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Introduction

CHAPTER 1



Constraints in the restoration of plant biodiversity

Since 1900, huge areas of European heathland and species-rich grasslands have been
converted into arable land or pastures, comprising a serious loss of biodiversity. In
addition remnants, that have been preserved, suffer from abandonment (leading to
subsequent bush encroachment) dessication, eutrophication and acidification. Many
species-rich heathlands and grasslands on nutrient-poor soil are replaced by mono-
cultures of fast growing perennial grasses. Hence, the ecological restoration (Box 1.1)
of these plant communities has become an important issue, especially in densely
populated countries with high intensive farming (Bakker & Berendse 1999). 

Changes in the agricultural policies of the European Community from the 1980s
onwards, have provided increasing opportunities to convert arable land and pastures
back into heathlands and species-rich grasslands (de Wit 1988). Restoration of plant
communities associated with nutrient-poor soils requires that the excess of nutrients
are removed from agricultural soils. This can be done by grazing or haymaking
without fertilizer application, but this approach takes decades to reduce the nutrient
availability to sufficiently low levels (Bakker 1989, Bakker et al. 2002) More recently,
removal of the top soil has emerged as a technique to speed up impoverishment,
thereby creating a bare substrate (Aerts et al. 1995, Verhagen et al. 2001). Restoration
of degraded heathlands requires less drastic measures. Here local shallow top soil
removal (sod cutting) followed by a grazing or cutting regime is most suitable. So far,
most attempts to restore heathlands and species-rich grasslands have shown no
immediate success (Bakker & Berendse 1999).

Abiotic constraints including desiccation, eutrophication and acidification have
seriously hampered ecological restoration (Gunn et al. 2001, Dorland et al. 2003).
Fortunately, atmospheric deposition of sulphuric acids and nitrogen compounds have
been declining owing to decreasing emissions from industrial fossil-fuel combustion,
technical measures by farmers and declining numbers of farms (Bakker & Berendse

Box 1.1 Glossery

Anemochory: the dispersal of seeds by wind.
Long-distance dispersal: movement of propagules farther than 100m from their
parent (Cain et al. 2000)
Ecological Restoration: the process of assisting the recovery of an ecosystem
that has been degraded, damaged, or destroyed (SER 2002).
Seeds: is used throughout this thesis in a loose manner indicating all kinds of
diaspores including appendages, unless specifically mentioned otherwise.
Zoochory: the dispersal of seeds via animals, internally (endozoochory) or
externally (epizoochory)
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1999). In addition, knowledge of tackling abiotic bottlenecks has increased since the
first restoration attempts (Verhagen et al. 2001, van Diggelen & Marrs 2003, Dorland
2004, Marrs et al. 2004). Therefore the perspectives for ecological restoration seem to
be improving.

However, recent research has revealed that also biotic constraints can hamper
successful restoration of plant communities. After decades of agricultural practice
usually few or no more viable seeds of target communities (Box 1.1) are available in
the soil seed bank The seed bank of most target species is transient or short-term
persistent in natural systems (Bekker et al. 1998) and agricultural practices, such as
ploughing and fertiliser application, reduces the persistence of seeds further (Pywell
et al. 1997). Even though some characteristic species of heathlands have a long-term
persistent seed bank (Bekker et al. 1998), few seeds remain after restoration measures
that involve top soil removal (Verhagen et al. 2001) or sod cutting (Dorland 2004).
Thus, in most cases, the success of ecological restoration depends on the transport of
seeds from outside sources. 

Long-distance seed dispersal

In the current fragmented landscape, seed sources are often hundreds or thousands of
metres away from ecological restoration sites. Consequently, predicting seed input
into ecological restoration sites requires quantitative information on long-distance
dispersal (box 1.1). Unfortunately, long-distance dispersal is inherently difficult to
quantify, because it depends on multiple mechanisms and rare events  (Nathan &
Muller-Landau 2000).

The importance of long-distance dispersal has been stressed since the emergence
of ecological science (Darwin 1859), but has not always been recognized by ecologists
(Higgins 2003). For several reasons, ecological interest in long-distance dispersal has
increased again. First, recent theoretical work (Cain et al. 1998, Higgins & Richardson
1999) shows how long-distance dispersal largely defines migration and invasion rates.
Second, there are a number of ecological problems in which long-distance dispersal
plays an important role, including climate chance (Higgins et al. 2003), habitat
fragmentation (Hanson et al. 1990, Soons & Heil 2002), and the spread of exotic
species (Campbell & Gibson 2001), invasive species (Vila & D' Antonio 1998) and
genetically modified organisms (Myers et al. 2004). Third, an academic issue has
perhaps inspired most recent studies: Reid’s paradox of rapid plant migration (after
Reid 1899). The rates  of post-glacial migration that have brought many plants to
their current distributions appear to be much more rapid than can be explained by
empirical observation of seed dispersal (Cain et al. 1998). Finally, seed dispersal fits
in a growing interest in spatial processes in ecology (Nathan & Muller-Landau 2000).

An important achievement of this renewed ecological interest in long-distance
dispersal is the development of accurate mechanistic models for wind-dispersed seeds
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(Nathan et al. 2001, Tackenberg 2003, Soons 2003). These models improve on earlier
wind-dispersal models (Andersen 1991, Jongejans & Schippers 1999) by explicitly
including the development of vertical wind speeds. Thermal and mechanical updraft
and the stochastic variation of vertical wind speed in turbulent air, greatly increase
the chance of long-distance dispersal compared to dispersal in laminar air flow
(Tacken-berg et al. 2003a). Basically, plant species differ in their potential for long-
distance dispersal by different seed releasing height and falling velocity of the seeds.
Because these traits are easy to measure, the seed trajectories of many plant species
could be simulated. Most seeds appear to be transported less than a few metres from
their parent. Only plant species bearing seeds with very low falling velocity (e.g. light
plumed seeds and dust seeds) are dispersed over long distances in appreciable
numbers (Tackenberg et al. 2003b). Experiments in wind tunnels and in the field
corroborate these findings (Strykstra et al. 1998, Bullock & Clarke 2000, Jongejans &
Telenius 2001). 

In contrast, some other vectors, including large mammals, birds (especially
waterfowl), water (Wolters et al. 2004), man (Vibrans 1999) and mowing machinery
(Strykstra et al. 1997), can transport many more seeds over longer distances. However,
unlike wind these vectors are not present everywhere and thus do not always
contribute to seed dispersal. Heathlands and grasslands are not usually flooded or
visited by waterfowl, but are commonly grazed by domestic and wild large herbivores.
Many seeds have been recovered from dung of cattle, pony’s, horses, sheep, goats, red
deer and white-tailed deer (Janzen 1984, Malo & Suarez 1995, Fischer et al. 1996,
Pakeman 2001, Pakeman et al. 2002, Myers et al. 2004) and fur of Galloway cattle,
horses and donkeys (Fischer et al. 1996, Couvreur & Hermy 2002). Seeds retain long
enough on fur or in the guts of large herbivores to be transported over distances of a
kilometre and more (Pakeman 2001, Vellend et al. 2003). Therefore the study of seed
dispersal by large herbivores has become the subject of this thesis.

Aims and outline of this thesis

Large herbivores are expected to be important vectors for the dispersal of seeds from
source populations towards habitat restoration sites. Accordingly, they may mitigate
biotic constraints in ecological restoration caused by lack of seeds from target species.
Quantitative estimates of seed dispersal by large herbivores would therefore be an
important aid for the design and management of ecological restoration. However our
knowledge of seed dispersal by herbivores is not as far developed as our knowledge of
seed dispersal by wind. There are no general mechanistic models or reliable trait
values predicting the potential of plant species to be dispersed by large herbivores. 

One reason why knowledge of zoochory (Box 1.1) lacks behind our knowledge of
anemochory (Box 1.1) is that the former is apparently more complex and difficult to
predict. Animals behave less predictable than wind and there are numerous potential
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interactions between plant and herbivore traits. Large herbivores may ingest seeds or
attach seeds to their fur, move and excrete or detach seeds at a different location.
Because seeds ingested end up in dung piles and large herbivores also graze and
trample, these dispersal vectors also affect establishment after dispersal (Figure 1.1).
The present study has been devoted to the aforementioned system of plant-herbivore
interactions aiming to
● identify species dispersed by large herbivores,
● quantify seed dispersal by large herbivores,
● estimate distance of seed dispersal by large herbivores,
● get insight in the direction of dispersal, 
● effects of large herbivores on plant establishment and implications for ecological 

restoration. 

Species and quantity of dispersal
To identify which species are dispersed by large herbivores and in what quantities, I use
a combination of survey-based and experimental techniques. Surveys provide patterns
of seed dispersal, while experimental data give insight in the underlying mechanisms. 

There are some published surveys on the number of seeds found in the fur of large
herbivores (Fischer et al. 1996, Couvreur & Hermy 2002), but little is known about
the probability of seed attachment to animal fur. Chapter 2 reports on experiments
quantifying seed attachment and seed detachment in relation to plant species, seed
availability, animal fur and surrounding vegetation. This is the first study comparing
seed attachment to a truly quantitative measure of the seed density in the vegetation. 
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Figure 1.1. Schematic representation of the relationships between large herbivores, seed dispersal
and establishment. Boxes represent quantitative units, ellipses represent spatial units and circles
represent parameters. Numbers refer to chapters in which the subject is addressed.



Surveys of germinable seed density in herbivore dung involve the collection of dung
samples, handling of the samples following a standard seed-bank analysis technique
and identification of seedlings in the greenhouse. Chapter 3 reports on seed density
and species diversity in free-ranging domestic herbivores: Scottish highland cattle
(Bos taurus), Exmoor pony’s (Equus caballus) and Drenthe heathland sheep (Ovis aries).
Chapter 4 reports on a survey of seed density in dung of three wild herbivore species
red deer (Cervus elaphus), fallow deer (Dama dama) and roe deer (Capreolus capreolus).
In addition a survey of the seed content in rumen, abomasum and rectum of these
deer species provide information on possible bottlenecks in seed passage through the
alimentary tract. 

Chewing and digestion is a critical phase in the dispersal of seeds by herbivores,
which many seeds don not survive. In his ‘foliage is the fruit’ hypothesis, (Janzen
1984) suggests that seeds adapted for endozoochory should be small, round and hard.
In addition foliage palatability and composition should be adapted to attract large
herbivores to ingest seeds, like fruits attract frugivores. In Chapter 5, I address this
issue by feeding seeds of 25 plant species with varying seed mass, seed shape,
persistence in the soil and habitat fertility to four fallow deer. 

Dispersal distance
To estimate the frequency distribution of distances for seeds dispersed by large
herbivores, information on the displacement of animals should be combined with
information on seed retention (Higgins 2003, Vellend et al. 2003). Information on
animal displacement can be obtained from direct observations, telemetry or model
simulations, whereas information on seed retention can be obtained from feeding trials
and experiments with seed application to animal fur. Chapter 2 and box 6.1 provide
estimations for distributions of distances of seeds dispersed by large herbivores.

In principal, empirical observations are the most realistic data source for animal
movement. However, animal movement is influenced by both habitat and behavioural
responses, rendering it difficult to obtain a representative dataset (Higgins 2003).
Furthermore, telemetry data are available for only a few large herbivores and the
equipment needed is still rather expensive. Direct observations are time consuming
and difficult in shy species. Optimal foraging and correlated random walk simulations
provide an attractive alternative to empirical data. Although, the reality of modelled
data is not as apparent as empirical data, their general validity is potentially higher,
the data collection is faster, more cost-efficient and more detailed.  
Optimal foraging models predict foraging decisions based on the assumption that
herbivores aim to maximize energy intake. Herbivores gain energy by cropping forage,
but spend energy travelling between feeding stations. While balancing costs and
benefits herbivores thus move between feeding stations, generating a movement path
through the landscape (Chapter 6). 

Developed by Skellam (1973) and extended to a more general case by Kareiva &
Shigesada (1983), correlated random walks (CRW) provide a powerful analytic and
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modelling framework for animal movement (Turchin 1998). The CRW formalism
describes movement paths as a series of straight lines (moves) connected by angles,
drawn from a angular distribution. CRW assume there is no correlation (higher order
autocorrelation) between subsequent movement directions. The length, speed and
angular distribution of moves can be obtained from recorded animal movement paths.
CRW thus take an intermediate position between the optimal foraging simulations
and direct use of animal movement data (Chapter 2). 

In Chapter 2, I compare seed retention of four seed types (small round seeds, large
flat seeds, elongated grass seeds without hairs and elongated grass seed with hairs) on
sheep and cattle fur moving trough grassland. In addition, I test for influences of
vegetation and interactions between fur and seed type on seed retention. Furthermore,
I compare published data on seed retention on wood mice (Kiviniemi & Telenius
1998), snowshoe hares (Sorensen 1986), sheep (Fischer et al. 1996), human clothing
and cotton (Bullock & Primack 1977), cattle and fallow deer (Kiviniemi 1996). 

Seed retention in the alimentary tract is an apparently easy obtainable parameter
because there is much information available about digestion rates in herbivores.
However, retention can differ with seed size, shape and specific weight (Janzen 1982,
Simao Neto et al. 1987). Experimental feeding of known quantities of seeds provides
information on the retention of 25 plant species in fallow deer (Chapter 5).

Direction of dispersal, establishment and ecological restoration.
Whether the dispersal of a seed by a large herbivore is advantageous for ecological
restoration depends on a number of questions. Is the seed from a species that is part
of the target community? If so, is the location part of an ecological restoration site
and is it a favourable location for establishment (‘safe site’).

Information on the quantity, species composition and distance of dispersal gives
insight in these questions, but there are more relations to be investigated (Figure
1.1). Where free-ranging domestic herbivores excrete seeds and which species
establish on the dung piles is described in Chapter 3. Furthermore, large herbivores
remove plant biomass, thereby creating patches with higher light availability and
higher germination and establishment potential for light-demanding species. It is yet
unclear if and when large herbivores maintain such patches long enough to facilitate
transitions in species composition. Chapter 6 reports on the stability and dimensions
of grazing-induced vegetation patterns created by optimal foraging ruminants in a
spatially explicit environment.

Taking all aforementioned into account, can ecological restoration profit from seed
dispersal by large herbivores, how, when, where? This question is adressed in the
synthesis of this thesis (Chapter 7).
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Estimating adhesive dispersal
distance distributions: 

seed-fur dynamics, field experiments and
correlated random walks 

A.M. Mouissie, W. Lengkeek and R. van Diggelen.

CHAPTER 2

Summary

1. Animal fur is a potentially important long-distance vector, but is still poorly quantified. 
2. The spatial distribution pattern (seed shadow) of adhesive dispersed plants is

determined by seed-fur dynamics and by animal movement. Complexity of the
dynamics lies in the numerous factors that can potentially influence attachment and
detachment

3. In this paper, seed supply of 18 grass and heathland species is compared to seed
attachment, in field with a real sheep, and in a controlled field experiment with cattle
and sheep dummies. Second, we compared seed detachment of four plant species from
sheep and cattle fur and quantified the effect of vegetation on seed detachment. Third,
we calculated seed retention from published studies on six different vectors. We
combined our seed-fur dynamics model with correlated random walk models to
generate estimates of adhesive seed shadows.

4. In contrast to the classical view on adhesive seed dispersal also not typically adapted
seeds were found in the furs. Seed attachment to the sheep dummy was larger in
quantity, was larger in number of species, and was more correlated to seed density in
the vegetation, than seed attachment to cattle fur was. 

5. On sheep fur, seed detachment did not differ between species, but from cattle fur
smooth seeds detached within a few meters. Seeds applied within the reach of
vegetation detached sooner than those outside the reach of vegetation, but the effect
was not as strong in sheep as in cattle fur. 

6. Sheep can be a long distance (3km) seed vector for seeds of any morphology. Cattle
and fallow deer, can transport bristly and hooked seeds over a relatively long distance
(1km), but not smooth seeds. Small rodents, such as wood mice, generate only short
distance dispersal (12m). 



Introduction

Seed dispersal has implications for the understanding of fundamental questions in
population, community and ecosystem biology and applied questions relating to
invasive plant spread and ecological restoration (Cain et al. 1998, Clark 1998, Bakker
& Berendse 1999). The ecological importance of long-distance dispersal has been
stressed especially, but is notoriously difficult to quantify (Nathan et al. 2001).
Thanks to mechanistic models progress has been made in the understanding of seed
dispersal by wind (Jongejans & Schippers 1999, Nathan et al. 2002), but dispersal by
other vectors such as water and animals is still poorly quantified. Although a small
percentage of seeds with low falling velocity can be transported over long distances,
seed dispersal by wind is limited to a few meters from the parent plant, for most
species (Strykstra et al. 1998, Bullock & Clarke 2000, Jongejans & Telenius 2001). In
contrast, large herbivores can disperse large quantities of seeds of many plant species
over distances of several kilometres and more (Fischer et al. 1996, Pakeman 2001)
Seeds can be carried further in the fur of animals than in their gut because seed
retention in fur is not limited by digestion rate. Numerous plant species can be
transported in fur (Fischer et al. 1996, Couvreur & Hermy 2002) and numerous
animals, including birds, rodents and large mammalian herbivores are potential
vectors (Stiles 1992). Hence, quantitative estimates of adhesive seed dispersal
(epizoochory) could render much insight in long-distance plant dispersal. 

The spatial distribution pattern (seed shadow) of adhesive dispersed plants is
determined by the dynamics of seeds in fur and by animal movement. Seed-fur
dynamics involves seed movement from a seed source towards fur (attachment) and
seed movement from the fur (detachment) towards a new location. Numerous factors
complicate these dynamics: seed morphology (e.g. Ridley 1930, Agnew & Flux 1970),
fur length, surrounding vegetation, seed exposition height, animal height and animal
behaviour (Bullock & Primack 1977, Sorensen 1986, Kiviniemi 1996, Fischer et al.
1996, Kiviniemi & Telenius 1998). Therefore, adhesive dispersal is apparently even
more difficult to quantify than seed dispersal by wind. Currently, there are neither
common trait values quantifying a plant’s potential for adhesive dispersal nor are
there estimates of the adhesive seed shadow. 

Purpose of this paper is to estimate adhesive seed shadows and to analyse how they
are affected by plant and animal traits. First, we model seed-fur dynamics, suggesting
parameters that quantify the chance of plants to attach to fur and retention on the fur.
Field experiments with a cattle dummy, a sheep dummy and a real sheep, in combi-
nation with previously published data, quantifies these parameters. Subsequently, we
combine seed-fur dynamics with correlated random walks to extrapolate seed retention
time to seed dispersal distance. Plotting the frequency distance distribution of adhesive
dispersed seeds, renders a one dimensional quantification of the adhesive seed shadow.
We test how plant and animal traits affect the quantity and distance of adhesive seed
dispersal and finally discuss the role of animal fur as a long distance seed vector.
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Materials and methods

Study site
The study was carried out in the ‘Dellebuursterheide’ (200 ha, 52° 59’ N, 6° 17’ E) in
the north of the Netherlands. The site harbours a mosaic of heathlands (55 ha),
oligotrophic grasslands (53 ha), meso to eutrophic grasslands (55 ha) and woodlands.
Heathlands are characterised by Calluna vulgaris, Erica tetralix and some Empetrum
nigrum but locally Molinia caerulea dominates. Oligotrophic grasslands are
characterised by the graminoids Nardus stricta, Festuca ovina and Agrostis capillaris and
the forbs Galium saxatile and Rumex acetosella. Meso to eutrophic grasslands are former
agricultural pastures that are presently dominated by Poa trivialis, Holcus lanatus,
Agrostis capillaris, Plantago major and P. lanceolata. On the study site, 14 Scottish
Highland cattle, 13 Exmoor ponies and 22 Drenthe Heathland sheep freely graze
during the whole year. 

At the study-site, two experimental field plots were established, one in heathland
(experimental heathland plot) and one in oligotrophic grassland (experimental grass-
land plot). The plots are 35m by 50m marked with sticks and metal plates and were
subdivided in 35 lanes of 1m by 50m.

Seed attachment to sheep and cattle fur
Two, 1m long PVC tubes, 16 cm in diameter, were either covered with a 4 cm thick
sheep fur (later referred to as sheep dummy) or with a 0.6 cm thick calf fur (later
referred to as cattle dummy). In vertical position these dummies were attached to a
bicycle, 5cm above the ground.

The attachment experiment consist of pushing the bicycle (and thus the dummies)
through a randomly selected lane at approximately 3km/h. Afterwards, we collected
all seeds from the fur, separating seeds attached to the sections: lower 10cm, 10-
20cm, 20-30cm and above 30cm. In each of the experimental field plots, the experi-
ment was repeated five times in each of the months July, August and September (30
experiments in total). To correct for the difference in fur surface between the
dummies, seed attachment was analysed per unit fur surface. 
Seed supply was sampled by counting fruiting stems in five sampling plots of 1m2 ,
and counting seeds of 10 fruiting stems for frequently occurring species, in July,
August and September 2001. Position of the plots was randomly chosen within lanes
that were not used in the experiment. Fruiting stems of infrequent species were
counted in the entire lane. 

Seed detachment from sheep and cattle fur
In the detachment experiment the same dummies were used as in the attachment
experiment. Prior to the experiment, we attached 40 small smooth seeds (Medicago
sativa), 40 coarse seeds (Phleum pratense), 40 bristly seeds (Koeleria pyramidata) and 40
large smooth seeds (Impatiens grandulifera) to each of the dummies (Table 2.1). To
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study the effect of the vegetation on the detachment rate, we attached half of the
seeds to the lower 20cm of the dummies and half of the seeds to the upper 20cm of
the dummies. Canopy height averaged 30cm, thus seeds attached to the lower 20cm
of the dummy could be detached by vegetation, whereas seeds attached to the upper
20cm could not. 

Like the attachment experiment, the detachment experiment consisted of moving
the dummies through a randomly selected lane at approximately 3km/h. After the
experiment seeds were removed from the fur and counted. The experiment took place
in the experimental grassland plot and was replicated five times. 

Seed attachment to a real sheep
A sheep, with 4cm thick fur, grazed for three hours, twice in each of three areas: a
Molinea caerulea dominated area, a heathland area, and an oliogtrohopic grassland area.
The sheep was laced to a 10m rope, connected to a pin in the ground. Prior to
grazing, we removed all seeds from the fur and after three hours grazing seeds were
collected from the fur.

We sampled seed supply by counting fruiting stems in three sampling plots of 1 m2

and counting seeds on 10 stems for each plant species present in the plots.

Data analysis
A Spearman Rho correlation was used to test for the influence of seed density, seed
mass and seed length on attachment rate to each of the dummies and the grazing
sheep. To test for differences in attachment size (Pattach), seeds attached to the
dummies was divided by seed density. Then a Dunnet T3 test was used to test for
differences between plant species and a Spearman Rho was used to test for a
correlation with seed mass and seed length. Man-Whitney U was used to test for a
difference in Pattach between the sheep and cattle dummy.

To test for the effect of seed type, vegetation and fur type on the detachment rate
we used GLM with seed, fur and vegetation as independent variables, and seeds still
attached at the end of the experiment as dependent variable. A Tukey HSD test was
applied for differences between species, fur and the effect of vegetation. All tests were
performed using SPSS 11.1 for (SPSS Inc. 2001)
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Table 2.1. Parameter values of the correlated random walk simulation, velocity (v), step length (L)
and standard deviation of the turning angle (SDA). + indicates  estimates of the authors.

animal species v (m/min) L (m) SDA (degrees) Sources

Wood mouse 6.6 2 32 Benhamou (1990)
Sheep 25 5+ 32+ Roguet et al. (1998)
Fallow deer 25+ 5+ 32+
Cattle 53 5+ 32+ (WallisDeVries et al. 1999)



A model for adhesive seed dispersal
The dynamics of seeds in animal fur involves seed movement from a seed source (SS)
towards the fur and seed movement from the fur towards a new location (‘seeds
dispersed’) (Figure 2.1). As the amount of seeds dispersed on animals is small
compared to the total seed source, the seed source can be viewed as fixed.
Mathematically, this can be modelled with two coupled differential equations,
describing the change of seeds in fur (SF) and seeds dispersed(SD).   

where Pattach is attachment chance per unit time and TR is mean retention time of
seeds in fur. Using first order ordinary differential equations, we implicitly assumed
that Pattach and TR are independent of time. Numerous factors can potentially
influence Pattach and TR (Figure 2 1).

Parameter values from previous studies
In order to parameterise the model we calculated TR (min.) from published data on
seed retention on the fur of sheep, wood mice, snowshoe hare, cattle and fallow deer
and on trousers and shirts of human beings. If the fraction of seeds still on the
dispersal vector was given, TR was calculated according to the primitive of the
differential equation for seeds in fur, while PattachSs was set to zero: TR = t/ln(SF) ,
where t is time (min.). If not indicated in the publication we used a Spearman Rho to
test whetherTR changed over time. 

23

adhesive dispersal distance

dt
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Figure 2.1. Conceptual model of adhesive seed dispersal. Open boxes represent state variables, circles
represent parameters, solid arrows with diamonds represent fluxes and dashed lines represent
relations. 



Classification of seed surface structure follows Fischer et al. (1996): ‘hooked’ are
diaspores with hooked appendages (spines, bristles, hairs), ‘bristly’ are diaspores with
markedly developed straight appendages (spines, bristles, hairs), ‘coarse’ are diaspores
with wings, ribs, tubercles, hollows or nerves, ‘weakly coarse’ are diaspores with
weak wings, ribs, tubercles, hollows nerves or wrinkles, ‘smooth’ are diaspores with
smooth or almost smooth surface.

No studies were found that allowed calculation of Pattach, because no quantitative
measure of seed density in de vegetation (Seed source) in relation to attachment rate
was provided. Fischer et al. (1996) studied seed attachment to sheep and gave semi
quantitative data of species abundance in the vegetation. Bullock & Primack (1977)
only quantified attachment rate. 

Simulating dispersal distance using correlated random walks
The model of correlated random walk (CRW) is a powerful tool to analyse animal
movement (Turchin 1998). The CRW formalism assumes a certain directional
persistence: a correlation between subsequent move directions. The interdependence
of subsequent move directions is reflected in the distribution of the turning angle θ,
which is typically normal distributed around zero. In CRW analysis of recorded
animal paths, the path is usually split into even sized steps of size L. If the velocity of
the animal and the amount of seeds it carries are known, the amount of seeds that
detach per step can be calculated as: Sf /TR dt, where dt=L/v. 

The only animal species in our study, that we could find all the required CRW
parameters for, was the wood mouse (Benhamou 1990). For most other animals at
least the speed of movement during grazing activity was available. The tortuousity of
movement paths by an individual animal can be highly variable depending on
behaviour and spatial structure of the landscape (Morales & Ellner 2002). To avoid
this to affect the outcome of the distance distribution of dispersed seeds, the
standard deviation of the angular distribution, SDA, for wood mouse was also used
for the other animals. However, larger animals have a larger stride length (Calder
1984) and are more likely to make larger movements in the same direction. Therefore
we took a larger L for sheep, cattle and fallow deer than for wood mouse (Table 2.1). 
For each animal-species-seed-structure type combination, we ran 200 CRW simula-
tions. The TR values of seeds with the same surface structure were averaged. Seeds
detaching at a different moment, but at the same distance from the source, were
cumulated. As the simulations ran long enough for almost all seeds (99.9%) to
detach, it approached the distance distribution for infinite time. The distance
distribution was plotted on semi-log scale to include the tail of the distribution.

24

chapter 2



Results

Seed attachment to the sheep dummy and the cattle dummy
More seeds were attached to the sheep dummy than to the cattle dummy, after a 50m
stroll through the experimental plots in heathland and grassland (Man-Whitney U-
test: P<0.01). Seed attachment to the sheep dummy was positively correlated to seed
density in the vegetation (R2=0.23, P<0.01), but attachment to the cattle dummy
was not (Figure 2.2). 

The dispersal unit, found in the fur, was often not a single seed; Erica tetralix and
Calluna vulgaris were found in flower heads or even whole branches; Agrostis capillaris
and Festuca ovina were often found in seeding branches or parts of seeding branches,
but also as single seeds (Table 2.2). Seed capsules and flower heads contain many
seeds. Some Betula sp. seeds found in the sheep fur shows the role of sheep fur as a
secondary dispersal vector after it is first dispersed by wind (data not shown). 

Attachment chance (Pattach) could be calculated for 15 plant species, by dividing
seeds found in the fur of the dummies by the density of seeds in the vegetation. Other
species present in the vegetation were infrequent and were not sampled. None of
these species were found in the fur of the dummies. The smooth seeds of Rumex
acetosella and course seed capsules of Carex nigra were sampled in the vegetation, but
were not found on the dummies. On the sheep dummy (13 species, excluding Betula
sp.), more plant species were found than on the cattle dummy (eight species). The
bristly seeds of Nardus stricta were relatively most abundant on the dummies, com-
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Figure 2.2. Seed attachment (seeds per m2 fur) to the sheep dummy and cattle dummy in relation to
seed density in the vegetation (seeds per m2). Line represents linear regression of seeds attached to
the sheep dummy against seed density in the vegetation (P<0.01). Seeds attached to the cattle
dummy is not related to seed density in the vegetation. Data points represent the average of five
attachment experiments and three samples of seed density in the vegetation.



pared to the density in the vegetation, resulting in the highest Pattach values. Second
were Festuca ovina, Festuca rubra and Molinea caerulea, while attachment chance of the
rest of the species did not significantly differ from each other. The species sequence in
Pattach was similar on the sheep dummy and cattle dummy (Table 2.2).

Attachment to a real sheep
After three hours of grazing, five species had attached to the sheep, which were also
found on the dummy. Molinea caerulea, Agrostis capillaris and Festuca rubra, had attached
in considerable numbers (40 to 80 seeds per species, Figure 2.3). The short grass
(<20cm) Nardus stricta only attached to the head of the sheep and was dispersed in
smaller numbers than the other Poaceae. Some fruits of Juncus squarrosus were found.
With an average of 50 seeds per fruit, this species is also dispersed in large numbers.
Species found on the dummy but lacking on the sheep were Calluna vulgaris, Erica
tetralix, Cerastium fontanum and Galium saxatile. Five species present in the vegetation
attached neither to the real sheep nor to the sheep dummy (Table 2.2). 
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Table 2.2. Average Pattach (s.e. between brackets) to the sheep and cattle dummy of 15 plant species,
after a 50m stroll through the heathland plot or grassland plot. The dispersal unit found on the fur
and the surface structure of the diaspores, following Fischer et al (1996), are indicated. Species with
different lettercodes differ in  Pattach (P<0.05) (following  Dunett’s T3). The maximum seed density in
the heathland plot and grassland plot from July trough September is given. Overall  Pattach to the sheep
dummy is higher than  Pattach to the cattle dummy (Man-Whitney U-test: P<0.01). G indicates the
species was sampled in the grassland plot and H indicates the species was sampled in the heathland
plot.

Plants in the dispersal structure size Seed density Pattach sheep Pattach cattle
vegetation unit (mm) (per m2) (10-3) (10-3 min-1) 

Nardus stricta seed bristly 8x2 42 G 128 (51) a 13.3 (13.3) x
Festuca ovina seed bristly 2.5x1 2031 G 32.7 (10.5) b 10.1 (4.1) y
Festuca rubra seed bristly 6x1 1020 G 20 (5.2) b 7.1 (3.1) y
Molinia caerulea seed coarse 4x1 557 H 16.9 (7.0) b 7.4 (6.2) y
Erica tetralix flower head bristly 1x1.5 13833 H 4.9 (2.1) bc 0.38 (0.38) z
Deschampsia flexuosa seed bristly 4x1.5 197 G 6.7 (3.6) bc 3.2 (2.3) yz
Cerastium fontanum capsule coarse 10x2 2538 G+H 3.3 (3.2) bc 0 z
Agrostris capillaris seed bristly 2x1 8811 G+H 3.1  (0.9) bc 0.37  (0.18) yz
Calluna vulgaris flower head bristly 3x2 64482 H 2.1 (1.2) bc 0.09 (0.09) yz
Luzula multiflora capsule Coarse 4x2 220 G 2.0 (1.1) bc 0 z
Holcus lanatus seed smooth 5x1.5 350 G 1.8 (1.0) bc 0 z
Galium saxatile seed w. coarse 1x1 110 G 1.5 (0.6) bc 0 z
Juncus squarrosus capsule smooth 5x6 5577 G 0.34 (0.23) c 0 z
Carex nigra capsule course 1.5x1 533 G 0 c 0 z
Rumex acetosella seed smooth 1x1 570 H  0 c 0 z




