insufficiently drained mineral soilsge due to tight argillic horizons are also practibeit
to a much lesser extent. If ditching is effecthulid rooting depth increase permanently, the availab
nutrient stock will increase. However, we have fmo evidence in scientific literature for this
statement.

Drainage may furthermore cause erosion to incr@&eerel and Hampson, 1997). Forest
management operations that cause exposure ofrebpravide obvious drainage channels will
contribute most to erosion (Worrell and Hampsor@7)9

3.5.2. Chemical treatments

3.5.2.1. Fertilisation

Fertilisation will normally lead to an increasetie soil nutrient stock and in this way improve the
capacity of the soil to produce and better the ISipogen is the fertiliser element most commonly
applied. There are two aims of fertilisation: i)gain a short-term positive growth response es{hgcia
ameliorating harvesting-related reductions in gtoatd ii) to secure SQ in the long-term especially
securing the nutrient balance after organic mageroval through intensive harvesting.

Growth improvement as a result of fertilisationtwiM, P and K has been observed (e.g. Smith et al.,
2000; Simcock et al., 2006). However, Smith e{2000) furthermore observed that fertiliser
additions caused a significant decrease in folimcentrations of all nutrients except for N. After
fertilisation, Ballard (2000) observed a short-teise in soil pH, which later turned to a long-term
drop in soil pH. Both fertilisation and the presermd N-fixers caused a marked positive changeen th
concentration of soil N in the A horizon (Johnsow &urtis, 2001). However, Munson et al. (1993)
and Périé and Munson (2000) observed no consistiatt of fertilisation on the soil nutrient
availability in White spruce and pine, except fa. C

Mostly fertilisation improves the nutrient statgstee soil. However, if N is added alone or in togh
concentrations, a negative impact on the balantieeobther elements, mainly P and the base cations,
might emerge, either due to a positive growth raspar due to increased leaching (Gundersen et al.,
2006). This effect may be relevant e.g when usiogddids derived from municipal sewage sludge or
from mill residues as organic matter amendmentseaally to less fertile soils (Stone and Powers,
1989; Johnston and Crossley, 2002). The conteNtarfd P in these amendments is normally rather
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high, which in relation to N saturation and follmgibase cation leaching may have serious negative
effects on e.g. the soil Ca and Mg stock. The fisewage sludge and mill wastes are furthermore
controversial because of potential contaminanth sgdrace metallic or organic elements and will
continue to be until all risks for accumulatiortlie ecosystem, transport to adjacent waters and
transfer to humans have been attended to.

3.5.2.2. Liming

Positive growth effects of liming in agricultureMaafor more than 100 years inspired forest managers
and researchers to look for the same gain in figreglany experiments has thus been performed in
Northern- and Central Europe and elsewhere. Oftgoositive growth response has been observed.
To our knowledge a thorough international review hat been done. However, a comprehensive
review of Finnish liming experiments in Norway sgeland Scots pine showed negative growth
response of liming when not followed by other fesgition (Derome et al., 1986). In Sweden, growth
effects of liming included both positive and negatshort-term response (Popovic and Andersson,
1984). An immobilisation of N in high C/N-ratio ramumus was suggested to explain the negative
effects.

Accelerated leaching of Ca and Mg following degosif acidifying N and S compounds reinitiated
many liming experiments in the 1980s and 1990seé&afly, Mg shortage initiated by acid deposition
seems to be compensated by dolomitic liming (Kret¥995).

In principle, liming should improve important SQ@ioators like soil pH, the Ca storage, and the Mg
storage if dolomitic lime is used (Kreutzer, 1998bsence of positive growth response could be
caused by other growth factors like N availabibtydrought or by negative effects of liming
neutralising or hiding a possible effect. Such tiggaeffects might be leaching of N, negative
microbial effects etc.

3.5.2.3. Wood ash recycling

With current practices, the increased use of fdreds results in an intensified export of nutrgent
from the forest. A large part of the forest fuehsists of branches, tops and needles that werierearl
left to decay in the forest. Although these fracsi@nly amount to a small proportion of the total
weight of the tree, they have a much higher nutiiencentration per unit weight than stems. Thus,
the increase in nutrient export might be signific&mother undesired effect of the nutrient expert
enhanced soil acidity. Returning of wood ash afteineration of wood has therefore become
relevant. The principle aims of recycling of woahdo the forest are to i) avoid depletion of eBaén
soil nutrients and to ii) reduce the harmful eféect acidification of forest soils and adjacentevat
(Aronsson and Ekelund, 2004).

The major components of wood ash are Ca, K, Migasil(Si), Al, iron (Fe) and P (Nilsson & Timm,
1983; Steenari et al., 1999; Holmroos, 1993; Edks& Borjesson, 1991; Kofman, 1987). Ash is
generally low in N and S because it is vaporisathducombustion. Trace elements found in ash
include arsenic (As), barium (Ba), boron (B), caaimi(Cd), copper (Cu), chromium (Cr), silver (Ag),
molybdenum (Mo), mercury (Hg), nickel (Ni), vanaai§V) and zinc (Zn) (Booth et al., 1990). The
amounts of toxic compounds in wood ash have beseroed to variate greatly and due to different
mobility of elements like Cd and caesig@s), caution must be made when wood ash is apjied
forests. The nature of the raw material strongliuences the composition of the wood ash since ash
derived from branches, foliage and bark is richantstemwood in many elements (Pitman, 2006).
Also, the quality of the wood ash is dependenthanttee species. In general, ash from deciduoes tre
species contains more K and P as well as highgoptions of macronutrients than ash from
coniferous tree species but less Ca and Si anttherefore likely to be a more effective fertiligerg.
Werkelin et al., 2005; Pitman, 2006). Other factbet cause variation in the concentrations of
elements in wood ash are the type of burner aridération conditions as well as contamination of
the fuel and storage conditions.
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Wood ash neutralises acidity when it is dissolvediater. When applied to a soll it will raise the.p
The effect in the organic O horizon depends sigaiftly on both the type of ash and the dose applied
(Bramryd & Fransman, 1995; Saarsalmi et al., 20@@%vula et al., 2000; Moilanen & Issakainen,
2000). Raw ash gives the largest and most rapithptéases and the higher the dose the higher the
increase in pH. The effects of wood ash on theitgaid soils seem to last over a long period ofdim
Ash doses around 3-5 t'hhave been shown to elevate pH 1 to 2 pH unitsQ.@ehrs after

application (Méalkdnen, 1996; Moilanen & Issakain2@00; Bramryd & Fransman, 1995; Saarsalmi et
al., 2001). The transport of alkalinity down thraude profile is slow and the effects deeper in the
profile are found to be small and usually only adag a considerable time (>10 yrs) after the
application of the ash (Bramryd & Fransman, 19%grSalmi et al., 2001). Hence, an increase in the
pH of the soil solution in mineral soils is not aly found (Ring et al., 1999; Arvidsson, 2001;
Fransman & Nihlgard, 1995) except when high dos&$ ¢ ha') have been applied (Kahl et al.,

1996).

Naylor and Schmidt (1986) found that the avail&piif K was directly related to the applied amount
whereas Callesen et al. (2007) found that the alvititly can be significantly reduced by hardenihg t
ash. Also, the supply of both K and P from wood sstimed to be lower than from commercial
fertilisers (K: 65-70%; P: 28-70%) (Naylor and Sa¢titn1986; Pitman, 2006). Some elements in ash
are quickly leached with the percolating soil solnt Elevated concentrations of K can be found in
the soil solution at deeper levels shortly afterdish application while the leaching of Ca and $g i
slower (Rumpf et al., 2001; Arvidsson, 2001).

In a recent experiment where 8 tthaood ash was applied to a Norway spruce forestetfect on

soil and fine roots were followed (Brunner et 2004). An increase in soil exchangeable Ca and Mg
and these elements in fine roots along with a @éseréen Fe, Zn and Al in the soil exchangeable
fraction were observed. Furthermore, pH increasa 8.2 to 4.8, base saturation increased from
30% to 86% and BC/Al ratio increased from 1.5 @ Bt the same time, no signs of increased
concentrations of heavy metals in the soils weteated.

The addition of wood ash does not result in a fiicanit tree growth increase or decrease in forest
stands on mineral soils. The limiting factor fadrgrowth in stands on mineral soils is in mosesas
the availability of N (Tamm, 1991). As long as Mnans the growth limiting nutrient, the addition of
other nutrients will not increase growth. Howewgood ash addition in forest stands on nutrient rich
peat soils has shown a significant positive eféectree growth (Ferm et al., 1992) and improved
conditions for natural stand regeneration (Huikb®51; Lukkala, 1951; Lukkala, 1955). Peat soils
deficient in K and P but with a good N status shiogvhighest increase in tree growth (Silfverberd an
Moilanen, 2000) while tree growth on peat soils ioviN (<1%) remains low (Silfverberg and

Huikari, 1985a; Silfverberg and Issakainen, 198%)increase in productivity of 3-4 hha' over 55
years was found after wood ash applications dfi& to drained peat (Silfverberg, 1996; Korpilhati et
al., 1999).

In order to decide for an optimum wood ash appbeatexisting guidelines for liming could be

looked at (Pitman, 2006) where base saturatioretamgues are supplied. Andersson et al. (1995)
recommended an application of wood ash to achidueraus layer base saturation of 50% and a
mineral soil base saturation of 20%. At the samme fiit is necessary to apply different doses to
different tree species since tree species sucbkexhboak, Norway spruce, Scots pine and Douglas fi
typically grow best with base saturation rates@¥3wvhile hornbeam and sycamore prefer levels in
excess of 50% (Pitman, 2006). An efficient formash has been shown to be in granulated form since
it is easily spread and creates a slow releasbayhiral elements and thus reduces the risk ofiatkal
flushes through the forest soil (Pitman, 2006).
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3.6. Forest stand establishment

Forest treatments that are performed in order sorensuccessful establishment of the new forest
include, e.g. prescribed burning and weed controkder to create a favourable environment that
promotes fast and efficient establishment and gawdival of seedlings. This is obtained by reducing
the competing ground vegetation (e.g. grass arasher

3.6.1. Prescribed burning

Fire has long been recognized as a natural ecallogitver. Wildfire is a natural disturbance in som
systems, but fire can also be an effective managetoel throughout much of the boreal forests in
order to remove undesirable vegetation and slashidV et al., 2006). At times, forestry depends on
it for renewal (Scheuner et al., 2004). This idipalarly true in cool temperate areas where
decomposition of forest residue is slow, and negdéaves, and logs accumulate on the forest floor.
Fire reduces much of this organic material to nahech ash, releasing and recycling nutrients, as
well as creating openings where new forests beastablished (Weber and Flannigan, 1997; Cade-
Menye et al., 2000; Scheuner et al., 2004). Asvicsitural tool, burning of clear-cut sites is veig
used for site preparation and fuel hazard redudtbresidue management). Further functions include
controlling species composition and competing vatigmt, as well as reducing insect and disease
infestations (Wikars and Schimmel, 2001).

Prescribed burning are generally low intensity kxwdseverity fires performed under controlled
conditions when soil moisture content is moderateigh. This kind of fire is used for site prep#rat
prior to seeding or planting and during the rotatio reduce woody competition and lower the risk of
wildfire (Van Lear and Waldrop, 1991; Carter andteo, 2004). They are intentionally ignited for the
purpose of achieving a clearly defined managemeat @Carter and Foster, 2004). Approximately
50% of the available forest floor and understorgdasumed in a typical prescribed burning. Usually,
prescribed burning begins after crown closure arédpeated every 2-5 years until rotation age. On
the other hand, wildfire is never intentional aheyt often occur when it is warm and soil moistare i
low. Often wildfires are therefore more severe.

The largest change of forest soils caused bydigeremoval of organic matter (Certini, 2005). Bulk
density increases as a result of the collapseeobthano-mineral aggregates (Giovannini et al.8198
Certini, 2005) and the clogging of soil pores bly asfreed clay minerals (Durgin and Vogelsang,
1984), which causes a decrease in the water hotdipgcity of soil (Boyer and Miller, 1994; Boix
Fayos, 1997). The pH of the soil tends to incredisr a fire due to hydrolysis of the base cation
oxides, which are abundant in ash. In a clear-ditack spruce stand, acidity of the humus layes wa
reduced by up to one pH unit after prescribed ImgrnT he first wetting fronts after a fire are of
extremely high pH (Grier and Cole, 1971). The magie and duration of pH-rise may be quite large
for poorly buffered soils, but the response cuereds to be short and broad for soils rich in clay
and/or organic matter (Ballard, 2000). In a présmtiburning in Sierra Nevada on fine-loamy soil,
however, fire had no effect on soil solution pH amtly a small effect on soil pH (Murphy et al.,
2006).

Overall burning released nutrients that had beenahilised in the slash, surface vegetation and the
organic matter, resulting in a substantial increasmme topsoil fertility parameters. The immeeiat
response of soil organic N to fire is a decreasaibee of loss through volatilisation (Fischer and
Binkley, 2000; Certini, 2005; Murphy et al, 200B)te can cause substantial elemental losses of N, C
and S through volatilisation even at low tempeguAhlberg and Ahlgren, 1960; Kelsall et al.,
1977; Woodmansee and Wallach, 1981; Caldwell e2@02; Murphy et al., 2006). Estimates of N
volatilisation loss during combustion of forestdiaand other fuels range from ca. 50 to 100% of the
N content (DeBell and Ralston, 1970; Feller, 19883; Little and Ohlmann, 1988). A slightly lower
decrease in N contents in forest floor (31 to 5%%4% observed after a prescribed burning (Murphy et
al., 2006). Estimates of S loss by volatilisatiange from ca. 20 to 90% of the S contained in tied f

- higher with higher temperatures. More prolongathb tended to result in greater losses (Allen,
1964; Sanborn and Ballard, 1991; Tiedemann, 198¥.long-term effects of fire on soil N are
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dependent upon fire intensity and time since tree(lohnson and Curtis, 2001). Low-temperature
fires (e.g. prescribed burning) may cause littléahloss in mineral soil N (Wells, 1971). Other
elements, such as P, Ca and Mg require higher tetpes to volatilise. Murphy et al. (2006) found
no significant change in Ca and Mg contents indbfleor after a prescribed burning in Sierra
Nevada. They hypothesised that the lack of chamgjeeise elements after fire depends on an existing
large base cation pool in the mineral soil befarming which makes it difficult to detect fire eéts.

Fire may increase soil pH and stimulate nitrifioatwith the potential for a temporary increase in
nitrate leaching after the fire (Chapter 6.9).

Tree seedlings were observed to grow better ondosites (Ballard, 2000). Wildfire commonly
generates a pulse of plant-available nutrienthensbil that can be taken up by regenerating
vegetation, and reduces forest floor depth, ragyiti a seedbed appropriate for the establishnfent o
early successional species.

3.6.2. Weed control

Weeds exert a strong competition in establishmeatrnew culture and understory control in this
period greatly improves tree growth in a numbespcies (Chang and Peston, 2000; Munson and
Timmer, 1995; Sutton, 1995; Nambiar and Sands, 1903 the increased competition for water and
nutrients between weeds and trees that might cegeased tree growth. A significant effect of weed
control (both mechanical and chemical) on tree ¢ginomas observed on Loblolly pine in a range of
sites in the United States (Sanchez et al., 2006¥d control includes a number of removal methods:

* Mechanical removal by patch scarification, trenghimounding and ploughing (increase
mineralisation)

» Chemical removal by the use of herbicides (decrbadegical uptake)

e Mulching

* Competitive weed control

Mechanical methods were described above. Use bidides before and after planting of seedlings is
the most common way of controlling weed and byttiarmost cost-effective method as well. This
may when performed efficiently, leave the soil baiter treatment. Périe and Munson (2000)
observed an effect of both scarification and hédeitreatment on the organic layer quality. Hexdgci
application reduced organic C mass by 46%, totald$s by 15% and acid phosphatase activity by
64%. However, the use of several herbicides isicéstl in many European countries. Mulching
involves covering the soil around trees with a cowaterial, which will prevent weeds from
germination. Wood chips have been widely usedalast degradable plastic and cardboard have been
tested. Removal of weeds in cultures by competitiged control involves the use of other vegetation
to take over and suppress the weeds, yet allowabdlings to get enough light and water to grow.
Especially, rye is used as competitive vegetatioweeds when planting on former agricultural soils.
Nursery trees, growing faster than the propergpazies, may also help to create a faster forest
climate earlier and hereby repress several weatlpr@vent frost.

All removal methods disturb the soil to some ext&hie most intensive mechanical disturbances
increase net N mineralisation, nitrification, anttaie losses to seepage water (Vitousek and Matson
1985; Ogner, 1987a, b; Attiwell and Adams, 1998)minimally treated plots nitrification declined
from nearly 100% to 30% over a 5 years period, e@eherbicide and other intensive removal
methods caused a consistent increase in nitrificgiitousek et al., 1992). The patterns of disarpt
and recovery were the same: disturbance increasetatisation rates for a relatively short period
followed by a longer period in which net mineratisa decreased.

3.7. Stand management and harvesting
Changes to the soil caused by cleaning and haesstcially after clear-cutting, are sudden and at
times also drastic. The effects are more pronoundezh the share of removed biomass is increased
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as for example in whole tree harvesting (WTH). @gnemoval by thinning and clear-cut harvesting
temporarily increases the amount of precipitatind sunlight reaching the forest floor, reduces
transpiration rates and causes soil moisture te#&se leading to more favourable conditions foaglec
microorganisms (decomposition and mineralisati®@ife and van Cleve, 1978; Binkley, 1984;
Johnston and Crossley Jr., 2002). Without canogftas clear-cutting, soil temperature increases,
and the net effect is an increase in nitrificataord N mineralisation at a time when plant uptake is
disrupted and N demands are low. Furthermore, abiéow of run-off and seepage water is larger due
to lower evapotranspiration (Knights et al., 19Qualls et al., 2000). As a result, ammonium is
available as a substrate for nitrifying bacteria aitrate is produced and subsequently leachexhbel
the rooting zone (Vitousek et al., 1982) leadingd acidification and loss of nutrients (HUttldan
Schaaf, 1995).

A significant amount of nutrients are exported fritra ecosystem in harvesting (Glatzel, 1990;
Augusto et al., 2002; Raulund-Rasmussen et al7)200any studies have shown a significant
negative effect of intensive biomass harvestingmauctivity (e.g. Smith et al., 2000). Mostly, the
negative effect is explained as an induced nitradgditiency. If the effect continues in the longate
such forest management does not satisfy critedaraticators for sustainable forest management
(Raulund-Rasmussen et al., 2007). Fertilisation neytralise the possible negative production effect
at least in the short-term (Jacobson et al., 2089@vever, other studies have shown no negative
production effect of intensive biomass harvestimg.(Powers et al., 2005) indicating that the soil
including atmospheric deposition has been ablepply the stand with sufficient amounts of
nutrients, at least in the short-term.

There are two major types of forest managemenesystintensive and continuous cover forestry
(CCF) as described by Gadow (2001) and Mason €1289). The close-to-nature-forestry
management alternative (Duncker et al., 2007 typa of CCF forestry. Intensive alternatives are
characterised by a regeneration period followethbyning and a final harvest after reaching a final
rotation age. CCF on the contrary is characterseselective cuttings in different cycles not
following a certain harvest-regeneration patterd éne stand age is undefined. Intensive harvesting
biomass from the forest ecosystem is likely touefice some relevant SQ parameters which are the
nutrient stock and availability, soil acidity, thentent of C, soil structure and turn over of oigan
matter, mineralisation rates and soil biology. Claatting and WTH are parts of the wood biomass
production forest management alternative and palsly of the intensive even-aged alternative
(Duncker et al., 2007). CCF is expected to redheenegative impacts of the intensive alternatine, a
is therefore attractive within a multi-purpose firg framework. The transformation from even-aged
stands in the intensive alternatives to uneven-atgttls in CCF will imply a change from a simple,
homogeneous structure to a variable, complex stre¢O’Hara, 2001). This change is, however, still
not well studied.

3.7.1. Nutrient pool

The amount of nutrients in the ecosystem is redutddrvesting operations. Compared to natural
systems without harvesting the long-term inputsrg&nic matter and nutrients to the soil are reduce
Significant amounts may already be removed in $taraesting, while intensified forest biomass
utilisation for energy purposes causes further exgfonutrients from the forest ecosystem.

For single operations, far most nutrients are resdam a clear-cut compared to thinnings, both for
stem harvesting and when WTH is practiced. Thediflix depends on site productivity, harvesting
intensity, soil type, the species of trees harvbsiad size of the trees at the time of harvesting
(Stupak et al., 2007a). Some studies estimatedv&sion single operations corresponding to clear-
cutting (Table 3.1).
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Table 3.1. A selection of case study and modehastis of removal in single operations correspondinglear-cutting. The latter are based on biomfasetions of
Marklund (1988) combined with Danish and Swedighwgh models (Leary et al. 2007a,b; Ekd, 1985), Rimhish, Swedish and Norwegian data for nutrient
concentrations in biomass fractions. Note thatneates are theoretical figures of removal withoking into account whether it is technically possitd for example
remove all above-ground biomass (Stupak et al. 2p07

Tree species Diameter  Age Harvest N P K Ca Mg Rafsy

cm years kg ha
Case studies
Black spruce 65 Stem only 43 12 25 98 8 Balla@d®
Black spruce 65 WTH 167 42 84 277 27 Ballard, 2000
Jack pine 65 WTH 185 14 93 132 20 Ballard, 2000
Norway spruce 65 WTH 534 70 167 521 - Nykvist, 497
Norway spruce 65 Stem only 370 43 241 451 60 Mildg1972
Norway spruce 65 WTH 770 89 437 459 70 Nihlgaay 2
Norway spruce 77 WTH 413 75 370 789 95 Klimo, 2002
Pinus taeda 60 WTH 250 25 155 185 65 Switzer.e1968
Model
estimates
Norway spruce 20-40 Stem only 60-500 5-73 30-240 0-530 9-62  Stupak et al. 2007a
Norway spruce 20-40 WTH 240-1050 23-146 80-470 -1000 24-41 Stupak et al. 2007a
Scots pine 20-35 Stem only 40-320 4-37 20-160 BD-2 9-57 Stupak et al. 2007a
Scots pine 20-35 WTH 130-500 12-58 50-250 70-33017-76  Stupak et al. 2007a
Birch 17-30 Stem only 30-480 3-48 20-250 40-890 556- Stupak et al. 2007a
Birch 17-30 WTH 50-690 5-72 20-320 60-560 8-78 patuet al. 2007a
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There is a substantial difference in the size ofaeal, depending on the size, age (Ranger et 85)19
tree species and density of the trees at the tfroatting (Cole and Rapp, 1980; Perala and Alban,
1982; Glatzel, 1990; Augusto et al., 2000), sitedpictivity, harvesting intensity, and nutrient
concentration level in the biomass (Stupak el&0;7a). Initial planting density and applied thimmpi
regime seem to be of less importance for the dizaeerage biomass and nutrient removal, but there
are studies showing a potential effect of initghsing (Gamborg 1997), and thinning regime
(Soalleiro et al. 2007, Skovgaard et al., 2006).

Compared to harvesting of stems only, very intembiomass removal, including also harvesting of
stump and roots, theoretically may cause the aeenr@goval of nutrients per year over one rotation t
increase more than 6 times for N and P (Stupak,&2@G07a). The corresponding increase in removal
of biomass was only calculated to be about 2 tilAdgpical intensive harvesting scenario in pragtic
today, especially in spruce, is removal of loggiegidues at clear-cut in addition to removal ofrste

in all thinnings and clear-cut. This correspondth®“logging residues” scenario in Table 3.2, veher
results from selected model calculations are shéwnthe “logging residues” scenario, the removal
of biomass increased about 20-30% for Norway sprareg about 10% for Scots pine and birch, while
the removal of nutrients more than doubled for eprand increased about 20-70% for pine, and 20-
50% for birch. For comparison, Goulding and Stey@®888) found losses of K twice as high for
WTH logging as for conventional stem only loggirfgSitka spruce.

Table 3.2. Increase in average removal of biomaskrautrients per year over a rotation for differdrarvesting
alternatives relative to harvesting of stems ofilye harvesting scenarios are defined: “Low intertiem’:
removal of stems only in the final felling,, “Loggiresidues”: branches, twigs and needles are aautly
removed in the final felling, “Intensive”; branchesvigs and needles are additionally removed irtfatnings,
and “Very intensive”; root and stumps are additidlyaemoved after final felling. The intervals dvased on
results from 6 spruce, 4 pine and 3 birch scenaniosites of varying productivity rates (producticiass 5-20
m® ha’ yr) . All scenarios for birch are without leaves.the scenarios, it has not been considered that in
practice, 20-40% of the logging residuals are taftthe site, and some needles might have beerdsiect pre-
drying.

Harvesting alternative Biomass N P K Ca Mg

Norway spruce

Low intervention 0.5-0.7 0.5-0.7 0.5-0.7 0.5-0.7 .5-0.7 0.5-0.7
Logging residues 1.2-1.3 1.8-2.4 1.8-2.2 1.6-2.2 .6-21 1.6-2.1
Intensive 1.4-1.6 2.8-3.5 3.0-3.6 2.5-3.0 2.4-29 24-29
Very intensive 1.8-2.1 3.2-3.9 3.4-4.1 2.9-35 -2.8 2.8-3.4
Scots pine
Low intervention 0.5-0.7 0.5-0.7 0.5-0.7 0.5-0.7 .5-0.7 0.5-0.7
Logging residues 1.1 1.5-1.7 1.5-1.7 1.5-1.6 121 1.2-13
Intensive 1.2-1.3 2.1-24 2.1-25 2.0-2.3 1.5-1.7 1.6-1.7
Very intensive 1.6-1.7 2.4-2.8 2.4-2.9 2.3-2.7 -4.8 1.9-2.1
Birch
Low intervention 0.4-0.5 0.4-0.5 0.4-0.5 0.4-0.5 .4-05 0.4-0.5
Logging residues 1.1 1.2-1.4 1.3-1.5 1.2-1.3 18-1 1.2-13
Intensive 1.2 1.6-1.7 1.8-1.9 1.4-15 1.6-1.7 -
Very intensive 1.5 1.9-2.0 2.1-2.2 1.7-1.8 1.9-2.0 1.7-2.0

A consequence of nutrient removal in harvestirtpas reserves may become depleted unless mineral
weathering is rapid, atmospheric deposition is hagtfertilisation is performed. Atmospheric
deposition of N due to pollution is high in someas, while atmospheric deposition of sea salt might
provide a substantial nutrient input of especi¥ly, but also K and Ca to the system on sites lacate
in the vicinity of the sea (Kreutzer et al., 1998).

The nutrient balance approach (section 3.3.1.1pbkans used in several studies to quantify the effec

of intensified biomass utilisation on the ecosystartrient status (Ek and Boyle, 1972; Boyle et al.,
1973; White, 1974; Boyle, 1976; Krapfenbauer, 1985son, 1996; Mgller, 2000; Akselsson and
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Westling, 2005). Likens et al. (1998) and Huntimgémd Ryan (1990) have shown a biomass export
related decrease in soil stores of nutrients, dfte@a. A decrease in soil stores may pet sebe

critical as long as the level is far above a aitiow level. But the negative nutrient balance rhay
interpreted as a warning for a long-term negatfiece Nitrogen has often been in focus in nutrient
balances since most forest soils are in shortageaifable N. N related effects have been
demonstrated, but also shortage of P, Ca and Kbmayme a problem in areas with significant N
deposition (Raulund-Rasmussen et al., 2007). Magmedeficiency may occur in some areas just like
it was induced by acid rain in Central Europe i@ 1#980s (Schaff, 1995)

In studies by Watt et al. (2005) and Powers g28I05), concentrations of total soil C, N and Pever
reduced after harvest of all aboveground livingetagon. Other researchers have likewise found that
WTH significantly reduces soil concentrations ofNerino and Edeso, 1999) and P (Mroz et al.,
1985; Tuttle et al., 1985; Sanchez et al., 2008jURtions in concentrations of these elements may
have been caused through removal of the humus dengktopsoil in disturbed plots during harvesting,
thus reducing the potential availability of nuttienn other studies, harvesting had no significant
effect on soil N (and C) (Johnson and Curtis, 2@Hnchez et al., 2006).

3.7.2. Soll acidity

Forest management operations like harvesting sgmifly influence all the acid producing processes
(Section 3.3.1.2). Several estimates are avaitafileg to quantify the contribution of harvesting
versus acid deposition. In high deposition areapdallution is considered the most important source
of acidity whereas biomass harvesting may be nmoportant when performed at a very intensive
level (Adams et al., 2000; Watmough and Dillon, 20@lear-cutting may increase soil acidity and
the loss of base cations as shown by Likens €1@ar0), Mann et al. (1988), Keenan and Kimmins
(1993) and Simard et al. (2001).

3.7.3. Compaction and soil structure

Forest harvesting equipment has evolved considedhlring the past decade from man-held chain
saws towards mechanised heavy machinery suchwakecteactors, rubber-tired feller-bunchers and
grapple skidders. Soil disturbance from harvestiay induce substantial alterations to soil physical
properties since the heavy harvest machinery casapsethe soil which may lead to increased bulk
density, loss of soil porosity, increased erostmtreased availability of water and as a conseguenc
of these, reduction in seedling survival and paaé¢néduction in diameter growth (Cullen et al.919
Wang et al., 2005; Eisenbies et al., 2005).

Soil disturbance by harvesting machinery is infehby factors such as the amount of litter and
slash on the forest floor, soil texture, drainage soil moisture, weight of harvest machines, wheel
size, speed, operator skill, terrain and weathieoitSet al, 1985; Wang et al, 2005). Especialtyl s
moisture and weather play important roles sincarthehinery may compact soils and interfere with
normal soil drainage when run on moist and satdretés (Moehring and Rawls, 1970; Adams and
Froehlich, 1981; Greacen and Sands, 1980; Miwh,e&2@04; Wang et al, 2005; Kabzems and
Haeussler, 2006). Ares et al. (2005) observedapatoximately half of the observed forest area was
affected by trafficking. Cullen et al. (1991) obs=dt no difference in compaction between moderate
and severely trafficked areas and suggested thsit compaction will occur during the first few
passes of the machinery over the area. This was@&erved by Shetron et al. (1988). Forest
practices and site conditions are, however, extiexnaiable and soil disturbance do not always
occur. When it does do occur the impacts are neyd equal (Adams and Froehlich, 1981).

Results indicate that variations between distudnstiundisturbed treatments were mostly attributed t
a reduction in macro-pore volume towards a higleecgntage of small pores and to a lesser extent to
increased bulk density (Gent et al., 1983; Wa#ll e2005). Typically, an applied force pushes
together the mineral and organic particles effetyifilling or compressing many of the existinglsoi
pores (Adams and Froehlich, 1981), through whiclaad water normally flows unrestrictedly.
Simcock et al. (2006) found that macro-pore volutheseased from 13.5% to 5.7% in the topsoill
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after compaction. In a study by Tan et al. (2086}, porosity was reduced by 50%. A macropore
volume <10% has been observed to restrict root tr¢@&reacen and Sands, 1980; Rab, 2004;
Simcock et al., 2006). This critical value for magore volume seems to be a valuable indicator
across a wide range of soils, whereas the uselbiensity as an indicator is more difficult sirtbe
bulk density may vary widely (Simcock et al., 2006)

Despite this, most studies of compaction have aunated on the effect on bulk density. Wang et al
(2005) compared bulk density in a forest area leshmd after harvest in West Virginia and observed
no significant difference in pre-harvest and pastvist soil bulk density at the site. On the other
hand, Kabzems and Haeussler (2006) observed arasenf 16%, Cullen et al. (1991) found an
increase of 21-76%, Tan et al. (2005) an incre&24%, Powers et al. (2005) an increase of 18% and
Ares et al. (2005) an increase of 27% in bulk dgres a consequence of trafficking and compaction
on different soil types down to a depth of 15-2Q &averal more such studies can be quoted showing
increase in bulk density after compaction (Greammh Sands, 1980; Breland and Hansen, 1993;
Simcock et al., 2006). Furthermore, Klimo (20023@lved reductions in porosity immediately after
felling both in the stand and at the skid trailswers et al. (2005) observed that little compaction
occurred in soils where the initial bulk densitys¥arger than 1.4 Mg thsince these soils could not

be compacted further. Above bulk densities of 1L485 Mg n?® plant roots has been found incapable
of penetrating soils (Kozlowski, 1999).

Compaction furthermore increased the available maikling capacity (Ares et al., 2005) and
reduced soil moisture content by 11% after forlestrfremoval (Tan et al., 2005). Other studies have
shown that the water holding capacity might inceeath compaction on coarse-textured soils;
however, on fine-textured soils the water holdiagacity is generally reduced (Cullen et al., 1991).

Large machinery sometimes remove organic matten fre forest floor and along with the extra
compaction, soil nutrient availability will chang@Briars et al., 1995). Also, compaction and removal
of organic matter from the forest floor might irdlice weathering rates and N mineralisation
(Zabowski et al, 2000; Wang et al, 2005), the tattece organic material might be physically
protected against microbial attacks in small paffeexr compaction (Breland and Hansen, 1996). The
changed macro-porosity after compaction causedvh#able volume for nematodes to reduce which
led to a smaller grazing of microorganisms and thamaller turnover of N. These authors observed
that compaction had a negative effect on N minsaititin, which was reduced by 18%, mostly at
higher soil moisture contents. However, Tan ef2005) found no change in net N mineralisation rate
caused by compaction in neither forest floor nanemal soil, but along with Hendrickson et al. (1p85
they observed an increase in the net N mineradisatite after the removal of the forest floor sitiee
environmental conditions were improved for micrbhbietivities. E.g. soil temperature in the forest
floor and the mineral soil was reduced by 2.2 afld’Q, respectively. The compaction studied by Tan
et al. (2005) did not affect pH, total C and N @it or C/N ratio in the forest floor whereas the t
latter were increased in the mineral soil. Rema¥dhe forest floor otherwise represents a subistiant
loss of habitat for most soil fauna.

Compaction will affect growth through a deteriothfgant root environment where roots will have
difficulties of extending during dry summers andidg wet winters because of lack of oxygen.
Simcock et al. (2006) found that seedlings plaimtezbmpacted soils had greater mortality and slower
growth than seedlings planted in uncompacted Atsib, Greacen and Sands 1980) reviewed 142
studies dealing with compaction and found that cactipn led to reductions in tree growth in 82% of
the cases. On the other hand, Sanchez et al. (2b86jved no effect on tree growth after compaction
on a range of 62 sites in the United States.

3.7.3.1. Forest roads and skid trails

Ground-based skidding results in soil compactiookserved by Wang et al. (2005) and other soil
structural changes, influencing soil water retemtand reducing soil aeration, drainage, and root
penetration as discussed. Moist, fine-texturedssoi particularly susceptible, whereas frozers soil
tend to be quite resistant to structural degradatiduced by traffic (Ballard, 2000). Reductions in
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tree height, diameter and volume growth are ofteseosed where soils have been affected by
skidding activity (Froehlich et al., 1986; Wert ahidomas, 1981). The greatest increases in soil bulk
density (more than 50%) on skid trails are assediatith the first trips over the ground (Adams and
Froehlich, 1981; Froehlich et al, 1981; Greene @nrt, 1985; Shetron et al, 1988; Wang et al,
2005), and even quite low ground pressures (e:6538a) can result in substantial compaction
(Froehlich, 1978). Even where additional trips @b result in significant increases in bulk density,
changes in pore size distribution may continuectmig, with large pores collapsing to form smaller
ones (Lenhard, 1986). Localised nutrient removaishpe significant. The most severe compaction
occurs within the upper 5-10 cm of the soil surfatéch is also where most of the fine-roots are
found (Adams and Froehlich, 1981).

As for harvesting, construction of skid trails dndest roads cause rates of erosion and sedimemtati
of water bodies to increase (Worrel and Hampso@7LAlso, Hartanto et al. (2003) found soil losses
to be highest from skid trail plots in harvesterk&is.

Partial harvest methods, such as group selectioming or shelterwood harvest have been suggested
as more sustainable methods of bole removal thear-cutting (Boyce and Martin, 1993; Johnston
and Crossley Jr., 2002). Tradeoffs between N lodseag harvest must be balanced against the
increased heavy machinery traffic for partial hativeg. More frequent entries into the forest are
associated with group selection methods, resduiltiregn increased amount of roads and skid trails.

It is recommended to focus skidding to a few selgttails and minimize trafficking in other areas t
limit the area of compacted soil. Also, the condinn of skidding trails and roads in the forestel
as forest ground-based equipment operations sipoefdrably be limited to times when soil moisture
levels are low (Adams and Froehlich, 1981; Wang.e2005).

3.7.3.2. Recovery after compaction

Soils might recover from compaction; however, stedovery might be slow and take more than 20
years (Rab, 2004). Recovery depends on soil tygdatendegree of compaction. Coarse-textured soils
tend to recover faster than fine-textured soilsgivd and Froehlich, 1981). Recovery has been
estimated to take everything from 5-15 years aftgging to 40 years or more under skid trails and
forest roads (Greacen and Sands, 1980; Worrel angplklon, 1997; Klimo, 2002). Powers et al.
(2005) resampled soil 10 years after actual conaeind measured bulk density and found that soils
rarely recover from severe compaction, regardlésiseir opening bulk density. If compaction persist
for longer periods beyond one rotation period thpacts will increase cumulatively and a new more
compacted steady state of soils will most likelythe result of today’s use of heavy machinery withi
forestry.

3.7.4. Residue management

Treatment of harvest residues is an important issumanagement of forests performed in order to
prepare for a new stand. Some countries have rdétailed legislation for management of harvesting
residues which sets the framework (Stupak et &l78) Harvest residues might be retained at the
forest area, removed when harvesting or burnt tirea the area. Thim-situ retention of residues
includes leaving them in rows, planting in-betweeaws, or distributing the residues randomly over
the forest area. The appropriate management of tlesgdues is critical for maintaining tree growth
and maintaining the long-term site productivityhdts been reported that retention of harvest residu
on the area has improved tree growth in the skeont-{Chen and Xu, 2005; Mendham et al., 2003).
Long-term effects may be comparable to the efféaitensive harvesting.

As for prescribed burning, burning of residues waliult in a loss of organic material as C, N arly S

volatilisation (e.g. Mendham et al., 2003). Residuming will thus result in nutrient export thrdug
volatilisation and leaching (e.g. Mendham et @02 O’Connell et al., 2004).
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Maintenance of site productivity will partly depeod management operations that aim to maintain an
adequate supply of soil N and other nutrientsitifatence the growth rate. Residue management after
harvesting can have a large effect on mineraldil coniferous forests (Debyle, 1980; Burger and
Pritchett, 1984; Stone and Elioff, 1998; Smetharst Nambiar, 1990). On average, residue removal
(i.e. WTH) caused a 6% reduction in A horizon N ve@es leaving residues on site caused an 18%
increase in soil mineral N content. The positiie&fon soil N of leaving residues on site seentseto
restricted to coniferous species. Several studige blearly shown that residues had little or rieatf

on soil N in hardwood or mixed forests (Hendrickgbmal., 1989; Mattson and Swank, 1989; Knoepp
and Swank, 1997; Johnson and Todd, 1998; Johnsb@uartis, 2001) as well as in Eucalypts
(Mendham et al., 2003). Soil total C and N contémthie topsoil were considerably higher when
residues are retained in the area compared to thiegrare removed (Chen and Xu, 2005). On the
contrary, Olsson et al. (1996) found no such imp@dConnell et al. (2004) found an annual N
mineralisation rate in the topsoil (0-10 cm depth)jch was significantly higher in treatments with
retained residues as compared to treatments whsithies were removed. Retention of residues after
harvest might also result in higher quantitiesaf exchangeable K, Ca and Mg as seen by Mendham
et al. (2003).

Other manipulations such as sub-soiling, harrowiligking, and bedding have been employed for
reasons such as competition control, micro-sited@vgment and to increase nutrient availability.
However, these techniques have also been founidriapdl the soil structure and mix the remaining
stumps, logging slash, and root networks afteréstr¢Terry and Hughes, 1975; Haines et al, 1975;
Johnston and Crossley Jr., 2002). See also sipauaton in chapter 3.5.

A growing trend in residue management is the refnofvstumps. Stumps are removed to decrease the
root rot infection in the new stand, and to harb@simass for energy. The extra removal of nutrients
after stump harvesting has been estimated in Gablan the very intensive harvesting alternatiug, b
there are also other effects than the nutrient vaintself. In order to remove stumps they are draw

up from the soil disturbing the soil rather vigostyuand the effect will probably be comparable to
heavy soil preparation methods, mixing the soibach An environmental assessment review on
multiple effects of stump harvesting was lately pded in Sweden (Egnell et al., 2007). They
conclude that the amount of inorganic N probabtyeases after stump harvesting and probably there
is an increased downward transport of sediments sgiepage. However, the effects of such removal
to SQ are not well documented, and research isageiadhis area.

3.7.5. Erosion

Harvesting cause erosion to increase, and as &, ie=sdimentation of water bodies also increases
(Worrel and Hampson, 1997). Soil erosion from folegvesting is a major environmental concern,
especially when harvesting is performed on stegpesl (Kochenderfer et al., 1997; Hood et al.,
2002). There is little literature on erosion aftayging as well as research comparing the effefcts o
silvicultural treatments on soil erosion. Powerale{1990) found the erosion after logging in U@

to be within the limits of the rate of soil formati while McColl and Grigal (1979) estimated a rathe
high erosion after logging. Hood et al. (2002)reated soil loss for forest land in the Appalachians
five harvesting treatments which included a clagtexl system, a leave-tree harvest, a sheltergeoup,
group selection and an uncut control. They conautiat the group selection would have more soil
loss over a 100-yr rotation than the other hangestatments, primarily caused by repeated
improvement cuttings in the openings every 20 yaadsthe hereby multiple entries on the skid trails
(see Chapter 3.8). The magnitude of soil loss wasmved to depend largely on canopy cover, plant
density, depth of the forest floor, and presencearddy debris (Hartanto et al., 2003). The sizthef
tree canopy determines the erosive power of pratipn while the other factors protect the soll
surface and prevents soil loss.
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3.8. Synthesis

In this chapter we reviewed the impact of foreshagement operations on SQ with the main focus on
available nutrient stocks, soil acidity, and sodston and compaction.

Forest growth is a complicated issue that involmasly complex processes between the forest soil and
the trees. Forest managers need to know how fopesations and other site disturbances may be
performed to sustain site productivity and treeangho They need to know if decisions like organic
matter removal incl. harvest residue removal, $pEecies changes, fertilisation, compaction etd. wil
reduce SQ and if they can ameliorate SQ reducpoofitably. Therefore, recommended best
management practices and possibly other decisigpostitools should be developed. Examples of
recommendations are given in Johnston and Cro3sl¢2002) which would help forest managers
judge the positive and negative effects of thedicpces on sustainability. Other examples are
recommendations for extraction of forest fuels.(&gjstinen & Ajala 2005, National Board of

Forestry 2002).

Within the agricultural community, SQ concepts amethods have been developed and are suggested
to form the basis for soil-based evaluation ofithpact of management operations on the long-term
productivity (Kelting et al., 1999). These authdesnonstrate a model — the Soil Quality Index Model,
which integrates the components of SQ into one oreas management impacts on soils. Here, they
look at five key growth-determining attributes ofdst soils, which are: 1) root growth promotion, 2
storage, supply and cycling of nutrients, 3) accepid and supply of water, 4) promoting gas
exchange, and 5) promoting biological activity. Sawdels could help in the development of codes
of practice within forestry as well.

In this chapter, we have identified harvestingiohfiass to cause a significant decrease in the soll
content of almost all nutrients and an increasmihacidification depending on the weathering
capacity of the soil minerals and the kind andrisity of biomass removal. Change in tree species
might also accelerate the negative nutrient balandeacidification both due to increase in biomass
harvesting and increased deposition of air polfutompounds. Modern intensive forestry includes
heavy machine trafficking with negative influengehulk density, macro-porosity and erosion and
large reductions in growth potential are observer#fter.
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4. The impact of forest management on the carbolecy

by

Denis Loustau and Emil Klimo

4.1. Introduction, concepts and indicators

4.1.1. Temporal and Spatial domain

We considered in this section the forest ecosygtetading the soil and vegetation. Forestry
practices, including fertilisation, site preparatizvater management (drainage), vegetation
management, logging and harvest are accounted fhrg review. The spatial scale is typically the
homogenous site and the temporal scale is theediiéircycle of the forest ecosystem, from trees
regeneration to the final clear-cut or disturbaffite, windstorm) causing the trees to be fellsdukes
regarding the downstream carbon flow in the woastipcts life cycle and the fossil fuel consumption
for wood processing transport and use. Acknowleglthat it may represent the major potential
impact of forests on the future climate (CannddQ2), we shall however not discuss in details the
effect of fossil fuel substitution by wood produstace it is addressed in other EFORWOOD
modules.

4.1.2. Carbon and greenhouse gases biogeochematal ¢

The carbon element is the major constituent ofrapttgenic greenhouse gases molecules such as the
carbon dioxide, C& methane, Ck and halocarbon (CFC). The uptake, release andge@f carbon

in soil, biomass and wood products are the mainga® by which forests and forest-wood chains
affect the biosphere-atmosphere interactions amatiimospheric greenhouse effect. In addition,
forests and forest-wood chains may potentiallyriete with climate through other mechanisms such
as the surface energy balance, a biophysical effelciding the albedo and the Bowen ratio, and
additional greenhouse gases such #3 &hd ozone. This biophysical effect must be taktm

account as far as a complete assessment of theemeéntal impacts of forest is the objective (Betts
2000; Betts et al., 2007; Gibbard et al., 2005).

The potential for enhancing carbon sequestratiofoi®stry, including land use changes, is estimated
to 11-15% of the actual fossil fuel emissions atglobal level and 5-11% in the EU15 (Brown et al.,
1996; Cannell, 2003). In the case of EU15, themi@tkincluding fossil fuel substitution by energy
would be raised to 25% of the fossil fuel emissions

The analysis of the management impact on the fesgbbn cycle must assess the entire life cycle

from tree regeneration to final harvest and woalpcts use. The life cycle assessment has become a
standardised protocol to examine the environmémiadcts of product or process (Sonne, 2006).
Unfortunately, most of the available studies adéaso far do consider only a part of the fordst li

cycle or a fraction of the ecosystem which rendees interpretation difficult in the context ofeth

global carbon cycle. For instance, the fossil ftesumption associated with management operations,
the energy use for seedling production and tratapon or the energy use for fertiliser production

and application are rarely considered.

4.1.3. The carbon cycle in forests, terms and defirs

The terrestrial carbon cycle includes five majoolspthe atmosphere, soil, biomass, harvested
products and fossil fuel (Figure 4.1). Their turapvate is decreasing from the atmosphere to the
biomass, soil, fossil carbohydrates and sedim@iies.residence time of carbon, is typically one to
two orders of magnitude lesser in the atmospheiey@ars) than in biomass (1-250 years) and soil
(5-10 000 years). The soil C pool is charactertsed wide range of turnover rates, from 1 t&' y6"
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which are determined by the chemical quality ofdhganic matter and the biophysical environment
which makes it available for decomposition ratesnfterature, oxygen, water, pH etc.). Carbon is
withdrawn by vegetation from the atmosphere thraiinghphotosynthesis (gross primary production)
which fixes carbon atoms in carbohydrate molecsieh as sugars. When the energy encapsulated in
this process as covalent bonds is being used, rashxidised as CQOwhich returns into the
atmosphere. This mineralisation occurs in plant@attrophic” respiration, and animals and
decomposers as "heterotrophic” respiration andhdusther mineralisation processes (combustion in
industrial processes, fires). The balance of €xzhanged by a given forest ecosystem with the
atmosphere is called the net ecosystem exchandgge)(NEe net carbon balance of the only vegetation
compartment is the net primary production (NPPheDtmolecules such as methane ,Gldlatile

organic compounds (isoprene etc.) contribute matiyino the exchange between the ecosystem and
the atmosphere. Methane is produced under anaarohditions, during soil organic matter
decomposition and this emission may be taken iotoant for managing wetlands and peatlands.
Methane has been demonstrated to be also prodyagedn leaves under normal conditions but the
cause and the relevance of this emission in tHeocacycle is still under debate (Keppler et al0&0
The relative importance of the dissolved carbowfio the forest carbon cycle is not crucial in the
context of this chapter even if recent studies sti@wit may account for several percents of tha to
carbon exchange between ecosystem and the envinbnme

! ATMOSPHERE 1

| [ S R S 3

47 Net ecosystem exchange {E*C‘{?
Gross Primary Production X X Respiration
Net Primary Production __

Wood
products
life cycle

- — BIOMASS
Species composition harvest

Vegetation management
Pest management

Fertilisation

Fertilisation Fossile C
Drainage SOIL —_

Soil preparation

Dissolved Carbon

Figure 4.1. Carbon cycle in a managed forest edesysand main effects of management practices.

4.1.4. Indicators

The global carbon cycle includes five pools, thaagphere, biomass, harvested products, soil and
fossil carbon pools which must be included in tegeasment of the greenhouse gas balances of
forestry scenarios. Two methods can be used foulzing the greenhouse gases balance and
evaluate the impacts of forest and land managemantely the “flux” and “stock” methods. For
convenience, practicability and consistency witG@Pguidelines (Naaburs et al., 2004), we
recommend to adopt the stock change approachdtarioe for the TOSIA model. The stock change
approach quantifies the ngtange in stock of each of the five pools betwaendates. It may also be
used for a comparison to a reference value or sicetiathe context of the EFORWOOD project and
for the TOSIA, it was proposed to compare the stestate value of stocks at equilibrium for each
FWC scenario with the value observed in a givearszfce scenario (PD. 221).

Not all the greenhouse gases considered have itie glabal warming potential (Houghton et al.,
1990). Releasing in the atmosphere 1 kg of carBd@@ or CH, affects differentially the climate

(Table 4.1). It is therefore recommended to distisly each greenhouse gases as far as possible. Tabl
4.2 lists the main operational indicators derivemif this approach and proposed within the

framework of the EFORWOOD project.
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Table 4.1. Global warming potentials (unitless)tale to the carbon dioxide (from Houghton et &9Q).

Trace gas Estimated lifetime Global Warming potential
in the atmosphere
(years) integration time (years)
20 100 500
CO; 1 1 1
CH,4 10 63 21 9
N,O 150 270 290 190

Table 4.2. (from PD 221). Indicators list propodedassessing the forestry scenarios impact ofyieenhouse
gas balance.

Carbon sequestration in the forest ecosystem

carbon in the above ground living tree compartmetoins C pr ha MCPFE (C.1.4)

biomass Eforwood WCI (16)

carbon in the root biomass tons C pr ha MCPFE.{Q.1
Eforwood WCI (16)

carbon in above ground living herb and budbns C prha MCPFE (C.1.4)

compartment biomass Eforwood WCI (16)

carbon in the forest floor tons C pr ha MCPFE (©.1
Eforwood WCI (16)

carbon in dead woody biomass tons C pr ha MCPEEA4L
Eforwood WCI (16)

carbon in the mineral soil tons C pr ha MCPFE (©.1
Eforwood WCI (16)

carbon loss due to leaching of DOC tons C pr hgepr

carbon loss due to loss of sediments tons C pehgear

Greenhouse gasses emissions
emission of methane kg C Eforwood WCI (22)
pr ha pr year
emission of nitrous oxide kg-.® pr ha pryear Eforwood WCI (22)

4.1.5. Direct and indirect impacts of forest mamaget alternatives

Management affects the carbon cycle in forest estesys directly. For instance, site preparation
techniques such as ploughing may deplete the adiba stock through fastened mineralisation of the
soil organic matter. There are also indirect effectch as the faster recovery of photosynthesisadue
enhanced tree growth. Both sorts of effects wiladdressed here. The assessment of the overall
impact of a FWC scenario will be evaluated compaebt and will include the soil, biomass, fossil
carbon and atmosphere. The changes in carbonatesiand sediments will not be considered here.

4.2. Approach and methods

Literature can be used for documenting and quangfthe direct and short-term impacts of
management practices on the forest carbon cyaecahbon stocks in biomass and soll, the net
primary production, wood biomass, soil respiratiGonversely, there is few data allowing a direct
comparison of the effects on carbon cycle betweanagement alternatives. Models of forest carbon
cycle models are therefore necessary for providmgverall assessment of the FWC scenarios on the
carbon cycle.

4.3. Effect of management operations
4.3.1. Site preparation — Physical treatments
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4.3.1.1. Clearing operations (prescribed burning), soil ddje, ditching, local ploughing,
mounding, etc.

The soil preparation aims at improving tree regati@n and growth through enhanced nutrient
availability, a better soil structure and aeratidrainage and controlling competing weeds or
pathogens. It allows a faster growth of trees afjtlvenile stage and is therefore required for Bngu
the success of tree regeneration. Soil preparaffects positively the photosynthetic carbon uptake
by trees, the gross primary production. Howeverstrsoil preparation technigues speed up the
mineralisation of carbon and nutrients from soganic matter and forest floor, i.e. the heterotioph
respiration, depleting to some extent the amouiadion stored in the soil carbon pool (Johnson,
1992). Intensity of soil preparation practices @aiffirom local (mounding, ditching) to plain plougdi
and the net loss of soil C generally increases imtmsity (Johansson, 1994; Orlander, 1996). Soil
preparation is the second most expensive forestibpe in fossil carbon after harvesting operations

4.3.1.2. Drainage

Long-term repeated measurements of carbon stoekdteawn that drainage has no effect on the
carbon stock of Scots pine peatland in Finland @ifinen et al., 1998). Conversely, in accordance
with the common understanding of the effect of migee, flux measurements operated on forest stand
evidenced much higher rate of soil respirationrairted areas than the average measured in other
undrained sites. However, most peatland is emittiethane and it is not known whether the drainage
and afforestation of peatland may lead to a pasitivnegative effect on the greenhouse gas balance
(Cannell et al., 1993). This must be dependingetyosn site conditions, peat thickness, etc. sb tha
the impact of drainage on the carbon balance ofdlogvsites and peatland is uncertain (Minkinnen et
al., 2002 Laiho et al., 2003). Hargreaves et &l08} estimated the mineralisation rate of peat
following afforestation in Scotland was relativelpw, ca. 1t C-C®. hal.yr® or less so that the

overall forest-wood products carbon balance wastaink for 90-190 years. Laine et al. (1997) came
to the same conclusion in Finland accounting ferglobal warming potential. Minkkinen et al.

(2002) estimated accordingly that the net effedftdrestation of drained peatland from 1990 to®10
in Finland was beneficial due to enhanced C stoteee stands, decreased methane emission whilst
N.O emission was marginally increased. However, Harges et al. (2003) stressed that the total
amount of carbon accumulated in peatland may exiteepotential sink capacity of the forest
biomass making it detrimental to afforest peatlaitth high amount of carbon stored. Frokling et al.
(2006) also showed that ancient peatland have eooding effect which suggests that drainage and
afforestation should mainly target recent peatlaitd low carbon stocks.

4.3.2. Site preparation — Chemical treatments

4.3.2.1. Fertilisation

Considering that production in most northern terafieand boreal forests is chronically restricted by
lack of N (Tamm, 1991; Vitousek and Howarth, 19%1¢glear relationship between N fertilisation or
deposition and annual NEE could be expected, agested recently by Magnani et al. (2007).
Fertilisation studies show that the likely respottsmcreasing N inputs is increased production of
leaves and wood, including coarse roots (Oren.g2@0D1; livonen et al., 2006) at the exception of
ecosystems approaching N saturation where theteffé¢ may be less pronounced or even reversed
(Magill et al., 2004).

N fertilisation is reported to decrease the minsadibon rate of the organic matter (Butnor et 802)

and to increase the C flux into the detritic poe, litterfall, which results in a net increasetioé

amount of C stored in humus layers and mineral(Boify, 1988; Persson et al., 2000; Johnson et al.,
2001; Franklin et al. 2003; Jand! et al., 2002;4mé Jand| et al., 2003 for an opposite resul®. Nh
induced increase of the forest floor pool in a Sgohe forest may reach 100% over a century, 70% of
this increase resulting from the decreased decaitigrosate and 20% to increased litter production
(Franklin et al., 2003).
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4.3.2.2. Liming

A literature review showed that liming causes alogt of C from forest soils in temperate and blorea
forests owing to increased microbial activity amssdlved carbon leaching (Brumme and Besse,
1992; Jandl et al., 2003; Lundstrom et al., 200Bhe application is routinely used in many European
forests to ameliorate soil acidity. In a maturedp@an beechHagus sylvaticd..) forest on acid soll
with a moder humus and eight years following silliieral treatments, there was no change in C and
N over the entire forest soil profile including ést floor. Reductions in the F and H layers in time
gaps were compensated for by increases in soid@Nan the surface (0-10 cm) mineral soil (Bauhus
et al., 2004). Although it increased soil pH ang thineralisation rate of carbon from forest floor,
liming had similarly little effect on soil carbotosage in spruce plantation ten years after apjdica
(Nilsson et al., 2001). Unfortunately, an assessmgthe complete carbon balance of the ecosystem
was not achieved in either of the studies, makimgpossible to realise how far the enhanced biesmas
growth could compensate the carbon loss by fastgmnic matter decomposition, lime
decarbonatation and associated fossil carbon lessadlime extraction, transport and application.

4.3.3. Tree species

4.3.3.1. Species selection

Species differ in their capacity to build up carlstocks in biomass and soil. Picea stands have
comparatively higher amount of C in the forest fldwan the other species (Giardina, 1988).
Differences in the potential of carbon sequestmatiefined as the rotation-average net primary
production, have also been established in comparatals among Pinus species (Balboa-Murias et
al., 2006), faster growing species such as Pindiateasequestering more carbon. Coniferous species
tend to accumulate carbon in upper layers of Hedweé to their shallow root system, whereas
broadleaved trees input carbon deeper in the safilgpon average (Jandl et al., 2007). No clear
difference for the total amount of soil carbon betw these group of species emerge even if forest
inventory data suggest that some species may adatemore carbon in soil and biomass (Table 4.3).

Table 4.3. Wood density of European tree specidsyadian of C pools in European forests (de Vried.e
2003).

Species Wood density Tree C Soil C >C
[kg/m?| [t/ha] [t/ha] [t/ha]

Pinus sylvestris 490 60 62 122

(Scots pine)

Picea abies 430 74 140 214

(Norway spruce)

Abies alba 410 100 128 228

(Silver fir)

Fagus sylvatica 680 119 147 266

(beech)

Quercussp. 660 83 102 185

(oak)

4.3.3.2. Understorey vegetation

The ground vegetation is a target of forest managem@specially because it competes with trees
especially during the regeneration phase and nsayrapresent a risk for fire initiation and
propagation. On the other hand, the ground vegetatay also play a role of shelter for young trees,
retain nutrients in forest environments prone &xkeng and stabilise the upper soil horizon and
enhance mechanical impedance of soil. Underst@mypval decreased the net primary production of
the ecosystem and fine root production which, in,tdecrease the soil carbon. The removal of
vegetation beneath trees is profitable for woodipetion and storage in the tree biomass pool as far
as windthrown risks is not increased. However, ffeceon soil carbon has been found in slash pine
plantations (Shan et al., 2001). Balance betweepdisitive and negative imapcts of the understorey
vegetation on the carbon storage is therefore mergh depending onthe local site and management
conditions.
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4.3.4. Stand management and harvesting

Carbon tends to accumulate in soil, forest float hiomass during the life cycle of the ecosysterh an
reach maximal values in old-growth stands (Sogl.et999, Béttcher and Springob 2001, Cerli et al.,
2006, Guillet et al., 2007). Forest floor C incregsluring the first decades after a disturbancéewhi
mineral soil C seems age-independent, at lealedtirhe scale of a century (Agren et al. 2007). As
expected, aboveground ecosystem C increased dls@agé due to an increase in aboveground tree
biomass whereas belowground ecosystem C remaiméidrsin the early decades after establishment
and increased later (Peichl and Arain, 2006). Faccomparison of the average rate of carbon net
uptake between differeRinusspecies , thinning regimes and rotation lengttb8aMurias et al.
(2006) demonstrated that thinning intensity andtrobh duration exert opposite effects on carbon
stocks. For radiata pine, C sequestration in sitaeground tree biomass for the whole rotation
(thinnings and clear felling at 30 years) rangetii3.4 t hd year" (the lowest initial stocking

density, the worst site quality and 35% of thinninignsity) to 5.9 t Hayear* (the highest initial
stocking density, the best site quality and 15%ofing intensity). For maritime pine, the amooht
tree biomass at stand level was significantly lotlian in radiata pine stands, and mean annualicarbo
storage ranged from 2.3 to 4.6 t'haear® for the same rotation length. Reduction of thaerhig
intensity and perhaps extension of the rotatiogtlemere proposed as possible strategies when the
main objective is biomass production and C seqaiistr.

Eriksson and Johansson (2006) have compared differeadleaved species among 93 stands
growing in abandoned farmlands in Northern Eurdpmi&d that optimal rotation length was
depending on the age at which growth and produefermaximal. They concluded that long rotations
are beneficial if the objective is to maximize thesrage carbon stock in biomass. If, on the other
hand, the intention is to optimize reductions ma@spheric C@emissions, rotations should be short
for aspen, silver birch and grey alder stands. I8mesult was established for maritime pine by
Loustau and Dupouey who compared the climate effectanagement alternatives accounting for
both biogeochemical and biophysical components|€T4ld a and b). These authors concluded that
the substitution of fossil carbon by wood prodymsdominate on the long-term and render the
intensive forestry with a high productivity moreoting than the less intensive scenario. However,
they also stress that the parameterisation of thaehused, with a replacement factor 1:1 and alarg
productivity range was clearly conditioning the clusion ot their modelling experiment. A
conservative conclusion is that fertile sites maybvoted to higher production forestry whereas
unfertile sites may better value low intensity ngeraent alternatives.

Table 4.4. Impact of three management scenaricsadmon stocks (a), and relative global climate iroisa(b)
partitionned among biogeochmical, fossil fuel sitbson and radiative (albedo) effects for compledtations
of maritime Pine (Pinus pinaster, Ait) in southveestFrance (from Loustau et Dupouey, 2005). Glathiahate
impact are expressed as a unitless index relatiibe reference scenario. A cooling effect is cedmtegatively.

(a) Mean carbon stock Mean annual Fossil C
Biomass Soil increment replaced
(tC.ha') (m’.hat.an?) (tC.ha'.an?)
Management intensity trees other
Low 57.5 7.5 80 6 1.3

(5 thinnings, 75 yr rotation)

Reference 27.7 5 60 12 2.6
(5 thinnings 45 yr rotation)

High 14.2 0 40 18 3.9
(2 thinnings, 25 yr rotation)
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(b) Relative climate impact (°C)

Carbon Fossil  Albedo Total
integration time storage carbon
20y
High 0.16 -0.11 -0.01 0.04
Low -0.22 0.11 0.01 -0.10
50y
High 0.16 -0.27 -0.01 -0.12
Low -0.22 0.27 0.01 0.06

4.3.4.1. Thinning and harvest operations

There is no evidence of long-term effects of thignand harvests on soil carbon, as far as whade tre
harvesting is not concerned (Johnson and Curt3];2@isson et al., 2005; Vesala et al., 2005; Jandl
et al., 2007) see also section 3.6. Thinning meslifhe microclimate at the soil surface generally
improving temperature and soil moisture and deestamporarily the litterfall. It may therefore
deplete the forest floor carbon pool (Piene and Ekreve, 1978, Aussenac, 1987) unless thinning
residues are left on site ( De Wit and Kvindelsd|&t®99). For Picea abies in Denmark, data from a
long-term thinning experiment and an adjacent sgpekperiment at stand ages of 58 and 41 years,
respectively, showed that C stocks of all biomasagartments decreased with increasing thinning
grade, while the distribution between compartmergs hardly influenced. Thinning influenced the C
stock of the forest floor and mineral soil oppdsiteesulting in no effect of thinning on total kG
(Skovsgaard et al., 2006).

The effects of harvest management have been cothpaodd growth beech forests in Europe and this
survey showed that the impacts of the investigatederate silvicultural practices on the carbon
budget of European beech forests were lower thasetheported for clear cuttings in temperate ferest
(Mund and Schulze, 2006). A review of harvestirghteques made by Johnson and Curtis (2001)
suggests that the effect on soil C is small aneédédp most on the residues management: left on site,
burning, none (whole tree harvesting). Howeverhoaross by 5 to 20tC/ha have been measured
following harvest by Pennock and Van Kessel (19€@hronosequence studies support the hypothesis
that carbon tends to accumulate in soil, foresirfemd biomass during the life cycle of the ecamyst
and reach maximal values in old-growth stands (Sxg. 1999, Bottcher and Springob 2001, Cerli
et al., 2006, Guillet et al., 2007). This impliést shortening rotation may diminish the steadtesta
value of carbon stock in forest ecosystems.

4.3.5. Risk and natural hazards

The carbon sequestration is more efficient asuhedver time of the accumulating pools is longer
and reciprocally, less efficient when it is shogénBiotic and abiotic hazards may reduce
substantially the residence time of carbon in tleenass and forest floor pools. Minimising risk
exposure and ecosystem vunerability is therefos@alae in the context of sustainability of the
forestry-wood chain.

In geographic regions with a low human densityuratwildfire is one of the major regulators of the
carbon stock in forests, together with windstorimgpacts of fire depend upon their intensity. While
severe fires mineralise most of the biomass s@elariable part of the ground floor and soil stocks
and lower the photosynthetic carbon uptake to Zigiat, fires do mainly transfer some carbon from
the biomass to the soil without subsequent deplétigproductivity (Wang et al., 2001).

The effect of windstorms on the carbon and greesdgas balance of managed forest ecosystems is

poorly documented. Depending on the severity amaag@s, the totality or part of the trees felled may
be harvested, this at a higher cost in fossil fia@h for a normal harvest operation. Restoraticef
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site may also induce additional costs linked togtand slash removals and soil preparation.
Conversely, a high amount of slash and boles iallyskeft on site and increases the soil and forest
floor carbon stocks (Thurig et al., 2005).

Next decades will be characterised by a rapidiywghmay climate. While this may not be so important
for short-term silvicultural scenarios, wood-biomasd intensive forestry, this non-stationarity inus
be accounted for in management for longer rotatmnarios because important shift in species area
and yield class are expected (Loustau et al., 2008 species will be more vulnerable and affected
at their southern margin and substitution by sauthéariants may be considered there.

4.4 Forest management alternatives

Thornley and Cannell (2000) used a mechanisticstareosystem simulator, which couples carbon,
nitrogen and water (Edinburgh Forest Model) to mithie growth of a pine plantation in a Scottish
climate according to thinning and harvesting regras follows. The model was run to equilibrium (1)
as an undisturbed forest, (2) removing 2.5, 10r200% of the woody biomass each year (3)
removing 50% of the woody biomass every 20 yeard,(4) clear-felling and replanting every 60
years as in conventional plantations in this clandMore carbon was stored in the undisturbed forest
(35.2 kg C rif) than in any regime in which wood was harvestéghtation management gave
moderate carbon storage (14.3 kg € mnd timber yield (15.6 frha" year'). Notably, annual

removal of 10 or 20% of woody biomass per year dath a high timber yield (25hha' yeai') and
high carbon storage (20 to 24 kg C)miThe efficiency of the latter regimes could beilatited (in the
model) to high light interception and net primargguctivity, but less evapotranspiration and summer
water stress than in the undisturbed forest, hitdr input to the soil giving high soil carbon aNgd
fixation, low maintenance respiration and low Ncleiag owing to soil mineral pool depletion. They
concluded that there is no simple inverse relatignbetween the amount of timber harvested from a
forest and the amount of carbon stored. Manageregithes that maintain a continuous canopy cover
and mimic, to some extent, regular natural foregtidbance are likely to achieve the best
combination of high wood yield and carbon storagthe context of pure even-aged coniferous
plantations but vey few data is available so farcftecking this hypothesis (O’Hara et al., 2007).
Management shifts carbon allocation toward comraétithber production. A comparison of the ratio
of wood biomass to NPP among a database asseneglentlly by Janssens and Luyssaert (pers. com.)
exemplifies this result for 229 forest sites (L et al., 2007). The carbon allocation among
biomass compartment is shifted toward the commiginiber at the expense of other compartments
like roots, branches and foliage.

The guestion regarding the balance between faadiber emissions associated with silvicultural
intensification (herbicide, fertilisation, thinninbarvesting, etc.) and the net gain in carbon
sequestration in biomass and soils due to prodtycemhancement was addressed recently (Liski,
2001; White et al., 2005; Markewitz, 2006; Sonr#)&). The fossil carbon emissions could be
estimated to 3 Mg C Heover a 25-year rotation in an intensively managjeé plantation in the
southeast USA indicating that fossil C emissionsnfisilviculture would largely counter-balance 75%
of the expected gains in soil C (16 Mg C'tever 100 years) or in pulp products due to added
productivity (Markewitz, 2006). In contrast, theogith, harvest, and utilisation of saw logs as timbe
appear to provide a clear benefit for C sequestraB5 Mg C.ha over 100 years, relative to the C
emissions incurred from intensive silviculturaliaities, 12 Mg C.h# over 100 years. The major
implication of this analysis is that the fossil @issions from intensified silvicultural activitiean
impact the net amount of C sequestered in managesdt$ but a net C gain should still be realized,
particularly if trees are allowed to grow to a dag category. A comprehensive assessment of the
greenhouse gas balance of 408 management reginmgsmdive forestry has been recently proposed
by Sonne (2006) for Douglas fir planted forestthim Pacific Northwest (USA). This study is among
the first assessments based on a life cycle aseassmproach and accounting for upstream as well as
on site carbon emissions for such a range of mameageregime (Johnson et al., 2005). It concludes
that carbon emissions associated with managemactiqes are significant, accounting from 6 to
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12.5% of the wood carbon storage according to smejdongest scenarios being less carbon-
expensive. Upstream emissions, associated wittseagllings, fertiliser and phytocide production and
transportation, were 16% and on site emissions 84tte total. The biggest contribution was log
transportation followed by harvesting, site prepareand fertilisers. The author concludes ther@nis
opportunity to enhance carbon sequestration irstertarough minimising management emissions.

Forest management orientated towards productiatstenintensify the stand productivity, e.qg.
through fertilisation, efficient species, vegetatinanagement, site preparation. It keeps the forest
stand in an actively growing state through thinramg shortened rotation duration. As compared with
a more "close from nature” management, the int@xadibn of silviculture shifts the carbon cycle
towards a maximisation of harvested products aexpense of soil and biomass which generally
leads to net carbon loss in the atmosphieeeause the turn over time of wood products istshthan
biomass and soil. The carbon stougksity, in soil and biomass, are relatively low compatied low
intensity scenario.
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Figure 4.2. Course of carbon stock (upper diagraars) flux (Lower diagram) in a forest ecosystenmoading
to two management class, unmanaged (left) and nezh@gght).

4.5 Synthesis

Forest ecosystems represent the largest terrestsialge of carbon and there is an increasing pgale
that human activities are controlling the carboaleyn forests at the global scale through direct a
indirect effects (Wang et al., 2001; Magnani et2007). From this review, we conclude that the
management effects on the carbon cycle in conthémtest are considerable. The impacts of forest
management on atmosphere and climate are thewefayg issue of the sustainability of the forestry
wood chain.

Direct and short-term effects are easier to obsandequantify and therefore generally well
understood (Table 4.5). The carbon storage in itbradss of managed forests has been managed for
long by foresters and is relatively well understoeekn if interactive effects of management, clamat
disturbances and pollution are not that clear. Aiksue here is the question of the balance between
on site biomass storage and fossil carbon replatelnyewood products which is tightly depending on
the integration time used.

1 Not considering the fossil fuel substitution by wood products use.
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Table 4.5. Qualitative effects on average carbaclst of management operation in managed forestseove
rotation compared with the rotation period prior teanagement (modified from Freeman et al. 2005)n¥r
Hyvonen et al. (2007).

Soil C stock Biomass C stock Ecosystem C stock
Stand initiation phase
Prescribed burnind Decreasing Decreasing, neutral Decreasing, neutral or
or increasing increasing
Drainage of peatland$ Decreasing Increasing Decreasing, neutral or
increasing
Site preparation methotl
Low-intensive Neutral Increasing Increasing
Intensive Decreasing Increasing Decreasing, neutral or
increasing
Tree species chande
To conifers from broadleaves  Increasing Increasing Increasing
To broadleaves from conifers
To mixed conifers and Decreasing Decreasing Decreasing
broadleaves from mono-specific
coniferous Neutral or decreasing Neutral or decreasing Neutral or decreasing
Stem exclusion phase
Thinning method Neutral or decreasing Decreasing Decreasing
Fertilisation ® Increasing Increasing Increasing
Increased rotation length Decreasing, neutral Increasing Increasing
or increasing
Harvesting method Decreasing, neutral Decreasing, neutral Decreasing, neutral or
or increasing or increasing increasing

! Biomass and ecosystem C stocks depend on regemesatioess and nutrient loss.

2 Ecosystem C stock depends on loss of from soilgaitdlin biomass.

3 Ecosystem C stock after intensive preparation d#pen loss from soil and gain in biomass.

4 Soil C depends on the decomposition rate whiclereally lower for conifer litter than for broadiditter. Biomass and
ecosystem C depend on the growth rate which is hipyer longer periods for many conifer species toarbroadleaf
species.

® Removal of thinning residues can give large tramsieductions in soil C.

® Higher production increases all C stocks. N-fesdilion increases litter production and may redea®chposition in soil in
the long-term.

" All C stocks depend on developmental stage ofdhest when the rotation period is prolonged antherthinning method.

8 Soil C depends on the removal of residues. Biomag®eosystem C for the following rotation period elepon how
regeneration and growth conditions are affectethbyharvesting operation.

Comparatively the soil part of the carbon cycledmee only recently a matter of interest in forestry
but relatively few experiments are operationalao Apart from the nitrogen fertilisation, the soil
carbon stock is either depleted or left unchangechénagement operation depending on the case
studied. Inhibition of mineralisation and enhanceti litter production by nitrogen may lead in
some cases to an increase in soil carbon stock.

* Logging and site preparation deplete the soil amdus carbon stocks. Management
intensification may decrease the soil carbon shycas much as 50% through more frequent
logging, drainage, and soil preparation operations.

e The fossil carbon emissions associated with manageoperations is higher for more intensive
scenarios and has the critical drawback of extigatarbon from a reservoir with an extremely
long residence time, as compared with the oth@&stoy wood chain pools. At most, it may offset
6 to 12% of the carbon stored in the wood compartme
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Indirect and longer term effects are less docunteael therefore difficult to integrate in
management. They are however critical for manatfiagcarbon cycle in forest ecosystems because
the main consequence of management is a changelarcallocation among compartments differing
in residence time by one to two order of magnitude.

Carbon is a widely used indicator because stock#oimass, wood products and even soil are
measurable at low cost. However, as far as theagtdimnate is concerned, the information provided
by inventorying and comparing carbon stocks amoagagement alternatives is only partial. Indeed,
the consumption of fossil carbon associated withdbmanagement and downstream transformations
must be accounted for as well as the other greesghgaises, methane, nitrous oxide, ozone. As far as
land use change is an issue, the biophysical fdler@sts must also be taken into account. The
approach of life cycle assessment, allowing comepless and comparability, must also be favoured in
the future to provide a complete picture of thenalie impacts of management scenarios.
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5. The impact of forest management on the watdecyc
of forest stands and watersheds

by

Klaus Katzensteiner, Emil Klimo and Ute Szukics

5.1. Introduction

One of the services of forested watersheds isrtngion of pristine water in sufficient quantifyhe
effect of forest cover on runoff processes has alsemendous influence on the protective functibn
forest ecosystems. Thus a thorough understandingaohgement impacts on the water cycle is of
crucial importance for sustainability assessments.

The influence of forests on hydrological procestadifferent spatial and temporal scales has been a
matter of debate for centuries (Chang, 2006). Sitiewatershed research on the effects of foreats
the water cycle started in the laté"k@®ntury by pioneers in forest hydrology like EmgreEurope
(Keller, 1988) or Bates and Henry in the US (Mc@cifl and Robinson, 1993; Douglass and Hoover,
1988). The famous paired catchment study in thesS®wmmental already showed increased annual
runoff in a sparsely forested compared to a fudke$ted catchment. Furthermore the regulating effec
of forests on flow rates: a decrease of peak flovainy periods and an increase of base flow during
dry periods as well as effects on snowmelt weraid@mnted (Engler, 1919). Since then a large
number of catchment studies have been establidhemsurements of runoff at weirs give integral
results on water yield for whole catchments.

The first review by Hibbert (1967) of 39 experima&itatchments has been updated subsequently by
Bosch and Hewlett (1982) with additional 55 expenms. More recent reviews by Stednick (1996),
Sahin and Hall (1996), Best et al. (2003) or Mac&ldrand Stednick (2003) confirm more or less the
general patterns gained already in the first ingaibns: a reduction of water yield by increasing
forest cover and a decrease if forest cover isaedluThey also could show differences in the respon
between conifer-type forests and deciduous hardeaad make general quantitative predictions of
management effects on water yield. Climatic vasiatdifferent patterns and dynamics of regrowth
and site conditions in general cause a high vanati the response of water yield to treatmentg Th
response of the size of peak flows is even moreptmmthough a general extenuating effect of farest
can be concluded.

Besides impacts on species composition and foostr@and structure, forestry also alters the
hydrological regime of watersheds by constructibroads, skid trails and landings. In catchment
scale studies a clear separation of the effeatad construction from the effects of stand treatrigen
usually impossible. Direct surface runoff from fefrenoads is mainly directed to ditches draining int
stream channels. In sloping terrain in additionssuface components of runoff may be intercepted.
Both components are delivered rapidly to the streatwork and can increase size of peak flows. The
discussion on significance of these effects is hvawstill controversial (MacDonald and Stednick,
2003).

To uncover effects of forest management on subgss®s of the water cycle, measurements at stand
scale, combined with micro-meteorological measurémand models like Bowen energy balance
ratio or eddy co-variance modelling are appropnagthods. A number of studies treat the effects of
tree species on canopy interception and intercgppitation evaporation, showing the clear
differences between coniferous and deciduous havdwspecies (Brechtel and Pavlov, 1977). For
montane forests even a considerable net gain offitagtion due to interception of cloud and fog-
water in forest canopies could be observed (Grud®&5). Measurements of xylem sap flux give
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information on transpiration rates of individuadés and allow the scaling up for whole stands
(Cermak and Nadezhdina, 1998). Changes in soilngtteage can be measured by several methods,
Time and Frequency Domain Reflectometry (TDR andR}-Becoming a convenient tool to gain
measurements in high spatial and temporal resolufid®R has been successfully applied to describe
the drying and refilling patterns of forest soitshigh resolution and revealed distinct differences
between spruce and beech (Schume et al., 2003).

Regression based models derived from statisticyais of results gained from direct measurements
are one way to predict possible management imacks/drological processes. A more promising
way is the use of mechanistic hydrological modeidtie prediction of evapotranspiration and runoff.
Accuracy of runoff predictions at a watershed st@a@reas where long-term time series of
meteorological data and runoff values can be useddlibration of models is usually high.
Hydrological models have been used to make prediston effects of afforestation on water yield
(Feger and Wang, 2007), to estimate the impactobigage of tree species on runoff (Armbruster et
al., 2004) or as a support tool for silviculturakgsion making in face of changing climatic corahs
(Katzensteiner and Schume, 2007).

Complex meteorological situations, in particulamountainous terrain, spatial variability of site
conditions, and missing homogeneity of forest standke precise forecasts on management effects
by the use of models still rather uncertain.

The current report should give an overview on tles@nt state of knowledge on impact of forestry on
water yield and modification of peak runoff. A sstital analysis of literature data serves as &bas

for the general quantification of management impgein water yield. For generic forest ecosystems a
modelling approach has been applied to allow fiarking of the impact of different management
options on evapotranspiration.

5.2. Concepts and indicators
The impact of forest management upon water budgetrest stands/watersheds will be evaluated
based on the terms of the water balance equation.

Po=Es + | +T ASW +AGW + Q

Po...Precipitation, Es...Soil evaporation, I...Interceptain evaporation, T...Transpiration,
ASW...delta Soil water storagAGW...delta Ground water storage; Q...runoff; all umitgmm.a’].

With respect to the service ‘water yield’, watee oy the ecosystem, namely EITABT = EIT) is a
suitable indicator. Numerous process models oédifit complexity and hydrological field
experiments are available to estimate this termeéond indicator will be runoff, as this value is
frequently given as an output of paired catchmerdiss. This term will be meaningful under the

assumption that over longer period§W +AGW will equal zero.

With respect to the protective function of foressgdtems also the impact upon surface runoff and
peak discharge is of importance. As peak dischiardependent on a number of factors — timing and
intensity of precipitation, snow accumulation andwmelt patterns, site factors like watershed size
and topography, surface roughness and soil preggftiorosity, pore size distribution and continyity
water content of soils prior to a precipitation eivand vegetation cover, a generalization of
guantitative results gained from watershed invesibgs is problematic.

Different approaches will be used to express tlirdiggic response to the impact of harvesting. The

analysis of hydrographs from paired catchment stutontrol versus treated watershed) gives
information orresponse patterns
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Rainfall-runoff coefficientfor the simplerational equationare an option to compare forest to other
land use types.

Q=kCIA

where Q [m*.s'] is a peak discharge for a given rainfall intepsitis the rainfall intensity, A is the
catchment area, C is the runoff coefficient (rafiounoff/rainfall) and k is a factor for unit coassion
(in the example 0.00278 if | [mm‘*hand A [ha]). A uniform rainfall intensity is assed until time of
concentration (time required for water to travehfrthe furthest part of a watershed to the outt).
C will be a function of topography, soil propertaasd vegetation.

5.3. Methods and approaches
5.3.1. Review

The current study includes a literature review wblcations about the effects of forests and forest
management upon hydrological processes. The raa@udes results on management effects on
runoff from single and paired catchment experimestend level data on sub-components of the water
cycle and information on physiological respons&@és (leaf area and stomatal conductance) to
fertilisation. With respect to the service ‘redoctiof peak runoff’ a crude review of published
experiments and runoff coefficients is included.

5.3.2. Meta analysis of literature values

Paired basin experiments provide a continuouscantinuously changing record of vegetation
structure, composition, climate, and their effentsstreamflow (Jones and Post 2004). Single or
paired catchment approaches have been applieddiar tinan a century and a considerable literature
has been generated. A literature research on peatetiment studies provided a broad range of data,
comprising reviews (Hibbert, 1967; Bosch and HewE282; Stednick, 1996) which were completed
by more recent studies (Robinson, 1998; Robinsdrarpeyrat, 2005; Troendle et al., 2001; Jones
and Grant, 1996; Iroumé and Huber, 2002; Pike amei®r, 2003).

In course of the construction of a meta-databasgijrec data for water yield, evapotranspiration and
interception before and after forest management wellected. This approach was based on two
different scales, either the whole catchment dragumanaged stand was considered. Water yield data
were exclusively coming from watershed studies avhilapotranspiration and interception data
referred to the stand scale.

The available data were classified hierarchicalyarding the affiliation to the Képpen-climate
classification, the size of the investigated drgaarea, the vegetation type and the management
practices. Classification according to (Képpen,)9stinguishes 5 climate zones: tropical (A)dari
and semiarid (B), temperate (C), continental (OJ palar (E) climates. The rather rough classifaati
according to Képpen was chosen, as a finer catagn was hardly possible due to the lack of
detailed information in many studies and reviews Tocus was laid on the climate zones C,
temperate and D, continental climates.

The response of runoff to change of forest covanfpaired catchment experiments was analysed
separately for deciduous hardwoods and for conifgngsing multiple linear regression analysis with
mean annual precipitation and percent area cutdependent variables. A simple multiple regression
analysis provided sufficient results (after outlifnom earlier databases used by other authorsl dxaul
identified as erroneous values not conforming tgioal data). Residuals were high, but normally
distributed. Thus it was not necessary to use fuegyession techniques like has been done by Sahin
and Hall (1996).
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5.3.3. Modelling approach

To visualize the effect of tree species, rotatemgth and thinning regime, the hydrological model
BROOKO9O0 (Federer, 1995) was used on generic fegestems. The growth and yield scenarios were
provided by Eckmullner (personal comm.).

Three scenarios for the rotation of Norway sprummeding to long-term experiments of the Austrian
Federal Forest Research Centety//bfw.ac.at/rz/bfwcms.web?dok=3554ere selected:
afforestation with 2500 stems per ha and heavygpnemercial thinning and early thinning (scenario
intensive forestry), leading to a rotation of 8@sgeto reach a target diameter of the centralafd®
cm, afforestation with 3500 stems per ha, precoroi@ethinning and selection thinning leading to a
rotation of 100 years and a third scenario witlor@$tation of 2500 stems per ha and moderate
thinning from below starting rather late leadingatootation length of 120 years (scenario multi-
purpose forestry). Leaf areas have been calcufatetie different development stages according to
Eckmullner (2006). Maximum canopy conductance érlaaf area was set to 0.25 and albedo to
0.14 from an age of ten years onwards. To simuteeffect of clear-cut and herbaceous vegetation
in the clear-cut phase, a decreasing conductaaoe@r4 to 0.25 in the first 10 years and an inarneps
albedo from 0.15 to 0.23 in the first four yeamsgrbasing then to 0.14 over the next six years were
assumed according to Katzensteiner (2000).

One scenario for European beech — a rotation lenfgt25 years, thinning from below with different
intensities and natural regeneration by applyirgtehwood cuts in year 110 has been calculated
(scenario low intervention). The scenario of stdadelopment was applied after Kennel (1972), leaf
area was estimated by allometric functions fromt#eé al. (2007). A maximum canopy conductance
per unit leaf area of 0.53 and an albedo of 0.18 kegt constant throughout the rotation.

Soil data for mesic site conditions: a cambisohvgiandy loam and a species specific rooting pattern

(shallow rooted spruce and deep rooted beech) lese used according to Katzensteiner and Schume

(2007).

To allow for climatic variation a 25 years timeiserof climate data from Eastern Austria, including
both wet and dry years has been applied to eagk sfadevelopment (Figure 5.1). Thus it was
possible to get the response of the terms of thenkalance in both wet years and extremely dry
years.
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Figure 5.1. Climate diagram of the meteorologidaltin used for scenario modeling.
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5.4. Results and discussion

5.4.1. Choice of tree species

5.4.1.1. Intercepted rain evaporation

The evaporation of precipitation intercepted byeftrcanopy is closely related to vegetation comdr a
vegetation type. The amount of intercepted andspiaad water highly depends on tree species and
their leaf-area index (LAI).

Differences in intercepted rain evaporation betwieea species are well studied, in particular for
spruce and beech (Benecke, 1984; Brechtel, 19tjheir relevance concerning interception, water
balance and microclimate could be prooved in mamgiss (Augusto et al., 2002). The famous
Solling study showed a comparatively high interedptin evaporation of spruce (29%) compared to
beech (17%) (Benecke, 1984; Ellenberg et al., 198 higher interception rate of Norway spruce
can be attributed to higher leaf area, both in semtime and particular in winter. The study of Kant
(1995, transcription of Klimo, 2007 personal commsation) also showed higher interception losses
in mature coniferous stands (16%) compared to beaadd forests (7 %) but these values are much
lower than the Solling results. Of course thera jgonounced year to year variation depending on
climatic conditions (Table 5.1).

Species-referred differences are modified by staged(Molchanov, 1960), stand structure and forest
management (Mitscherlich, 1981; Hager, 1988).

Table 5.1. Water balance of a spruce and a beenidstin the Orlicke Mountains (Cz.) in the hydratad)
ears 1976/1977 — 1980/1981 (Kantor, 1995).

Precipitation
Hydrological| of Interception| Transpiration Evaporation Surface| Horizontal| Seepage + soil
year an open area runoff | soil runoff moisture|
mm mm % mm % mm % mm % mh % mm] 9 njm |

Spruce stang

1976/1977 | 1263.6 190.4 15.1 234.2 18.5 84.8 6.7 24 0.2(11.4|/0.9|743.3 | 58.8|-2.9 |-

1977/1978 | 1187.0 192.3 16.2 199.9 16.8 745 6.3 115 1.0|22.7/1.9|670.2 | 56.5|15.9| 0.2

1978/1979 | 1071.0 226.3 21.1 165.1 15.4 97.5 9.1 19.3 1.8/21.2{2.0/546.0 |51.0/-44|1.3

1979/1980 | 1500.0 264.3 17.6 184.2 12.3 62.3 4.2 13.9 09(24.111.6|944.8 |63.0/6.4 |-

1980/1981 | 1460.5 187.4 12.8 192.3 13.2 82.1 5.6 17.0 1.2|154]1.1|961.3 | 65.8/5.0 |0.4
0.4
0.3

Mean 1296.4 2121 16.3 192.2 15.1 80.2 6.2 12.8 1900|1.5(773.1 | 59.d4.0 | 0.3

Beech stand

1976/1977 | 1263.6 73.0 5.8 202.2 16.0 82.4 6.5 20.3 16|14.8/1.2|872.8 [69.1|-1.9 |-

1977/1978 | 1187.0 54.7 4.6 175.0 14.7 73.4 6.2 18.0 15(/18.2{15|8434 [71.1/4.3 |0.2

1978/1979 | 1071.0 92.4 8.6 160.7 15.0 90.6 8.5 14.1 1.3/ 13.5/1.3|698.8 [65.2/0.9 |04

1979/1980 | 1500.0 102.9 6.9 173.7 11.6 54.6 3.6 29.3 2.0(27.6/1.8{1108.9| 73.9/ 3.0 | 0.1

1980/1981 | 1460.5 110.3 7.6 192.4 13.2 82.8 5.7 25.4 1.7|26.8/1.8|1019.1| 69.8| 3.7 | 0.2
0.2

Mean 1296.4 86.6 6.7 180.8 13.9 76.8 5.9 21.4 2(062)1.6/908.6 | 70.12.0 | 0.2

Besides the impact upon total interception lossEsdpecies also modify spatial patterns of canopy
throughfall and stemflow. While trees with a funiikd crown and smooth bark like beech guides a
high share of precipitation as stemflow close tttiink (up to 20% of precipitation), conifers like
spruce rather guide precipitation to the periplagrthe crown (Peck, 2004 Beier, 1998). For spruce
rarely more than 2% of precipitation reaches tmedofloor as stemflow, except in very young stands
Pine shows stemflow values around 3% and Douglasén up to 8%.

The generalisation: higher interception lossemferous stands is not valid for every situation,
clear effect of tree species was found for exarbpleluber and Iroumé (2001) in temperate Chilean
areas with high precipitation rates. In this casecbniferous plantations interception ranged fidin
to 39% of precipitation and in comparable broadbebforests interception varied between 10 and
37% of precipitation.
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Crockford and Richardson (2000) reviewed curreimwkadge of the effect of forest type, ground
cover and climate on interception, covering a walege of forest types and climate. Characteristics
such as trees.Habranch angle, the uniformity or lack of uniforynit crown height, the nature and
thickness of the bark layer, leaf shape and inttbnaand leaf area index are all influencing
interception. They assumed that it is difficulidi@w general conclusions about interception lobges
particular forest types and climates because ctarstics of a forest that affect interception ao¢
easy to identify and quantify and data almost akm@gpend on the type of rainfall and other
meteorological conditions during the study period.

Jost et al. (2004) focused on the role of treeispagon horizontal and vertical patterns of saitev
recharge. The horizontal and vertical spatial ghation is altered due to both the throughfall and
stemflow patterns and due to plant soil feedbacg&harisms: Higher interception of spruce results in
lower soil water recharge when compared to beechddition the higher macro-porosity of soils
under beech lead to a quicker vertical distribuaod more even soil rewetting compared to spruce.

5.4.1.2. Soil evaporation

Soil evaporation in mature stands is usually of legportance than interception losses. As in many
studies intercepted rain evaporation and transpirat§ a forest floor vegetation is included insthi
term, results of different studies are frequentycomparable! In the study of Kantor (1995) soll
evaporation amounts to 6% for mature spruce anchb&t@nds. During clear-cut phases and early
stages of stand development there will be a procexieffect of this term however. In a study by
Katzensteiner (2000) soil evaporation during vetigoeriod at a clear-cut amounted to 10-20% of
precipitation, compared to only 2% in the matuneise stand. Mller et al. (2002) compared pine and
beech stands in the NE-German lowlands under ptaign limited condition of forest growth. In the
pine stand soil (and ground vegetation) consumeduesh as 35% of precipitation compared to only
12% in the beech stand. In summary total EIT wandlai for all situations and exceeded precipitation
(Table 5.2).

Table 5.2. Water consumption of pine and beectdstanthe NE German lowlands during vegetationqubri
[mm] (Maller et al., 2002).

Precipitation | T E EIT
Pine 84 a 360 104 148 126 378
Pine/beech 83 220 72 375
51/11a
Beech 101 a 86 256 44 386

5.4.1.3. Transpiration

Transpiration rates clearly depend on tree ledhsarareas (Santiago et al., 2000), vary accotding
levels of radiant energy, soil moisture, humiditynd, and stomatal resistance imposed by vegetation
(Pike and Scherer, 2003) and differ with tree sggand canopy structure (Kostner, 2001).

Different from interception, plants are able toukage transpiration in response to environmental
conditions. Thus the effect of species on tranipimamay be less pronounced as for interception
losses. The comparison of transpiration ratesgoice and beech in Kantor’'s study shows only a
minor difference between mature stands. Transpiraif replanted young-growth beech and spruce
stands at the same site investigated by Kantor5{ll8@wvever show generally higher rates in the
spruce stand compared to the beech stand, theeditie increasing over time due to tree growth
(Figure 5.2).
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Figure 5.2. Transpiration rates in regrowing beeatd spruce stands (Kantor 1995).

Contrary conclusions were drawn by Hietz et alO(®0A considerably higher transpiration rate of
beech trees than spruce trees of comparable DBHngasured. They assumed that coniferous trees
were more economic in the consumption of water thraad-leaved trees. Schipka et al. (2005) report
high values of canopy transpiration of beech font€# Europe of around 210 — 350 mm, showing no
clear dependence on precipitation regime, in aerewdf several studies. Experimental results were
obtained by different methods, sap flux measureseail water balance and micrometeorological
approaches.

Coniferous and deciduous trees further differ iotingy depth (Canadell et al., 1996) which is stigng
determining the water supply during precipitatioaef periods and thus transpiration rate. Moreover
deciduous angiosperms are leafless during the myisdethe potential transpiration varies more widel
in deciduous forests than in coniferous forests famction of seasonal dynamics in leaf area (Moore
et al., 2004).

Besides the variation of transpiration-rates iatieh to tree species, changes of transpiration wit
increasing tree age appear to be relevant.

While canopy LAI seemed to be a suitable prediotaranopy transpiration in European beech forests
independently of stand age, canopy transpiratiohlekreased with increasing stand age in stands of
Norway spruce (Kostner, 2001). Ryan et al. (20@Pprted also a higher transpiration per unit leaf
area of 12 m high, 40 years old, compared to 3égm, 290 years old, Ponderosa pine trees — a hint
on physiological changes of leaf conductance wéh tige.

5.4.2. Site preparation — fertilisation

Fertilisation may influence ET by alteration offleaea and by changing stomatal behaviour. In
addition indirect effects on water uptake by chagghoot to root ratio, rooting pattern and
conductivity of the xylem have been shown (Eweral e2001).

Ewers et al. (2001) compared effects of fertilizatand irrigation on stomatal conductance of young
Pinus taedaandPicea abiestands grown on nutrient poor soil. Fertilisatitoubled respectively
tripled leaf area of. taedarespectivelyP. abies regardless if irrigation was applied. In fer@d; non
irrigatedP. taedastands canopy stomatal conductance decreasedyshénpe the combination of
irrigation and fertilisation caused a large inceeasstomatal conductance. abiesfertilisation
caused no change in stomatal conductance unléggion was applied.
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Earlier reports by Guehl et al. (1995) gave evigeofcreduced stomatal conductance after fertibsati
of Pinus pinasterRipulline et al. (2004) confirmed an increas8\GJE after N fertilisation for
Pseudotsuga menzieaindPopulus x euroamericanavhile they found no evidence for a change of
stomatal conductance. There are however a nunfilsénaies showing either no or even a negative
effect of N fertilisation on WUE.

Hubbard et al (2004) showed a tremendous increfasater use due to fertilisation Eucalyptus
salignastands, also an effect of increased leaf aredewhithe long run canopy conductance did not
change. In this case water use efficiency couldoedmproved by fertilisation.

In a study by Powers and Reynolds (19B8jus ponderosahowed increased WUE due to
fertilisation only if drought stress was not todrere — a clear indication of dependence of
fertilisation effects on site conditions.

In summary the increasing leaf area due to featili;m should lead to higher interception lossesnev
if transpiration is not increased due to improvexshtal control.

5.4.3. Stand management and harvesting

5.4.3.1. Rotation, silvicultural regime

To visualize the effect of choice of tree specied #hinning regime, different scenarios have been
calculated using the BROOK90 model (Figure 5.3).

The modeling results indicate a distinct differebeéween beech and spruce over the rotation length.
EIT of beech remains rather constant from yeasetr ynd the reaction to thinning operations is
moderate. This is partly due to the fact that bdexsha rather plastic canopy, and leaf area is
recovering quickly after thinning. Under the sitoatof unlimited water supply the transpiration of
beech is rather high compared to spruce, in theaor season the effect of stand density on
evaporation is only moderate. In case of watertéition the EIT of beech is however lower than EIT
of spruce (except for the heavily thinned variang result of lower interception rates (Table 5.3).

Table 5.3. Scenario results of EIT and water yfeldspruce and a beech stand for low, average dgt h

recipitation rates.
Minimum Average Maximum
Scenario | Precipitation EIT Water yield | Precipitation EIT Water yield | Precipitation EIT Water yield
Spruce A 386 153 453 335 502 752
Spruce B 587 416 126 787 490 298 1148 540 713
Spruce C 425 122 504 284 554 695
Beech 400 162 491 297 570 668

In contrast to beech the development of leaf arélhd moderately thinned spruce stand peaks earlier
and shows a steady decline from age 25 onwards.i3 heflected in the behavior of EIT. Reduction
of leaf area by thinning reduces water consumptmntinuously. For a whole rotation in this case
water consumption between early and heavily thirstadds with short rotation and stands thinned
moderately from below differs as much as 50 riim.a

Comparing a spruce stand and a beech stand witlaslvAl's and heights for the site conditions
mentioned above, one can clearly see the differgnpartitioning of available water in different
seasons. The higher water consumption of Norwaycgptompared to beech confirms with values
from the literature (Table 5.4).
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Figure 5.3. Stand development of a spruce starid aifferent degrees of thinning and different ratat(A:
early and heavy pre-commercial thinning, 80 yeartation; B: less intensive selection thinning, }@ars
rotation; C: moderate thinning from below, 120 ygaotation) and a beech stand (thinning from below,
shelterwood cut at age 110): hL...mean stand heightLorey), N...stem number, LA...leaf area index; and
EIT: Evapotranspiration [mm] modeled by BROOK?9O0 dqurecipitation of 800 mm.
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Figure 5.4. BROOK90 model results of the watereyot a spruce stand and a beech stand with LAI 6.
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Table 5.4. Water cycle of European forest ecosyst@omparison of model results for generic systefms
European beech and Norway spruce and literatureesl

surface

Reference Site Precipitation E | El T ET EIT runoff _interflow seepage R

Benecke 1984 Solling beech 1060 187 287 474 589 589
1969-1975 spruce 305 335 640 423 423

Klimo, 2007 Orlické hoty Mts., Cz  beech 1296 77 87 181 258 345 21 20 909 950

after Kantor, 1995 1976/77-1980/81 spruce 80 212 192 272 484 13 19 773 805

Model results Generic system beech LAI 6 787 141 374 515 273 273
25 a time series spruce LAI 6 288 308 596 191 191

E soil evaporation (including ground cover)

| intercepted rain evaporation

T transpiration

R total runoff

For continuous cover forestry, a rather even watesumption over the years is assumed, leading in
total to higher EIT values as for age class forege&s a rotation.

5.4.3.2. Thinning

Intercepted rain evaporation

The removal of intercepting surfaces through thigmesults in a decrease of intercepted rain
evaporation and consequently a higher percentageeoipitation is reaching the forest soil.
Depending on the degree of LAl reduction and caragsning by the forester a modification of the
climatic characteristics occurs to a greater agdegxtent. After thinning of a pine stand and
underplanting with deciduous trees, (Knoche, 2@®$erved a decrease of interception by 8% of
annual precipitation (729mm) to 30% as a consequehthe strong reduction of stand basal area. On
a watershed scale interception loss of at of albspouce-fir forest in the Bavarian Alps of a fully
stocked stand was 20-30%. Thinning of 55% leadhis@ction of interception loss (Breisameter,
1996).

Hager (1988) observed a close relation of remaistagy number and interception after pre-
commercial thinning of Norway spruce stands. Whittréasing tree number an exponential rise of
interception and an exponential decay of througiigahown in Figure 5.5.
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Figure 5.5. Relation of intercepted rain evaporatand stem number after pre-commercial thinninblofway
spruce (Hager, 1988).

Intercepted snow

As snow storage is often an order of magnitudeslatigan that for rain (Lundberg and Halldin, 2001),
canopy dimension is an important factor determiniregwater balance in snow-dominated areas.
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Snow course measurements in northern Finland'sabfweests showed that interception loss from
gross precipitation increased with forest density approached 30% for a forest with the highest
density class (Lundberg and Koivusalo, 2003). &tetal. (2002) studied snhow interception and
canopy effects on snow accumulation and melt iaraferous stand in Oregon. Over the study period,
approximately 60 % or snowfall was interceptedhmy ¢anopy. Sublimation rates were however low
and amounted to 100 mm per winter season. Apprdgign@2% and 28% of the remaining
intercepted snow was removed as meltwater drimaaek release.

In general the inverse relationship between snawraalation and forest density causes differences in
snowmelt patterns and peak runoff.

Soil evaporation

Evapotranspiration of soil and vegetation is addby the increased amount of solar radiation and
precipitation reaching the ground as a result oégbthinning (Pike and Scherer, 2003). In thinned
areas, higher light levels correspond to an ine@@&xposure to evaporative forces. Light, tempegatu
and wind are increased, compared to shaded aredshahov (1960) reported an increase of
evaporation of 0.8% as a result of 15-25% thinning.

Transpiration

Either an increase as well as a decrease of tratigpi after thinning is reported. In general fores
stands have higher evapotranspiration rates theer vegetation types and so any opening in the
cover results in a reduction in the amount of watarsumed and transpired (Aussenac, 2000). It is
believed that a decrease of transpiration ratdeisonsequence of forest thinning due to a realucti
of transpiring surfaces.

Lower transpiration rates of@uercus robuistand after thinning were measured by (Vinckd.et a
2005). The Leaf Area Index had decreased fromrittia control plot to 3.4 due to thinning.

Though the transpiration of individual trees magré@ase due to thinning, like shown in a study by
Morikawa et al. (1986) in a 31-year dithamaecyparis obtustand, whole stand transpiration will
usually decrease. The author’s explanation foreiased single tree transpiration is an increadaeof t
foliage biomass per tree and greater canopy expa@dter thinning.

A higher physiological activity of thinned standsthe long-term was also shown by Peterson et al.
(21997). Thinned loblolly pine stands had a slowee trown recession and increased crown diameters
resulting in increased photosynthetic surface pesdree. The crown diameters of thinned threes
increased 82 % while the crown diameters of conteals increased only 20% over a 6 year study
period.

Water yield

The removal of intercepting surfaces of the fooastopy affects the generation of runoff directlg an
results in higher water availability which contribs to soil moisture and/or streamflow. Most
catchments show an initial increase in annual gialter thinning, followed by an unsteady decline
depending on the rate and type of revegetatiorrovic cover reduction from 60 to 14% resulted in
an increase in streamflow of approximately 20%rofwal rainfall after 3 years, compared to a
streamflow yield of 6% annual rainfall before thimgp (Ruprecht et al., 1991).

The initial increase of water yield after forestvesting is directly related to the basal area nezdo
(Cornish, 1993). So it can be assumed that the fualgnof the effect after thinning will also depend
on the basal area removed.

Peak runoff

Snow accumulation and melt have a significant grflte on hydrological processes in high latitudes
like montane and boreal forest environments. Pleaksfare affected by removing canopies as a
consequence of altered snow accumulation and @&ftopy removal of a coniferous catchment in
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Colorado increased precipitation reaching the fdtesr by about 40%, the peak snowpack water
equivalent increased by 35% (Stottlemyer and Trieerd®99). A thicker snowpack accumulates after
removal of forest canopies which leads to an alteaée of spring snowmelt and a shift of timing of
peak water yield.

5.4.3.3. Harvesting

Forests differ from cleared land in two hydrolodjizaignificant ways: they (1) have high rates of
evapotranspiration (ET) and (2) their soils all@apid infiltration of rain water (Giambelluca, 2002)
After forest harvesting more precipitation is rdaghthe ground due to the lack of interception and
transpiration. The consequence is a lower soil tm@gleficit which means that less rainfall is
required to commence streamflow (Bari et al., 1986addition the alteration of soil physical
properties due to compaction may impact runoffggat. A paired catchment study, setup in a
Eucalypt forest in Western Australia showed thatgpatial average saturated hydraulic conductivity
was considerably lower for the harvested catchnfetording to these results the authors suggest
that logging had a significant long-term impacttbe hydraulic conductivity of surface soil.

Transpiration

The application of forest management practicesaesithe maturity of the forest stand. As water use
is determined by tree age, large differences batwlkand young stands occur. (Moore et al., 2004)
found that transpiration in young stands is incedasompared to old growth forest. This finding
provides evidence that forest management alters\giter balance via elevated transpiration in yeung
kept stands.

As stands age changes in the amount and vertstaibdition of leaf area occur. Old trees have lower
whole-tree leaf-specific hydraulic conductance thaung trees of the same species. The leaf area
index (LAI) typically increases with stand age, liudeclines in some late successional foreststiRya
et al., 1997). Species-related differences in wagercontribute to a decreased stand-level wager us
with stand age. For example in old forests, shatéént species, which have a reduced water usage
per unit sapwood are more abundant. Surprisinglgni@r et al. (2000) did not find significant
differences in forest transpiration when compakbegch stands of different age.

Water yield

(MacDonald and Stednick, 2003) explained that timaary effect of forest harvest is a change in
evapotranspiration which drives a change in runidfi reduction of interception losses and an
elimination of transpiration cause an increase atiewyield for the first years until the clear-éll
area becomes re-vegetated.

Hibbert (1967) reviewed 39 catchment experimentsamsumed that a reduction of forest cover
generally increased the water yield. The respomsiest treatment was highly variable and, for the
most part, unpredictable.

Stednick (1996) reviewed paired catchment studig¢se USA. He assumed that changes in annual
water yields from harvesting of less than 20% aatetit area or forest cover cannot be determined by
streamflow measurements. Further he summariseda®crease in annual yield after 10%
reduction of a forest stand. Reviewing 94 catchnegperiments, Bosch and Hewlett (1982) assumed
a general 40 mm increase in annual yield for e®@8% reduction in conifer forest cover. An annual
increase in stream flow by 28 mm after 90% cleagasfqine plantations in Queensland were
reported by Bubb and Croton (2002). The study dfiRepn and Dupeyrat (2005) shows that felling

of mature coniferous forests in upland Britain barne measurable effects on river flows even if the
size of the cut area was generally less than 5-4f0%te catchment.

The increase in streamflow following deforestati®due to a decreased interception by the crowns,
reducing the evaporative losses. A decrease inpyainterception storage is associated with a higher
infiltration of precipitation and increased watéglgt might be the result. By investigating mountane
cloud forests in Latin America (Bruijnzeel, 200Dbncluded that the clearing of forests results in an
increase in the total volume of streamflow, tydicaly 100-400 mm/year. A catchment study of an
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Eucalypt forest in Western Australia showed anaase in annual streamflow duration and magnitude
after harvesting. Streamflow peaked one year ftgging (~18% of annual rainfall) due to increased
throughfall following the logging (Bari et al., 18P

Hornbeck et al. (1993) generalised that the efféfbdrest cutting was an initial increase in watmid
which occurs promptly after the cutting. The maggd is related to the percentage of reduction in
basal area as found in previous summaries too (Bssignd Swank, 1972; Bosch and Hewlett, 1982).

A comparison of 11 watersheds suggested that riedisdh basal area must approach 25 % to obtain
measurable responses in annual water yield. Adwtethreshold there is some variability in firsaye
responses among watersheds with similar basal ew¢g€erry et al., 2000). The differences usually
can be explained by factors such as configuratiehtiming of cutting, location of cutting in relati

to the stream channel or source area, and wheathemwth was controlled. The results of catchment
studies (Figure 5.6) were used for a meta-analysis.

As shown in earlier studies below a threshold o#2@rea cut no clear response of runoff can be
detected (Figure 5.7). The slope of the partialasgjon for water yield increase as a percentage of
area cut is similar to earlier analyses and hatifgrs between deciduous hardwoods and hardwoods
and conifers. There is however a clear differendbé response to precipitation. At high annual
precipitation rates the effect of forest cover mrenpronounced for conifers than for hardwoods —
probably an effect of the high intercepted rainparation of conifers.

Forest removal increases the water yield, the sulesd return towards pre-treatment streamflows and
below is associated with forest growth rate, carmger and soil depth (Cornish, 1993). Under
natural regrowth water yield increases diminishdigpnearly disappearing within 3-10 years in most
cases, but lasting for decades in some situatidompeck et al., 1993). Results from a paired
catchment study in Western Australia showed thaegstation regenerates all the streamflow
components decrease (Bari et al., 1996). The iseseaf water yield after deforestation can be
prolonged by controlling the natural regrowth faample by herbicide application.

Peak flow

As living trees consume large amounts of precijitatthe harvest of trees causes an increase ef wat
available for forest streams. The effect of fotestvesting on stormflows might depend on the size o
the catchmentA literature review with regard to land use imgaah hydrologic regimes by (Kiersch,
2000) shows an observable impact on average flapaak flow just in basins smaller than 100 kmz2.
The role of catchment sizes on riparian and hifisldynamics was investigated by (McGlynn et al.,
2004). They found no clear relationship betweenhraent size and new water contribution to runoff
in storms, but the lag times of responses increggst@matically with catchment size.

Robinson et al. (2003) investigated forest impaatpeak and low flows in a European context and
collected and analysed data from 28 small basiresa&urope. Different stages of a plantation fores
cycle from site preparation before planting to ge#ling conditions were studied. It was assumeat th
complete clear felling could increase moderate ffleaks immediately downstream.

Data from the Glenturk catchment (Ireland) showeelay of the hydrograph peaks in a 15-year old

conifer forest compared to an 8-year old standaasiind after forest felling. The flow per hourlpea
was lowest in the 15-year old stand (Figure 5.8).
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Figure 5.6. Mean annual streamflow as a functiomefin annual precipitation and percentage of anetafar
catchments with A. deciduous hardwoods (n=36) ancbBiferous forests (n=43) (Meta-analysis of ditam
earlier reviews (Best et al. 2003; Bosch and Heil&82; Sahin and Hall 1996; Stednick 1996 and Maic&id
and Stednick 2003).

An early study by Harr and McCorison (1979) measythe size and timing of peak flows in Western
Oregon showed however that clear-cut logging reditice size of an annual peak flow by 32%. A
delay of all peak flows of nearly 9 hours coulddiiserved after clear-cutting. These results were
attributed to the site specific snowmelt pattengontrast to that, Robinson and Dupeyrat (2005)
found no evidence that forest felling of matureitenous forests in upland Britain had a significant
influence on peak flows. And forest harvest (23.14he Coon Creek watershed, a 1673 ha
catchment (Wyoming) did not cause a significantease in peak discharge (Troendle et al., 2001)
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Figure 5.8. Storm unit hydrographs for drained derous forest (after Robinson et al. 2003).

5.4.4. Vegetation changes

Concerning vegetation changes, the conversion astaad (cropland) to forest and vice versa often
modifies evaporative water losses as a resultaft@ffects on water demand and supply. Calder
(2003) indicates that interception losses are igioen forests than shorter crops primarily becaafse
increased atmospheric transport of water vapoun tieir aerodynamically rough surfaces.

Van der Salm (2002) discusses the effect of aftaties of arable land controversially. The pointts o
reduced groundwater recharge on the one handetlveed risk of flooding and the reduced demand
for artificial drainage of lowland areas on theasthand are rised. Recent studies of chronosegsience
of afforestations in the Netherlands (Van der Sadral., 2005) and in Scandinavia (Rosenqvist et al.
2007) confirm higher EIT of Norway spruce compat@dommon oak stands of comparable age. In
the study of van der Salm et al. (2006) water regdhdeclined from 485 mm per year at the arable
land to 172 mm in the 18 year old spruce and tori0in 13-14 year old spruce stands. A
comparison of effects of afforestation of arabledizgs available in Heil et al. (2007).

Nosetto et al. (2005) investigated eucalyptus ptantations in Argentina and found out that they

evaporated 80% more water than grasslands. Tragptans therefore caused higher evaporative
water losses and so the vegetation type has aokejnrthe hydrological cycle.
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Afforestation tends to reduce groundwater rechargknet water availability because the trees
intercept part of the precipitation and, owingheit deeper root system, transpire more water than
grasses (Iroumé and Huber, 2002).

On the other hand a decreased peak runoff butreh@pntinuous base flow under forest cover is
expected.

5.4.5. Other management options

5.4.5.1 The role of watershed management with cdpgeak runoff

Compared to other land use types forest areas sbosiderabely lower runoff coefficients (Table
5.5). This is of particular importance for the gi@sof torrent and stormflow prevention.

Table 5.5. Runoff coefficients for storm-returnipds less than 25 years by hydrologic soil grougsdhdy
loam soil), C (clay soil) and watershed slope raf@%, 2-6% and >6%], selected values from (Ch&@f6).

B C
Land Use 0-2% 2-6% >6% 0-2% 2-6% >6%
Pasture 0.18 0.28 0.37 0.30 0.40 0.50
Meadow 0.14 0.22 0.30 0.24 0.30 0.40
Forest 0.08 0.11 0.14 0.12 0.16 0.20

Surface runoff under various scenarios of managemgolean Alps was measured by (Markart et
al., 2007). Runoff was determined with small scenkling experiments. On sites with rough
surface structure like forest ecosystems and alpiveaf-shrubs, peak flows were lower and delayed
compared to alpine meadows and intensely managed.arhe results showed that forested soils
hardly ever reach the water holding capacity evedeu sprinkling with high precipitation amounts
and precipitation intensity.

The modelling study of the upper Schesa catchnferi81km3), located in Vorarlberg near Bludenz
demonstrates peak-flow differences under 4 lanecoariations (Table 5.6). Scenario 1 is intensely
grazed by cattle and horses (current conditiorgn&ao 2 implies further deterioration, Scenario 3
represents low-to free from grazing conditions padly forest closure, Scenario 4 is completely
forested with trees and shrubs (Markart et al. 6200 was assumed that the rougher the surfaee of
site was, the lower is the portion of the surfageoff.

Table 5.6. Peak runoff (hs™) for four different scenarios in the Schesa catehtfMarkart et al., 2006).

Scenario
1 (intensely 2 3 (low grazing 4 (forested)
grazed) (deteriorated) intensity,
partly
forested)
peak runoff (Ms? 8.1 8.6 6.2 4.2

5.4.5.2 Road construction

After road construction (Jones and Grant, 199&aetl changes in peak discharges in basins ranging
up to 600 km? in the Western Cascades, USA. Theases are attributable to changes in flow routing
rather than to mere changes in water storage duegtetation removal. Though a synergistic effect
may exist between forest roads and harvest agddlattheir effects on flows The addition of ro&als
clear-cutting in small basins produced a quiteedéht hydrologic response than clear-cutting alone,
leading to significant increases in all sizes dadlpdischarges in all seasons (Jones and Grant).1996
The results support the hypothesis that roadsaoteositively with clear-cutting to modify water

flow paths and speed the delivery of water to ckénduring storm events, producing much greater
changes in peak discharges than either clear-guitimoads alone.
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Road construction combined with patch clear-cuttengging from 10-25% basin area produced
significant, long-term increases in peak dischaftdeeses and Grant, 1996). (MacDonald et al., 2001)
found that relatively undisturbed vegetated hifige generate runoff only during the largest storm
events. In contrast, unpaved roads commonly genenabff when rainfall exceeds 6 mm.

The concentration of runoff from nearly impervigoad surfaces and intercepted subsurface flow into
ditches effectively increases the drainage densiitifting the distribution of water on hillslopesda
potentially increasing peak flows of streams (Laod Cundy, 1994).

5.5. Synthesis

Forests, compared to other land use types areathdr®d by considerably higher water consumption.
Thus, under condition of limited precipitation,@#station may reduce water yield compared to other
land use options. In situations where stormflowegation is a problem, afforestation may decrease
peak runoff and thus prevent erosion and formatfanudflows.

Forest management itself has different impactsm#ipg on the scale under observation.

On a stand and a small watershed scale harvesijime will have the highest impact on water
consumption and runoff patterns. Clear-cutting mbaa 20 percent of a watershed will increase
runoff rates in a proportional relation to predibn amount and cleared area. Depending on site
conditions and regrowth rates, the impact mayftast few years if forest regenerates quickly, to
decades if the site is heavily disturbed.

In addition the construction of roads, skid traitel landings, as well as soil compaction from
harvesting operations may increase peak runoff.

Choice of tree species has a moderate impact uptar wonsumption, but alters the pattern of snow
distribution and interception. While evergreen éemtius forests have rather high interception
throughout the year, deciduous forests have lomteraeption in the dormant season. This effect is
partly compensated by higher transpiration ratekenvegetation period. There may however be
pronounced plant-soil-feedback mechanisms. De@umting and higher activity of soil macro-fauna
can improve soil structure under beech comparagrace or pine, thus leading to improved
infiltration rates and decreased surface runoff.

Increased water consumption due to fertilisationy mecur due to increased interception losses by
increased leaf area. The effect is considered small

On the scale of a forest enterprise the water aopsan may be influenced by rotation length and
thinning regime. Maintaining lower stand closure da heavy and early pre-commercial thinning and
selection thinning, leading to shorter rotationgienn may reduce water consumption continuously
compared to stands thinned from below.
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6. The impact of forest management on water quality

by

Per Gundersen

6.1. Introduction

Clean freshwater is essential for life. In Europespures from intensive agriculture, industry,
urbanisation, tourism and climate change suggesitilranteeing water quality for humans and
ecosystems will continue to be difficult and cogBEA, 2005). In this context water from forest are
now increasingly valued as natural and clean waturces. Water resources from forests are already
in use for drinking water purposes in several regiand in numerous of the major European cities.
The natural protective function of forest with respto water quality and water-related hazards rely
on the continuous vegetation cover and the relddweintensity of human intervention. It is indeed
documented that forest streams and groundwatémgisanl quality compared to water from other land
uses (e.g., US-EPA, 1995; Callesen et al., 199adéusen et al., 2006; Thornton et al. 2000). In
Northern Europe, afforestation on agricultural lamkks place as part of a strategy to restore
protective functions and thereby improve water ifpaind to secure water resources in the future
(Hansen et al., 2007).

In Europe, the increase in air pollution over thet U-5 decades is recognised as a threat to &iigyqu
of waters from nature and less intensively managed such as forests, although significant
reductions in emissions have occurred (EEA, 20@6)he same time, the use and management of
forested land (forest harvest, fertiliser and ladglition, ditching, road building, soil preparation
weed control, change of tree species etc.) hagraksesified (Worrell and Hampson, 1997) and may
thus to some extent degrade the protective functidarests on waters. Strategies on forest
management for water quality protection are culyatiscussed (Rothe et al., 1999; Brooks and Lust,
2000; 2001). With new demands for biofuels, usermadagement of forests may be further
intensified. To be able to predict and possiblyigmite losses of water quality, operational knowtedg
about forest management measures is needed.

In the EFORWOOQOD project the ambition is to be dblpredict an array of impacts from scenarios of
change in forestry, including quantification of iagts on the protective function of forsts suchras o
the quality of forest waters. As a first step tttigpter focuses on the impact of a range of indalid
management operations (listed in Table 1.2) onmeptality in order to identify and illustrate which
management options may have the most impact o ya#dity and under which conditions. Our
analyses build on existing data syntheses andwsyltaut for several topics we have complied new
tables on the water quality response to managermbatsecond step will be to aggregate the effect of
the individual operations into evaluations of thgact of management alternatives (preliminarily
defined in Table 1.3). This process will run ingdbel with the further detailing of the management
alternatives in EFORWOOD; however, our preliminawaluation is presented in chapter 7.

6.2. Concepts and indicators

In the EFORWOOD module 2.1.1 specific indicatorsenieentified and described (Raulund-
Rasmussen et al., 2006). For water quality thetifileth indicators were the concentrations of nérat
dissolved organic carbon (DOC), pH, dissolved ahiom, heavy metal and xenobiotics as the main
issues/indicators related to the quality of waletle 1.1). For heavy metals and xenobiotics the
compounds need to be specified for a further aimabfghe impact of forest management on these
compounds.
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The indicators relate to water leaving the forestsgstem, i.e. seepage water and small streams, and
are thought to articulate the protective functiongotential loss hereof). However, the impacts
associated with elevated concentrations of theatdi compounds are mainly observed in “down-
stream” water receptors such as streams, lakessrigroundwater and coastal marine waters. For the
impacts in streams and small lakes, changes inatatis may be relevant at short timescales (days to
weeks) and small spatial scales (hectares), whésetge lakes, rivers and marine waters thedoad
of indicator compounds over large areas and lotigescales (year to decade) are relevant. For
groundwater the size of the reservoir is importanthe relevant spatial scale but often the impact
will only be relevant at timescales from decadea toll forest rotation. For the water quality
indicators we thus have to consider the short-mchsmall spatial scale as well as the long-terdn an
broad scale effects of forest management operations

Knowledge on the impact of forests and managemgaertadions will be of increasing importance as
the EU regulation related to water quality the Wa&temework Directive (WFD) is implemented in
the member states. The basis for WFD is river cagetis (or groundwater reservoirs) where the main
principle is that water bodies should be restooea good ecological and chemical status by 2015.
Thus the contribution and quality of water fromdsts in catchments with significant forest cover
needs to be quantified. The quality of water framests will also relevant in relation to the Nigrat
Directive and the Drinking Water Directive.

The indicators cover a relative broad field of esand environmental impacts. In this chapter en th
impact of individual forest management operatioesfecus on the nitrate and acidity (includingAl
indicators. First of all because nitrate leachirgyf forests seems to be the most pressing European
wide issue. Not so much due to elevated nitratehieg from forest but mainly due to the pressures
on water resources from agricultural land usesosdlg, because most forest management operations
will have an effect on N cycling, since it is th@shimportant plant nutrient. Thirdly, becauseatir
leaching is an acidifying process in it self andstiis important for the response of the acidity and
aluminium indicators (Dise et al., 2001). Stronghitieation of A" related to nitrification and nitrate
leaching has been shown in acid soils (e.g. Muttlet., 1988; Wilpert et al., 2000).

The impact of forest management on the other inolisgDOC, heavy metal and xenobiotics) will be
of more local importance and will only be mentiongdier the management operations where they are
most relevant.

Air pollution with potential

Air pollution N acidifying compounds of S and N
NO, pH, A3+
response response
N status, Forest Soil acidic status Forest
(soil N) management (pH, %BS) management

Figure 6.1. The water quality response (nitrate awtlity) to forest management operations is diffito
isolate from the impacts from the response duértpalution. The status of the soil (which canrbedified by
air pollution) is also important in determining thesponse to management.

Elevated deposition of N and S compounds fromaliupon is a widespread phenomenon in Europe,
which both directly and indirectly (through changeshe soil) may affect water quality. At the same
time the effects of management on water qualitylvéldependent on the status of the soil (with
respect to N and acidity) prior to performing thamagement activity. Thus the impact of a
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management operation on water quality arise frarnaagle of factors (Figure 6.1), where the impact
of management often can not be fully separated traninfluence from air pollution and its
interaction with soil conditions. The long-term iagp of air pollution on soils (the left arrows hret

Fig. 1 triangles) and its possible interaction witanagement is an issue which will be discussed and
analysed thoroughly in chapter 3 on Soil Quality.

The impact of air pollution on nitrate leachingdnorope is summarised in the following as a
background for the evaluation of that impact causethanagement activities. There is a threshold at
10 kg N h& yr in throughfall input below which almost no nitrasdeached (Gundersen et al.,
2006). N deposition explains approximately halthaf variability in N leaching. Part of the remaigin
variability could be explained as an effect of gsbsm ‘N status’, that may be described by
interrelated variables like foliar N content, lifedl N flux, forest floor C:N ratio and mineraligan

rate. For coniferous forests, needle N content @do%%, and/or forest floor C:N ratio lower than 25
were thresholds for elevated nitrate leaching. &liesome evidence that the threshold in C:N ratio
may be more generally valid since mineralisatiamease with decreasing C:N and nitrification does
only occur in the forest floor at C:N ratios bel@d+27 (Gundersen et al., 2006).

The impact of potential management operations magdition to air pollution and soil status be
influence by other conditions such as climate (Abtemperate, Mediterranean) and age phase
(young, mature, old growth). Thus to analyse tliects systematically we need to consider a matrix
of forest stages and conditions and the range teintial management operations (Table 1.2), but for
this chapter we aggregate the information and mdide the most important combinations of
conditions and management operations.

6.2.1. Nitrogen, acidity and Water Quality

The mobility of N in sails, i.e. the transport ofiiNsoil water, largely depends on the form of N
(NH,", NOs or dissolved organic N (DON)). Ammonium is absatlod the soil cation exchange
complex and is thus quite immobile in the soil peofConsequently, N concentrations are
generally low in seepage water and very low inastre (< 1Qug NH,-N L™). Ammonium usually
contributes less than 5% to the total dissolvedhtentration in soil water except in extremely J;NH
loaded soils (Dise et al., 1998a). Concentratidri3@N are below 0.6 mgNtand often even below
0.1 mgN L'in both seepage water from well-aerated soils (Asefeand Gundersen, 2000; Michalzik
et al., 2001) and streams (Campbell et al., 2000¢tt et al., 2000; Perakis and Hedin, 2002). In
pristine forests streams, DON constitutes the damiifl leaching loss in the order of 1-3 kg N'yig
since nitrate concentrations were very low in thetseams (Campbell et al., 2000; Perakis and Hedin,
2002).

Nitrate is the constituent in seepage and streatanlzat responds to flux changes (e.g., increased
forest N-input, decreased forest N-uptake or irsdaN-mineralisation). Nitrate is highly mobile in
soils and production in excess of plant and mialolyptake requirements will be transported through
the solil profile. Gundersen et al. (2006) comp#edvey data from the literature on nitrate leaching
from mature undisturbed forests. Observed nitrateentrations span a wide range (0-50 mgf\ih
soil water and a lower and much narrower range if@gB8! L) in small streams. The frequency
distributions were highly skewed towards the loerd of these ranges indicating that forest waters
mostly have low nitrate concentrations. Based erctmpiled surveys, Gundersen et al. (2006)
suggests 0.5 mg N'Lfor streams/catchments and 1.0 mg Nftr seepage (annual mean
concentration) as tentative limit values above Wwhiitrate leaching is considered as elevated.

The potential effects of dissolved N in forest waigre related to i) the toxicity of inorganic N, i
eutrophication and iii) acidification:

Toxicity of inorganic N

When ground and surface water is used for driniatgr nitrate contamination is of special concern.
High nitrate concentrations have been linked widthlmmoglobinemia (blue-baby) syndrome in
human infants and is suspected to increase thadney of some types of stomach cancer. The
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drinking water standard for nitrate adopted by Werld Health Organisation is 11.3 mgN (50 mg
NO3 L%) (WHO, 1998). This standard is used in the Eurnp@ammunity (EEC, 1998), whereas
USA and Canada use 10.0 mgN (US-EPA, 1986). Ammonium is of concern in aquatistems. It
is not toxic in itself, but it is in equilibrium Wi a low concentration of very toxic ammonia in evat
The ammonia-ammonium equilibrium is pH dependedtsift strongly in favor of ammonium at
pH<6.5. For chronic exposure at pH 6.5 to 7.0 amaomrconcentrations should not exceed 2.0-2.3
mgN L. For acute exposure the limit is 10 times higfénKley et al., 1999).

Eutrophication

Increased N levels in forest waters may impact petidity and species composition in nutrient-
limited surface waters. Locally coastal waters nayffected if N export increases from forested
catchments (Fleischer and Stibe, 1989; Hessen, 198I7; Hinga, 1991). There is no general
ecological standard for N concentration in streanfidee water, since the effects of increased N
concentrations may be very dependent on P availaliilit generally N inputs control the
productivity in estuaries and coastal waters, wérefe is the most limiting nutrient in lakes (Vitels
et al., 1997)

Acidification

Long-term deposition of N and S has decreasedapadity in soils and fresh waters to buffer acids i
moderate to high deposition regions. Both protoR)(pfoducing- and proton-consuming processes
with N occur in soils, but a net acidification omgcurs when nitrate is leached from the system
(Gundersen and Rasmussen, 1990). Each 14 kg Nrfaf nitrate leached is equivalent to
production of one kmol Hha' yr. Depending on the acid status of the soil, basermand/or Al

will be leached with the nitrate. As the depositairS-compounds has decreased, an increasing
fraction of the acidity in acid sensitive surfacaters is related to nitrate (Stoddard et al., 1999)
Nitrate and aluminium are usually positively coateld in acid soil and surface waters (Dise et al.,
2001). Thus NO3 has become the major anion thatecalkalinity changes and fluctuations in*Al
concentrations. The sensitivity to acidificatiordahe risk for damage to fish in surface waters is
given by alkalinity and the concentration of ioalaminium (Havas and Rosseland, 1995). Acidity
and/or AP* will only reach problematic levels on soils theg acidified (pH<4.5) (an exception is
snowmelt acidification pulses but they are nottegldo management) and only if the management
activity lead to soil acidifying processes.

6.3. Methods and approaches

As a starting point for the analysis in this chapte used the recent synthesis by Gundersen et al.
(2006). They review the world-wide literature otratie leaching from forest including the impact of
some important management operations. Howeveerttghasis was on the causes for nitrate leaching
separating three types of N cycle disruptions legqudd nitrate leaching: elevated N inputs, reduce N
uptake in trees and enhanced mineralisation ofN\soll

Here we build on to the data compiled by Gundeetext. (2006) but with a main focus on European
data and including recently published studies. Thugach of the management operations listed in
Table 1.2 we have searched the literature for reta dn nitrate leaching and for data on other
impacts on water quality.

Ideally data compilations for each management dipersashould amount to datasets suitable for a
proper meta-analysis. However in reality the amaifistudies, their replications and inhomogeneity
make this type of statistical approach difficuliarsue. Only for liming and clear-cut operatiamesre
may be a sufficient amount of studies availablé foumany of the desired variable for such an
analysis the site and data owners would need toh&cted. Thus in the following sections we
present the tables compiled and base our conclisiomeneral observations of the material as in a
more traditional review.
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In the context of water quality, the concentratid™ (mg N L) is the relevant unit of measurements,
whereas for understanding the forest N budgetfiukenf N leaching from forest ecosystems (kg N
ha'y?) is the relevant unit. Provided seepage or stnwater fluxes are reported as well, conversion
between the two units is simple. Where relevant@ssible we will use both units.

6.4. Impacts of forest management operations

6.4.1. Tree species choice

Tree species choice is and has been an importardgament option in plantation forestry. Various
tree species influence the soil biogeochemistryamadte ecologically distinct spatial environments.
Plant-mediated characteristics such as litter twalid root structure contribute to the chemical an
physical characteristics of the soil; e.g. conifeygpecies generally have higher forest floor Gzt
deciduous species (Aber et al., 2003). Increasddpdsition adds a new dimension to the interplay
between plant species and soil biogeochemistryodih deposition on coniferous forest is
approximately two-fold higher than on deciduousfts caused by the more efficient filtering effect
of conifers due to their evergreen foliage and bidbaf area (e.g. Kristensen et al., 2004). This i
shown by an enrichment of throughfall for N compasiin paired comparisons of coniferous and
deciduous stands (Brown and lles, 1991; van EkCgadijers, 1994; Rothe et al., 2002; Wilpert et al.
2000) (Table 6.1). In central to northern Europeiduous species have been replaced by conifers
(mainly Norway spruce) on a considerable part efftirest area indirectly leading to increased N
deposition to the European forest area in the nugie pollution climate.

Table 6.1. Differences in seepage water nitrateceotrations (or leaching flux) between paired matstands
of conifer (C) and deciduous (D) species at theesaite (n=1 unless otherwise noted).

Site Species Nitrate in drainage Deposition Years Reference
mg NQ-N L kg N ha'y® kg N hay”
Three forest C Norway spruce 0-13 1998-2000 Rothe and
areas in (n=22) 20-30 Mellert 2004
Bavaria, Silver Fir (n=3) 0-2
Germany D Beech (n=11) 0-1 n.d.
Other (n=5) 0-2
Hoglwald, C Norway spruce 7-14 21 30 1985-89, 94-97 Kreutzer and
Germany DBeech 0-1 1 15 Weiss 1998
Schongau, C Norway spruce 4-8 1994-97 Rothe 1997,
Germany DBeech 1-3 1998
Solling, C Norway spruce 2.9 12.5 31 73/71-85volume Matzner 1988
Germany DBeech 0.3 15 25 weighted mean
Convent C Norway spruce 15 26 Wilpert et al.
Forest, (n=2) 2000
Germany DBeech and 4 17
Beech/S. fir
Aubure, C Spruce 15 19 1993-95 Dambrine et al.
France DBeech 15 9 2000
Stubbaréd, C Norway spruce 0.6 2.3 32  1991-92; 50-75 m Pahlsson and
Sweden DBeech 0.6 3.1 24 from edge Bergkvist 1995
Forellenbach, C Norway spruce 1-4 16 1992-1995 Kleemola and
Germany Forsius 2000
D Beech 0.2 12-14
Mont-Lozere, C Norway spruce 1.8 10.9 1981-1986 Durand et al.
France 1992
D Beech 0.2 7.9 1981-1986
Hoogmoerhei CCorsican pine 16 53 96 1998-2000 De Schrijver et
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de, Belgium

Nordrhein-
Westfalen,
Germany

Lindet,
Denmark

Ngdebo,
Denmark

Vallg,
Denmark

Mattrup,
Denmark

(afforestation
on former
agricultural
field)

OO0

OO0O0O0O0ODO0ODO0DOoOO0OO0TOoO0O0O0

D

Silver birch
Pine
Oak/Beech

Norway spruce
Sitka spruce
Douglas fir
Beech

Oak

Norway spruce
Beech
Norway spruce
Beech

Oak

Lime

Maple

Norway spruce
Beech

Oak

Lime

Maple

D Ash

6.4

2
8
0.5
<0.1
0.1
0.6
11.3
3.1
9.8
0.1
0.7
<0.1
20
13
14
9
0.8
0.7

13
9.1
21
0.1
0.3
0.5
39
1.9
17
0.3
21
0.1

27
11.2
5.6

24
35
27
15
11

23°
11
9
12
9
37°
10
9
19
12
9

1985-1987

1994-97

2000

2004-2005

2004-2005

al. 2004

Van Grinsven
etal. 1991

Hansen (ed.)
2003

Christensen et
al. 2006

Christensen
2006

Vesterdal,
personal
communication

& Highest concentration were found in the foreshulite highest deposition.
® One year of throughfall measurements only. Sigaift canopy uptake may be the reason for the Idiaput

in decideous than coniferous throughfall.

The observed differences in N deposition betweefes and deciduous are reflected in higher
output of nitrate from the soil under conifers (TeaB.1) when compared to deciduous species at the
same site. Rothe et al. (2002) compared three phsisilar age beech-spruce stands in Germany and
found that the throughfall N input was more thanldled in spruce compared to in beech. The cycling
processes in the forest floor resulted in simitfapants of ammonium, DOC and DON for both
species, but below 20 cm soil depth N in soil $otutvas almost entirely in the form of nitrate unde
spruce due to strong nitrification. Similar patsemere found at 12 other European spruce-beecé pair

located directly adjacent to each other (Figuré.&Bthe et al. (2002) concluded that as the

deposition level increases the species-relatedrdifice in nitrate leaching also increases. Both the
data used in Figure 6.2 and listed in Table 6.ivshmumber of beech stands with low levels of
seepage nitrate and full N retention over the whgbet range. A regional comparison of several
spruce and beech stands in S. Germany again ceadfifail N retention under beech, but elevated
nitrate concentrations under spruce (Rothe anddwteR004). But recent data from nutrient rich site
in Denmark (Christensen, 2006; Christensen e2@06; Vesterdal, personal comm.) show relative
high nitrate leaching from beech (Table 6.1) evighdr than from spruce. This could be due to their
relative young age (25-30 yrs). The species diffeeeobserved from adjacent pairs also seems

contradictory to observations from monitoring sit@here deciduous have higher nitrate

concentrations than conifers at similar input (kmsen et al., 2004). However, the deciduous

monitoring sites were growing on more nutrient gclils (higher N status) than the conifers

(Kristensen et al., 2004).

Species differences other than filtering efficigngych as hydrological differences or differences i
nutrient requirements, may also influence N cycliegponse among species when grown on the same
soil. Thus species-mediated differences in N cgcéind leaching are not just a matter of differences
between deciduous and coniferous tree speciesrBiftes are also apparent between various species
of conifers or of deciduous (Table 6.1). The enrient of throughfall was higher in Douglas fir than



in Scots pine (Ek and Draaijers, 1994) and higheiika spruce than in Norway spruce and Douglas
fir at Lindet, DK (Hansen, 2003), which then agaias reflected in nitrate leaching (Table 6.1).
Preliminary data from tree species trial with bileafispecies (Vallg and Mattrup sites in Table 6.1)
reveal important differences in N retention amongplleafs (Christensen, 2006; Vesterdal, personal
comm.). Maple and ash could retain all N inputsdarmer agricultural field at high deposition
(Mattrup), but on an old forest soil and intermeéelideposition (Vallg) oak and lime also had high N
retention and no nitrate leaching (Table 6.1).
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Figure 6.2. Nitrate concentration in seepage wditem Norway spruce vs beech in adjacent standsroitas
soils across Europe. Modified from Rothe et al 020

The differences between species imply that managepnactices favouring certain species may delay
or accelerate N-leaching and the potentially nggathanges associated with this process. In Central
and Northwest Europe, where deciduous specieslieamre replaced by planting of conifers over the
last century, trends to return to the original daous species may (by means of the lower N input in
deciduous) alleviate the relatively widespread &fled nitrate levels in seepage water. However, we
have no documentation that this will occur. Thetdded in the soil over the rotations with high N
deposition under conifers may limit N retention whbe original deciduous species are reintroduced.
Research on the effect of conversion from conetwoadleafs are need as well as studies comparing
nutrient cycling characteristics of the range afdutleaf species that may potentially be used & thi
conversion.

In relation to nitrate leaching, N abundance ofidiiafy trees such as aldeklusssp) and black locust
(Robinia pseudoacacjan forest stands or catchments make a specialgiase they significantly
increase N input to the ecosystem.Black and reer dldve been used as a silvicultural tool to improv
soil fertility and the N status of the system (Batrand Trappe, 1971). Currently alder and rokanéa
estimated to make up approximately 1% of the Euangerest area (Kdble and Seufert, 2001). This
may be the reason why only one European studyti@teileaching from an N-fixing stand (Robertson
et al., 2000) was identified in the literature.

Annual symbiotic N-fixation by alder stands rangeswveen 50 to 200 kg N hgBinkley et al., 1992;
Bormann and DeBell, 1981). Accordingly, high leveishitrate in soil water (Binkley et al., 1992;

Van Miegroet et al., 1992b; Robertson et al., 2@0@) in streams (Brown et al., 1973; Compton et al.
2003; Willard et al., 2005) have been reported fforasts with N-fixing species. Hurd and Raynal
(2004) also found higher nitrate concentrationai solution, groundwater and stream water in alder
dominated wetlands compared to non-alder wetlafus.mean annual concentration of nitrate in soil
water under alder from stands in the US andrhitged from approximately 3 to 6 mg N [Van
Miegroet et al., 1990; 1992b; Robertson et al. @0@hich are only comparable to soil water
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concentrations found in high deposition regiongumope (Gundersen et al., 2006). The production
and leaching of nitrate from the topsoil resultedécreased pH in alder soils (Van Miegroet and
Cole, 1985). Furthermore, the organic layer C:horatas only 14 in alder compared to 21 in an
adjacent Douglas fir (Van Miegroet et al., 1990hjek indicates that the retention capacity is low
under N-fixing species.

An investigation of 26 small catchment streamsithe Oregon Coast Range (a low N deposition
region in west USA) showed that the per cent coveed alder in these catchments explained 72% of
the variability in stream nitrate concentrationsifipton et al., 2003). For each 10% increase irralde
cover nitrate concentration increased 0.2 mg'\ihd leaching loss increased by about 3 kg Nyia

', Nitrate concentrations were more strongly relatealder cover in the whole catchment than in the
riparian area alone, which indicates that leachiog upland alders were important (Compton et al.,
2003). Cutting of alder stands and thereby drdbticeducing the fixation N input decreased nitrate
levels post cut (Homann et al., 1994; Mann et1&l88; Robertson et al., 2000). Thus elevated N
leaching is readily reversible when fixation inpgteduced.

6.5. Site preparations

6.5.1. Physical manipulations

6.5.1.1. Ditching

Improved drainage by ditching in forest ecosystemsvetlands is a common and prerequisite practice
for the utilisation of areas for forestry. The diaje of wetlands and subsequent oxidation of ocgani
compounds can mobilise large amounts of storedhardé In Denmark, for example, Callesen et al.
(1999) found concentrations up to 120 mgsNOL™ following ditching of a nutrient rich bog
characterised by a low C:N-ratio. The effect ofinireg wetlands upon forest growth is well-
documented, whereas it's effects on other ecolbgitacesses such as mineralisation, nitrificatind a
nitrate leaching is less well studied. Drainage megylt in a direct transport of leached nitratéhi
streams, where denitrification may otherwise haaenba significant sink for nitrate retained in the
wetlands.

Silvicultural practices (thinning, clear-cuttingdasite preparation) in drained wetlands showed
increased levels of suspended sediment and n@triemipared to undisturbed controls (Bormann and
Likens, 1979; Briggs et al., 2000; Shepard, 1984xn extensive study of 20 boreal catchments in
Sweden and Finland, Lepisto et al. (1995) fountldnainage explained 29% and 67% of the export
of ammonium and organic N, respectively, to foetstams. The increase in organic N export up to 5
kg N ha'y™ indicated increased erosion due to the drainatiétas (Lepisto et al., 1995). They did
not find any correlation between nitrate and drgimavhich may be due to a lack of nitrification
and/or high absorbing and retention capacity irebpeaty soils. Even in the first years after
ditching, Astrgm et al. (2002) found practically efect of ditching on N export in a boreal
catchment.

6.5.2. Chemical treatments

6.5.2.1. Fertilisation

Forest fertilisation with N is a common practicantensively managed plantations and occurs on
about a half million of hectares yearly in the isttialised world (Binkley et al., 1999). Fertiligat is
aimed at N-limited forest where a growth respossexpected. Thus fertilisation with N have ceased
in the regions of Europe with elevated N depositBinkley et al. (1999) compiled world-wide data
on N concentrations in soil water and in strearnter dbrest fertilisation for a comprehensive review
on water quality impacts. They found peak nitrateaentrations in seepage water up to >10 fhg L
after fertilisation in 50% of the studies. The cemiration stayed above 10 mg N® L™ for at least a
year in 34% of the studies (Figure 6.3). Some efttighest concentrations in Figure 6.3 were regdorte
from treatments with repeated fertilisations arghldoses (Binkley et al., 1999). The N concentratio
in seepage water, however, was higher than theeotration in streams due to denitrification and
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other N processes in the riparian zone, in-streamowal and mixing with other water. The highest
reported annual average nitrate concentratiorréast water was 4 mg N L™ and Binkley et al.
(1999) thus concluded that forest fertilisation caonly leads to only moderate increases in stream
water N concentrations. The greatest increasesratanleaching come from: i) direct application to
streams; ii) use of fertilisers containing nitradad iii) the application of high rates (or repéate
doses).

15
O Control
@ 12 - W Fertilised |~
.
% 97
S
g 61
Ke]
5 3
E Bl B B B N R D B
0 - .
Q Vv ™ © ® ,\9 ’19 "DQ b@

Annual average NO3-N (mg/l)

Figure 6.3. Nitrate concentration in seepage framnteol and fertilised plots 1-5 years following tiser
application. The x-axis is divided in 5 mgN intervals for levels above 10 mgN.IModified from Binkley et
al. (1999).

The highest N concentration in stream water (4 rig-N L™) was reported from West Virginia after
fertilisation in an almost N-saturated forest (Adaeh al. 1997). The same high leaching loss was
observed in a number of N-saturated forests aftitiation in Japan (Mitchell et al., 1997; Ohrui
and Mitchell, 1998) and in northern Florida, USAtifesation of a pine plantation on former
agricultural land (soil C:N ratio 10) practicalli} the added N was leached (Lee and Jose, 2005). In
contrast, decreased nitrate leaching was achiey&ibh dose fertilisation with P and K at N-
saturated conditions (Stevens et al., 1993) dueraiease in N uptake by the trees and possibly a
stimulation of growth, suggesting that P and/or &@vlimiting nutrients. This illustrate that forest
fertilisation with other elements than N could loasidered in high N deposition regions and that
fertilisers with an N-P-K stoichiometry optimal forest growth may be relevant in general (e.qg.
Tamm, 1991).

The conclusion from Binkley et al. (1999) as wallfeom other studies (Ring, 1995; Shepard, 1994) is
that operational forest fertilisation poses litileno risk to water quality. Operational fertiligat is

aimed at increasing forest growth and as such goNelimited forest with high N retention capacity.
Fertilisation in regions with elevated N inputsrfréhe atmosphere (>5-10 kgN lya") probably have
limited effect on tree growth and may acceleragerttie towards N-saturation.

6.5.2.2. Liming and wood ash recycling

During the last decades nutritional imbalancesauuelerating forest soil acidification have been
reported, especially in northern and central Euaopsoniferous forests (Ingerslev, 1997). This has
been related to acid rain and enhanced atmospihegpimsition of N compounds. Application of lime
(i.e. calcite or dolomite) has been suggestedtasldo counteract the acidification of forest sahd
the loss of base cations (Huettl and Zoettl, 19B8rently application of wood ash has received
attention as an alternative to lime and as a mwarecycle nutrients removed from the forest
ecosystem in logs.

In general, there is an extensive literature ogtamm effects of liming on both soil biology and
chemistry. The effects include increase in soil jpidreased base saturation (Derome et al., 1986;
Johnson et al., 1995) and reduction in Al rele&srdme et al., 1986; Keersmaeker et al., 2000) as
intended, but also on alterations of the C and dimy (Arnold et al., 1994; Matzner and Meiwes,
1990; Simmons et al., 1996). One recent concerntdiming is the increased levels of nitrate in the
soil solution as observed in a number of studiebld 6.3; De Boer et al., 1993; Geary and Driscoll,
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1996; Marschner et al., 1992; Nilsson et al., 200ithing may cause decreased forest floor C:N ratio
(Kreutzer, 1995) and increased forest floor pH,chtdtimulates net nitrification (Persson et al.,
2000b). Kreutzer (1995) found that the increasstitate below the rooting zone was due to
nitrification in the mineral soil because DON acetad for the major increase in N-flux from the
forest floor after liming. The shift from ammoniumnitrate was followed by a decrease in mineral N
retention in the mineral soil from 88 % in the gohsoil to 40 % in the limed treatment (Nilsson et
al., 2001). However, in a number of north Europstaidies on N poor soils, liming did not
significantly increase leaching of N (Table 6.3n#tr et al., 2003; Ingerslev, 1997; Lundell et al.,
2001; Nohrstedt, 1992; Persson and Wirén, 1996).Iysimeter study with and without tree roots
included in the cores, Lundell et al. (2001) orihgerved nitrate leaching in the absents of roadsaan
the most N rich site (C:N ratio 24) indicating ihgortance of the plant sink as well as of the soil
microbial immobilisation of N at the more N pootesi.

The high potential nitrification observed in themer of liming experiments might indicate that the
risk and extent of other N cycle disruptions ishi@igin limed forests. However, liming promoted the
establishment of ground vegetation (Bartsch etl8P9; Bauhus and Bartsch, 1995) by favouring
species with high nutrient demand (Keersmaekel,e2@00). This may increase the resilience of the
ecosystem to nutrient losses after disturbance.

Liming has a major impact on a large number ofdgalal and chemical processes, which influence N
mobility and plant requirements for N. It is nogéaf what controls the nitrate leaching response to
liming. The dose of lime (or wood ash) seems todase the response (Person and Wiren, 1996;
Shaéffer et al., 2002; Table 6.3), and doses laiger 3 t hd all caused a nitrate response. The greatest
absolute response in nitrate concentrations appearose sites in Germany and the Netherlands
which already leached some nitrate and where Nsiegpo was also relatively high (Table 6.3).
Further, the study by de Boer et al. (1993) indisat larger response in old stands, where the N
uptake by trees probably is low.

6.6. Stand management and harvesting

Disturbances of the forest cover by managemenar(det, thinning etc.) may have variable intensitie
from an almost complete uncoupling of the tree kgpta a minor change in the uptake rate. The
intensity of the disturbance as well as the capaxithe ecosystem to repair itself by regrowth
(ecosystem resilience) are important for the donaéind the extent of the N-cycle disruption. Irs thi
section we focus on the controls on nitrate leaghhen the plant cover is disturbed by management;
however, we also included studies from windthroWt@sswhere trees are removed by salvage cuttings.

6.6.1. Clear-cutting

The major single man-made disturbance appliedriesfecosystems is clear-cutting. Plant uptake is
disrupted, and decomposition rate will change dépegnon local conditions (Yin et al., 1989). In
general net mineralisation and nitrification inceas a result of decreased immobilisation irr liite
microbes (Prescott, 1997; Smolander et al., 1398)ever, if large amounts of logging residues with
high C:N ratio is left on the site microbial immbgation may increase and delay the mineralisation
response. Furthermore, the outflow of seepage wmaffrwater is increased due to lower
evapotranspiration (Knight et al., 1991; Quallalet2000; Swank et al., 1988). A comparative stoidy
nitrate losses from trenched plots in 19 foresssit the USA suggests that the most importanegsss
limiting the nitrate leaching response are 1) Fsses preventing or delaying ammonium accumulation
(e.g. ammonium immobilisation in soil organic matad logging residues with high C:N ratio,
ammonium fixation or ammonium uptake by regrowiegetation), 2) Processes preventing or delaying
nitrate accumulation (e.g. biological denitrificatior uptake by regrowing vegetation), and 3) Fysee
preventing or delaying nitrate mobility (e.g. laaflvater or chemical denitrification) (Vitousek and
Melillo, 1979; Vitousek et al., 1979).
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The effect of clear-cutting on leaching of nutreehtis been followed in numerous studies since the
late 1960s, where the classic experiments at thdéhad Brook Experimental Forest (HBEF) in North
Eastern USA (Likens et al., 1970) illustrated thandatic increase in leaching of nutrients from a
catchment scale clear-cut. In this experiment #getation recovery was delayed by herbicide
application leading to massive nutrient losses (eaghing of 150 kgN Ryr™). Later, other studies

of clear-cuts more close to commercial practiceewmmrformed at HBEF (Figure 6.4; Bormann and
Likens, 1979) and numerous studies have been pnetbm Europe (Table 6.2). In general, the nitrate
concentration in soil and stream waters increa$ie pgak nitrate concentrations within 2-3 yearsraft
clear-cut (Figure 6.4; Table 6.2). The nitrate @orication often returns to pre-cutting levels withi
relatively short time, normally 3-5 years, espdgidiclear-cut is performed without any other
disturbances (e.g. site preparation and herbigpécation) (Vitousek et al., 1992).
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Figure 6.4. Typical temporal response of nitrat@oentration in stream water after clear-cut. Datarh
Hubbard Brook Experimental Forest in New Hampshit of the trees were removed from watershed i6Kth
curve) in the winter of 1983-84. Watershed 5 (thirve) remained undisturbed throughout the peritite data
were provided by Gene E. Likens through fundinthkeyNational Science Foundation and The A.W. Mellon
Foundation.

Among the studies in Table 6.2 the highest respoimseitrate concentration in stream or seepage
water (the difference in concentration betweenratutt reference stands) were observed in Central
Europe (5 mgN L' as a mean over the region) followed by Northwesbge (mainly UK) and
Northeast (Sweden, Finland). This pattern of reglioesponse follows the general trend in deposition
N among the regions with Central Europe receivirgghighest deposition.

To further investigate if the nitrate responsedase with N deposition or with N status, we conpile
information on N deposition, forest floor C:N ratiad pre-cut litterfall N flux from sites in Tabe2.
Such data were only sparsely available in theditee we compiled. As a surrogate we used the
nitrate concentration in seepage water from thectieference stand as a proxy for N status (Figure
6.5) expecting that the most N-saturated sites evslibw the largest response. There was, however,
no clear trend in the nitrate response (expressédeadifference between pre- and post-harvest
condition) with increasing pre-cut nitrate concatian (Figure 6.5). Yet, differences in evaporation
amount among sites with increased post-cut wat&rdbuld dilute post-cut concentration differently
and a strong reduction in dry deposition post-cay miso influence the observed relationship.
Nevertheless, a number of other factors, e.g. Bamtensity, site preparation, plant recoverye sit
quality and erosion appear to significantly inflaerthe magnitude and duration of leaching losses
after clear-cut. Alder forests in UK were excludesim Figure 6.5 since pre-cut levels of nitrate ever
high (Table 6.2) due to high N input from N fixatidn these forests, cutting decreased nitrate
concentration levels (Table 6.2; Homann et al. 419%ann et al., 1988; Robertson et al., 2000)
probably due to the reduction in fixation N inpatdadecreased evapotranspiration.
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6.6.1.1. Harvest intensity

The degree of biomass removal in connection wigaretutting may influence the magnitude of
export of N from the system. Whole tree harvest f)ySompared to conventional or stem-only
harvest (CH) removes up to 2-4 times more N froenftnest due to lower C:N ratios in foliage and
branches (Fahey et al., 1991; Johnson et al., 188%, et al., 1985; Mgller, 2000). WTH has
therefore been seen as a way to counteract thet eff&l deposition and reduce the leaching of N in
high deposition areas in Europe (Lundborg, 199vgadntrary, other researchers have pointed out that
the substantial removal of nutrients by WTH wa®mpatible with sustainable forestry.

There are studies showing both increased and dsxtestrate leaching after WTH compared to CH
(Hendrickson et al., 1989; Mann et al., 1988; Stewt al., 1995). Across the studies, we found no
general difference in nitrate leaching following @Hd WTH but site specific differences. The
combined effect of biomass harvest regime andspiéeific conditions may influence several
processes, e.g. regrowth and nutrient uptake ofégetation and N mineralisation and immobilisation
of soil organic matter and logging residue, whighreimportant controls on N-retention and nitrate
leaching after clear-cut (Vitousek et al., 197%ousek and Melillo, 1979). This indicates that
responses in nitrate leaching to CH and WTH arenation of pre-existing site conditions.
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Figure 6.5. The increase in mean annual seepagenmétrate (mg N@N L) after clear-cut (nitrate response),
i.e. the difference between cut stands and in&fetrence stands, plotted as a function of pre-ogttiitrate
concentration. Data are calculated from Table 6.2.

Decomposing logging residues may be an importaktfeir N due to the high C:N ratio in the
material. Decomposers can retranslocate large asofiN into the dead wood to a point where the
C:N ratio is low enough to allow nitrogen releagédqusek and Melillo, 1979). Further, woody debris
may prevent erosion in well-drained areas. Briggd.€2000) observed increased nitrate export afte
WTH in well-drained areas compared to poorly drdirfe number of studies found a reduction of
nitrate leaching with the amount of woody debris & the site, especially if chipped or buried
(Carlyle et al., 1998). Also Stevens et al. (19@bind that woody debris after CH was a net sinkl of
for three years following clear-cutting whereakétame a source of N in the fifth year. However,
Olsson et al. (1996) found long-term increase megbfloor and upper mineral soil C:N ratio after
WTH, which may have a positive effect on the loag¥t N-retention, at least at sites exposed to high
N-deposition. Nitrate leaching following CH and WT¥ére compared over the second year after
clear-cut in a Sitka spruce forest in UK usingriysters (Emmett et al., 1991a,b). Leaching was
reduced 90% by WTH compared to CH. The effect veatlypattributed to a better establishment of
grass with logging debris removed by WTH. In costtrat a more N limited Swedish site, Olsson and
Staff (1995) observed lower ground cover after @ B8 years following clear-cutting in WTH plots
compared to CH.

CH and WTH are often associated with other distuecba, which may influence the magnitude of
nitrate losses. Often the slash is piled to magkanding easier on CH sites, but N leaching can be
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substantial under slash piles (Rosen, 1988; StahOdsson, 1994). WHT include mechanical
disturbance with delayed re-growth of ground vetimtebut favouring replanting, damage to forest
tree seedlings, compaction of the soil, and lessdyalebris to support biodiversity and retain water
and nutrients (Mou et al., 1993). Furthermore, &riiml amounts of other nutrients are removed by
WTH (Johnson and Todd, 1998; Johnson et al., 1988ai, 1998; Mgller, 2000). Nitrogen will be
replaced at high N deposition sites but weathamag not be able to supply a new stand with
sufficient base cations and phosphorus at mang. Sttensequently WTH may result in soll
acidification and reduced long-term growth potdatin some areas where WTH is practised, the
logging debris is used for bio-energy. The woodrasgly be returned to the logged areas to counteract
loss of base cations and phosphorus.

In general, the impact of WTH or CH on seepagetdtis depending on pre-existing site conditions.
The difference in seepage nitrate between stantisdifferent degree of biomass utilisation is minor
compared to the large effect of clear-cutting anflux terms the difference in nutrients removed by
harvest (Mann et al., 1988; Stevens and Hornungg;1\@itousek and Matson, 1985).

6.6.1.2. Plant cover establishment and site prefiana

One of the important controls on the magnitude dundtion of elevated nitrate concentration after
harvest is the recovery of the plant N sink illagtd by many studies (Bormann et al., 1977; Baging
al., 1988; Fahey et al., 1991, Klimo and Kulhav§94; Rothe and Mellert, 2004; Weis et al., 2001).
Emmett et al. (1991a,b) found a 80-90% reductionitirate leaching when more than 50% cover of
grass was established. Accordingly, Mellert e{E998) found high negative correlation between
vegetation cover and nitrate in soil solutiof=(r.7) at windthrown and cleared sites in Germany
(Figure 6.6). From other areas in Germany simi&gative relationships between ground vegetation
cover and nitrate in soil solution was observedHiyber, 2005; Rothe and Mellert, 2004). This is
explained by both a higher total plant biomass @hered trees) in weedy areas and a higher N-
accumulation in weeds compared to the tree cu(®maethurst and Nambiar, 1989).
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Figure 6.6. The relationship between the integfad@epage nitrate concentration (g NO') over time and
total vegetation cover (%) in plots cleared afteéndthrow in Bavaria, Germany. The y-axis is a comel
measure of the extent and duration of the nitrasponse to clearing. Redrawn from Mellert et 2098).

Although weeds may improve N retention after harweseds exert a strong competition in
regeneration or establishment of a new plantatmhveeed control in this period greatly improve®tre
growth in a number of species (Chang and PrestQ;2Munson and Timmer, 1995; Sutton, 1995).
Weed control includes a number of methods, e.dpitides, site preparation involving mechanical
removal, mulching, and inter-specific plant comipeti, which influence the leaching of nitrate after
harvest in highly different ways.
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Application of herbicides is the most common pEEbf weed control and often the most cost-
effective method as well. A number of studies havad increased soil temperature and moisture
along with increased nitrate concentrations insthieafter herbicide treatment (Lambert et al.,4;99
Munson et al., 1993; Ogner, 1987 a, b; VitousekMatson, 1985, Vitousek et al., 1992), thus
mineralisation and nitrification was probably stiated. Callesen et al. (1999) include a case study
where repeated herbicide treatments of grass tepdaks in soil water nitrate up to 75 mgN In a
study in moderate well-drained soils in Central MgiBriggs et al. (2000) observed that application
of herbicide the fourth year following harvest résd in an increase in nitrate in soil solution i&m

in duration and levels to that after clear-cuttidgrbicide was applied to inhibit growth of
competitive hardwoods interfering with conifer dieyanent.

Site preparation, such as disking, ripping etafgpmed to improve soil conditions or as weed cointr
may have large effects on both the magnitude amduhation of increased nitrate in seepage water.
Intensive site preparation (e.g. disking) incredsedineralisation, nitrification and nitrate losses
(Vitousek and Matson, 1985). Further, soil preparamay increase the risk for erosion and export of
suspended particles to forest streams (Bormantikeds, 1979; Briggs et al., 2000). Common
practices in Northern Europe are disc trenchingnounding with mixing of forest floor and mineral
soil. Such disturbances may result in increasedrocgmatter decomposition and impose the risk of
nitrate leaching (Smolander et al., 2000). A nundfestudies have focused on alternative weed
control where either fast growing tree speciesround cover species are used as strong competitors
to the weed species. Willoughby (1999) found thanfng densities above 10.000 stems/ha could
more or less out-compete weeds. Weed control paéddras inter-specific competition keeps the
vegetation cover constant high. This can be dornthéyse of tree species that are less affected by
competing weeds, e.g. pioneer species like oalbanh.

In a long-term perspective, leaching of N afteviat will be followed by a period of rapid re-grdwt
and high N retention (Klimo and Kulhavy, 1994; Rehet al., 2000; Rothe and Mellert, 2004). Forest
re-growth in White Mountain National Forest in Nelampshire on areas subjected to logging or fire
a century ago, indicates that removal of biomasgsay actually increase the long-term retention of N
(Goodale and Aber, 2001).

6.6.1.3. Site quality and nitrogen availability

Work by Wiklander (1983) emphasised the effectitgf guality, e.g. N-status on post-harvest nitrate.
He found that the highest concentration of grouridmaitrate (4 mgN L) appeared on a high quality
site while concentrations were only around 1 mghbh low quality sites (Table 6.2). However, the
duration of elevated nitrate concentrations wagdidito 2 years at the high-quality site and lagted
10 years after clear-cut on the lower-quality sifdss may, at least partly, be an effect of ddferes

in the re-establishment of the vegetation cover.

The data for the observed nitrate responses (FiB)eare inconclusive on the hypothesised efféct o
N status on the response. Additional controlleceeixpents leaving out effects of vegetation recovery
and amounts of debris have touched upon this i€3udow productivity boreal sites in Sweden, no
leaching was measured in three years after cldagvan at sites, which prior to cutting had receéive
high amounts of fertiliser (except in the highestianulated dose of 1800 kg N'HgRing, 2001).
However in the fifth year, leaching of nitrate teddo increase in all treatments and continued to
increase at all fertiliser levels at least to tb8 ftear after felling. The increase was positively
correlated to fertiliser dose (Ring 2001) and nundje/ears after clear-cut. Firstly, this confirthe
delayed response in nitrate leaching at low feytdites observed by Wiklander (1983). Secondly, it
demonstrates a profound effect of site N-statusitmate leaching illustrated in this case by a atust
gradient created by increasing N fertiliser dofecently, a survey of soil nitrate concentration2%
clear-cut sites in south Sweden confirmed an irseréa soil water inorganic N concentration from <1
to 4 mgN L* with deposition increasing from 15 to 25 kg N*ha* (Akselsson et al., 2004; Figure
6.7). Over this deposition range inorganic N cotiaion in soil water was constantly low (full
retention of deposition N) at almost all sites wgtiowing forests (Figure 6.7), but after clear-gatt

of the accumulated deposition N was apparentiyjhedcEstimates of N leaching over the first 5 years
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after clear-cut was <5 kg N igr™ at low N deposition and 25-35 kg N*hgr™* at high N deposition
(Akselsson et al., 2004).

Litterfall N flux is one of the indictors of ecodgen N status (Gundersen et al., 1998b) and by re-
examining a dataset from USA (Vitousek et al., J%Bthreshold for elevated risk of nitrate losses
after disturbance was indicated at c. 50 kg Nyrd of litterfall N flux in the intact forest before
disturbance (Gundersen et al., 2006). Above thisl lef litter N input to the soil the sinks for N i
plants and microbes may be ‘saturated’ and in vleateof plant disturbance there is no further
potential for increased immobilisation in microbes.
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Figure 6.7. Measured inorganic N in soil water (mdar 1-6 years) as a function of modelled depositf
inorganic N for coniferous forest in southern Swe¢gkselsson et. al. 2004). Triangles are clearsitgs
(n=24) and diamonds are growing forests (n=117)eTagression line is derived from data from cleatsc
Reprinted from Akselsson et. al. 2004 with permisfiom Elsevier.

6.7. Other silvicutural regimes

Alternatives to clear-cut harvest include regenenain gaps, selective cutting or thinning creatinmng
even aged stands. Stand age is an important fdetermining N uptake rate in forest ecosystems. The
retention of N in forests declines dramaticallyeaftrown closure. Nitrate leaching losses increase

the growth rate of the forest decreases (De Boal ,€1993; Goodale et al., 2000; Emmett et al9319
Rothe and Mellert, 2004; Stevens et al., 1994; )4k and Reiners, 1975; Van Miegroet et al., 1990).
Regeneration within gaps or beneath the old treetmed with selective cuttings may create forests
of mixed ages with continuously higher N demand ldrrétention capacity on a regional scale.
However, it is not generally documented whethehiNgdemand can be sustained over the long-term
by selective cuttings.

Regeneration in gaps are important in unmanagedaidorest succession and may be an alternative
to clear-cutting in “close-to—nature” forestry, a&mg at reduction of the negative consequenceseof th
clear-cut forest management system (Larsen, 188ayever, several investigations in European
beech forests report seepage water nitrate cortienis from gaps above the WHO threshold for
drinking water quality of 11.3 mgNL(Bauhus and Bartsch, 1995; Bartsch et al., 1988t al.,
2005; Ritter and Vesterdal, 2005). Thus the situmith gaps compared to the situation after clesr-cu
although it was thought that uptake by surroundiags might reduce nitrate leaching faster thaar aft
clear-cut. Those stands were all in high deposai@as, and Wilpert et al. (2000) concluded that
under the present emission regime (Northwest EQyepen small gaps (<0.1 ha) can cause high
nitrate output. Accordingly, Ritter et al. (2008uhd no effect of gap sizes (20 and 30 m diameter)
the high level of nitrate leaching from gaps. Istady of gaps in high-elevation spruce-fir forests
Canada (at low N deposition) soil nitrate conceitns were also significantly elevated in the gaps
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to 7 years after cutting and no effect of gap §izé to 10 ha) was observed (Prescott et al., 2@18)
removal of single trees did not result in any iase of soil nitrate. The effect of gaps on soilervat
quality has to be evaluated in relation to the mangent of the whole forest or catchment. The dpatia
scale has not been included in these studies pathédased on plot trials. The magnitude of respon
on whole catchment soil water quality has not bmeuated, but if gaps are only created at one to a
few per cent of a forest area at the same timetsffn water quality are expected to be minimal.

Prescott (1997) studied a number of alternatiwecsiltural practices to clear-cutting in British
Columbia and found low and almost even levels oésofloor nitrification in old-growth, shelter

wood and patch-cut stands compared to high lematkerar-cut stands. Accordingly, Feller et al.
(2000) found significantly higher seepage nitratelear-cut in the same region compared to thetuncu
forest but a smaller or insignificant increase itnate concentration in areas cut 50% and 71%.
Baumler and Zech (1999) observed an immediateasera topsoil ammonium concentration
followed by a moderate increase in soil solutionate with a peak concentration already after 6
months after 40 % thinning in mixed mountain foiastouth Germany. The concentrations were back
to pre-cutting conditions after one year. At thotleer South Germany sites, Weis et al. (2001) found
almost no increase in nitrate leaching from seleatuts in Norway spruce in the first year, but
significant increases after clear-cut of adjacéamds (Table 6.2). Survey data from another faaesi

in south Germany confirm insignificant nitrate respe to thinnings up to 60% of growing stock
(Rothe and Mellert, 2004). Briggs et al. (2000)abed no increase in nitrate concentration after a
12-fold reduction in stem density after thinningoimsam fir and red spruce in Maine.

In general, removal of all or some trees has aragnpn the water flow. Thinning treatment in a
lodgepole pine removing 60% of the trees increagaser outflow by 92% compared to 277% after
clear-cutting (Knight et al., 1991). Increase iil sidrate was detectable up to two years aftamrihig,
but the increase was low compared to the nitrateaatration found in the clear-cut stand. In
conclusion, thinning of up to 60% seems to keeppthnt uptake function intact and no increase in
nitrate leaching is observed.

The discrepancy between the high increase in seaptagte in gaps compared with shelter wood
systems might be explained by several factorst,Fjeps create vegetation-free areas for regenarati
whereas thinning removes competition between neigtibg trees during years with high N demand
from the vegetation. Second, the soil in largersgapy be exposed to the sun with microclimatic
effects on mineralisation and nitrification (Joslind Wolfe, 1993).

6.8. Other management options

6.8.1. Road constructions, fencing, other infragtite

In mountainious or hilly areas building of infrasture in particular roads both permanent roads and
temporary trail for harvesting have impacts on bialyy and may lead to erosion (section 3.7.2). This
may potentially also affect water quality most likby increasing the DOC leaching. The impacts are
highly dependent on the local conditions (slopd,tgpe, rain pattern etc.) as well as on the
precautions taken in road building, and therefaifecdlt to predict.

6.8.1.1. Buffer strips protecting riparian zones

In N-saturated agricultural lands buffer strips anthll wetlands along streams are known to have
vast potentials for denitrification and N retentibiat are used in environmental management (Hefting
and de Klein, 1998 and references therein). Thaidp zone in forests (the transition zone from
upland to wetland) can effectively remove nitragedinitrification (Ashby et al., 1998; Konohira et

al., 2001; Lowrance, 1992) and by vegetation up{Bkschoff et al., 2001) as well as reduce sediment
and DOC transport. As discussed in section 6.2hitig is a common practice in forestry that may
impair the riparian N sink and increase DOC leaglflrepistt et al., 1995). Protection and restoratio
of riparian zones and possibly creation of smallarels may be an option to protect aquatic systems
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from N leaching (Polyakov et al., 2005). The compesue of riparian management in forests was
recently discussed by Verry et al. (1999) and mgeiby Broadmeadow and Nisbet (2004).

6.9. Risk of natural hazards promoted by management

Forest management may have indirect impacts orrwatdity due to the effects of management on
the risk and frequency of natural disturbancefefdlant cover such as windthrow, pest diseases,
avalances and fires. One example is the severkdef@est damages from recent hurricanes that are
thought to be aggravated by the use of exotic eotiées in even-aged monocultures in central and
northwest Europe. The impact on water quality freimdthrown forests may be comparable to that of
clear-cut management, since salvage logging ofittmnssme delay will appear as a clear-cut. In
section 6.6.1 and Table 6.2 we include the infoionmafrom clear-cut plots that originated from
windthrows and there were no signs of differencesater qualty impact compared to commercial
clear-cutting. However, an imortant differencehis scale of the impact, where commercial clear-cuts
affect some hectares within a particular foredridifiurricane windthrow may affect most of that
district. If it is situated on a groundwater regs@rthe whole reservoir will experience elevatéttate
leaching for 3-5 years, which potentially may impaater quality.

Another example could be the risk that moncultemshanced development of insect pests. When
insects defoliate or Kill trees over larger ardasdffects on N leaching may be similar to those of
windthrow and clear-cut. A recent bark beetle &tt@@mmageing 85% of the Norway spruce forest in
the highlands of Bavaria, Germany illustrated gogential risk (Huber et al., 2004, Huber, 2005).
Elevated nitrate leaching was observed in all dedagands investigated at least up to 7 years after
the death of the trees, which is longer than afb@wentional clear-cut. The nitrate concentration
increased from almost zero to 7 mgN &nd stayed at this level for 5 years (Huber, 2@0f) the

total loss of N by nitrate leaching was above 58 ka' for the 7 year period covered by
measurements (Huber et al. 2004). At the samettiméaching of Al increased 10 fold (Huber et al.,
2004). Similarily elevated nitrate leaching waseneed in USA following the spreading of a gipsy
moth infestation (Lovett et al., 2002).

In some areas, fire suppression may contributegaevelopment of N saturation by allowing N to
accumulate in soil and forest floor organic matidnis effect of fire suppression has been shown in
fire-adapted mountain ecosystems in California (Fetmal., 1996). Beside the direct loss of soil
organic N by burning, the fire will initiate respting and regeneration of a new forest vegetatian t
will be a strong sink for N, as observed by Goodald Aber (2000) even 100 yrs after the last burn.
Prescribed burning has been suggested as a tow@riage soil N storage (e.g., Fenn et al., 1998%. Th
option is relevant in forests that have developét fire, but settlement often restricts the use of
burning in management. This issue may be partigulalevant for the meditarainian regions,
however fire suppression is part of forest managemealmost all regions in Europe and small
prescribed burning could be used as management&sdbr the application of wood ash, burning
may increase soil pH and stimulate nitrificatiorihwthe potential for a temporary increase in rirat
leaching after the fire.

6.10. Synthesis

In this chapter we reviewed the impact of foreshaggement operations on water quality with a main
focus on nitrate leaching.

Deciduous and coniferous forest types react difftlyeo the moderate to high N deposition in pafts
Europe, since deciduous forests among other faatersn richer soils. When established on the same
soil on adjacent sites, conifer forests receivéadidN deposition and exhibit higher nitrate losath
deciduous forests. An exception is alder forestécivshow substantial nitrate leaching, due to N-
fixation inputs. There were indications that thevay be significant differences in the cycling and N
retention capacity among broadleaf tree species.
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Fertilisation with N have ceased in regions witbvated N deposition. In other regions fertilisation
poses limited risk to water quality, when applied\tlimited forests. Fertilisation with P and K may
be used to restore the plant N sinks in forestadly leaching N.

Responses in nitrate leaching after liming with entbran 3 t hamay increase with N deposition and
in older stands. A nitrate leaching response tbvemiming was found at a N-saturated site and hot a
an N-limited site. However, data on these typeN of/cle disruption are too sparse to allow general
conclusions on controlling factors.

Nitrogen cycle responses to clear-cut are wellistidNitrate losses peak after 2-3 years and arke ba
to pre-cut levels after 3-5 years. The extent aurdtibn of the nitrate response seems connecteuto
recovery of the vegetation sink. Also the harvestnsity is of importance. There is evidence that N
losses increase with deposition and are higherratiNsites. A threshold for elevated risk of niéra
losses after disturbance was indicated at c. 30 kg’ yr* of litterfall N flux in the intact forest
before disturbance. Less intensive disturbanceslilkining and selective harvest (of up to 60%hef t
trees) have only minor effects on N loss.

The variability of N status between forests capan be an effect of former century-old land-use
patterns with forest utilisation (e.g. logging ditier raking) decreasing N status and cultivatom
agricultural use increasing N status (and decrgaSinontent). These old land-use impacts will
translate to differences in mineralisation rates a@ttier N status parameters. Forests now planted on
modern agricultural soils will most probably appaarm-saturated forests.

6.10.1. Recommendations for future research

During our work with this synthesis we have ideatifseveral gaps in our ability to understand and
predict nitrate leaching from forests. Also thexaineed for better information on DOC leaching in

relation to management. In the following we briadigcuss areas requiring detailed future research.

The choice of tree species influence water qublity directly through differences in N-cycling and
indirectly through differences in evapotranspimat{€hapter 5). Although differences between
conifers (mainly Norway spruce) and broadleafs (yabeech) are well documented there a need for
more comparisons of N cycling among tree speciesgion the same soil. Differences among
broadleafs, but also among conifers, need to bestigated. We found some indications that such
differences could be significant and importantrfaking decisions on replanting.

The temporal variation of nitrate leaching (or Nigats) throughout full rotations should be studeed
get information on the full rotation average. Imgpective of groundwater protection it may not be a
problem with high N losses right after clear-cuhiére are long periods in the aggrading phase with
low (or zero) losses. Observations from chronosecg could be evaluated along with modelling of
rotation length N budgets. This also involves atpetrotation length. There may be trends to reduc
rotation length to increase biomass removal anddnsequences hereof need to be evaluated. The
information on rotation time scales is particularBeded for the evaluation of management
alternatives (Table 1.3). Since futher work is regkdn this issue, we only made a first qualitative
evaluation of management alternatives in chapter 7.

The impact of the contemporary changes in forestagament strategies focussing on forest
restoration (including conversion of conifer plamas to deciduous forests, liming, re-establishing
natural hydrology, and near-to-nature managemsmdt well known, although these changes are
assumed to be beneficial to the environment.

In Europe, N deposition have stabilised or slighgreased in some regions, but for major parts of
Europe particularly those dominated by agriculttveeN deposition will continue to be elevated. Thus
options and strategies for managing or improvirrggoN retention may be relevant in these regions
to sustain or improve the protective function akfst on water quality. Such strategies, including
replacement of conifers by deciduous trees, shostations, continuous cover, whole-tree-harvesting
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fertilising with limiting nutrients, prescribed ming, and protecting/improving the riparian zoneyev
discussed briefly in Gundersen et al. (2006). Basé options are not well documented. More
documentation and practical demonstration of tisesgegies is needed to meet the challenge of
protecting the good quality of forest waters inioag of excess N deposition.
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Table 6.2. Nitrate concentrations in seepage azasimn water (mg N') after clear-cutting in European forests. Studiessites cleared after windthrow are included af.we

Clear-cut Species Control *  Year1-2  Year 4-5 Note Reference
———————————————— L T —
S. Sweden Ground- Low site qual., n=3 0 03-1 0.3—1 Some delay (one year) assumed Wiklander 1983
water Medium site qual., O 1-2 0.3—1 since concentrations are for
n=3 groundwater.
High site qual.,, n=1 0 4 0
S. Sweden, regional study Seepage Conifers, n=29  0.5'0- 1-6 Mean over first 4-5 yrs; conc.  Akselsson et al. 2004
increase with N deposition in the
range 15-25 kg N hiy™
Gisburn, NW England, UK Seepage Oak 0 <0.5 Robertson et al. 2000
Alder 34 14
Scots pine 1.3 4
Norway spruce 0.5 5.2
Beddgelert, N.Wales, UK Seepage Sitka spruce 0%-0 1.7-54 0.3 Flux change 10 to 70 kg Nyia ~ Stevens and Hornung
1988; Reynolds et al.
1992
Plynlimon, Wales, UK Seepage Sitka spruce Reynolds et al. 1992
pag - podzol soll <0.1 3.9-46
- gley sail 1.1 0.7-1
Stream 0.5 1.9
Kershope, N. England, UK Stream Sitka spruce 1.3 6 -31.3 2.2 Reynolds et al. 1992
Afon Hafren, Wales, UK Stream Sitka spruce 0.5 3.4 0.9 Similar increase in nitrate conc. Neal et al. 2004
was observed in groundwater
Ravels State Forest, Belgium  Seepage Scots pine ~7 21 High deposition, 52 kg N Hg* Keersmaeker et al.
2000
Eiseneck, Austria Seepage Norway spruce ~0 3-6 ut®pg N hay™ Katzensteiner 2003
Flux change 0.5 to 15-27 kg N'ha
-1
Convent Forest, Black Forest,Seepage Norway spruce 15 2-3 Input 25 kg Nyhadetails Wilpert et al. 2000
SW Germany missing
Ebersberg Forest, Bavaria, Seepage Norway Spruce 0-2 17 1-3 Input 25 kg Ty hawindthrow  Rothe et al. 1998;
Germany Values up to 20 mgN't Weis et al. 2001
Eurasburger Forest, Bavaria, Seepage Norway spruce (1) 14 Input approx. 30Hayhr. Rothe et al. 1999
Germany Growing stands in the area is used
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for control.

Windthrown, site 10, Bavaria, Seepage Norway Spruce <5 10 4 Windthrow Melleal.€1998
Germany

Munchner Schotterebene,  Seepage Conifer, n=3 a2 6-10 Survey in forest distict. Input 20 Rothe and Mellert
Germany kgN/haly 2004
Flossenbiirg, Germany Seepage Norway Spruce 1.7 5.6 Input 19 kg N hay™ Weis et al. 2001
Hoglwald, Germany Seepage Norway Spruce 5.6 14 3 putBl kg N hdy™ Huber et al. 2004
Pfarrwald-Michelbach-Bilz, Spring Norway spruce, 2.6 4.2 Windthrow Schlar 1999
Germany water some Oak and Beecl3.7 4.7

Korfdorf Forest, Giessen, Stream Beech 2.7 4.7 Stepwise cut over 5 years. Huser et al. 1996
Germany Flux change 4 to 14 kg N tg*

Mont-Lozere, S. France Stredm  Norway spruce 0.2-0.4 2-4 Flux change 3.85d&g N hady® Durand et al. 1992

# Uncut control or pre-treatment concentration
®range for intact forests in the region or forestritit
“concentrations were roughly estimated from flueesyal year water fluxes were not reported
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Table 6.3. Seepage water nitrate concentration Kiig1) after forest floor liming (or wood ash apgdtion). Fluxes are given in () whenever available

Site, stand type Dominant tree Soil type C:Nratio Rainfall Nitrogen Lime treatment Nitrate in Nitrate in Treatment Reference
species forest deposition Dose (and type) control stands limed stands effect
floor mm kg N ha'yr'  tha mg N@N L* (kg N ha'yr?)
Seepage
Klosterhede, 56 years Picea abies Haplic 26 860 15 1.7 (CaCP 0.01 0.01-0.74 Yes Ingerslev 1997
Denmark podzol 0.7 (MgSQ)
Adirondack Mountains,  Deciduous Spodosol 24-49 1230 6.9 (CgCcO 1-2 (soil water) 1-5 Geary and Driscoll
USA 0.1-0.4 (stream) 0.4-1.4 Yes 1996, Cirmo and
Driscoll 1996
Uddevalla, Sweden P. abies, Pinus Podzol n.d. 1 (CaCg) 0.2 0.2 No Nohrstedt 1992
Vallsta, Sweden sylvestris Podzol 1 (CaCQ) <0.03 <0.03 No
Hasslov, Sweden P. abies Haplic 20-27 1100 3.45 (CaGPp 0.27 (1) 0.98 (5) Yes Persson and Wiren
podzol 8.75 (CaCQ 0.27 (1) 1.99 (10) 1996, Nilsson et al.
2001
Oringe, Sweden P. abies 3.35 (CaCg) 3) (10) Yes Persson and Wiren
1996
Aled, Sweden P. abies Dystric 14 4.2 (wood ash) 0-1 0-6 Yes Hoégbom et al. 2001
Regosol
Grunewald, Germany Pinus sylvestris Cambic 28 580 12 6.1 (dolomite) 8.2 (27) 12.6 (44) Yes a¢hner et al. 1992
Arenosol
Pfalzerwald, Germany Pine and Beech 3 (dolgmite  0-0.5 0-0.5 NB Schuiler 2001
Hoglwald, Germany P. abies Alfisol 23-27 850 30 4 (dolomite) ~15 (33) ~30 (55) Yes Kreutzer 1995,
Kreutzer and Weiss
1998
Convent Forest, Germany P. abies Cambisol 1400 ~25 2.4 (wood aSh) ~3 ~1 No Shaffer et al. 2002
12 (wood asH) ~3-7 Yes
18 (wood asH) >10 Yes
Swiss Plateau, SwitzerlandP. abies Dystric 16 1076 8 (wood ash)  ~2° ~10 Yes Brunner et al. 2004
Cambisol
St. Anthonis, Netherlands Pinus sylvestris podzol 20-24 450 3 (dolomite) (1.6) young pin€10.8) Yes De Boer et al. 1993
Pseudotsuga (6.9) old pine (12.7)
menziesii (3.6) young fir  (12.9)
Quercus robur (13.9) old fir (36.5)
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Site, stand type Dominant tree Soil type C:Nratio Rainfall Nitrogen Lime treatment Nitrate in Nitrate in

Treatment Reference

species forest deposition Dose (and type) control stands limed stands effect
floor mm kg N ha'yr'  tha mg N@N L* (kg N ha'yr?)
(2.5) young oak (1.1)
(9.4) old oak (17.6)
Stream water
Hubbard Brook, USA Mixed podzol 0.85 Ca 0-4' 0-2 No Groffman et al. 2006
broadleaf (wolastonite)
Gjastad, Norway P.abies podzol 19-21 1200 15 2.9 (dolomite) 0.07(0.7) 0007 No Hindar et al. 2003
P.sylvestris

& Ca content equivalent to 3 t lime/ha

® Except for a few episodes.

¢ Ca content equivalent to 3, 15 and 22.5 t dolomiteyespectively.
d Ca content equivalent to 6 t lime/ha

¢ Pre-treatment nitrate conc.; Control plots had &igire-treatment nitrate conc. which decreased tiiees yrs of observation, whereas the concentraticreased at the

wood ash treated plots.

" Both the control and the Ca-treated catchmentsiealining concentration throughout 5 years of raritig, due to recovery from a disturbance (icerastdamage).
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7. Synthesis

by

Raulund-Rasmussen, K., Hansen, K., Katzensteinet,dtstau, D., de Jong, J., Gundersen,
P.Humphrey, J.W., Ravn, H.P. and Klimo, E.

The nature forest reserve, in which the objectiveld-growth forest including all natural disturicas
and without any management at all will serve asref@rence for judgement of management operation
effects on the environmental services (e.g. Peterka96).

Several forest management operations cause ordydod short-term effects on the services whereas
others cause significant effects both in time grats. The single most thorough manipulation of the
system is introduction of tree species outside thegiural distribution which cause fundamental
changes in the authentic biodiversity relying amglderm continuity (Schnitzer and Borlea, 1998).
Although succession and adaptation to changesirnkironment continuously takes places, the
influences of such changes are mostly minor conapiar¢he effects of introduction of alien species.
Tree species also have an impact on the waterdml@anspiration, interception and run-off), the
acidity and nutrient content of water leaving thistem, on carbon stocks and sequestration, and on
soil acidity. From an environmental point of viewggative impact can often be related to introductio
of conifers on land naturally covered by beech oteh broadleaves.

At the time of stand regeneration many single dpma like soil tillage and weed and pest control
will be carried out. Most of these operations a#d pf intensive forest management alternatives
aiming at establishment of homogenised even agedistcontaining only one or few tree species.
Such stands are also often regularly thinned ageherated following a traditional clear-cut. The
single isolated operations may not have great itnpathe services but together as part of an
intensive management alternative the gross effagtle significant, mainly on biodiversity. Water
quality and water quantity indicators will be nagelly influenced as well but to a lesser extent
depending on the impact of operations followingitiieoduction of alien species. In some cases
however, e.g. as a consequence of conifers inttmfuen sites natural for mixed broad leaved
species, carbon sequestration may increase sigmiljcwhereas carbon stock on site may decrease.

Harvesting of biomass influences the biodiversiagatively due to less dead wood left in the forest.
Furthermore, harvesting cause compaction, expartitsfents and soil acidification depending on the
intensity of the biomass export. A decrease imihiteient capital might be crucial where the natural
restoring capacity is limited. However, compensaboth for nutrient export and soil acidification b
fertilisation and liming are possible to reduce tiegative impact. Large clear-cuts might have great
impact mainly due to lack of forest climate, rettima forest succession and loss of nutrient and
possible soil particles. Rotation length considexs@ single parameter might not have great impact
on the services. For biodiversity, retention ofisiédnt mature trees might be more important.

7.1. Effect of forest management alternatives

In table 7.1 the effects of the five managememrradtives described by Duncker et al. (2007) and in
table 1.3 are evaluated by use of a score systemawthe nature reserve is reference (score 0). The
five management alternatives will be used in th©ORWOOD project scenarios analysis.
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Table 7.1. Summarised most likely gross effediseoforest management alternative defined in tabieon
biodiversity, carbon stocks and sequestration, watmlity and quantity, and soil quality indicatodefined in
table 1.1.

Forest management  Biodiversity Carbon Water quality  Water quantity  Soil quality
alternatives stocks on  seque-

site stration
Forest nature reserve 0 0 0 0 0 0
Close to nature -0 -/0 0/+ 0 0 0
forestry
Multifunctional -0 -/0 -10/+ -10/+ -10/+ -/0
Forestry
Intensive even-aged - - -[+ -/0 -/0/+ --10
forestry
Wood-biomass -- -- --[++ --/0 --/0 --10
production

0 no gross effect, the reference
- and -- a moderate and a highly significant neganhfluence
+ and ++ a moderate and a highly significant pasinfluence

7.1.1. Biodiversity

It is possible to manage low intervention and rpldtipurpose forestry without significant negative
influences on biodiversity, but there might beskriespecially for the multiple purpose alternatfve
goods for other purposes such as recreation aldgpnatic for biodiversity. Intensive and wood-
biomass forestry might always influence biodivgrsiegatively. On the other hand, planted forests
might also restore biodiversity in degraded landesaThe most significant negative influence on the
biodiversity might be due to introduction of aligae species and intensive harvesting leaving ad de
biomass and soil tillage.

7.1.2. Soil quality

Nutrient stores in the nature reserve are moskitively constant because the exchanges to the
surroundings are modest. Air pollution has negadtiflaences due to an increase in nutrient leaching
from the system and acidification but can oftenb®attributed to forest management. Harvesting of
biomass might cause a significant decrease indiheantent of almost all nutrients and an increiase
soil acidification depending on the weathering cityaof the soil minerals and the kind and intepsit
of biomass removal. Change in tree species migigleate the negative nutrient balance and
acidification both due to increase in biomass hsting and increased deposition of air pollution
compounds. Negative nutrients balances and aatlific might be counteracted by wise fertilisation
and liming but this is seldom done. On steep slofesr-cut or intensive harvesting might be
problematic due to a potential increase in lossodfmaterial due to erosion. Modern intensive
forestry often includes heavy machine trafficinghnpossible negative influence on soil structure du
to compaction.

7.1.3. Carbon sequestration and stocks on site

In the long-term, the nature reserve should ingple have a balance in carbon sequestration becaus
photosynthesis and autotroph and heterotroph egpirbalance each other. However, this is barely
observed in the short-term since environment isstadtonary (climate change, nitrogen depaosition,
ozone deposition) and may shift significantly tlaebon balance positively or negatively. The stogk o
site in the ecosystem, both in biomass, dead waradithe soil are often very high in natural resgrve
compared to managed forests. On the other handageamrent increases productivity through a more
or less intense rejuvenation of the tree standrt&hing of the rotation age and rejuvenation insesa
photosynthesis through site improvement and featilon and it will definitely decrease the
heterotrophic respiration because biomass is redhfseen the system. This might, on the other hand,
reduce the amount of carbon stocks in the biomadsail. Very intensive forestry alternatives oféer
possibility for a very significant increase in canbuptake despite a decrease in soil stock. Site
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preparation practices such as ploughing or draingight be a special problem because very large soil
stocks due to long-term built up might be releasy fast.

7.1.4. Water quantity

The evatransporation from nature reserves is oéiatively high due to a permanent high plant cover
and transpiration when the temperature is abowtain threshold. Moderate negative influence from
forest operations might be attributed to tree sgsepianipulation, e.g. when broadleaves are comverte
to conifers or high consuming eucalypts. Clearsadépending on size, will increase the runoff and
may cause local temporary flooding. It might begpale to manage forests aiming at high surplus of
water, e.g. by introducing tree species with aleaf area index and by relatively high thinningesat
Increased water consumption due to fertilisationy mecur due to increased interception losses by
increased leaf area.

7.1.5. Water quality

The content of problematic compounds from natusemees is mostly low. Mainly compounds
coming from outside sources, e.g. nitrogen duertpalution might be a problem. But this may not
be attributed to the forest or foresprgr se Short-term negative influence on water qualitgimibe
due to clear-cut, intensive soil tillage, drainagp;essive fertilisation or use of nitrogen fixinge
species. Very intensive forestry alternatives migffer specific problems if e.g. pesticides areduse
unwise. In the case of regions with elevated N ditjom (>10-15 kgN/ha/yr) water quality may be
impaired. Forest management such as choice ofaaypkcies, clear-cuts and heavy liming may
aggravate this, but on the other hand, converdiaomifers stands to broadleaf stands, multiple age
management, and increased utilisation may be wseutigate effects of air pollution on forest water

7.2. Trade offs

A management alternative aiming at optimising emvmnent services as defined in this report is not
unambiguous. In general, the nature forest redgnaefinition offers the reference biodiversitydan
high carbon stocks and clean water. Nature foastslso mostly both highly resistant and resilient
which secure ecosystem functions also in the futdosvever, mature nature reserves did not
sequester much carbon and the water run-off migbtlze slightly lower than some alternatives
characterised by a lower leaf area index. If cadmuestration has highest priority the very irtens
alternatives might be optimal. On the other handhslternatives generally have lower carbon stocks
in the system because harvesting and other opesatight cause a rapid release of a part of the
carbon stock. Therefore, a specific statement dictlyrunning sequestration and decrease in stock is
necessary for short-term evaluation of gross caitmpact.

Air pollution also influences nature reserves draté are clear indications that especially the no
harvesting regime in areas with high nitrogen losy cause leaching of nitrate and hence accelerated
soil acidification (Ritter and Vesterdal, 2006).cBwnegative impacts might be counteracted by
biomass harvesting and fertilisation.

7.3. Uncertainties and gaps

Although a huge number of experiments have beedumad aiming at quantification of impacts of
management operations on the services severaktlesxist. The most fundamental problem for a
synthesis like this is the short-term perspectivihe experiments aiming at explaining effects that
often have long-term impacts. Several examplesicif egacy effects are described e.g. for soil

tilage and changes in tree species on biodiversiiythermore, most of the investigations and
experiments rely on a reductionistic research aqgravhereas the impacts of the operations are on a
system or a landscape level and should be assassenth. Forest reserves for references are few and
most if not all of them have been or are stilluefhced by man.
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