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ABSTRACT

Abstract

In this thesis the ecological consequences of forest fire are studied in North-west
European Scots pine {Pinus syivestris) forests. The focus is on post-fire succession, and
the factors and mechanisms that influence the successional pathways after fire.

Fuel load and fuel moisture determine the intensity of forest fire and thus the degree of
hurmus consumption. In a controlied laboratory experiment, humus consumption was
determined for different moisture levels. Experimental fires showed evidence that
variation in precipitation throughfall causes spatial variation in humus consumption in
the stand through differences in humus moisture with respect to tree crowns.

Humus consumption influences tree mortality, growth of remaining trees and re-
colonization. Surface fires in Scots pine plantations caused a partial reduction of the
litter and humus layers and a high mortality in the smaller trees. Reduction in radial
growth after surface fire was variable, and was less in large diameter trees and in trees
that experienced less humus consumption around their stem bases.

Experimental burning of the humus layer showed that increased removal of organic
material by fire resulted in an increase in seedling numbers. Earlier studies have
suggested that the charcoal produced by fire improves germination conditions by
absorbing phytotoxins produced by ericaceous species. All such studies have used
activated carbon as a standardized model for charcoal. Bioassays with pine seeds in
aqueous extracts of Vaccinium myrtillus and Calluna vulgaris showed toxic effects of
the two species, but charcoal reduced toxicity less than activated carbon. Therefore,
those previous studies have overestimated the effect of charcoal on germination, likely
because of the considerably higher active surface area of activated carbon.

The post-fire tree cohort after severe but small-scaled fires in Scots pine stands mainly
consisted of Scots pine, but also birch and aspen. Compared to succession after other
disturbance types in Scots pine stands, such as windthrow or soil scarification, seedling
numbers are higher after small-scale fires by a magnitude of ten.

Based on the pood regeneration and for the purpose of fuel load reduction in areas with
increased fire hazard, the prescribed burning of Scots pine stands should be
reconsidered. Controlled forest fires could be used as an additional silvicultural
technique to regenerate and transform single-species pine stands into mixed and more
natural forests.

Key words: biodiversity, fire ecology, fuet modelling, succession, tree regeneration
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CHAPTER 1 - INTRODUCTION

Introduction

At first glance, in comparison to other regions of the world, fire does not play a
significant role in North-West European forests, and research on forest fires in the area
has been largely neglected. The ideology and policy of banning fire from the European
landscape, especially from managed forests, lead to an emphasis on research into fire
fighting means and tactics {(Goldammer 1982, Mif3bach 1973). The strong “no fire”-
policy was an essential part of European forest management and this ideology was even
exported in the 19th century into the “New World” (Pyne 1997). Here, in fire-prone
forests, the exclusion of fire caused huge problems of fuel overload and altered forest
dynamics. Over the last 30 years, the new field of fire ecology emerged to deal with
these issues.

Despite all fire exclusion efforts, between 3,600 and approximately 20,000 ha of forest
burned within North-West Europe on an annual average over the last 30 years (Lex and
Goldammer 2001, Ubysz and Szczygiel 2002). In this thesis, North-Western Europe is
referred to as the countries of Germany, Poland, the Netherlands and Belgium. Data
collection for this thesis was done in the Netherlands and Germany, though the forest
structures and the fire hazard situations are comparable in Belgium and Poland.

Within all forest types found in North-West Europe (both natural and man-made forest
types), pine stands (Pinus syivestris L.} have by far the highest fire risk. This risk is due
to the vegetation composition itself (often a dense field [ayer of grasses and dwarf-
shrubs is found beneath pine), the low ignition temperature required to start a fire in
pine wood and needles, and the high energy content of it’s woody parts (MiBbach
1973).

Especially on dry sandy soil, in regions such as the Veluwe in the Netherlands, the
Kempen region in Belgium or the Lausitz and the Liineburger Heide in Germany, fires
of varying extent occur annually. Under severe conditions, fires bum large areas and
the monotonous forest structure with even-aged stands and no natural fuel brakes
makes it hard to control.

To broaden our limited knowledge of the ecological consequences of fires occurring
under North-West European conditions and determine how best to deal with them, this
thesis focuses on the actual and potential ecological role of fire in North-West
European P. sylvestris forests.

Fire ecology

In the past centuries, fire has been seen as a big threat to pine forestry and was not
tolerated. Looking back at the effectiveness of fire as a human tool to clear "wild"
vegetation (forest removal) and it's power in uncontrolled conditions, this view is easily
understandable (Pyne 1997).
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All ecosystems are exposed to, at the least, gradual changes in climate, nutrient
loading, habitat fragmentation, regeneration and other biotic and abiotic factors and
ecosystems may respond in a smooth, continuous way to such trends. However,
diverse, sudden events, such as fire in a forest, can trigger abrupt changes and switch
the ecosystem to a contrasting state (Scheffer er al. 2001). The magnitude of change
depends on a) the resilience of the ecosystem and b) the severity of the disturbance.

Fire ecology deals with the variation of forest fire impacts and factors that cause this
variation. Since fire ecology is quite a young field of ecological research, the following
paragraphs aim to give the reader a short introduction to general mechanisms and
effects of forest fire.

Fire as disturbance factor

Traditionally, forest landscapes have been regarded as increasingly stable during
succession over time, until eventually reaching a *climax state” of complete stability.
Currently, such ideas are being challenged by a new understanding of the importance
and inevitability of large-scale disturbances such as storms and fires that cause
ecosystems to be in a state of constant change. The recognition of fire as a complex
agent of change in ecosystems is not new, but it’s incorporation into the succession
theory is more recent. Once, fire was considered an exogenous, catastrophic event that
affected ecosystems. It is now seen as a natural phenomenon linked to the dynamics of
many plant communities and animal populations, However, the effects of fires vary
widely and the outcome of post-fire ecosystem development is a multivariate process
(Table 1.1, Biswell 1989, Johnson 1992).

Fire ecology has emerged as a central feature of this new understanding and aims to
explain the variation of fire effects on ecosystems. Cutrently, results from fire ecology
research are used to redefine traditional assumptions about the growth and development
of forest ecosystems (Agee 1993).

Fire regimes

The main ignition source under a natural fire regime is lightning. Depending on
weather and forest conditions before and during the occurrence of lightning, a fire can
develop varying characteristics and consequently, varying ecological impacts.

In general, fires are divided into two types: those which kill all trees on site are referred
to as "stand-replacing disturbances” (most often found in ecosystems where high
severity fires occur), and those which only kill some trees but leave the overstory intact
are referred to as "non-stand-replacing” (low-severity fire regime; Oliver 1981).
Additionally, forest fires are classified as surface fires and crown fires. In general,
surface fires are less severe and are most often not stand-replacing, whereas crown fires
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are mortal for trees affected and therefore stand-replacing. However, even low-
intensity surface fires which do not scorch the canopy can be stand-replacing (e.g. for
thin barked trees; Nieuwstadt et al. 2001).

High intensity, crown fires cause high mortality and replace the entire stand. Low
intensity surface fires accelerate nutrient cycling, causing temporarily increased growth
and a change in floral composition (Crutzen and Goldammer 1992). Commonly, the
role of fire in an ecosystem is described in terms of disturbance characters, listed in
Table 1.1, and summarized in a certain fire regime.

Table 1.1. Main characteristics of fire regimes (adapted from Agee 1998b).

Descriptor Definition

Frequency Mean number of fire events per time period

Extent Area burned per time period or fire

Timing The seasonality of the disturbance

Magnitude Described either as intensity (physical force} or severity

(measure of the effect on the organism or ecosystem)

Although many combinations of the fire characteristics listed above may oceur,
simplified systems were created to categorize fire effects in different ecosystems. Agee
(1993) uses a classification system based on fire severity (the effect of fire on the
dominant vegetation). Low-severity fire regimes are those where fires have little effect
on mortality of the dominating vegetation (e.g. in the Western US, where the natural
fire regime of Ponderosa pine stands composes of a fire return interval of 5-10 years
with almost no mortality in the overstory; Stephens and Collins 2004). High-severity
fire regimes include those vegetation types, where the fires kill most of the vegetation
(e.g. in the Rocky Mountains, where stand-replacing events occur every 150 to 330
years on entire watersheds; Barret ef al. 1991). Moderate-severity fire regimes vary
temporatly and spatially between low- and high severity, e.g. in the boreal zone of
Northern Europe, where fires occur with & return interval of 50-60 years, and locally
kill overstory trees (Lehtonen and Kolstrém 2000), This classification will be used
throughout this report, especially for post-fire succession in section 1.3,

Ecological fire effects

All fire characteristics and effects are driven by fuel-loading (dead and dry biomass on
the forest floor), moisture content of the fuel and the structural characteristics of the
ecosystem. Additionally, the weather situation before and during the fire plays an
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important role. Main factors affecting fire behavior and severity are wind, humidity and

temperature (Biswell 1989).

Forest fires are major disturbances in forest ecosystems and effect ecosystem processes

in many ways. In general, forest fires affect ecosystem dynamics by:

» initiating mortality, either throughout the whole stand or in patches (Spurr and
Barnes 1980),

s creating structural change and umque habitats (Oliver and Larson 1990),

» affecting biogeochemical nutrient cycling (Viro 1969).

A common way of characterizing fire effects is by their order of occurrence. First-
order fire effects occur at the time of the fire or within a very short time afterwards.
They are therefore direct results of the fuel combustion process and are primarily heat
induced. First-order effects are directly caused by pre-fire conditions and the fire
environment and are the drivers of second-order fire-effects (e.g. vegetation
succession; Table 1.2).

Table 1.2. Examples of First- and Second-Order Fire Effects and their relation.

First-Order Second-Order

Plant mortality R Vegetation succession
Soil temperature
— Erosion
=—_—______.——> Site productivity
»  Charcoal/Phytotoxins

Fuel consumption

Smoke production

Soil heating

Second-order fire effects occur on a wider time scale; days, months or even decades
after the fire event. They are indirect results of fire and other processes such as climate,
land use and seed availability. Due to this, they are very variable and hard to predict
(Reinhardt et af. 2001).

At a very long time scale, some fire effects are evolutionary; certain species developed
adaptations to cope with fire occurrence (e.g. thick bark or serotinous cones).

Mineral soil exposure by consumption of the ectorganic soil layers and the alteration by
heat input are especially critical for post-fire vegetation composition (Clark 1994). The
degree of humus consumption during wildfires or prescribed burnings strongly
influences the post-fire succession of the site (Johnson 1992). Prolonged heat release
by smoldering combustion kills the fine roots of herbs, shrubs and also overstory trees,
which can lead to high mortality (Ryan and Frandsen 1991, Stephens and Finney
2002). As a consequence, species composition can be altered and seed sources for a
quick re-colonization will be absent. With a higher consumption of the humus layers,




1.14

CHAPTER | - INTRODUCTION

stored seeds and vegetative organs are also destroyed (Schimmel and Granstrom 1996}.
In the case of partial consumption of the humus layer, heat tolerance and storage depth
of certain species plays an important role in the re-colonization pattern of the site
{Granstrém and Schimmel 1993, Whittle ez al. 1997). Furthermore, in the case of
complete humus consumption, only species with roots and vegetative organs in the
mineral soil can survive. Therefore, the amount of humus left on the site also
influences species composition, density and early growth in the seedling cohort
following the fire (Thomas and Wein 1983, Johnson 1992). In the boreal forest,
complete humus consumption was found to favor the establishment and growth of
coniferous seedlings (Chrosciewicz 1974, Zasada et al. 1983),

Examples of second-order fire effects are a change in the pH of the soil into a more
alkaline milieu (Riek et @l 2002, Chandler et i 1983, Wright and Bailey 1982), an
increase of post-fire temperature in the upper mineral soil (Clark 1994), and the
formation of a hydrophobic layer (DeBano 1981, Hetsch 1980).

Another fire effect, which has been discaovered just recently, is related to the production
of huge amounts of charcoal which remain on the forest floor after the fire. These
charcoal particles have the ability to adsorb phytotoxins, which are released by, for
example, dwarf-shrubs and usually inhibit seed germination (Zackrisson ef al. 1996).
Trials with activated carbon and charcoal showed that this porous material has very
positive effects on germination, seedling survival and growth (e.g. Nilsson 1994,
Jiderlund er al. 1998). Because woody charcoal has lower active surface area, it can be
expected that the adsorption potential is smaller, but charcoal can still be an important
factor in the re-colonization of the burned forest floor by reducing phytotoxic impact
and therefore improving conditions for germination.

Humus consumption

Humus consumption (humus referred to as the Oy and Oy -layer between the litter (O, )
and the mineral soil, Green et al. 1993) has a big influence on fire effects. Prolonged
heat released by smoldering combustion of humus kills fine roots of herbs and shrubs
as well as overstory trees, which can lead to high mortality (Stephens and Finney
2002). As a consequence, species composition can be altered and seed sources for a
quick re-colonization will be absent. With a higher consumption of the humus layers,
stored seeds and vegetative organs are also destroyed (Schimme! and Granstrom 1996).
In the case of partial consumption of the humus layer, heat tolerance and storage depth
of certain species plays an important role in re-colonization pattern of the site
{Granstrém and Schimmel 1993, Whittle et al. 1997). Furthermore, in the case of
complete humus consumption, only species with roots and vegetative organs in the
mineral soil can survive.
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However, the exposed mineral soil is a suitable seedbed for many forest species. In the
boreal forest, complete humus consumption was found to favor the establishment and
growth of coniferous seedlings (Chrosciewicz 1974, Zasada ef al. 1983).

Fire intensity,
fuel load

\

Physical Succession
humus e— Humus —- dynamics

properties consumption

Stand /

characteristics
(moisture patterns,
field layer)

Figure 1.1. Schematic illustrations of the humus consumption process and factors that influence
it’s degree (Chapter 2) and spatial pattern (Chapter 4). Humus consumption is a key factor that
influences post-fire succession dyrnamics (see Chapter 5, 8).

Humus consumption proceeds mostly by slow smoldering combustion, with the amount
of consumption mainly depending on humus characteristics. In previous studies it was
found that humus moisture has an overriding influence on humus consumption
{McArthur and Cheney 1966, Sandberg 1980, Brown et al. 1985, Frandsen 1987,
Reinhardt ef al. 1991, Robichaud and Miller 1999). The stored moisture results in a
latent heat flux for evaporation of the water, which provides an effective heat sink,
stopping smoldering combustion. Other faciors, such as packing ratio, humus depth,
and amount of surface fuel load also influence humus consumption (Fig. 1.1, Burgan
and Rothermel 1984, Miyanishi and Johnson 2002).

Response to the disturbance

Fire disturbance causes the ecosystem to respond and the magnitude and time period of

this response varies with the initial conditions, the resilience of the system and the fire

severity (Scheffer e al 2001, Oliver and Larson 1996). Possible scenarios of

ecosystem development after fire are determined by:

»  low magnitude of disturbance and/or high resistance [almost no mortality for
dominating species, quick re-growth out of surviving propagules of pre-
disturbance plant species],
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»  medium magnitude of disturbance and/or medium resistance [leading to high
moriality rates within species dominating the site, but propagules and seeds of pre-
fire species lead to re-colonization, e.g. temporally altered composition of annual
species or natural regeneration of species which dominated the site before] or

= high magnitude of disturbance and/or low resistance [leading to a complete change
of species composition and vegetation cover, e.g. grass or bracken invasion in
previous forest-covered areas].

Depending on fire intensity and ecosystem stability, several different pathways of
development can follow a fire disturbance. After high severity fires, a change in species
and gradunal recovery over time through various plant communities have been observed
(Tonn et al. 2000, but also an immediate post-fire re-colonization by the same species
which were present before the fire (Weber and Stocks 1998). An establishment of
natural tree regeneration (especially in pine stands) has been observed (Kuuluvainen
and Rouvinen 2000, Engelmark 1993, Engelmark ef al. 1998), as well as an invasion of
grasses or bracken in the bumed areas, leading to a monotonous and less diverse
ecosystem (Gliessmann 1978, Qinonen 1967, Jahn 1980).

The response of plants to fire can vary significantly, due to both variability in the heat
regime of the fire and differences in plant species® ability to survive a fire and to
recover (Milier and Findley 1994). As a resulit, highly diverse structures are created in
the fire-adapted landscape (Weber and Stocks 1998). Fire in boreal forests is important
for maintaining the diversity of rare herbs (Esseen et af 1997). Fires also create
habitats for specialized plants and animals (Punttila and Haila 1996, Kaila ef al. 1996).
Some detailed studies have been carried out on the impact of fire on soil fertility {(Vega
et al. 1983, Viro 1969), soil microbial activity (Fritze ef ol 1993), and the development
of ground vegetation (Trabaud 1983, Lindholm and Vasander 1987).

Fire and forest management

The importance of natural disturbances in regulating forest ecosystem properties,
including biodiversity was shown in several studies in the past (Franklin ef al. 1987,
Busing and White 1997), and recent ecological research offers innovative silvicultural
approaches designed 1o manage forests similar to their natural disturbance regime
(Granstrodm 2001, Angelstam 1998, Bergeron and Harvey 1997).

Today’s forest management practices throughout Europe put an emphasis on
sustainability, biodiversity and the use of silvicultural systems which are close to
natural disturbance regimes. It is therefore important to understand e.g. the role of
forest fires as a natural disturbance event in forest ecosystem dynamics, especially in P.
sylvestris stands. In recent years, the important role of fire in determining ecological
functioning of forest ecosystems and the need to consider natural disturbances in forest
management has become increasingly clear (e.g. Agee 1998b).
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However, only sporadically has research been published which deals with fire effects
under North-Western European conditions {(Goldammer 1979, Jahn 1980), which offers
the ability to give predictions about fire impact, fire effects and post-fire succession.

In world-wide forestry, prescribed fire uses traditionally include:

a)

b)

c)

d

Reducing fuel hazards. Prescribed fires are often used to reduce the amount of
dead-and-down fuels on the forest floor. Larger fuels and parts of the humus
layer remain, and overstory trees are not damaged. As a consequence of the
reduced fuel load, the impact of subsequent wildfires is reduced (Mutch 1994,
Deeming 1990, Wagle and Eakle 1979).

Pre-commercial thinnings. Fire with a prescribed intensity girdies small trees
which bark is not thick enough to protect the cambium from the heat input.
Effects on the stand structures are similar to that of a thinning from below -
but in contrast to mechanical pre-commercial treatments, fire is more cost
effective (Graham er al. 1999, Wade 1993).

Improving ecosystem diversity and wildlife habitat (Van Lear 2000). If used
properly, fire is one of the most beneficial and cost-effective wildlife
management tools available and is used e.g. in pine stands in the Southern US.
Fire creates open areas for foraging and it encourages plants that provide food
and shelter for many species (Burger et al. 1998).

Restoration of entire ecosystems. After decades of fire exclusion in fire-prone
regions, it was realized that forest dynamics without fire lead to undesired and
unstable conditions. Fire is re-introduced to control stand density, forest
structure and ecological processes, in places such as the southwest U.S.
{Covington et al. 1997) and the Appalachians (Elliott ef al. 1999).

Preparation of seedbeds and sites for forest regeneration. There are ample
examples from Northern America and Scandinavia where prescribed fire is
used to regenerate conifer forests. Prescribed burnings to introduce natural
regeneration are common practice for P. sylvesrris in Finland, Norway and
Sweden (Uggla 1959, Braathe 1974, Sykes and Horrill 1981). Even broad-
leaved species are treated with prescribed fires to stimulate natural
regeneration {Brose et al. 2001).

It is important to note that for all purposes listed above, fire is used in a way similar to
the natural fire regime, e.g. at times in the year where it would occur naturally, in
similar aerial extent and with a similar return interval. Therefore, it is essential to know
the natural fire regime and succession afier fire, so that these dynamics can be
mimicked, A strong emphasis on fire ecology research is therefore focused on
gathering information about natural fire regimes and successional pathways of
ecosystem development after fire section (1.2.3).

10
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Pine stands in North-West Europe - on fire?

P. sylvestris is one of the most important tree species in North-West Europe (the
Netherlands, Germany, Belgium and Poland). P. sylvestris as a tree species which is
not endemic on most North-West European sites (Endtmann er ol 1991), but was
introduced as a crop species centuries ago. Although this species would naturally stock
only on dry, sandy sites or wet, acid bogs, P. sylvesfris stands can be found on the
entire range of moisture and nutrient levels in these countries (Endtmann e al. 1991).
However, fire has and will occur in all different forest types of P. syivestris.

In addition, future climate change may increase drought over large parts of Europe,
possibly increasing the risk of forest fires, and interfering with conditions for
sustainable forest management. Due to global climate changes, increased frequency of
drought and increased interannual variability of precipitation are expected over Europe
(IPCC 2001, Rind et al. 1989). These changes in temperature and precipitation will
change the fuel characteristics and fire frequency (Badeck er al. 2004), as weil as the
behavior of a potential fire (Kasischke and Stocks 2000, Crutzen and Goldammer
1992).

P. sylvestris forests in North-West Europe

P. sylvestris is the most widely distributed conifer in the world and natural forests or
plantations are found in all member states of the EU. P. svlvestris is of considerable
importance as a timber producing species and of high economic value in many rural
regions. P. sylvestris covers 3,007,000 ha in Germany, 96,000 ha in the Netherlands,
65,000 ha in Belgium (Mason and Alia 2000) and 6,028,200 ha in Poland (Ubysz and
Szczygiel 2002).

In Germany, only 3% of the potential natural vegetation would be pine-dominated
forest types, most often as mixed stands with P. sylvestris, oak and birch. 85% of the
existing pine forest stock is found on mesic sites of which 60% are dominated by
dwarf-shrubs and Deschampsia flexuosa L. in the field layer, another 25% have a
dominant Rubus spe. field layer (Beck 2000, Endtmann er af. 1991). A similar situation
can be found in the Netherlands, where the total potential area of P. sylvestris
dominated forest types is between 2,000 and 4,000 ha, classified into the three forest
types of a Cladonia-Pinetum, Leucobrium-Pinetum and Empetrum-Pinetum (Lust ef al,
2000).

Most of the existing pine forests are intensively managed as artificial stands which
replaced former natural broad-leafed forests (Wiedemann 1948, Zerbe and Brande
2003). These pine stands most often lack the capability of self-organizing and natural
regeneration. Typically, the artificial stands show a tendency towards natural forest
succession, with invading hardwood saplings of birch, oak and beech, especially on
mesic and rich sites. On poor sites, however, a mixed pine/birch/cak-forest with several

11
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cohorts would be the desired forest type, both from an ecological and economic point
of view,

Recently, forest management in all North-West European countries places more
emphasis on ‘close fo nature -management, and now natural regeneration is the desired
way to manage and regenerate pine stands, especially on poor sandy soils (BMF 2001).
Silvicultural systems based on heavy shelterwoods and natural regeneration are
replacing traditional clearcutting followed by planting.

Fire and P. sylvestris forests

Forest management practices, which have introduced and favored single-aged pine
stands in North-West Europe over the last two centuries, are facing a high fire hazard
in the plantations. Until today, the natural disturbing agent fire is seen as the ultimate
evil of pine forestry - despite the frequent fires and the tolerance of the species towards
fire in its natural habitat.

Although limited scientific information about fire ecology of P. sylvestris in North-
West Europe exists, the wide variety of responses to fire described below enables this
species to cope with the current fire situation here, or even profit from it, compared to
endemic tree species. More detailed knowledge on post-fire succession dynamics of
pine stands is available for the boreal and hemiboreal forest zone (Viro 1974,
Engelmark 1993, Engelmark ef o/, 1998, FIRESCAN 1996, Spanos et al, 2000),

Tree species of the genus Pinus have developed the most advanced means and methods
to survive a forest fire either as an individual or as a species. Serotinous cones, thick
buds and insulating bark coverage are the most common properties which reduce fire
impacts (Rego and Rigolot 1990). The near to world-wide presence of Pinus under
different climates and fire regimes lead to a wide variation of fire tolerance within the
species. Bark insulation is the primary fire adaptation of P. splvestris - the thicker the
bark, the better the protection (Rego and Rigolot 1990) - with all it's consequence of
this feature as a "thinning"” criteria within a moderate surface fire (Kolstrém and
Kellomiki 1993) to a long-term evolutionary selection mechanism within the species.
P. sylvestris faces mainly moderate-severity fire regimes: the occurrence causes tree
mortality in the burned area, but fires are not generally stand-replacing (Agee 1998a).
Fire effects and fire impact strongly depend on specific fire characteristics and on-site
factors and are therefore hard to predict (Wirth er gl 1999). Usually, higher fire
intensities and frequencies are found on nutrient richer sites, since here fuels build up
faster. In Scandinavian P. sylvestris stands it takes at least 20 years after a fire before
encugh fuel builds up for a new fire to spread (Schimmel 1993, Granstrém 1996).
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Over the wide distribution of P. syivestris all varieties of fire regimes can be found:

®  Near the tree line in northem boreal forests, no evidence of fire was found
(Kullman 1986), mainly due to a humid climate and extensive mires.

= Near the Finnish-Russian border, the fire frequency was 1.87% (as the proportion
of the area bumnt per time unit) from 1679 to 1872 and 0.40% from 1873 onwards.
The mean fire interval was 62 yrs and the median interval 56 yrs (Lehtonen and
Kolstrém 2000),

»  For Scandinavia, a mean fire return interval between 50 and 100 years was
estimated for natural pine stands (Tolonen 1983, Agren ef al. 1983).

= Under dry conditions in northemn China and Siberia, an estimated fire-retumn
interval of ~25 years was observed (Goldammer & Di 1990, Wirth et al. 1999).

In the natural range of P. sylvestris, fire is the most important natural factor, that
determines stand dynamics (Wirth ef al. 1999). Natural successional stages of P.
sylvestris often include a number of large overstory trees, that survived a forest fire
with several younger cohorts of pine in the middle- and understory which regenerates
on a plot-scale after fire (Kuuluvainen and Rouvinen 2000, Engelmark ef al. 1998). As
a consequence, multiple-aged stands are found in many areas (Lehtonen and Kolstrdm
2000, Zackrisson 1977, Zackrisson 1980), although even-aged natural stands also exist
{Kurbatskii and Ivanova 1980 in Agee 1998a). Even-aged stands result from stand-
replacing fires and an extensive regeneration. In southeast Sweden, it was shown that in
stands of P. syivestris with frequent fires, an open canopy was maintained in the past,
but with fire-exclusion, the canopy is more closed today (Lindbladh er al. 2003), For
Siberian P. sylvestris forests it was shown that fires maintain stand densities and stand
biomass below the self-thinning boundary by inducing mortality in the stand. Here, the
fire return interval is shorter than the time it takes for subsequent growth by surviving
trees (Wirth ez al. 1999).

Most of the understory species (e.g. Calluna vulgaris, Vaccimium spe.) are also well-
adapted to fire and regenerate by sprouting. Forest floor vegetation changes by fire are
minor in 40 to 70 year-old post-fire forests of P. sylvestris (Vanha-Majamaa and Lahde
1991).

Fire regimes in North-West European pine stands

Fire regimes for forest ecosystems usually are defined by the usual size of fires, the
season they occur, the frequency of fire returning to a given area and their severity on
the ecosystem (Tab. 1.1). From studies on natural fire regimes in fire prone areas, such
as the Western United States, the successional pathway after fire strongly depends on
fire severity and the size of the bum (Agee 1993, Agee 1998b, Turner er al 1998).
Regimes with a low scverity (usually meaning small patches within the forest
landscape burn) lead to a mosaic of trees and groups of trees of different ages. Fire
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regimes of moderate to high severity usually create burned areas of a larger extent,
which leads to larger areas covered with trees of the same age.

Historically, there was no lack of anthropogenic fire in Europe. Fire was used in
pastoralism, farming and forestry intensively, and in each land-use form, a certain fire
regime was applied; in some regions until the end of the 19th century (Pyne 1998).
Even today, all forest fires in North-West Europe are strongly influenced by human
actions (Pyne 1997, Lex and Goldammer 2001, Ubysz and Szczygiel 2002), both
directly by, for instance, arsonists as ignition sources and indirectly by factors such as
fire suppression effectiveness, choice of tree species etc. The large degree of fire
hazard in pine plantations, which would not occur naturally, is in itself an indirect
human impact on the fire regime (Thonicke 2003). Ignition and suppression actions are
direct influences of humans on the fire regime. Almost all ignitions are caused by
human action (arsonists, negligence or accident}; lightning rarely causes forest fire
(Lex and Goldammer 2001).

On average over the last 55 vears, 1,100 to 9,700 ha of forest burn annually in
Germany (Lex and Goldammer 2001), 200 to 2,500 ha in the Netherlands, up to 2,600
ha in Belgium (Schelhaas e af. 2001) and 2,500 to 8,600 ha in Poland (Ubysz and
Szczygiel 2002). The average size of a burn varies between 0.6 to 4 ha. However, there
is a significant variation of area burned for these countries. Severe fire years were
1975, 1976 and 1992, with areas of up to 6,000 ha forest burned.

Two main fire seasons are found under North-West European conditions. The first
period of high fire hazard is in early spring, when dead grasses are still present, quickly
dry out after a few days without rain and therefore provide fuel for a fast spreading fire.
Once fresh green plant material emerges in the field layer, fire hazard usually drops
until late summer, when hot days dry out both field layer vegetation, dead woody
material and live foliage. Most large scale fires occurred in late summer (Lex and
Goldammer 2001).

Lightning is the only event that naturally starts a fire. For North-West Europe, lightning
is most often accompanied with rain and therefore only a few fires are caused by
lightning. Human action, either through arson or accident, are causing most ignitions,
Since all fires get extinguished by fire fighters, and considering the fact that North-
West Europe is densely populated and forests are easily accessible, no natural fire
duration or spread is possible as the weather situation or forest conditions would allow.
Instead, we have to deal with a fire regime which is more affected by human action
than by natural factors. However, ecological factors determine the post-fire
successional pathway of the area burned.

Succession pathways for P. sylvestris stands

Two main approaches to describe the structural development of P. syfvestris stands
have been derived over the last decades. A climax model was developed with a site-
specific climax (Fanta 1995, Van Dobben et a/ 1994), where disturbances lead to a
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retrogressive stand dynamic. More recently, a pathway model was created with
pathways of structural development depending on site, silvicultural treatment and
disturbances (Kint 2003). However, in this model pathways after fire disturbance are
not defined yet.

Post-disturbance succession usually depends on both the severity of the disturbance and
the life history traits of the available species. Therefore, several interacting effects have
to be taken into account to understand mechanisms and patterns of post-fire succession,
especially since the effect of these two components varies according to environmental
conditions on the burned site (Halpern 1989).

In the boreal and hemi-boreal zone, surface fires that are not stand-replacing occur
most often in stands of P. sylvestris and cause overstory mortality only in areas with
high fire intensity. Thus, wildfires typically create complex stand structures with
patchy distribution of surviving and dead trees. The surviving trees provide seed
sources for post-fire regeneration, and in these patches, natural pine regeneration
creates the post-disturbance forest (Engelmark er al. 1998, Agee 1998a, Engelmark
1993).

In North-West Europe, natural regeneration of P. sylvestris was a heavily discussed
topic in forest management during the 1930's. Often, mechanical site treatments were
applied to improve site conditions and to stimulate regeneration (Mallik 2003,
Dohrenbusch 1997, Olberg 1957, Wittich 1955). Early works by Recke (1928) and
Conrad (1925) observed the beneficial use of surface fire in pine forests in Europe.
These authors report about site improvements, at least short-term, that led to increased
natural regeneration of pine trees on burned plots. After several unplanned fire events,
such as large forest fires around Berlin during World War 11, the stimulating effect of
fire for the regeneration of P. sylvestris was observed (Klein 1964, Hinz 1993).

Main factors found to affect post-fire development of conifer forests are the degree of
humus consumption and seed availability (Turner er al. 1998). Humus consumption
determines overstory mortality, the degree of physiological stress induced to the trees
on the burned site (Chapter 6), and prepares suitable seedbed conditions (Olberg 1955,
Chapter 8). Seed availability on the burned site might be restricted to certain species
after large scale fires, where tree species with short-range seed dispersal ranges can not
colonize all parts of the burned site (Gracia er af. 2002). P. sylvestris has a limited seed
dispersal range of max. 120 m from the parent tree (Dohrenbusch 1997), while seeds of
Betula pubescens can be carried by the wind for more than several kilometers (Leder
1992),

Therefore it is imporiant to differentiate between succession afier high severity (stand-

replacing) and low severity (non-stand-replacing) fires, and between high severity fires
of small extent {gap-size less than 1 ha) and larger extent (Chapter 9).
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However, this strong dichotomy of high and low severity and large- and small-scale
fires has 1o be broadened — after medium severity fires or on medium size burned sites,
a mixture of the specific characteristics can be expected (Gracia ef al. 2002).

Qutline of this thesis

With this thesis I set out to investigate the role of fire in the dynamics of forest
succession in North-West Europe, in particular the ecological consequences of the
disturbance “Fire”. The focus of my research is on forests dominated by P. sylvesiris,
both on sites where this species would be part of the natural vegetation type and on
sites where it currently replaces broadleaved tree species. My objectives are to
determine which factors and mechanisms are responsible for the post-fire development
of P. sylvestris forests and to show different pathways of secondary succession after
fire.

To meet these objectives information about fuel load (Chapter 2) and fire behavior in
North-West European pine stands is gathered, which allows simulations about all
necessary fire characteristics (modeling of fire behavior; Chapter 3). Factors that
influence humus consumption in the field are presented in Chapter 4. With this
information, the fire disturbance can be described in more detail and ecological
consequences can be correlated to fire intensity and severity.

1 Fuelload [ 'q—'z e Se“v‘_‘hﬂg
' Fire e 2 recruitment
behavior 5 e _/ and ear[y
e growth Natural
B ‘ Germination regeneration
- Humus and
: : Stand .
= ; consumption A \ structures succession
. s shas et nae and growth
e ] ECOSYSTEM RECOVE}N

——

Figure 1.2, Topics included in this study on the fire ecology of P. sylvestris in North-West
Europe. The main focus is on the situation right before forest fire (black star) and the ecosystem
recovery over time, assessing pre-fire situations, and resulting post-event effects and succession
dynamics.
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Secondly, ecological fire effects and recovery processes are assessed. Emphasis is laid
on the fire-induced change in stand structures (Chapter 6) and the influence of fire on
radial tree growth (Chapter 5). The effect of charcoal on post-fire germination
dynamics (Chapter 7) and seedling growth after fire (Chapter 8} are presented to show
mechanisms that determine post-fire succession.

From this, forest dynamics after small scale, high severity fires comes into the focus
(Chapter 9).

Finally, the potential future role of fire in forest management and nature conservation
in North-West Europe is evaluated, taking the results of the previous chapters into
congideration. Potential fields in which fire effects cover with forest management
objectives are identified and silvicultural models which include fire are developed
(Chapter 10).

With this set-up, the pre-fire situation (fuel load) and several ecological fire effects

afler fires of different intensities are pul into one picture, leading to the first approach
to describe the fire ecology of P. sylvestris in North-West Europe.
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CHAPTER 2

Fuel load and humus consumption

Published as: HILLE M, DEN OUDEN J. 2005. FUEL LOAD, HUMUS CONSUMPTION AND
HUMUS MOISTURE DY¥YNAMICS IN CENTRAL EUROPEAN SCOTS PINE STANDS,
INTJ WILDLAND FIRE 14: 153-159

Abstract

Samples of Scots pine (Pinus sylvestris L.} humus were burned under different moisture and
fuel load scenarios to model humus consumption. For moisture levels below 120% on a dry
mass basis, a parabolic increase of humus remaining with increasing moisture content was
observed, while for higher moisture levels up to 300%, humus was reduced by a constant 10-
15% on a dry mass basis. Both fuel load and humus moisture had a highly significant
influence on humus consumption.

Humus gross calorific value of Scots pine {19 509 KJ kg") is lower than that of other pine
species. We found a desorption time-lag for humus moisture of 85 h in this study.

Field data show a steady accumulation of humus in Central European Scots pine stands (up
to 45 tha' in 120 yr old stands). Amounts of litter remain constant over the different stand
ages (~15 tha'™").

This study provides important information to predict humus consumption in Scots pine
stands. The results can be used to build a fire severity and post-fire succession model for
Scots pine stands in Central Europe,
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Fuel load, humus consumption and humus moisture dynamics in
Central European Scots pine stands

Introduction

Fire plays a significant role in western and ceniral European forestry, although it does
not receive as much attention from science and the general public as in other parts of
the world. Especially in regions where Scots pine (Pinus sylvestris L.} grows on poor
sandy soils (e.g. the Veluwe and Kempen regions in The Netherlands and Belgium, or
the Lausitz region and the Lineburger Heide in Germany) fires of varying size and
intensity occur each year (Schelhaas et @/, 2001). Current scenarios of climate change
predict more summer droughts and thus even increased fire danger and higher fire
frequency can be expected for the near future (IPCC 2001, Badeck et al. 2004).

For Scots pine, a moderate to high severity fire regime is observed in its natural range
in the boreal forests of Northern Europe, with severity mainly determined by crown
damage and humus consumption (Agee 1998a). In general, the degree of humus
consumption during wildfires or prescribed burnings strongly influences the post-fire
succession of the site (Johnson 1992). In this paper, humus is defined as the Of and Oy
-layer between the litter (the sum of surface fuels, not decomposed needles and cones;
Oy) and the mineral soil. Prolonged heat release by smoldering combustion kills fine
roots of herbs, shrubs but also overstory trees, which can lead to high mortality (Ryan
and Frandsen 1991, Stephens and Finney 2002). As a consequence, species
composition can be altered and seed sources for a quick re-colonization will be absent.
With a higher consumption of the humus layers, stored seeds and vegetative organs are
also destroyed (Schimmel and Granstrdm 1996). In the case of partial consumption of
the humus layer, heat tolerance and storage depth of certain species plays an important
role in re-colonization pattern of the site (Granstrém and Schimmel 1993, Whittle et al.
1997). Furthermore, in the case of complete humus consumption, only species with
roots and vegetative organs in the mineral soil can survive. In the boreal forest,
complete humus consumption was found to favor the establishment and growth of
coniferous seedlings (Chrosciewicz 1974, Zasada ef al. 1983). The amount of humus
left on the site also influences species composition, density and early growth in the
seedling cohort following the fire (Thomas and Wein 1985, Johnson 1992, Hille and
Den Ouden 2004).

Humus consumption proceeds mostly by slow smoldering combustion - portions of the
Or-layer can be consumed by flaming combustion, though - with the amount of
consumption mainly depending on humus characteristics. In previous studies it was
found, that humus moisture has an overriding influence on humus consumption
{McArthur and Cheney 1966, Sandberg 1980, Brown er al. 1985, Frandsen 1987,
Brown er al. 1991, Reinhardt er a/. 1991, Robichaud and Miller 1999). The stored
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moisture results in a latent heat flux for evaporation of the water, which provides an
effective heat sink, stopping smoldering combustion. Other factors, such as packing
ratio, humus depth, and amount of surface fuel load also influence humus consumption
{Burgan and Rothermel 1984, Miyanishi 2001, Miyanishi and Johnson 2002).

This study aims to provide information on parameters that influence humus
consumption by forest fire in Central European Scots pine stands. The first part
assesses current load of litter and humus in pine stands of different age. The second
part deals with the consumption of pine humus under several moisture and fuel load
scenarios. Finally, we look at moisture dynamics for Scots pine humus and, in a
review, at the effect of field layer vegetation on humus moisture and reasons for
temporal and spatial variation of humus moisture in pine stands.

Methods

Fuel load in Central European Scots pine stands

Litter and humus load samples were taken in 18 pure pine stands on poor sandy soils in
the Uckermark region, app. 80 km north of Berlin, Germany. These stands are managed
for timber production under reference of traditional yield tables (Lembcke er al. 1975),
which are based on high stocking levels and a rotation period of 120 yrs. The sampled
stands were between 20 and 120 yrs old and not thinned for at least five years. Stand
parameters such as stern density and basal area deviated less than 10% from these yield
tables, with a stem density of 1,340 ha” and a basal area of 30.4 m® ha in 50 yr old
stands and 435 ha and 32.4 m® ha™' after 100 yrs, respectively. Fuel load was sampled
using the line transect method of Brown (1974), where on a 10 m line all down woody
debris is tatlied in the standard fire size classes of 1-hour (0-0.64 cm diameter), 10-hour
(0.64-2.54 c¢m), 100-hour (2.54-7.62 cm) fuels (Byram 1963). This classification is
based on the time-lag and the corresponding diameter of the fuel. The time-lag is
defined as the time needed under specific conditions for a fuel particle to loose about
63.3% of the difference between its initial moisture content and its equilibrium
moisture content (NWCG 1996).

Within each stand, ten sample points on a randomly placed 25 by 25 m grid were
established. From each sample point, four line transects were laid out in north, east,
south and west direction. To be able to calculate litter and humus load on a per hectare
basis, samples of 7} cm? were taken with a metal cylinder at 0.3 and 1.0 m on the line
transect down to the mineral soil, dried at 110° C until they reached constant weight.

Humus consumption by fire

In a mature 80-year old pine stand in Northern Germany humus was collected at ten
randomly selected locations, where all organic material between the litter and the
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mineral layers was collected on an area of 0.7 m”. The organic material from all ten
locations was mixed, then split into amounts of approximately 1,000 g and exposed to
40 different moisture regimes, ranging from oven-drying to storage under wet
conditions. Pine cones, big pieces of bark and woody material were removed from the
samples.

To simulate field conditions but also to burn the humus under replicable conditions, tin
cans (16 ¢m high and 10 em in diameter) were filled partly with moist sand, on which
smaller samples of the humus were added to fill the top 5 em of the can. For each
moisture regime, the same dry humus volume was used, the actual humus weight
varied for the moisture regimes from 25 to 150 g. Bulk density of the created fuel bed
for all meisture regimes was within = 15 % of the bulk density found in the stands
which were sampled as described in the previous section.

To simulate different fuel loads and energy inputs, between one and three charcoal
lighters (produced by Landmann GmbH&Ce KG, 27711 Osterholz-Scharmbeck,
Germany) were placed on top of the humus and ignited. During the burn, a steady
airflow was provided by the exhaust hood in an experimental chamber. The experiment
was terminated when neither radiating heat nor smoke was observed. Afier that, weight
loss of the humus was recorded to monitor the degree of consumption.

In addition to the samples that were ignited, a fourth sample of the same material was
put into a drying oven at 110°C until it reached a constant weight to determine dry
weight and from this the moisture content of all four samples.

In a pre-study calorimetric analysis (according to standardized method ASTM D5865-
04; http://www.astm.org), a mean heat content (£ SD} of 20,200 + 68 KJ kg‘l, 19,509 £
89 KJ kg™ and 29,305 + 145 KJ kg™ for pine litter, pine humus and charcoal lighters,
respectively, were determined. The used amounts of charcoal lighters can be correlated
to the amount of pine litter {as a mixture of needles, twigs, pieces of bark and cones)
with the same heat content. For the charcoal lighters of 111 g weight, and thus a heat
content of 325 KJ per piece, this corresponds to 161 g pine litter. Extrapolating the area
of the tin cans used in this study to a hectare basis, one charcoal lighter used in the
humus consumption experiment, is the calorific equivalent to a pine litter fuel load of
2,221 tha™.

Humus consumption was modeled with the variables moisture content, fuel load, bulk
density and their squares, using linear regression procedures with backward elimination
of not significant variables using SAS 8.2,

Moisture dynamics

To estimate the drying rate of pine litter and humus under changed environmental
conditions, three samples of forest floor from the top of the Oy down to the mineral soil
(3 em litter on top of a 9 cm deep humus layer) were taken from the same 80-year old
Scots pine stand as in the humus consumption experiment. We tried not to disrupt the
physical structure of the samples by carefully trimming the litter and humus against the
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edge of 30x30 cm cardboard boxes. The samples were then stored under indoor lab
conditions (constant at 20° C, 50% relative humidity). The weight of the samples (litter
and humus) was recorded at regular intervals for 200 h. These values were transformed
to a non-dimensional variable (‘Normalized moisture’, NM) using Equation 2.1
(Fosberg 1977).

MY%— M, %
M, %M, %

init

NM Equation 2.1

with M% as the actual humus moisture and Mg, % and M;,;% as the final and imtial
humus moisture, respectively. On a log-linear graph this ratio should approximate a
straight line.

Results

Fuel load

Litter load in Scots pine stands over the entire age range of sampled stands from 20 to
120 yrs (n=19) were constant at around 15 t ha' (LITTERLOAD=0.0225AGE + 13.95,
F=0.45, p=0.51, adj. R*=0.03; Fig. 2.1), ranging between & to 23 t ha'. Humus loads
increased with higher stand age and fitted to a logarithmic function
(HUMUSLOAD=9.95 In{AGE) - 12.98; F=6.86, p=0.017, adj. R*=0.36*). For stands
younger than 30 yrs, the average humus load was lowest with 18 t ha’ on average. For
older stands, the humus load reached values of up to 44 t ha™ (Fig. 2.1). Average
hun-slus bulk density was 0.154 g cm™ on average with a standard deviation of + 0.028 g
cm”.

The amount of surface fuels between different stands showed a higher variation than
litter and humus loads. Fuel load of fine fuels (1-h and 10-h) is around 1.5 t ha™ on
average for all stand ages and was independent from stand age (ANOVA, F=0.38,
p=0.88 for 1-h fuels and F=4.32, p=0.36 for 10-h fuels). The load of larger fuels (100-
h) increases to up to 8.8 t ha' for stands around 75 yrs and was influenced by stands
age (ANOVA, F=357.58, p=0.04). In stands below an age of 30 yrs, no 100-h fuels
were found. The highest load of 100-h fuels was found in stands between 35 and 80 yrs
of age (Fig. 2.2).
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Figure 2.1. Litter and humus loads for 18 Scots pine stands of different age in the Uckermark
region, Germany. Al stands are managed according to current yield rables, with thinning
operations every 3 to 10 yrs. Regressions for humus (bold linej and litter {dotted line) included.
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Figare 2.2, Fuel loads (t ha’) Jor 18 Scots pine stands in the Uckermark region, Germany. Fuels
were classified by time-lag class (I-h 0, 10-h o, 100-h A).
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2.3.2 Humus consumption by fire

Extensive smoldering and humus weight reduction was observed at moisture contents
below 120 %. Above that level, the weight loss was marginal (10-15 %).

X X
Sy
o

Hurmus weight remaining (%)

150 200 250 300
Humus Moisture (% dry weight)

Figure 2.3. Humus consumption (weight percentage of humus remaining) at different humus
moistures. Different fuel loads were simulated with one (%), two {A) or three (o) bars of charcoal
lighter as an ignition source. The lines show the parabolic relation for humus moisture <120%
and an almost constant humus consumption percentage for higher humus moisture.

For regression of humus consumption data, a combination of a parabolic (for low
moisture contents) and a linear function (for high moisture contents} was used (Tab.
2.1). The transition from a parabolic to a linear function was determined by starting
with a parabolic regression for data points below 75 % moisture content and adding
higher moisture data values until the adj. R” of the regression declined. This transition
occurred at 120 % humus moisture. From that point on, a linear function was used to fit
the data (Fig. 2.3). Regression coefficients were calculated to predict humus
consumption from humus moisture (HM), fuel load (FL) and their squares (Tab. 2.1).
For the regression, fuel load was transformed from numbers of charcoal lighters to pine
litter in t ha™ by their calorific value. Bulk density had no significant influence below
(p=0.689) or above 120 % (p=0.965) and was eliminated in the first regression step.
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Table 2.1. Regression coefficients to predict the weight percentage of humus remaining. The
fransition zone at 120% determines the break between the parabolic function for low humus
moisture content and the linear function for higher moistures. HM=humus moisture,
FL=Fuel load (number of fuel sticks).

Humus HM’ HM FL* FL

moisture Intercept (%) (%) (tha™) {t ha') Adj. R?
<120 40 47%%* 0.00524%+* - 0.888+* -9 gok# 0.88
>120 67.10%%* - 0.20%#* - -1 5G4k 0.66

*+¥=gignificant at the 0.001 level, **= significant at the 0.05 level

Moisture dynamics

The desorption curves for the 9 cm deep Scots pine humus and litter layer are
curvilinear rather than strictly linear (Fig. 2.4), similar to the desorption lines of other
woody material (Nelson 1969, Mutch and Gastineau 1970). The initial moisture content
(M%) was 291 % on average and a standard deviation of £ 11 % and the final
moisture content (Mg,%) was 98 % + 11 %. The time-lag for the combination of Scots
pine litter and humus, as the time required to reach 63.3 % of the difference between
the initial moisture content and the equilibrium moisture content, was 85 h (Fig. 2.4).

Discussion

The litter load in managed stands of Scots pine is only slightly influenced by the age of
the stand. Similar values for fine surface fuels and litter were found in stands from 20
to 120 yrs (Fig. 2.1; 2.2). This indicates that the production of fine fuels and needles in
the crowns is balanced with their decomposition rate. However, the load of larger
diameter fuels (100-h) seems to be highest when stem exclusion affects large trees
between 35 and 80 yrs. Of course, presence of large diameter dead wood is directly
influenced by the harvest of thinned trees. Dwarf-shrubs, mosses and grasses represent
additional fuels on the sites. These plants can coniribute significantly to the total fuel
load (Hille and Goldammer 2002), but are strongly site dependent and have high
variation in moisture content, so that they can serve as a heat sink or source during a
fire,
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