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Stellingen 
behorende bij het proefschrift getiteld: 

"The role of bracken {Pteridium aquilinum) in forest dynamics" 
van Jan den Ouden, 

te verdedigen op 24 oktober 2000. 

1. Het voorkomen van adelaarsvaren wordt op de droge zandgronden bepaald 
door de continue aanwezigheid van een bosvegetatie. De relatie tussen 
adelaarsvaren en bosgeschiedenls is daarmee historisch bepaald, en niet 
het gevolg van inherente fysische of chemische eigenschappen van een 
"oude bosbodem". (dit proefschrift) 

2. Adelaarsvaren verwerft haar dominantie niet middels allelopathie. 
(dit proefschrift) 

3. De bosmuis is in bosvegetaties belangrijker voor de verspreiding van de eik 
dan de Vlaamse gaai. (dit proefschrift) 

4. De 'boom van het leven*' kan als metafoor voor de evolutionaire verwantschap 
tussen organismen beter worden vervangen door het rhizoomstelsel van de 
adelaarsvaren. * Charles Darwin, The origin of species 

5. De sterke nadruk op 'positieve resultaten' in onderzoekspublicaties werkt een 
vals idee van wetenschappelijke vooruitgang in de hand. 

6. De nieuwe natuur in Nederland wordt indirect gefinancierd met de vernietiging 
van oude natuur. 

7. Vanwege de eis te promoveren op artikelen is een proefschrift eerder een schrift 
met proeven dan een proeve van geschrift. 

8. Het niet-veriagen van de maximum snelheid op rijkswegen getuigt van politieke 
lafheid en is oliedom. 

9. Aan menig -isme gaat de ego vooraf. 

10. Vijf natte vingers maken e6n vuistregel. 

11. Spreken is zilver, luisteren is goud. 





Voor Barend en Come, 

door wie ik niet teveel in het koffiedik heb gekeken 
want de koffie is altijd bruin. 



Abstract 

Den Ouden, J. (2000) The role of bracken {Pteridium aquilinum) in forest 
dynamics. PhD. thesis, Wageningen University, Wageningen, The Netherlands. 
ISBN 90-5808-288-1; 218 pp. 

Bracken fern (Pteridium aquilinum) causes stagnation in forest succession in many 
parts of the world. The mechanisms by which bracken affects the establishment and 
growth of plant species are studied, focusing on the regeneration of tree species in 
forest habitats. 
Bracken is well adapted to the forest environment. Data show that productivity is 
maintained under low light levels. When the tree canopy is opened up or removed, 
above-ground production increases sharply to produce dense swards. Under most 
tree species (Pinus, Quercus, Larix, Betula), the translucent canopies allow for the 
long term persistence of bracken clones. On the dry sandy soils of The Netherlands, 
beech (Fagus sylvatica) is the only tree species that can completely inhibit bracken 
growth. The relationship between bracken and ancient forests is mainly historical, 
and due to the lack of sporal regeneration and low survival of bracken outside the 
tree canopy cover. 
Under favourable conditions, bracken builds a physical structure that strongly redu­
ces light levels available to plants growing under its canopy and smothers plants 
under collapsing and dead fronds. A field experiment indicated that below-ground 
competition by bracken is negligible. Species diversity of the forest understorey was 
negatively correlated with frond biomass. 
The slowly decaying litter builds a thick ectorganic soil layer that impedes 
establishment of light-seeded species. An experiment demonstrated how, besides 
bulk density and thickness, also the horizontal layering of the organic particles 
contributes to reduced species establishment on deep ectorganic soil layers. Des­
pite numerous claims that the bracken plant produces substances that are toxic to 
other plants, experimental evidence did not confirm this allelopathic nature of 
bracken. A review of the literature suggested that the potential phytotoxicity of 
bracken is due to the release of compounds that protect the plant against herbivory. 
Field experiments showed that voles and mice make preferential use of the 
protective bracken cover. The increased abundance of rodents resulted in a high 
seed predation under bracken. The hoarding behaviour of wood mice (Apodemus 
sylvaticus) caused a directed dispersal of seeds towards the bracken structure. 
Bracken impinges on all causes of successional change in the vegetation. Tree 
establishment is blocked unless the clones are physically disturbed. Some 
implications for forest management are discussed. 

Key-words: allelopathy, bracken, competition, litter, Pteridium aquilinum, seed 
dispersal, seed predation, stagnation, succession. 
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Preface 

Bracken fern is often referred to as a lower plant species. 'Lower', however, only 
concerns the order of appearance of ferns in the evolutionary history of the earth. 
But there is nothing low about the ecological performance of bracken as it may 
completely dominate over most higher (but not taller) plants. Unfortunately, crypto­
gams like bryophytes and pteridophytes receive far less attention in vegetation 
ecology than is suggested by their presence and abundance in vegetation commu­
nities. So, when trying to do ecological research on this group of plants, why not 
study the most infamous of them all: Pteridium aquilinum? 

Many studies have already looked into the bracken phenomenon, often initiated by 
the considerable economical and ecological losses associated with the presence of 
the species. However, rather than viewing bracken as a problem, I regarded the 
species as a steppingstone to look in detail at some key ecological processes that 
occur in plant communities, most notably those that lead to a status quo in forest 
development. We may learn most of change when there is no change at all. 

Trying to grasp the full complexity of ecological interactions between bracken and 
trees inevitably leads to a multidisciplinary approach. But when taking a broad look, 
one should always keep an eye on the horizon as not to get dazzled by the 
multitude of possible pathways that could be followed. Besides, it is very easy to get 
lost in dense bracken. In this respect I would like to take the opportunity to thank my 
supervisors, dr. J. Fanta, dr. F. Berendse and dr. F. Bongers, for keeping me on 
track, the stimulating discussions and their advise during this thesis project. 

Parts of this thesis are written in the first person plural because many chapters were 
prepared in close co-operation with Patrick Hommel, Patrick Jansen, Birgit Janssen, 
Ruben Smit and Danielle Vogels. I am much indebted by their valuable 
contributions to this thesis. 

Heelsum 
5 September 2000 
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Bracken and forest dynamics 

1.1 Succession 

Plant communities are continuously changing. Directional changes in the vegetation 
are defined as succession. The rate of change greatly depends on the spatial and 
temporal scale at which one regards the vegetation. On the ecosystem level, 
changes in overall community structure and composition may remain virtually un­
changed over long periods of time. This has given rise to the "climax" community 
concept of Clements (1916). However, these climax communities are by no means 
fixed or static entities, but instead will change in both composition and structure due 
to, for instance, climatic fluctuations, changes in resource availability, colonisation 
and extinction of species at temporal scales of hundreds to thousands of years 
(Gleason 1927, Whittaker 1953, Woods & Shanks 1959, Davis 1981). 

Viewed on a smaller temporal and spatial scale, however, plant communities are in 
a constant state of change. Overall, the main driving force behind these changes is 
the accumulation of biomass and organic matter in the ecosystem. This affects a 
multitude of system processes, and succession will arise from differential species 
performance with respect to, for instance, changes in nutrient and water availability 
(Lawrence 1958, Ovington 1959, Fanta 1982, Tilman 1987, Berendse & Elberse 
1990) or overall light availability (Denslow 1980a, Brokaw 1987). Also different life 
history traits of the component species can be an underlying cause of successional 
change (Gomez-Pompa & Vazquez-Yanes 1981, Botkin 1981, Tilman & Olff 1991, 
Den Ouden & Alaback 1996), as is differential species availability through seed dis­
persal and the presence of a seed and seedling bank (Gustafson & Gardner 1996, 
Van Dorp 1996, Grashof-Bokdam 1997). Finally, herbivory may be an important 
determinant of successional change (Van der Putten et al. 1990, Brown & Gange 
1990, Olff et al. 1997, Van Wieren era/. 1997, Ritchie & Olff 1999). 

1.2 Stagnation in succession 

Under certain conditions, the vegetation may not change at all for long periods of 
time. The recruitment of tree species in forests, for instance, may be severely res­
tricted or completely absent, even when light penetration through the canopy is suf­
ficient to sustain plant growth. When the canopy trees die in the absence of re­
cruitment this leads to a treeless stage in forest development. Regeneration failure 
may be the result of changes in environmental and soil conditions (Walker et al. 
1981, Bormann & Sidle 1990), herbivory (Smit et al. 1998) or interference by other 
plant species (Eussen 1978, Peters et al. 1992). The treeless vegetation that deve­
lops due to long term exclusion of regeneration is referred to as stagnant, regres­
sive or retrogressive phases (Clements 1916, Fanta 1982), or plagioclimaxes (Marrs 
& Hicks 1986, Packham era/. 1992) in forest succession. 
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1.3 Bracken 

Bracken fern (Pteridium aquilinum [L] Kuhn) is one of the most intriguing examples 
of a plant species that can induce stagnation in forest succession (Figure 1.1). Due 
to its clonal growth, longevity and persistence, bracken can build a dense under-
story canopy of fronds that may dominate the forest floor vegetation for decades or 
even centuries (Cody & Crompton 1975, Page 1976, Fanta 1982, Koop & Hilgen 
1987, Karjalainen 1989, Ortu a 1999). Such dense bracken may effectively com­
pete for water and nutrients and reduce growth of the canopy trees (Roberts ef al. 
1980, Dutkowski & Boomsma 1990, Richardson 1993). However, the most impor­
tant consequence for forest dynamics of the presence of a bracken vegetation is its 
effect on the regeneration of tree species (Fanta 1982, Finegan 1984, Tolhurst & 
Turvey 1992, Humprey & Swaine 1997). 

Figure 1.1: Bracken fern at the edge of an old oak coppice stand at the Valenberg, The 
Netherlands. The typical tri-pinnate fronds are clearly visible in the foreground. 
In the background, bracken completely dominates the forest undergrowth. 

Under conditions that are favourable for bracken growth, the long term failure of tree 
regeneration may eventually result in the disappearance of the tree canopy (Fig. 
1.2). Such treeless bracken stands occur world wide, for example in Mexico (Ortu a 
1999), Italy (Vos & Stortelder 1992), Great Britain (Taylor 1986), North America 
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(Gliesmann & Muller 1978, Ferguson & Boyd 1988), and Australia (Karjalainen 
1989). Often, they have persisted after large scale disturbance events (fire, blow 
down or anthropogenic forest clearing), as bracken can quickly invade the disturbed 
sites and prevent new colonisation of trees (Gliesmann 1978, Dolling 1996a). Also, 
bracken may gradually spread from the edges of gaps into the forest, slowly 
increasing gap size when trees die in the absence of recruitment (H. Koop, unpubl. 
data). 

Figure 1.2: Arial view on a Mexican lowland forest. The light patches are treeless, dense 
swards of bracken that have established after abandonment of Mayan 
agricultural fields (see Ortu a 1999: photo taken by F. Bongers). 
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Under a natural disturbance regime, the shifting mosaic of canopy gaps results in a 
patchy distribution of bracken in the forest undergrowth. Dominance of bracken on a 
large scale is often the result of human interference in forest development (Oinonen 
19676, Rymer 1976, Taylor 1987, Ortuna 1999). Clear cutting or deforestation often 
releases bracken from its subdominant position in the forest floor vegetation, and 
enables it to develop into dense swards. Although bracken is considered a forest 
species (Page 1976, Rymer 1976), it is well capable to maintain itself outside the 
forest in many regions. It is usually under such conditions -where bracken can grow 
unhampered by the forest canopy- that bracken creates problems. Such problems 
may be related to nature conservation (loss of biodiversity), vegetation management 
(the loss of certain vegetation types and the failure of tree regeneration) or public 
health due to the carcinogenic properties of bracken (Evans & Mason 1965, Smith & 
Taylor 1986, 1995, Thomson & Smith 1990, Pakeman & Marrs 1992b). 

Due to the lack of efficient control measures, bracken is regarded as one of the 
world's most troublesome weeds (Oldenkamp era/. 1971, Cody & Crompton 1975, 
Page 1976, Taylor 1986, Karjalainen 1989). It is for this reason that much work has 
already been done on the biology of bracken, its ecology and control (cf. Smith & 
Taylor 1986, 1995, Thomson & Smith 1990). The vast majority of this work, how­
ever, concerned open habitats. The ecology and role of bracken in forest ecosys­
tems has hardly been assessed (but see e.g. Jones 1947, Roberts era/. 1980, Hol-
linger 1987, Dutkowski & Boomsma 1990, Tolhurst & Turvey 1992, Dolling 1996a). 

1.4 Aim and outline of this thesis 

With this thesis I set out to investigate the role of bracken in the dynamics of 
forests, in particular how bracken can cause stagnation in forest succession. My 
main objective is to determine which mechanisms enable bracken to establish 
complete dominance and block the regeneration of tree species in Dutch forest 
ecosystems. Further, I want to investigate which factors determine the distribution 
and local dominance of bracken in The Netherlands, particularly in forests. My 
second objective is therefore to assess how interactions with the forest canopy af­
fect the presence, growth and productivity of bracken. 

I start this thesis with a short introduction on the distribution, biology and ecology of 
bracken. This chapter 2 is by no means exhaustive, but rather is intended to provide 
the reader with some relevant background information on this most successful and 
widespread pteridophyte. 

In the next two chapters, I investigate the relationship between bracken and the tree 
canopy. The productivity and structure of bracken swards under a forest canopy is 
presented in chapter 3. In this chapter, above ground biomass production of 
bracken is related to levels of available radiation under different forest canopies. 
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Additional data are presented from a garden experiment in which bracken was 
grown under different degrees of shading. 

In chapter 4, I investigate the dynamics of bracken stands in relation to forest stand 
development. I will present data on the dynamics of bracken cover in a managed 
forest ecosystem using data on bracken distribution in 1958, 1985 and 1996 from 
the Speulderbos. I will pay special attention to the different modes by which bracken 
can invade and expand in the forest undergrowth. I hypothesised that, in addition to 
lateral expansion from the edges of clones, bracken may also expand by means of 
re-activation of dormant rhizomes. 

In the chapters 5-8, I present a number of studies investigating the potential modes 
of interference of bracken in the regeneration and growth of other plant species. 
The capacity of bracken to dominate communities and block forest succession has 
been attributed to a number of mechanisms acting in bracken vegetation. These in­
clude shading by the frond canopy (Tolhurst & Turvey 1992, Humphrey & Swaine 
1997), physical effects on other plants by decomposing fronds and litter (Frankland 
1976, Lowday & Marrs 1992c, Humphrey & Swaine 1997), and allelopathy (del 
Moral & Cates 1971, Gliessman 1976, Horsley 1977, Ferguson & Boyd 1988, 
Dolling et al. 1994). In chapter 5-8, I regard the different modes of bracken 
interference in the context of forest ecosystems by an analysis of the effects on tree 
seedlings. 

The most prominent mode of interference by bracken is shading by the frond cano­
py. The frond canopy is supported by an extensive rhizome system. I hypothesised 
that, in addition to above ground interference, also the below ground parts of 
bracken affect the growth of other plants. In chapter 5, I present the results of a field 
experiment investigating the combined effects of above ground and below ground 
interference by bracken on the performance of tree seedlings. 

In chapter 6, I investigate the impediment of plant regeneration by the thick ect-
organic soil layers that are found under bracken stands. There are numerous stu­
dies that have shown that increased thickness and weight of the ectorganic layer 
result in a decrease in species number and plant biomass. In this chapter I present 
a study in which I focus on one specific mechanism by which the organic soil hori­
zon interferes with plant growth: the mechanical resistance to root development of 
newly germinated seedlings. I hypothesised that horizontal layering of the organic 
particles will result in a smaller effective rooting depth because roots take a route of 
least resistance. This prolongs the time needed to reach lower soil layers and thus 
increases susceptibility to desiccation of the seedling. 
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Allelopathy (chemical interference) has been attributed a dominant role in inhibiting 
the establishment and survival of plant species in bracken stands (cf. Gliessman 
1976). I have conducted a series of experiments to determine whether allelopathy 
contributes to regeneration failure of tree species in bracken stands. I present the 
results of a number of these experiments in chapter 7. However, all these experi­
ments failed to demonstrate a negative effect on germination, survival or growth of 
seedlings due to chemical properties of bracken. I therefore concentrate on the 
methodologies used in studies into allelopathy, and present the hypothesis that 
allelopathy is not an active mechanism employed by bracken but rather is a side 
effect of the chemical defence against herbivory. 

Finally, I consider the indirect effects of bracken on tree recruitment through the 
activity of forest rodents. I hypothesise that the structurally complex bracken vege­
tation provides habitat to rodents and that bracken presence results in an increased 
activity and abundance of rodents. In chapter 8, I investigate the possible effects 
that this higher rodent activity and abundance may have on the regeneration of tree 
species, mainly concentrating on how bracken influences predation and dispersal of 
oak (Quercus robur L.) by bank voles (Clethrionomys glareolus Schreb.) and wood 
mice (Apodemus sylvaticus L ) . 

In the final chapter 9, I discuss the role of bracken in forest dynamics, and more in 
particular how bracken can cause stagnation in forest succession. I briefly discuss 
some aspects of succession theory, and present the hierarchical framework of 
causes and mechanisms underlying vegetation dynamics as proposed by Pickett et 
al. (1987, 1994). This framework is used to evaluate the role of the different mecha­
nisms of bracken interference, as detailed in the previous chapters, in the recruit­
ment and survival of tree species. Because bracken interference is dependent on 
the abundance and vigour of bracken, I also discuss the dynamics in bracken 
stands and the general distribution of bracken in the Netherlands. Finally, I consider 
some implications for the management of forests where bracken occurs in the 
understory. 
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2. Bracken 



Bracken and forest dynamics 

2.1 General distribution and taxonomy 

Bracken is a true cosmopolite, found throughout the world on all continents (except 
Antarctica) and in almost all climatic zones (Tryon 1941, Page 1976). There is no 
clear consensus on the taxonomic position of bracken. The genus Pteridium has 
been placed within the Polypodiacaea (Cobb 1963), the Hypolepidaceae (Tutin ef 
al. 1964, Page 1976, Heukels & Van der Meijden 1983, Fitter ef al. 1984) and the 
Dennstaedtiaceae (Mossberg ef al. 1992). The genus Pteridium is considered to 
consist of one single, but highly variable species (Pteridium aquilinum), divided into 
2 subspecies (Tryon 1941): Pteridium aquilinum subsp. aquilinum and P. a. subsp. 
caudatum. The subspecies aquilinum occurs in North-America, Eurasia, Africa and 
Southeast Asia, the subspecies caudatum in Southeast Asia, Australia, and South 
and Central America. Austral bracken (P. a. subsp. caudatum var. esculentum) is 
often regarded as a different species; P. esculentum (Forst. f) Cockayne. 

The two subspecies are further divided into several varieties. There is no agreement 
on the taxonomic position of all the proposed varieties, or whether the varieties 
should be regarded as subspecies, or even as separate species (cf. Page & Mill 
1995). Tryon (1941) distinguished eight varieties within P. a. aquilinum and four 
within P. a. caudatum. In Europe, Tryon (1941) distinguished two varieties: P. a. 
aquilinum, and P. a. latiusculum (Fig. 2.1). 

Figure 2.1: Pteridium aquilinum latiusculum in a Pinus sylvestris - Quercus robur forest on 
old river dunes in Eastern Poland. Note the typical horizontal orientation of the 
lamina. 

10 
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Recently, Page (1989) and Page & Mill (1995) have proposed the recognition of two 
more subspecies within P. aquilinum in Britain: subsp. atlanticum and subsp. 
fulvum. The differences between these subspecies are not at all clear. Due to the 
large plasticity in frond morphology (see chapter 3), the differences observed may 
as well reflect environmental differences between habitats, rather than genetic dif­
ferences between populations of the two proposed varieties (Wolf et al. 1995, Dol­
ling 1996a). In the Netherlands, to my knowledge, only one variety (P. a. subsp. 
aquilinum var. aquilinum) occurs. Throughout this thesis, I will not make any dis­
tinction between varieties of bracken, and will refer to bracken as Pteridium aqui­
linum. For more information on bracken taxonomy, see Tryon (1941), Page (1976, 
1989, 1995), Sheffield era/. (1989b), Rumsey era/. (1991) and Page & Mill (1995). 

2.2 The rhizome 

Bracken is a rhizomatous fern (Fig. 2.2 and 2.3). The rhizome forms a dense sub­
terraneous network of long shoots that act as storage organs and enable the plant 
to explore new areas. Attached to the long shoots are the leaf bearing rhizomes or 
short shoots. The leaf bearing shoots may change into a long shoot and vice versa, 
giving rise to intermediate rhizomes (Watt 1940, 1976). Occasionally, fronds are 
also borne directly on the long shoot. 

Figure 2.2: The bracken plant, showing fronds, storage rhizomes covered by roots and a 
short shoot with developing frond. The plant was grown from a piece of 
rhizome. 

11 
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Depending on soil conditions, the rhizomes may be found deep (> 50 cm) under the 
soil surface (Watt 1940, Smith & Lockwood 1990), while the roots may be growing 
up to one meter deep (Burschel 1953). The rhizome is highly susceptible to anaero­
bic conditions (Poel 1961), and patterns in soil aeration may greatly determine 
where bracken can grow (Anderson 1961). Waterlogging of the soil is detrimental to 
bracken, so it is absent in ecosystems that experience frequent flooding. When soils 
are wet, or have high ground water tables, bracken may only persist by developing 
a very shallow rhizome system, with a sparse frond canopy. Heavy soil compaction, 
for instance under roads, hampers bracken spread and may effectively prevent 
bracken from crossing roads between forest stands. 

At the edges of clones, where new areas are colonised, bracken rhizomes grow 
deep under the surface (Watt 1940). Frond bearing rhizomes thus start well under 
the soil surface. Each year a new frond is produced above the old frond. This 
causes the frond bearing rhizome to slowly grow towards the surface, and ultimately 
end up in the ectorganic soil layer. In temperate climates, the emergence of the 
frond tips above the mineral soil makes them susceptible to frost. Locally this may 
lead to death of parts of the bracken clone, enabling other plant species to invade 
formerly bracken-dominated areas (Watt 1954, 1955, 1970). 

r ^ -<k f— 

! frond 
1 depth 

Rhizome: 
Short shoot 

— Long shoot 
Rhizoids 

Figure 2.3: The bracken plant: general morphology and used terminology (after Thomson 
1990) 
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The roots are attached to the rhizomes. In well-established plants the root density is 
notably low, concentrated on the short shoots near the frond base. The plant is 
highly efficient in re-utilising nutrients, which reduces the need for the plant to invest 
in structures for capturing soil resources. The roots are often mycorrhizal (Cooper 
1976, Jones and Sheffield 1988). 

2.3 The fronds 

The fronds (leaves) originate from the frond-bearing rhizomes. They are tri-pinnate. 
In seasonal climates, fronds are deciduous. Leaf shedding may be induced by 
temperature or by drought at the onset of a dry season (Gliessman & Muller 1978, 
Dutkowski & Kroemer 1990). In the Netherlands, fronds emerge above the soil 
surface in late April or early May. Emerging fronds resemble a shepherd s crook 
(Fig. 2.4), and are appropriately called crosiers. During the unfolding of the frond, 
the pinnae are formed in pairs along the rachis. It can take several months before 
the frond has completely developed. The final shape of the lamina is broadly trian­
gular. Fronds are usually between 1-2 meters tall, depending on the developmental 
stage of the rhizome bearing the frond (Watt 1945, 1969, Marrs & Hicks 1986), 
resource availability or degree of exposure (Bright 1928). In deep shade the fronds 
etiolate and when supported by branches of trees and shrubs they can reach 4-6 m 
in length (Koop & Hilgen 1987). 

Figure 2.4: Young emerging frond (crosier). 
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Figure 2.5: Young sporophyte of bracken, grown from spores on rock wool. Note the 
strong dissimilarity in leaf-shape from adult fronds. 

The spores are born along the edges of the pinnules. Spore production in bracken 
is highly variable, and related to the energy balance of the plant. High spring and 
summer temperatures (Kendall era/. 1995, Caulton era/. 1995) and light availability 
(Conway 1957, Kendall era/. 1995) promote spore production. The spores are very 
mobile, and may be transported over long distances. After germination, a pro-
thallium develops on which the antheridia and archegonia grow (respectively the 
male and female reproductive organs). After fertilisation a young sporophyte deve­
lops on the prothallium (Fig 2.5). The fronds in this young stage are notably dissi­
milar to adult leaves. The young sporophyte needs several years to develop into a 
mature plant. The prothallium and young sporophyte are extremely susceptible to 
frost and drought. This severely limits the establishment from spores in the Nether­
lands (see/2.5). In humid tropical climates, regeneration from spores appears to be 
unproblematic (Gliessman 1978, Sheffield era/. 1995). 

The stipe has special glands are located near the base of the first pair of pinnae. 
These are called nectaries. Under favourable conditions (high temperature and hu­
midity) the nectaries may excrete a sweet substance that attracts ants. It has been 
proposed that these glands serve to attract ants that may subsequently attack other 
insects or arthropods feeding on bracken, thus protecting the plant against herbi-
vory. However, experiments testing this hypothesis have shown that ant activity 
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does not result in lower densities of other insects and arthropods (Heads & Lawton 
1984, Rashbrook et al. 1992). It has been suggested that this is due to both the 
relatively low ant density on bracken (Rashbrook et al. 1992) and adaptations of 
bracken-specialised insects to ant predation (Heads & Lawton 1984). In north-wes­
tern Europe insect herbivory hardly ever leads to extensive defoliation of bracken, 
which can be related to the extensive chemical defence of the plant (Lawton 1976). 

2.4 The growth cycle 

The start of the bracken growing season is determined by accumulated degree days 
above a threshold temperature (Watt 1969, Ader 1990, Pitman & Pitman 1990a). 
The occurrence of frost is lethal to frond tissue, so in temperate climates the 
growing season for bracken is defined by the period between the last spring frost 
and the first frost in autumn (Watt 1969, 1976, Ader 1990). In the Netherlands, 
fronds emergence generally starts in early May. Due to the moderating effect on 
temperature by the forest canopy, frond emergence starts earlier in forests than in 
more exposed sites. 
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Figure 2.6: The growth cycle of bracken, showing seasonal changes in reserve carbo­
hydrates of the storage rhizome (long shoot), the frond bearing rhizome (short 
shoot) and fronds and buds (taken from Williams & Foley 1976). Roman 
numbers indicate the five growth phases distinguished by Williams & Foley 
(1976). 
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The large amount of reserve carbohydrates that is stored in the rhizomes enables 
bracken to quickly build an extensive frond canopy. Stored reserve carbohydrates 
may represent 25-35% of the dry matter content of the rhizomes (Muller-Stoll & 
Michael 1949, Williams & Foley 1976). This large energy reserve makes bracken 
rhizomes an important winter food resource for wild boar (Sus scrofa L ) in the 
Netherlands (Groot Bruinderink et al. 1994). The development of the frond canopy 
and concurrent changes in carbohydrate content of the rhizome and fronds shows a 
distinct annual cycle. 

The annual growth cycle can be separated into several stages (Williams & Foley 
1976: see Fig. 2.6). In the early stage (II) of frond development, the expansion of 
the fronds is supported by the rhizome system, which is accompanied by a sharp 
drop in carbohydrate reserves of the storage and frond-bearing rhizomes (Fig. 2.6). 
Approximately 50% of the stored carbohydrates is translocated from rhizomes to the 
fronds (Muller-Stoll & Michael 1949, Williams & Foley 1976). After the first pairs of 
pinnae have unfolded (stage ll-lll), frond expansion is increasingly supported by 
photosynthates produced by the fronds themselves. During the subsequent period 
(stage III), the rhizome shifts from acting as a source to function as a sink of carbo­
hydrates, and a net flux of carbohydrates is directed towards the rhizome, reple­
nishing reserves and supporting growth of new tissue (Muller-Stoll & Michael 1949; 
Williams & Foley 1976). Marrs era/. (1993) showed that frond biomass production is 
approximately linearly related to rhizome biomass. Pitman & Pitman (1990a) 
showed that the rate of frond expansion was directly related to incident irradiation. 

2.5 Dispersal and colonisation 

In the Netherlands, regeneration from spores is severely limited, most likely due to 
the frequent occurrence of dry periods and frosts, which are lethal to the prothallium 
and young sporophyte (Conway 1949, 1953). Reports of new establishments of 
bracken from spores are extremely rare. Young sporophytes have been reported in 

' only a few instances. In north-western Europe, establishment from spores was 
reported on the rubbles of bombed houses in Great Britain during the second world 
war (Braid & Conway 1949; cited in Conway 1953), on stone walls (Conway 1953) 
and in the damp entrances of rabbit burrows (Farrow 1915). 

Fire appears to promote regeneration from spores (Oinonen 1967a, Gliessman 
1978), but it is not clear what brings about this relationship. The occurrence of fire 
appears not to be important in terms of providing a sterile substrate. Although the 
development of the prothallium may be limited by micro-fauna and fungi (Conway 
1953), especially on basic soils (Conway & Stephens 1956), experiments showed 
that the prothallium and young sporophyte are not particularly susceptible to fungal 
attack (Hutchinson 1976). The short-term release of nutrients and raise of pH may 
provide good opportunities of prothallial and sporeling development on recently 
burned areas (Conway 1949, Evans & Conway 1980). 
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Spore production is highly variable (Conway 1957, Kendall et al. 1995), but spore 
availability is not a limiting factor for regeneration potential (Dyer 1990, Caulton et 
al. 1995). Although Dolling (1996a) reported very low viability and germination of 
bracken spores in Sweden, germination potential of bracken spores is high at lower 
latitudes (Schwabe 1951, Conway 1953, Hutchinson 1976, Sheffield et al. 1993, 
Sheffield 1994). In The Netherlands this is illustrated by the problems that bracken 
creates in the greenhouse cultures of roses, where bracken spores easily germinate 
and grow into adult plants in the continuously moist and nutrient-rich growing sub­
strate. In the greenhouses, bracken may quickly spread and completely overgrow 
the roses (pers. observ.). 

During my research I have looked intensively for young sporophytes, but never 
encountered them in the field. On the high Pleistocene sandy soils in the Nether­
lands, on only a very few locations (Hoge Veluwe, Amerongse Berg) I encountered 
circular bracken clones that must have originated from a recent introduction from 
spores. The habitats where new establishments frequently occur are found directly 
along the coast (on dikes or old sand flats: De Zilk, Dintelse Gorzen, Kuinderbos: 
Bremer 1980) or on dikes in moors. These habitats may be favourable for survival of 
the prothallium and young sporophyte because of the moderating effects on 
temperature by large bodies of water, and higher air and soil humidity. 

The fact that no young sporelings were found doesn't mean that regeneration from 
spores never occurs. The failure to find gametophytes in field surveys is a feature 
that bracken shares with many other fern species (Dyer 1990, Peck et al. 1990). 
There are several reports from the British isles and elsewhere of recently esta­
blished bracken clones, presumably from sporal regeneration (Dyer 1990). Further­
more, isozyme and DNA-analysis has shown that populations of bracken generally 
consist of many different genotypes, indicating multiple establishment events from 
spores (Wolf era/. 1988, Parks & Werth 1993). 
Because of the very limited extent of sporal regeneration, bracken is mainly depen­
dent on vegetative expansion to colonise new habitats. Lateral expansion by rhizo­
mes differs between habitats and ranges between 0.2 and 1 my"1 (Watt 1940, 
Oinonen 1967a,to, Marrs & Hicks 1986, Lawrie et al. 1992). Under certain condi­
tions, lateral expansion may be much more rapid, for instance when old and 
decayed rhizomes are present in the soil that have left tunnels through which new 
rhizomes can penetrate without experiencing mechanical resistance from the soil 
(Dolling 1996a), or growing in low bulk-density substrate (Fletcher & Kirkwood 1979, 
Lawrie et al. 1992). Owing to the persistence and longevity of bracken, individual 
clones may spread over large areas. Isozyme and DNA analyses have shown that 
fronds growing 390 -1015 m apart were from the same genetic individuals 
(Sheffield et al. 1989a, Parks & Werth 1993). Depending on the annual rate of 
expansion, the maximum age estimates of individual clones range to over a 
thousand years (Sheffield et al. 1989a, Parks & Werth 1993). This ranks bracken 
among the oldest and largest living organisms on earth. 
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2.6 General ecology and distribution in The Netherlands 

Bracken is mostly found on well-aerated, acid soils (Watt 1976, Page 1976). The 
dominant soil types on which bracken is found comprise brown earths and brown 
podzolic soils and peaty podzols (Miles 1985, Thompson et al. 1986), but it is also 
found on calcareous soils (Page 1989, Wolf et al. 1995). Nutrient requirements are 
relatively low (Page 1976). Experimental addition of nitrogen hardly increases per­
formance of bracken (Whitehead et al. 1995, Dolling 1996b, Werkman et al. 1996). 
Bracken productivity appears to be mostly limited by phosphorus: addition of P-fer-
tiliser significantly increases bracken performance (Daniels 1986, Whitehead et al. 
1995). Bracken is able to mobilise inorganic phosphate, which may raise P-availa-
bility in soils underneath bracken (Mitchell 1973). The efficient translocation of nu­
trients before leaf shedding and rhizome death, and accumulation of nutrients in the 
rhizome makes bracken well adapted to growth in nutrient deficient soils (Evans et 
al. 1990). Concurrently, leaching of nutrients from the bracken litter and frond 
canopy greatly contributes to the nutrient cycle in forest, in particular with respect to 
potassium (Carlisle et al. 1967). Its predominant occurrence on acid, podzolised 
soils is associated with a tolerance to high Al-concentrations in such soils (Koedam 
era/. 1992) 

Figure 2.7: The occurrence of bracken in kilometre squares in The Netherlands. The 
Pleistocene sands and coastal sand dunes are indicated in grey. Source: 
FLORBASE-2a, Floron, Leiden (bracken distribution), Landschapsecologische 
Kartering Nederland (soils). 
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Bracken is a common plant in the Netherlands (Fig. 2.7). It is present in approxi­
mately 7% of the kilometre squares that cover the country (Table 2.1). The pre­
sence of bracken is mainly concentrated on the Pleistocene sands in the eastern, 
middle and southern part of the country. Of all kilometre squares were bracken was 
recorded, 78.5 % had sandy soils as dominant soil type (Table 2.1). It is rare in the 
western parts, except for a narrow strip of old coastal dunes (Fig. 2.7). 

The Pleistocene sands include a large variety of soil types, depending on the origin 
and nature of the parent material and former land use. The brown podzolic earths 
represent the most common soil type on which bracken is found (see also Cody & 
Crompton 1975, Thompson et al. 1986). These are acidic, relatively nutrient poor 
sands with a deep ground water table (> 2m). Such soils are closely related to the 
long term presence of a forest vegetation. In the Netherlands, bracken is hardly 
ever found outside the influence of a tree canopy, except on sites with a sufficient 
water holding capacity like loess deposits (Fig. 2.8), sandy soils with a high loam 
contents or on peat moors. The close correlation between the presence of bracken 
and brown podzolic earths has made bracken an indicator species of old forest soils 
(see 4.4.1), and its associated vegetation types, most notably the Fago-Quercetum 
(Westhoff & den Held 1969, Stortelder et al. 1999). 

Figure 2.8: A patch of bracken on a local loess deposit in the Posbank (south Veluwe, The 
Netherlands). This is one of the few areas in The Netherlands where bracken 
has persisted outside the protection of a tree canopy. 
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Table 2.1: The distribution of bracken over major soil groups in the Nether­
lands. Data represent the number of kilometre squares in which 
a soil group is dominant, and the number of squares in which 
bracken is present in the flora. 

Major soil groups 

Pleistocene sands 

Loess 

Old clays and loam 

Dune- and marine sands 

Peat 

River clays 

Marine clays 

Open water 

Rest (no soil type defined) 

Total 

Kilometre 

total1) 

14961 

481 

417 

1286 

3170 

2988 

8498 

6466 

3191 

41458 

squares 

% 
36.1 

1.2 

1.0 

3.1 

7.6 

7.2 

20.5 

15.6 

7.7 

100.0 

Bracken 

total 2) 

2266 

96 

80 

75 

71 

65 

35 

23 

174 

2885 

presence 

% 
78.5 

3.3 

2.8 

2.6 

2.5 

2.3 

1.2 

0.8 

6.0 

100.0 

Source: Landschapsecologische Kartering Nederland (Bolsius & Eulderink 1994) 
Source: FLORBASE-2a, Floron, Leiden 
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3. Productivity of bracken under 
a forest canopy 

This chapter is based on: 
den Ouden, J. (in review) Productivity and ecological functioning of bracken (Pteri-
dium aquilinum) under a forest canopy. I. The relationship between bracken frond 
production and canopy shading. 



Bracken and forest dynamics 

3.1 Introduction 

Bracken occurs naturally in forests, or along forest edges (Rymer 1976, Watt 1976), 
but is equally well able to persist, and even expand, after forest clearance. When 
the tree canopy is removed, bracken productivity may greatly increase, causing the 
fern to form dense, single-species stands that cause regeneration failure of most 
vascular plant species normally occurring on the site. Coupled with the difficulties to 
control bracken, the blocking of (forest) succession creates serious problems in 
forest and nature management world-wide (Jones 1947, Fanta 1982, Koop & Hilgen 
1987, Pakeman & Marrs 1992b). Because bracken creates problems on a large 
scale (Taylor 1986, 1995), especially when the forest canopy is removed either 
temporarily or permanently, much research has been focused on the biology and 
control of bracken (cf. Cody & Crompton 1975, Watt 1976, Karjalainen 1989, 
Lowday & Marrs 1992a,b, Dolling 1996a). However, the majority of these studies 
dealt with bracken growing in open areas, and relatively little attention has been 
directed towards its behaviour and biology in its natural forest habitat (cf. Roberts et 
al. 1980, Dutkowski & Boomsma 1990, Tolhurst & Turvey 1992, Dolling 1996a). In 
the forest undergrowth, environmental conditions are highly different from open 
habitats in terms of incident radiation, water availability, temperature, etc. It is 
therefore likely that interactions with the forest canopy result in different behaviour 
of the bracken plant, and its subsequent effect on the rest of the forest floor 
vegetation, with respect to unshaded and more exposed environments. 

The tree canopy can have a number of effects on the growth and productivity of 
bracken. Since frond emergence is correlated with accumulated degree days (Ader 
1990, Pitman & Pitman 1990a), the moderating effects on temperature by the ca­
nopy leads to earlier frond emergence in forests (pers. observ.), effectively prolon­
ging the growing season. The forest canopy may also intercept a significant propor­
tion of the incident rainfall. With tree roots also taking up part of the remaining soil 
moisture, less water is available for bracken growth. Combined with the high trans­
piration rates from bracken canopies relative to the tree canopy (Roberts et al. 
1984), this may lead to soil moisture stress and reduce bracken productivity. 

Yet, the most important effect of the forest canopy is the reduction of incident 
radiation to the forest floor, which will directly reduce net production of bracken in 
the forest undergrowth. In this chapter, I present a study on the above-ground pro­
duction of frond biomass of bracken in relation to the presence of a forest canopy. 
The objective of this study was to determine how the light intensity under a forest 
canopy affects biomass production and dimensions of bracken fronds. This was 
done by measuring standing above-ground biomass in a number of stands repre­
senting different canopy tree species and light availability, and in a garden experi­
ment in which bracken was grown under different levels of shade. The relationship 
between light availability and above-ground biomass production will be compared 
with a previously published simulation model of bracken growth (BRACON; 
Pakeman etal. 1993, 1994, Pakeman & Marrs 1994). 
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3.2 Methods 

3.2.1 Study area and site selection 

This study was conducted in the Speulderbos, a forest in the central part of the 
Netherlands (52°16'N, 5°40'E). The climate is temperate oceanic, with a mean an­
nual temperature of 9.4 °C, and mean annual rainfall of 800 mm (Krijnen & Nelle-
stijn 1992). Soils are all derived from pre-glacial fluvial deposits, tilled during the 
Saalien ice-age. All soils can be typified as brown podzolic earths, with great varia­
tion in texture due to the complex geomorphogenesis of the area (Mekkink et al. 
1986). See chapter 4 for a more detailed description of the study area. 

A total of 13 study sites were selected to represent different tree canopy species. 
They included 5 stands of Japanese larch (Larix kaempferi [Lamb.] Carr.), 4 former 
oak coppice stands, dominated by English oak (Quercus robur) with some inter­
spersed Birch (Betula pendula Roth), 3 stands of Scots pine (Pinus sylvestris L ) , 
and one site without a tree canopy, in a 12 year old clearing in former oak coppice, 
and completely dominated by bracken (see Table 3.2). 

3.2.2 Biomass sampling 

Bracken frond production was sampled in the summer and early autumn of 1995. In 
each stand, a 10mx20m plot was laid out in an area dominated by bracken. It was 
not feasible to measure frond biomass production directly from harvesting whole 
plots because of the large bulk of biomass being produced in the stands and limited 
access to drying stoves. Therefore, frond biomass of bracken was estimated using 
a double sampling technique. From each site, 15-20 fronds were collected to be 
used for the construction of biomass regression equations relating frond dry weight 
to frond dimensions. Fronds were selected to represent the entire range of frond 
sizes present on the site. Each frond was pulled out of the ground, so total frond 
length included the subterraneous part of the stipe between rhizome attachment 
and soil surface (further referred to as frond depth; see Fig. 2.3). Measurements on 
each frond included total frond length, length of the stipe, frond depth, and diameter 
of the rachis, 2 cm above the first pair of pinnae (Fig. 2.3). In an earlier study by 
Gholz et al. (1979), biomass regression equations were developed for bracken 
using the diameter of the basal part of the stipe, near the soil surface. A pilot study 
(Den Ouden, unpubl. data) showed that using the basal diameter resulted in less 
accurate biomass estimates because of the high variability in basal diameters, 
which was due to thickening of the lower part of the stipe caused by stem boring 
caterpillars of Paltodora cystella Curt. (Lawton 1976). This variation could be 
avoided by taking the more stable diameter above the first pair of pinnae. A similar 
approach was used by Tolhurst & Turvey (1992), who developed regression equa­
tions on frond biomass and leaf area using the diameter of the stipe just below the 
bottom pinnae. Each frond was dried for 24 h at 80 °C to determine dry weight. 
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Additionally 10 fronds per stand were collected in five stands in 1996 to compare 
regression equations between subsequent years. Plants were separated into struc­
tural tissue (stipe and rachis), and leafy tissue (pinnae) to develop regression 
equations for estimating leaf biomass. Also, one pinna was taken from the middle of 
each frond and total leaf area was determined using a JVC TK-S310 video camera, 
connected to a Delta-T Image Analysis System (Eijkelkamp, Giesbeek, the 
Netherlands). Pinnae were dried for 24 h at 80 °C. Specific leaf area (SLA) was cal­
culated as leaf area per unit dry weight, and combined with pinnae biomass to esti­
mate total leaf area. Leaf Area Ratio (LAR) was calculated as the ratio between total 
leaf area and total frond biomass. Rhizome and root biomass was not included in 
this ratio. 

Using the developed biomass regression equations, estimates could be made of 
total frond biomass for all study sites. Per site, 10-28 plots (see Table 3.2) of 1 m2 

were randomly selected in August 1995. Measurements on all living fronds 
emerging from these plots included total frond length, length of the stipe, rhizome 
depth, and diameter of the rachis 2 cm above the first pair of pinnae. Estimates of 
mean frond biomass per site were obtained by applying regression equations to 
data on individual fronds, pooling all fronds per plot to obtain biomass per 1 m2, and 
averaging this per site. 

3.2.3 Estimation of available radiation 

In order to estimate the percentage of available light under the forest canopy, 15 
hemispherical photographs were taken 1.5 m above the soil surface, at random 
locations in each of the 200 m2 plots (Fig. 3.1). Photographs were taken in July, at 
maximum canopy shading. A Canon Ti70 camera, with a Canon 7.5 mm/5.6 Fish-
eye lens was used. The black and white photographs were digitised, and analysed 
using Winphot (Ter Steege 1993), with data on percentage of sunshine obtained 
from 30 year averages from the nearest weather station (Krijnen & Nellestijn 1992). 
This yielded daily estimates of total percentage of radiation available on the forest 
floor. These estimates were averaged over the period May-September to obtain 
mean percentage radiation per sample point, and then the mean over all 15 points 
was taken as an estimate of total percentage of radiation available on the site 
(assuming a constant leaf cover). 

3.2.4 Garden experiment 

I set up a garden experiment to determine the response of bracken to changes in 
light levels available to the plant under controlled conditions. Blocks of soil 
containing rhizomes were transplanted to the university gardens. Fronds emerging 
from these blocks were exposed to different shading treatments. 
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Figure 3.1: Fisheye photographs taken in stands of Quercus (left) and Larix (right). 
Percentages of light transmitted through the canopy are 14% and 31% 
respectively. 

In March 1995, 24 soil blocks containing bracken rhizomes were collected from the 
open site (no forest canopy), two months before the start of the bracken growing 
season. Blocks of soil, 50cm x 50cm x 20cm, were cut and placed in a wooden 
frame that secured the sides and bottom of the soil blocks. These blocks, including 
the wooden frame, were placed in a garden bedding, in three groups of eight 
blocks, consisting of 2 rows of 4 blocks, with 1 m between blocks. The soil blocks 
were then surrounded by a 30 cm layer of sandy garden soil, and covered by a 10 
cm deep layer of garden peat on top of the blocks (Fig. 3.2). 

Shade treatments were established by constructing a 2.5 m high wooden frame that 
supported shade netting which reduced light levels to 14% and 7% of the total 
radiation available to the control treatment (no shading). Each of the shade treat­
ments was applied to an entire group of 8 blocks, so this set-up resulted in pseudo-
replication with respect to shading. The plants were watered regularly in dry periods 
during the summer. 

Bracken was allowed to grow for three years. In the winter, plots were covered with 
wheat straw to prevent freezing of the soil. Fronds were cut, and counted, at the end 
of September of each year, before leaf senescence. In 1995 and 1996, total frond 
length and above-ground length of the stipe was measured for all fronds. Frond 
biomass was determined per plot, with fronds separated into leafy biomass (pinnae) 
and structural biomass (stipe and rachis). In 1997, only total frond biomass was 
determined. Fronds were dried for 24 h at 80 jC prior to weighing. In 1996 and 
1997, a pinna from one randomly selected frond per block was collected, and 
specific leaf area was determined as described above. 
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Figure 3.2: The garden experiment investigating bracken productivity in controlled shade 
treatments. In the foreground the 100% light treatment with emerging fronds 

3.2.5 Modelling bracken growth 

The bracken growth model BRACON (Pakeman et al. 1993, 1994, Pakeman & 
Marrs 1994) was used to estimate the effect of light conditions under a forest cano­
py on the above ground production of fronds in bracken stands. This mechanistic 
model calculates daily changes in the amount of stored carbohydrates and tissue 
biomass of the rhizome. Based on the annual growth cycle of the bracken plant 
(Williams & Foley 1976; see Fig. 2.6), carbon assimilation and respiration is calcu­
lated using a number of physiological and environmental parameters. The build up 
and senescence of the frond canopy are initiated by changes in temperature. Frond 
production is calculated from the amount of incident radiation, and rules on partitio­
ning of carbohydrates between rhizome and fronds. Maximum frond biomass is 
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assumed by the model to be linearly related to carbohydrate reserves in the rhi­
zome. The model may be run for any number of years, producing estimates on the 
yearly cycle of change in the bracken plant, and produces estimates of the equili­
brium biomass reached under the given climatic conditions (Pakeman era/. 1994). 

In order to compare the estimates on biomass production by BRACON with data 
obtained in this study, a number of climatic parameters were adjusted. Climatic data 
were obtained from 30-year averages from the nearest weather station (Table 3.1). 
Sensitivity analyses of the model (Pakeman et al. 1994) showed that the values of 
the light extinction coefficient (K) of the fronds, and the ratio between frond biomass 
and frond area (z), had a great influence on the estimates of rhizome and frond 
biomass reached at equilibrium. In this study, K was set to 0.425 (Pakeman et al. 
1994). The frond biomass/area ratio (z) was calculated as the reciprocal value of 
LAR (see above), and compared with previous published values of z in Pitman & 
Pitman (1990a). The effects of shading by the forest canopy was studied by running 
the model under different irradiation levels, expressed as the percentage of 
available light under the canopy relative to the open. Estimates were compared with 
actual data on frond biomass. 

Table 3.1: Environmental parameters used in BRACON to model bracken productivity, 
based on data between 1961-1990 from weather station De Bilt. 

Parameter Value Unit Reference1. 

January soil temperature at 30 cm 

July soil temperature at 30 cm 

June Mean daily global irradiation 

December mean global irradiation 

Mean date of last spring frost 

Mean date of first autumn frost 

Mean yearly potential transpiration 

Mean transpiration August 

4.3 

17.0 

17.9 

1.8 

130.0 

283.0 

542.2 

78.3 

°C 

°C 

MJm"2 

MJ-m"2 

Julian days 

Julian days 

mm 

mm 

1 

1 

2 

2 

2 

2 

2 

2 

1. References used: 
1 = Jilderda (data at Royal Dutch Meteorological Institute). 
2 = Krijnen & Nellestijn (1992) 
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