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April 2000, waagde ik de grote stap van Utrecht naar Groningen voor een aio plek bij
de vakgroep Plantenecologie. Het was in het begin best wennen in het hoge noorden,
maar inmiddels ben ik een stuk stugger, praat ik met een hardere g en kan ik stellen dat
mijn tweede studieperiode goed is bevallen. Het resultaat kunt u aan-schouwen in dit
proefschrift.

Het is een cliché dat zonder bepaalde hulpvaardige personen het proefschrift nooit zou
zijn voltooid. Zoals vaker met clichés is dit op zijn minst ten dele waar. Zonder Jan
Bakker en Rudy van Diggelen zou ik namelijk nooit op het idee zijn gekomen, laat
staan dat ik de gelegenheid had gehad, om vier jaar onderzoek te doen aan de
verspreiding van zaden door grote herbivoren. Ik dank jullie hartelijk voor de plezierige
wijze van begeleiden, de soms heftige discussies (vooral met Rudy), de opbouwende
kritiek op mijn manuscripten en de ruimte die jullie me hebben gegeven om mijn eigen
(dwaal)sporen te volgen. 

Zonder Peter Vos, Ciska Veen, Carmen van der Veen en Sander Jonker, in chrono-
logische volgorde ‘mijn’ afstudeerstudenten, zou dit proefschrift zeker niet zijn deze
vorm hebben bereikt en waarschijnlijk ook niet binnen mijn aanstellingstijd zijn
voltooid. Jullie hebben allemaal grote inzet getoond en ook inhoudelijk waardevolle
bijdragen geleverd die de kwaliteit van dit proefschrift zeker ten goede zijn gekomen.
Ik heb me er ook erg over verheugd dat jullie bereid bleken om voor de wetenschap de
handen in de stront te steken. Verder wil ik Ivona Matjekova, Ricardo Ibanez en Garbor
Mathus hartelijk danken voor hun hulp bij het uitvoeren van experimenten tijdens hun
verblijf in Groningen. Thank You! Voor het uitvoeren van analyses, opzetten en
opruimen van experimenten bedank ik Jacob Hogendorf, Nelly Eck en Jan van der
Burgh. Dick Visser ben ik zeer erkentelijk voor het opmaken van dit proefschrift. Als ik
het zelf had gedaan had dit boekje er zeker niet zo mooi uitgezien en had het veel meer
slordigheden bevat. 

Elise Koolmees en Karin Didderen hebben tijdens de cursus conservation biology
geholpen bij het uitkammen van het schaapje Rammstein. Dit tafereel heeft een foto
opgeleverd die een belangrijke rol heeft gespeeld in de popularisering van mijn
onderzoek. Zij verscheen onder meer op mijn posters, in de Helix, de Newsletter van het
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NWO Stimulation Program Biodiversity, recentelijk in De Levende Natuur en nu ook in
mijn proefschrift (zie pagina 98). Bij deze wil ik jullie hartelijk danken mij nooit te
hebben beschuldigd van inbreuk op jullie portretrecht. Wouter Lengkeek heeft op
creatieve wijze geholpen bij de ontwikkeling van de ‘Furmobile’. Ons optreden met dit
voertuig, een fiets geflankeerd door een PVC buis met schapenvacht en een buis bedekt
met koeienvacht (pagina 18) zorgt voor een vrolijke noot in de video ’40 jaar
Plantenecologie’ en heeft interessante gegevens opgeleverd over de verspreiding van
zaden (Hoofdstuk 2). Het was mij een genoegen om met jou het Furmobile met exact 3
km/h over de heide te bewegen. 

Minder in het oog springend, maar zeker zo belangrijk was de hulp die Emile Apol
heeft geboden bij het verbeteren van het begrazingsmodel (Hoofdstuk 6). Ik dank je
voor je geduldige uitleg van wiskundige formules en secure controle op de beschrijving
van het model. Ook de discussies met Gerrit Heil over dit model heb ik erg
gewaardeerd.

Op velerlei wijzen hebben mijn collega’s van de vakgroep plantenecologie,
tegenwoordig COCON, geholpen bij mijn onderzoek. Een onvolledige selectie van deze
hulp in willekeurige volgorde: identificeren van kiemplanten, hulp bij computerpro-
blemen, uitlenen van kantoorartikelen en boeken, tips voor interessante publicaties,
corrigeren van artikelen, functioneren als advocaat van de duivel als ik een idee had
voor een theorie of experiment, hulp bij veldwerk, koffiezetten, etc. Ik dank Nicole,
Roos, Daan, Frank, Verinne, Dries, Han, Marjan, Joyce, Rampal, Erwin, Manja, Dick,
Latzi, Joris, Esther, Peter, René, Mariska, Ab, Jelte, Yzaak, Saskia, Wendy, Rick, Sandra,
Julia, Alma en met name mijn kamergenoten Renée, Irma en Harold, want jullie
hebben het leeuwendeel van bovengenoemde hulp gegeven. Ik heb het erg leuk
gevonden om met jullie samen te werken, koffie te drinken, te lunchen en feest te
vieren. Het zou best kunnen, dat ik jullie nog ga missen.

Ik dank de Nederlandse organisatie voor Wetenschappelijk Onderzoek voor het
financieel mogelijk maken van mijn onderzoek en de Rijksuniversiteit Groningen voor
haar bijdrage in de drukkosten van dit proefschrift. 

Tot slot dank ik mijn familie, vrienden en vriendin voor de getoonde belangstelling en
ondersteuning en mijn paranimfen Harold Steendam en Ralf Heijkants voor het bijstaan
tijdens de promotie. Ik waarschuw jullie maar vast. Als de vragen op 19 november te
moeilijk worden speel ik ze gewoon door. 

Maarten

7



8



9

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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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. 
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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.
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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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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



Fleece at the flanks of the sheep contained the largest amount of seeds, but this was
also the largest fur surface. Relative to the size, many seeds attached to the head and
few seeds attached to the belly of the sheep (Figure 2.3). 

Seed detachment from sheep dummy and cattle dummy
Results of the detachment experiment show the potential for long-distance dispersal
of all four species on sheep fur and of the bristly Koeleria pyramidata seeds and coarse
Phleum pratense seeds on cattle fur (Figure 2.4). Detachment chance was greater from
cattle than from sheep fur (P<0.001) and. greater from the lower 20 cm of the
dummies, which moved through vegetation, than detachment from the upper part of
the dummies, which did not (P<0.001). There were differences in detachment
between the plant species (P=0.026) but the effect of vegetation (P<0.001) and fur
type was more significant (P<0.001). There was significant interaction between, plant
species, fur and vegetation (P<0.001). 

The main effects and interactions had following consequences. Whereas, there
were no differences in detachment rate between seeds applied to the upper part of the
sheep fur, differences in detachment between seeds applied to the upper part of the
cattle fur. Both large smooth seed (Impatiens grandulifera) and small smooth seeds
(Medicago lupulina) fell off the cattle fur within the first few meters walking, while
80% of the bristly and coarse seeds remained attached for the whole 50m stroll. The
effect of vegetation on detachment of Koeleria pyramidata and Phleum pratense was about
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Figure 2.3. Seed attachment to grazing sheep. Bar chart shows the average number of seeds attached
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twice as strong for seeds in cattle fur as for seeds in sheep fur. Detachment of the
small smooth Medicago lupulina seeds in sheep fur was not as much accelerated by
vegetation as the other seeds (Figure 2.4).

Seed retention
Data of six published studies were suitable to calculate seed retention time, TR (Table
2.3). These studies reported seed retention on five mammalian herbivores, (wood
mice, snowshoe hare, sheep, cattle and fallow deer) and human clothing. We obtained
data for 25 plant species (including our own data). TR ranges over five orders of
magnitude, with larger differences between vectors than between plant species.
Longest seed retention was found in the fleece of sheep, three orders of magnitude
longer then on wood mice. Seed retention on the other vectors increase along the
next sequence: shirts and trousers, cattle, the sheep dummy, snowshoe hare, and
fallow deer. Vegetation and location of seed attachment had a large impact on TR
(Table 2.3).

In all but one study, TR did not change in time, supporting our assumption of a
linear model. However in the fleece of sheep (Fischer et al. 1996), TR increase with
increasing period of measurement (P<0.01 in all (4) experiments), suggesting that
strength of attachment to the sheep fur differed between individual seeds of the same
species.
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Table 2.3. Comparative list of known seed retention times (TR) on animal fur and human clothing.
Time correlation signifies the results of Spearman Rho correlation testing whether TR changes with
period of measurement. Seed structure follows Fisher et al. (1996).

Species Source Seed structure TR (min) Time correlation.

Wood mouse 1
- Potentilla reptans 1 smooth 0.46 ns
- Fillipendula vulgaris 1 bristly 0.63 ns
- Triglochin palustre 1 w. coarse 0.19 ns
- Seseli libanotis 1 bristly 0.22 ns
- Daucus carota 1 bristly 1.72 ns
- Geum rivale 1 hooked 0.61 ns
- Torilis japonica 1 hooked 0.64 ns
- Ranunculus acris 1 w. coarse 0.22 ns
- Polygala vulgaris 1 coarse 0.83 ns
- Carum carvi 1 coarse 0.14 ns
- Sanicula europae 1 hooked 0.69 ns
- Anthriscus sylvestris 1 smooth 0.07 ns
- Agrimonia eupotoria 1 hooked 0.39 ns
Snowshoe hare foot 2
- Arctium minus 10-20mm 2 hooked 1.4 1.0* ns
Snowshoe hare back 2
- Arctium minus 10-20mm 2 hooked 500 111* ns
- Arctium minus 15-18mm 2 hooked 45.5 29* ns
- Arctium minus >18mm 2 hooked 41.7 37* ns
- Arctium minus <13mm 2 hooked 58.8 500* ns
Sheep in chalk grassland 3
- Bromus erectus 3 bristly 769F5 526F3 P<0.01
- Helianthemum nummularium 3 smooth 714 P<0.01
Shirts, trousers 4
- Achyranthes aspera 4 hooked 25O 0.54P 0.10A ns
- Petivera alliacea 4 hooked 2.04FR 2.33P 0.93A ns
- Bidens sp 4 bristly 2.33O 0.27A ns
Cattle in pastures 5
- Trichlogin palustre 5 bristly 20.0 ns
- Geum rivale 5 hooked 25.0 ns
- Agrimonia eupatoria 5 hooked 20.0 ns
Fallow deer in pastures 5
- Trichlogin palustre 5 bristly 100H 20B ns
- Geum rivale 5 hooked 100H 33B ns
- Agrimonia eupatoria 5 hooked 100H 25B ns
Sheep dummy 6
- Koeleria pyramidata 6 bristly 6.3O 1.3G

- Impatiens glandulifera 6 smooth 7.1O 1.4G

- Phleum pratense 6 w. coarse 1.5O 1.0G

- Medicago sativa 6 smooth 6.3O 1.5G

Cattle dummy 6
- Koeleria pyramidata 6 bristly 33.3O 0.166G

- Impatiens gladulifera e 6 smooth 0.025O 0.033G

- Phleum pratense 6 w. coarse 1.49O 0.29G

- Medicago sativa e 6 smooth 0.025O 0.033G

Symbols indicate: ns not significant, B back, H head, * depending on number of seeds attached (6-16), e
estimate. O open area, G grassland, A A. aspera stands P. alliaceae stands. Sources are 1: Kiviniemi 1998, 6:
Sorensen 1986, 3: Fischer et al (1996), 4: Bullock & Primack 1977, 5: Kiviniemi 1996, 6: present study.



Dispersal distances
The distance distribution of adhesive dispersed seeds followed a distribution with a
mode some distance away from the seed source and an exponential decline
afterwards. Sheep were the best long distance seed vectors with a large fraction of
seeds transported more than 1km from the source and frequency of seeds 3km from
the source was still 0.01% per 5m interval. The least effective adhesive seed vectors
were wood mice, with almost all seeds dispersed less than 12m. Fallow deer and
cattle were about equally effective seed vectors with a frequency of about 0.01%
bristly and hooked seeds per 5m interval at 1km away from the source (Figure 2.5).

Smooth seeds are hardly transported (<5m) by deer cattle and wood mice.
Transport on sheep was in large contrast with this: the distance distribution for
smooth seeds (Helianthemum nummularium) completely overlapped with that of bristly
seeds (Bromus erectus). On all animals, distance distribution curves for hooked and
bristly seeds were similar (Figure 2.5).

The location of seed attachment affects dispersal distance on fallow deer more
than seed structure. The decline in seed frequency with distance was about three
times faster from the back than from the head of these deer (Figure 2.5).

Discussion

In the present paper, we aimed to quantify the mechanism of adhesive seed dispersal.
Describing seed-fur dynamics (Figure 2.1) with ordinary first order differential
equation seems appropriate, because on most vectors seed retention is not dependent
on the period of measurement. For seed attachment chance we established the first
estimates as we could not find any other studies that quantified seed attachment rate
in relation to seed density in the vegetation. For seed retention however, several
sources were available. First we discuss how seed attachment and detachment is
affected by animal and plant parameters. Second we discuss animal fur as long
distance seed vector.

Seed attachment
Some authors assume that only seeds with hooks or sticky substances are transported
in animal fur (Ridley 1930, Sorensen 1986), but the results of our field experiments
show that also other seeds attach. Grass seeds without hooks attach to fur of sheep
and cattle and to sheep fur also small round seeds of Galium saxatile and smooth
capsules of Juncus squarrosus attach. Other authors have also found seeds of other
morphology than the classical adhesive dispersal syndrome in the fleece of sheep
(Fischer et al. 1996) and even in the fur of horses, donkeys and Galloway cattle
(Couvreur & Hermy 2002). 

These observations do not imply that hooks, burrs or sticky substances are not
adaptations for epizoic transport, or that these would not promote seed attachment.
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We found that the chance to a attach to cattle and sheep fur tends to relate positively to
seed size. The only species with a higher attachment chance than any other species in
our study site, was Nardus stricta, which has seeds with long awns. Seeds with hairs and
hooks are over-represented in the fleece of sheep grazing in chalk grassland (Fischer et
al. 1996) and in dog fur after a walk through forest (Heinken 2000). Not only seed
appendages can aid attachment to fur but also larger parts of the fruiting branch and
vegetative parts, as we observed in Cerastium fontanum, Erica tetralix and Calluna vulgaris. 

Seeds attach more easily to sheep fur than to cattle fur, an almost trivial
qualitative result of our attachment experiment. The quantitative results are more
interesting. In total attachment to per unit fur area is about four times as high in
sheep fur as in cattle fur and for individual plant species the difference can be larger.
In fact some species only attach to sheep fur and not to cattle fur. In general attach-
ment to sheep fur is closer related to seed supply than attachment to cattle fur is. This
suggest that in plant habitat visited by animals with a smooth fur hooks and other
appendages are more important than in habitat visited by animals with a curly fur. 
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Figure 2.5. Distance distributions of seeds dispersed on wood mice (top left), cattle (top right),
sheep (bottom left) and fallow deer (bottom right), following a correlated random walk (parameter
values are in Table 2.1). Percentage of seeds (log scale) per 2m interval (wood mouse) or 5m interval
(other animals) dispersed against distance (m). Hooked, smooth, coarse and bristly refers to the use
of  average TR values of seeds with this surface structure on the specified animal (Table 2.4). Seeds
are applied to the back of the animals unless indicated differently. Data points are means of 200
simulations. Error bars represent standard deviation. 



Seed releasing height and animal size are important for seed attachment. In our study
seed attachment was negatively related to height and we found no seeds above 40cm
from the bottom of the dummies. This implies that animals with longer legs than
40cm would hardly disperse any seeds. Indeed, Fisher et al (1996) found hardly any
species with a seed releasing height shorter than the legs of sheep (25-35 cm)  in the
fleece of sheep grazing in calcareous grasslands. Species with fruiting stems shorter
than the legs of visiting animals can only attach to legs when walking,  to the belly
while animals lay down or to the head while animals are grazing. Fur on legs, belly
and head is generally shorter fur than on the body of animals and legs cover only a
small part of the fur surface area. Nevertheless some short species may be well suited
for epizoockory. The short grass (<15cm) Nardus stricta has a high attach-ment
chance to sheep and cattle fur and can also attach to the head of a grazing sheep.
Short species are, however, well dispersed by smaller animals. Numerous short
species transported on hares (Agnew & Flux 1970). 

Seed retention
Seed retention for similar seeds may vary over five orders between animals. The most
obvious source of differentiation is the fur structure. The fur of sheep, 5cm thick,
curly and greasy, retains seeds much longer than the thin smooth fur of most other
animals. Seed retention on small animals is shorter than on larger animals because
they are more likely to actively remove seeds (Sorensen 1986, Kiviniemi & Telenius
1998). Grooming interacts with seed size and position on the animal such that larger
seeds attached to irritating locations, such as animal feet are sooner removed than
small seeds attached to the back of an animal (Sorensen 1986).

The importance of seed structure depends on the fur to which it has attached to.
On the fur of sheep it matters very little whether seeds are hooked, bristly or smooth,
all are well retained (about 12 hours on average). On thin smoother fur such as that
of the cattle or wood mice smooth seeds are hardly retained at all, whereas bristly and
hooked seeds are well retained. Seed retention does not consistently differ between
bristly and hooked seeds. Seed retention of the hooked seeds Arctium minus seed on
snowshoe hare is negatively related to seed size (Sorensen 1986).

If a vector moves through vegetation seed detachment is accelerated. This is
shown for seeds on cotton (Bullock & Primack 1977) and seeds on sheep and cattle
fur (Figure 2.4). The impact varies between vegetation types (Bullock & Primack 1977),
seeds and fur (Figure 2.4). Vegetation has more impact on seed detachment from
cotton or thin fur such as cattle then from thick curly fur of sheep. Smaller seeds,
such as Medicago sativa, are less affected by vegetation than larger seeds. Species with
tall fruiting stems may attach seeds to an animal outside the reach of surrounding
vegetation and hence stay attached longer then species with short stems. 
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Dispersal distance
Our results support the role of animal fur as a long-distance seed dispersal vector.
The distribution of distances for seeds dispersed on fur of large herbivores has a mode
at some tens of meters away from the source and an exponentially declining tail. In
wind dispersed seeds modal dispersal distances are typically much closer to the
source, typically within one or two meters (Strykstra et al. 1998, Bullock & Clarke
2000, Jongejans & Telenius 2001). However, distributions of wind dispersed seeds
often have a much ‘fatter tail’, fitting only to mixed models (Bullock & Clarke 2000).
For many ecological questions the tail of the distance distribution is much more
interesting than the modal dispersal distance (Higgins & Richardson 1999, Cain et al.
2000). Question is what carries seeds further wind or large herbivores? 

Despite the slower decline in proportion of seeds dispersed beyond the mode in
wind-dispersed seeds for most species dispersal distances on large herbivores are
farther. Especially, for intermediate and large seeds without plumes or wings, modal
dispersal distances on large herbivores are farther than the longest distance reached
by wind-dispersal. Only seeds with very low falling velocity, such as light plumed
seeds and dust seeds, are expected to reach the longest dispersal distance by wind
(Tackenberg et al. 2003). 

It should be noted that aforementioned dispersal distances apply to large mam-
malian herbivore and to many, but not all plant species. On small rodents like wood
mice seeds do not seem to be transported beyond 12m. Although seeds of all types
are dispersed in the fleece of sheep, intermediate to large-sized smooth seeds are not
dispersed on fur of cattle or deer. 

It is difficult to test the accuracy of our estimates for adhesive seed dispersal
distances, since there are no field data to test the outcome. How can one follow the fate
of seeds in the fur of animals and keep tract of the location where they land? Especially
tackling is our ecological interest in the tail of the dispersal distribution, requiring
many seeds and long periods of observation. Hence, we are convinced that a modelling
approach, such as ours, is a more feasible and promising way to estimate adhesive
dispersal distances. Progress in the estimation of epizoic seed dispersal distances can
be made by further parameterization of seed retention and especially seed attachment
chance. Besides the correlated random walk other approaches such as fractal path ana-
lysis, levy flights or optimal foraging theory or combined approaches should be tried.
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Endozoochory by free-ranging,
large herbivores: an aid or threat for the

restoration of plant communities 

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

CHAPTER 3

Summary

1. Seed dispersal via dung of large herbivores provides a possible aid for ecological
restoration of plant communities, by connecting target plant communities with habitat
restoration sites. It is also a possible threat due to invasion of weeds, grasses or exotic
species. Insight into the factors determining internal seed dispersal could therefore
improve the management of grazed ecosystems.

2. Viable seed content of cattle, sheep and pony dung samples were recorded using a
greenhouse technique, dung pat colonisation was monitored in the field, and
distribution of dung pats was counted in plots spread over our mixed heathland/
grassland study site.

3. The three herbivore species internally disperse large quantities of many species (61 in
total) from a variety of plant families, monocots as well as dicots.

4. Germinable seed density of dung and colonisation of dung pats is positively correlated
with Ellenberg nitrogen indicator values and seed supply, but not with seed mass or
shape.  

5. Synthesis and applications: The results imply a net transport of nutrients and seeds
from high productive to low productive parts of the grazed area. In free-ranging
systems we recommend exclosure and separate management of plant communities on
nutrient poor soil with high conservation interest. For habitat restoration sites we
recommend integrated grazing only with target plant communities on nutrient poor
soils and not with plant communities on nutrient richer soils. 



Introduction

In the current fragmented landscape, seed dispersal is often a constraint for the
restoration and conservation of plant communities (Bakker & Berendse 1999). The
omnipresent vector for seed dispersal is wind, but for most plant species seed
dispersal by wind is limited to a few meters, or tens of meters from the parent plant
(Strykstra et al. 1998, Bullock & Clarke 2000, Jongejans & Telenius 2001). In
contrast, large herbivores can large quantities of seeds of many plant species (Welch
1985, Malo & Suarez 1995c) over distances of several kilometres and more (Pakeman
2001, Vellend et al. 2003).

Herbivore movement has changed in the past century. Habitat fragmentation
limits movement of wild large herbivores and the practice of transhumance of
livestock has almost disappeared. Free-ranging livestock and wild animals, however,
are frequently introduced in semi-natural open plant communities. They are used to
prevent bush encroachment and to create heterogeneity (Bokdam 2003), but could
also serve as a vector for the re-colonisation of habitat restoration sites (Mitlacher et
al. 2002) and genetic exchange between plant populations. Unfortunately, there is
also a potential threat of invasive plant spread. For example, cattle dung is a vector of
weed and grass input into Scottish heather moorland (Welch 1985) and pony dung is
a vector for the dispersal of exotic species along trail corridors in the USA (Campbell
& Gibson 2001). 

To evaluate the consequences of internal seed dispersal by free-ranging large
herbivores insight is needed in the factors that determine seed density in dung and
dung pat colonisation. Despite the ‘foliage is the fruit hypothesis’ of Janzen (1984)
which suggests that multiple plant traits, including palatability and seed production,
have co-evolved to suit endozoochory, research so far has been mostly limited to seed
traits. Feeding trials showed that small, round and tough seeds survive the digestive
tract better then big, elongated and soft seeds (Neto et al. 1987, Russi et al. 1992,
Gardener et al. 1993, Stallings et al. 1995). Species recorded in herbivore dung have
smaller and rounder seeds than species not found in dung (Pakeman et al. 2002)

Little is known about the factors that determine the overall quantity of internally
dispersed plants. We hypothesised that besides seed dimensions, seed supply and soil
fertility are such factors. We tested this hypothesis using a survey of seed content of
cattle, sheep and pony dung and seedlings on dung pats collected in a Dutch nature
reserve harbouring grassland, heathland, woodland habitat and a habitat restoration
site.
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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 heathland (HL, 55 ha),
oligotrophic grasslands (OG, 53 ha), meso to eutrophic grasslands (MEG, 55 ha) and
woodlands. Part of the area is habitat restoration site (HRS, 25 ha); former arable
fields where the top soil was removed in the early 1990s. The target was to create
nutrient poor habitat on mineral soils and re-establishment of heathland and
oligotrophic grassland. With top soil removal most of the seed bank was also removed
and re-establishment thus depends on seed dispersal. Currently, HRS is dominated by
Juncus effusus but also species of target communities have been recorded, such as
Calluna vulgaris, Drosera intermedia and Gentiana pneumonanthe (Verhagen et al. 2001).
HL is characterised by Calluna vulgaris, Erica tetralix and some Empetrum nigrum but
locally Molinia caerulea dominates. OG is characterised by the graminoids, Nardus
stricta, Festuca ovina and Agrostis capillaris, and the forbs, Galium saxatile and Rumex
acetosella. MEG are former agricultural pastures and are now dominated by Poa
trivialis, Holcus lanatus, Agrostis capillaris, Plantago major and P. lanceolata. On the site 14
Scottish Highland cattle, 13 Exmoor ponies and 22 Drenthe Heathland sheep graze
freely during the whole year. 

Seed density in dung and vegetation
Ten 1 litre samples of freshly deposited dung of cattle were collected five times from
July 2000 through June 2002. Additionally, ten 1 litre samples of pony dung and ten
0.5 litre samples of sheep dung were collected in August 2000. Each cattle and pony
dung sample was taken from a single dung pat or from two adjacent dung pats voided
by a single animal. Each sheep dung sample was taken from a single pellet group.
Samples were collected randomly across the study site depending on the location of
the animals. 

Dung samples were stored four weeks at 5°C for stratification of the seeds,
concentrated using 2 mm and 212 µm mesh sieves stacked on top of each other and
put into containers with, layers of potting soil, sterilised potting soil and sterilised
white sand according to a tested seed bank analysis technique (Ter Heerdt et al. 1996).
Three containers for each time of dung collection with the same soil layers served as
controls to test for contamination of outside seeds. Thanks to this technique, we were
able to process larger samples than previous studies on seed dispersal in dung. 

The number of fruiting stalks was counted in five squares of 1m2 for each of the
habitat units OG, MEG and HL in June, July, September, and October 2001 and 2002.
For each fruiting species ten stems were collected and the number of seeds per stem
counted. Multiplication of the average number of fruiting stalks/m2 and average
number of seeds/ fruiting stalk gave the average supply (seeds/ m2). 
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Distribution and colonisation of dung pats
In each of the land units HL, OG, MEG and HRS, ten randomly located quadrats of
20m x 20m were laid out in July 2000. Dung pats in the quadrats were counted seven
times from July through December 2000. To prevent double counting dung pats were
marked with paint, except for 200 dung pats that were marked with numbered metal
pins. Seedlings and adult plants were identified and counted on these 200 dung pats
from July 2000 through December 2002. 

Data analysis
To test whether dispersal probability was related to habitat fertility we used a linear
regression with relative seed dispersal as the dependent variable and Ellenberg
nitrogen indicator values (Ellenberg 1974) as the independent variable. Ellenberg
nitrogen indicator values indicate the fertility of the habitat where a plant species is
usually observed. Though designed for central Europe, Ellenberg numbers are valid in
a larger region including the Netherlands (Schaffers & Sykora 2000). Relative seed
dispersal was calculated as log10(seed density in dung/seed supply). This log-trans-
formation was needed to obtain a data set with homogenous variances. Each plant
species with known seed density and Ellenberg nitrogen indicator value represents
one data point. Seed dispersal by cattle, pony’s and sheep were tested separately. 

To test for relationships between density of seeds and seedlings on dung pats with
Ellenberg nitrogen indicator values, seed supply, seed mass, variance in unit seed
dimensions we used Spearman’s Rho, a non parametric bivariate correlation test.
Seed dimensions were obtained from the BIOLFLOR seed database (Klotz et al.
2003).

The data were then converted into present/absent in dung. Mean variance in unit
seed dimensions and mean seed mass in species present in dung and species not
present in dung were compared using Man-Whitney U, a non-parametric test for
independent samples. 

To test for habitat preference in the distribution of dung we used the non
parametric post hoc test Dunne’s T3, with plant community and seeds in dung as
testing variables for each of the herbivore species. All test were performed using SPSS
11.1 for Windows (SPSS Inc. 2001)
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Results

Quantity and species composition of seeds in dung
Cattle, sheep and pony dung contained large quantities of many species (in total 61 of
85 species present in the vegetation) from 16 plant families; monocots as well as
dicots (Table 3.1). Density of germinable seeds was highest in cattle dung (4604
seeds/ kg dry weight) and approximately the same in pony (901 seeds/kg dry weight)
and sheep dung (1052 seeds/ kg dry weight) collected in August. The herbivores
dispersed basically the same plant species in with 35 species in pony dung, 34 species
in cattle dung and 31 species in sheep dung (Table 3.1). Poaceae was the most
dispersed plant family in all three herbivore species, followed by Juncaceae,
Caryophyllaceae, Ericaceae, Plantaginaceae, Ranunculaceae and Veronicaceae. Even
some seedlings of the wind dispersed Asteraceae were recorded in the dung samples
(Table 3.1). 

Cattle dung contained germinable seeds during the whole year, but density of
seeds fluctuated and was highest in August (Figure 3.1). Also species diversity in
dung was highest in August (34), but samples from other months contributed to a
higher species diversity (51) for the whole study period. Calluna vulgaris and Erica
tetralix (Ericaceae) were only dispersed in winter (Figure 3.1 ). 

Distribution and colonisation of dung pats
Dung of cattle and ponies was spread quite evenly over all four parts of the study
area, although cattle dung density was significantly lower in OG than in the other
habitat units (P<0.05). Sheep dung was spread more unevenly, with higher density in
OG than in HL (P<0.001), no dung in the HRS and very low density in MEG (Figure
3.2). Pony and cattle thus potentially dispersed seeds throughout the study site, but
sheep only between HL and OG. 

Many seedlings were recorded on cattle and pony dung pats in the field (1200 in
total), but none on sheep droppings. Occasionally we found seedlings close to sheep
dropping, but never rooting inside. Density of seedlings on dung pats (on average 6.1
per pat) was orders of magnitude lower than seed density in dung, but species
diversity (34) was similar. Some seedlings could not be identified and Veronica spp.
seedlings could be identified to genus level only. Only 20% (7) of the species on the
dung pats flowered within the two years of observation (Table 3.1). Some dung pats
featured seedlings within a month of deposition and were completely colonised in the
first year, while other dung pats remained bare for the entire period of observation. 
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Table 3.1. Plant species and family recorded in dung. Seed supply (seeds/m2) or abundance following
(Klooker et al. 1999)(+ infrequent, * abundant, ** very abundant, ? unknown), average seed density
(seeds/ kg dry weight) in cattle dung year round (cattle year), cattle dung collected in August (cattle
Aug), sheep dung collected in August (sheep Aug), pony dung collected in August (pony Aug),
average number of seedlings recorded per dung pat (seedlings per pat). Data sorted in descending
order of seed density in August cattle dung. F, species observed flowering on dung pat. 

species Family supply cattle cattle pony sheep seedlings
(seeds/m2) year Aug Aug Aug per pat

Number of samples 15 50 10 10 10 200

Poa trivialis Poaceae 168 650 3249.7 339.5 247.3 1.37 F
Alopecurus geniculatus Poaceae 104 66.9 332.9 7.4 22.6 1
Juncus bulbosus Juncaceae 3 55 274.1 1.1 3.4 0.2
Cerastium fontanum Caryophyllaceae 202 49 230.7 13.7 22 0.84 F
Ranunculus repens Ranunculaceae 11 25.7 125.4 4.7 9.6 0.22 F
Holcus lanatus Poaceae 812 14.2 70.2 18.9 16.5 0.16
Juncus bufonius Juncaceae + 12.2 59.6 7 15.2
Poa pratense Poaceae ? 12.7 46.9 16.3 0.31 F
Veronica serpyllifolia Scrophulariceae 0 6.2 31.1 6.3 2
Poa annua Poaceae 6 5.6 26.8 84.2 1.4 0.4 F
Lolium perenne Poaceae * 5.3 26.3 12.1 1.4 0.3
Sagina procumbens Caryophyllaceae 0 8.5 25 20.5
Veronica arvensis Scrophulariceae * 2.7 13.6 5.8 0.6
Juncus effusus Juncaceae 2618 131.7 11.8 1 2.1 0.1
Juncus acutiflorus Juncaceae * 2.3 11.4 1.6
Carex ovalis Cyperaceae 66 2.2 11 0.5 15.2
Plantago lanceolata Plantaginaceae 6 2.2 10.1 5.3 0.5
Gnaphalium uliginosum Asteraceae * 1.5 7.5 7.4
Stellaria media Caryophyllaceae 2 2.8 7 0.5 0.6 F
Carex nigra Cyperaceae ** 1.3 6.6 0.5 18.6 0.2
Trifolium repens Leguminosae ** 0.9 4.4 2.1 0.7 0.1
Veronica catenata Scrophulariceae + 0.9 4.4
Cardamine pratensis Cruciferae * 0.6 3.1 0.5
Rumex acetosa Polygonaceae 40 0.6 3.1 0.7 0.24
Leontodon autumnalis Asteraceae * 0.8 2.6 0.2
Agrostis capillaris Poaceae 1213 19.9 2.2 5.8 1.4 1.38 F
Veronica scutellata Scrophulariceae * 0.4 2.2
Ranunculus flammula Ranunculaceae ** 0.4 1.8 2.1 0.1
Rumex acetosella Polygonaceae 81 0.3 1.3 1.6 11.7 0.18 
Festuca ovina Poaceae 323 0.2 0.9 12.6 68.9 0.03
Veronica officinalis Scrophulariceae * 0.2 0.9 0.7
Luzula multiflora Juncaceae * 0.1 0.4 1.1 10.6
Anthoxanthum odoratum Poaceae ** 0.1 0.4 0 0.7 0.01
Juncus articulatis Juncaceae 28 0.4 0.4 0
Lythrum salicora Lythraceae * 1 2.6
Plantago major Plantaginaceae 39 16 2.1 0.3
Deschampsia flexuosa Poaceae 11 0.1 1.6 0.7 0.2
Urtica dioica Urticaceae ** 4.2 1.1
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Table 3.1. Continued 

species Family supply cattle cattle pony sheep seedlings
(seeds/m2) year Aug Aug Aug per pat

Number of samples 15 50 10 10 10 200

Rorippa palustris Cruciferae * 0 1.1
Chamerion angustifolium Onagraceae * 0 0.5 1.4
Cardamine hirsuta Cruciferae * 0 0.5 0.7
Capsella bursa-pastoris Cruciferae ** 0 0.5
Veronica anagallis-aquatica Scrophulariceae + 0 0.5
Juncus squarrosus Juncaceae 35 0 24.8 0.01
Rumex obtusifolius Polygonaceae + 0.4 4.1
Agrostis canina Poaceae * 0 0.7
Hieracium umbelllatum Asteraceae * 0 0.7
Spergularia rubra Caryophyllaceae 2 0 0.7
Spergularia salina Caryophyllaceae 2 0 0.7
Calluna vulgaris Ericaceae 19265 48.9
Erica tetralix Ericaceae 2253 4.9 0.01
Molinia caerulea Poaceae 391 2.6
Agrostis stolonifera Poaceae ** 0.6
Viola palustre Scrophulariceae + 0.6
Achillea millefolium Asteraceae * 0.4
Cirsium arvense Asteraceae 16 0.3
Lycopus europeus Labiatae + 0.3 0.01
Epilobium ciliatum Onagraceae ** 0.3
Glechoma hederacea Labiatae * 0.2
Epilobium palustre Onagraceae 6 0.1
Phalaris arundinacea Poaceae - 0.1

Total seed density 1164.9 4604.8 660.5 527.0 5.12

Total number of species 51 34 35 31 27
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Factors determining internal seed dispersal
Seed supply and Ellenberg nitrogen indicator values were the most important factors
influencing internal seed dispersal. Both factors were positively correlated to seeds in
cattle dung and seeds in pony dung (Table 3.2). Seeds in sheep dung, however, were
correlated to neither of the factors (Table 3.2). The species from nutrient poor soils
(Ellenberg nitrogen indicator values 1 and 2) that were dispersed in considerable
quantities, Calluna vulgaris, Erica tetralix and Rumex acetosella, were very abundant
(Table 3.1). Colonisation is closely correlated to seeds in cattle and pony dung and
also positively correlated to Ellenberg nitrogen indicator values and seed supply
(Table 3.2). Seed supply and Ellenberg nitrogen indicator values did not have an
additive effect on internal seed dispersal, as they were negatively correlated (Rho=-
0.4, P=0.01). 

The correlations were improved when relative seed dispersal was considered.
Ellenberg nitrogen indicator values can explain about 50% of the variation in relative
seed dispersal by cattle (R2=0.51, P<0.01) and ponies (R2=0.48, P<0.01) but not by
sheep (R2=0.13, P=0.27) (Figure 3.3). Plants from nutrient richer soils of the study
area, thus, dispersed a larger proportion of their seeds via pony and cattle dung than
did plants from nutrient poorer soils.

Seed dimensions were poor indicators of seeds in dung. Quantity of seeds in dung
of cattle (Spearman Rho =–0.38, P=0.15) and pony (Spearman Rho =–0.37, P=0.16)
is negatively correlated to seed mass, though not significantly (Table 3.2). Seeds in
sheep dung were not correlated to seed mass (Table 3.2). Variance in unit seed
dimensions was not correlated to seeds in dung of any of the herbivore species (data
not shown). The interaction of seed mass times variance in unit seed dimensions did
not improve the correlations. Seed mass of dispersed species, however, was lower
than that of species not dispersed (P<0.05) (data not shown). Variance in unit seed
dimensions was not different in dispersed and non dispersed species. 
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Table 3.2. Spearman Rho correlations between seed content in cattle dung, sheep dung, horse dung
and plants recorded on cattle and horse dung pats and Ellenberg nitrogen indicator value, seed supply
and seed mass. *  Correlation was significant (P < 0.05, 2-tailed), + correlation shows a trend (P <
0.1, 2-tailed). Ellenberg nitrogen indicator value and seed supply are negatively correlated (Rho=–0.4,
P=0.001), plants on dung pats was positively correlated with average seed contents of cattle and
horse dung (Rho=0.4, P=0.01).

cattle dung sheep dung horse dung seedlings on
dung pats

Ellenberg nitrogen indicator value 0.46* 0.26 0.52* 0.44*
seed supply 0.46* 0.35 0.61* 0.033
seed mass -0.38+ 0.17 -0.37+
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Discussion

Quantity and species composition of seeds in dung
Dung of herbivores is an important vector for the dispersal of plants in a heathland-
grassland-woodland-mosaic; both in terms of the quantity of seeds and species
diversity. Year round, 61 of 85 species present in the study area are dispersed and
taking defecation rates into account (Welch 1985) cattle disperse 2.6 million seeds
per animal, pony 0.5 million seeds per animal and sheep 40 thousand seeds per
animal. Sheep disperse comparable amounts of seeds in their fleece (Fischer et al.
1996), but cattle and pony disperse orders of magnitude more seeds via dung than in
their fur (Couvreur & Hermy 2002). Our results support other studies that have
shown the importance of endozoochory in grazed ecosystems throughout the world,
including heather moorland in Scotland (Welch 1985), Mediterranean dehesa (Malo
& Suarez 1995c), grasslands in Sweden (Dai 2001, Mitlacher et al. 2002) and African
Savanna (Miller 1996, Milton & Dean 2001).

Although Grime (1988) only classified seeds with fleshy fruit as dispersed by
ingestion, we found that cattle, sheep and pony dung contains many viable seeds with
unclear adaptation and even winged seeds adapted to wind dispersal. This is also
found in previous surveys of cattle, sheep, rabbit and deer dung (Pakeman et al.
2002), indicating that more species should be classified as internally dispersed by
animals. 

Like seed anatomy, taxonomy is also not a reliable indicator for endozoochory.
Poaceae are not preferentially dispersed and Leguminosae are preferentially dispersed
in Meditereanean dehesa (Malo & Suarez 1995c), whereas Poacea were far over-
represented in dung from our study site and Leguminosae underrepresented.
Caryophyllaceae are the only plant family preferentially dispersed both in our study
and in the dehesa. In heather grassland mosaics, Poaceae, Caryophyllaceae and
Juncaceae are the most dispersed plant families (Welch 1985) but some species of
these families were not recorded in the dung despite an abundant seed supply. 

Factors determining internal seed dispersal
Janzen (1984) predicted that plant species adapted to internal seed dispersal have
small, round, seeds. Like (Pakeman et al. 2002), we observed that plant species
recorded in dung have lower seed mass than species that were not dispersed, but
unlike (Pakeman et al. 2002) seeds of dispersed species were not rounder (lower
variance in unit seed dimensions). The difference between these results could be
ascribed to smaller habitat range in our survey, but it also shows that seed
dimensions alone can not explain why a species is dispersed or not. 

Seed dimensions are not major factors determining the quantity of seeds in dung
either. In pony and cattle dung, lighter seeds tend to be more frequent than heavier
seeds, but seed mass explains little variation in dung seed density. Correlation of seed
mass with dung seed density is partly explained through negative correlation with seed
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supply. In sheep dung, quantity of seeds is unrelated to seed mass. Variance in seed
dimensions does not correlate to seeds in dung of any of the herbivores. Herbivore
differences can not be explained by differential seed survival (Neto et al. 1987) but
rather by more selective foraging behaviour and more restricted habitat use of sheep. 

Seed supply is positively correlated to seed contents of dung and explains more
variation than seed dimensions. Previous authors did not quantify seed supply but
observed that most species are relatively equally frequent in vegetation as in dung
samples (Welch 1985, Malo & Suarez 1995c, Dai 2001). The importance of seed
supply is also reflected in its similarity to seasonal variation in seed density of cattle
dung, which was also found by (Malo & Suarez 1995c). The sole dispersal of Calluna
vulgaris and Erica tetralix in winter, however, is not explained by seed supply but by
herbivore selectivity. These Ericaceae bear seeds from late summer through winter,
but are usually only eaten in winter when grass palatability and availability has
declined (Hester & Baillie 1998). 

Although a high proportion of nitrophilous species in dung samples was also
reported in previous studies (Welch 1985, Malo & Suarez 1995b, Malo & Suarez
1995c), this is the first study showing a statistical correlation between internal seed
dispersal and soil fertility. Plant species associated with fertile soils disperse a higher
proportion of seeds through herbivores than species associated with less fertile soils.
We hypothesise this relationship can be explained at three levels of selection. First,
plants on fertile soils are more palatable than species on less fertile soils according to
the carbon/nutrient balance hypothesis (Bryant et al. 1983, Hobbie 1992, Iason &
Hester 1993). Second, through co-evolution: seeds that are frequently ingested by
large herbivores are adapted to survive the alimentary tract (Janzen 1984). Third, in
the open nutrient rich habitat that dung pats harbour, plant species associated with
fertile soils can germinate better and grow faster than plant species associated with
less fertile soils (Dai 2001). 

Implications for community dynamics and management
The high quantity and species diversity of seeds in dung indicates that endozoochory
affects community dynamics (Janzen 1984, Malo & Suarez 1995c). Some plant species
gain cover through dispersal in dung, such as Arenaria serpyllifolia in limestone
grassland (Dai 2001), Biserrula pelecinus in Mediterranean pasture (Malo & Suarez
1995a) while other plants are killed by more dung pats than they can colonise, such
as Calluna vulgaris in heather moorland (Welch 1985). In mosaics of woodland,
grassland and heathland, differential foraging and non- foraging habitat preferences
lead to a transport of nutrients from grassland towards heathland and woodland
(Bokdam 2003). We observed a similar pattern for seed dispersal via dung of cattle
and ponies. Dung contains more seeds of plant species associated with fertile soils
(eutrophic/ mesotrophic grassland) than with infertile soils (heathland). Retention of
seeds in cattle is usually two to three days but can be up to six days (Simao Neto et al.
1987), and up to twelve days in horse (Janzen 1982), certainly longer than the daily
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shifts in habitat preferences (Bokdam 2003). Cattle and pony distribute dung over the
whole range of soil fertility of our study site. Hence, more seeds are dispersed from
nutrient richer parts to nutrient poorer than vice versa. Habitat restoration sites
receive a relatively high input of seeds from nutrient rich parts. 

In free-ranging systems, we recommend exclosure and separate management of
plant communities on nutrient-poor soils with high conservation interest.
Alternatively, grazing could be ceased in summer when most grasses bear seeds. For
habitat restoration sites, we recommend integrated grazing with only target plant
communities and not with plant communities on fertile soils. 
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Seed dispersal by roe deer, red deer
and fallow deer: a survey of pellet groups

and the digestive tract of shot deer

A.M. Mouissie, G.F. Veen and R. van Diggelen

CHAPTER 4

Summary

The ability of plant species to tract rapid climate change, persist in highly fragmented
landscape and reach habitat restoration sites depends critically on long-distance seed
dispersal. For many plant species large herbivores are likely candidates to serve as long-
distance seed dispersal vectors, owing to their large home range sizes and long seed
retention inside their alimentary tracts.

We quantified seed germination from deer pellet groups and samples of rumen
contents, abomasum contents and rectum contents of roe deer, red deer and fallow deer
shot in the Veluwe, the Netherlands. 

In total 14 species germinated from the deer faeces including grasses (Poaceae), rushes
(Juncaceae), forbs and dwarf shrubs. Seed density in faeces increased from roe deer (on
average 0.036 seeds per gram dry weight), red deer (on average 0.33 seeds per gram dry
weight) to fallow deer faeces (on average 1.3 seeds per gram dry weight). Modal deer
pellet groups contained few seeds from one or two species.

Our results suggest that there is no specific bottleneck in the passage of seeds through
the alimentary tract of deer. While passing from rumen to rectum seeds seem to be
concentrated rather than killed. 

Seed ingestion and defecation by deer provides a mechanism that can contribute to the
dispersal of many herbaceous plant species, especially small-seeded forbs and grasses and
fruit bearing shrubs. Hence creating deer corridors can enhance the ability of these plant
species to disperse.



Introduction

The ability of plant species to tract rapid climate change, persist in highly fragmented
landscape and reach habitat restoration sites depends critically on long-distances seed
dispersal (Clark 1998, Bakker & Berendse 1999, Cain et al. 2000). For many plant
species large herbivores are likely candidates to serve as long-distance seed dispersal
vectors, owing to their large home range sizes and long seed retention inside their
guts (Pakeman 2001, Vellend et al. 2003). Seed dispersal by free-ranging domestic
herbivores is restricted to the size of the fenced area, while wild animals can
potentially disperse seeds between more distant habitats. However, most studies on
endozoochory have been focused on domestic cattle and sheep (e.g. Gardener et al.,
1993 a, b; Pakeman et al, 1998, 2002) while information on the internal dispersal by
large wild animals is scarce. 

Deer are among the most common large wild herbivores in the Northern
hemisphere and surveys of their faeces indicate that they disperse significant
quantities of seeds of many plant species (Pakeman et al. 2002, Heinken et al. 2002,
Myers et al. 2004). However, the extent of species dispersed and how this differs
among deer species with different feeding behavior is still speculative. To get insight
in this issue, we address two questions:
● What is the quantity of seeds and plant species composition dispersed by the 

concentrate selector roe deer Capreolus capreolus and intermediate feeders red deer 
(Cervus elaphus) and fallow deer (Dama dama)?

● Is there a specific stage in the digestive tract of deer that many seeds or certain 
species do not survive? 

To answer these questions we analyze seed germination from pellet groups of roe
deer, red deer and fallow deer and from samples of three different stages of the
digestive tract of shot deer: the rumen, the abomasum and rectum. We discuss the
consequences of our results for the identification of species dispersed by deer and the
possibility to tackle dispersal limitations in fragmented landscapes.

Methods

Roe deer (Capreolus capreolus), red deer (Cervus elaphus) and fallow deer (Dama dama)
freely range in a large proportion of the Veluwe, an area in the central part of the
Netherlands. Deer populations are managed through regulated shooting in the fall,
providing a good opportunity to sample the seed density in the digestive tract. From
October through December 2002, we obtained samples from four roe deer, nine red
deer and eight fallow deer shot at three locations in the Veluwe: ‘Landgoed Staverden’
(four roe deer and four red deer), ‘Noorderheide’ (eight fallow deer) and ‘ASK
Oldenbroek’ (four red deer). 
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Landgoed Staverden is situated in the Northwest of the Veluwe, and encompasses a
mixture of deciduous and pine forest, pastures some dry heathland, and semi-natural
grasslands. Noorderheide is also situated in the Northwest of the Veluwe, consists of
dry and wet heathlands and is surrounded by woodland. ASK Oldenbroek is located in
the north of the Veluwe and encompasses extensive heathland, pine and oak
woodland. 

After shooting a deer, the hunter removed the entire contents of the rumen,
abomasum and rectum contents and stored it in containers at 5°C until they were
transported to our laboratory (usually within 24 hours). 

To increase the sampling size of deer faeces we also obtained ten dung pellet
groups of roe deer, fallow deer and red deer collected at the Noorderheide in the last
week of November 2002. In addition we obtained ten dung pellet groups of red deer
collected at ASK Oldenbroek, in the first week of December 2002. Sampling intensity
of red deer was higher than the other two species, because higher abundance of red
deer in the Veluwe rendered sampling more easily. 

Samples were washed in 2 mm and 212 µm mesh sieves stacked on top of each
other to remove gastric juices and to concentrate the seeds, stored four weeks at 5°C
for stratification of the seeds, and put into containers in a greenhouse with layers of
potting soil, sterilized potting soil and sterilized white sand, according to a standard
seed bank analysis technique (Ter Heerdt et al. 1996). Small fractions of the samples
were dried at 70ºC for 2 days and weighted to determine the ratio between dry weight
and fresh weight. Three containers with the same soil layers served as controls to test
for contamination of outside seeds. Seedlings were identified and removed during
nine months until no new seedlings emerged.

Data analysis
Because Levene’s test showed that our data were not homogeneous in variance we
relied on non-parametric tests. We used Kruskal-Wallis analysis of variance to test
whether seed density and species richness differed between digestive stages and deer
species. If there were significant differences we used the post-hoc Dunnets T3 to
specify which subjects were different. The statistical analyses were carried out using
SPSS software (SPSS Inc. 2001). 
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Results

Quantity and species composition
In total 14 species germinated from the deer faeces (rectum samples and pellet
groups) including grasses (Poaceae), rushes (Juncaceae), forbs and dwarf shrubs of the
Ericaceae family. Ten species germinated from fallow deer faeces, nine species from
red deer faeces but only two species from roe deer faeces. Seed density in roe deer
faeces (on average 0.036 seeds per gram dry weight) was lowest (P<0.05), followed by
red deer faeces (on average 0.33 seeds per gram dry weight). The higher seed density
in fallow deer faeces (on average 1.3 seeds per gram dry weight, P<0.05), was mainly
due to high density of Vaccinium vitis-idaea (on average 0.9 seeds per gram dry weight),
a forest dwarf shrub with red berries. Second most abundant in the deer faeces was
the grass Agrostis capillaris and third was the forb Rumex acetosella. Most other species
were infrequent, germinating in only a few samples in low density (Table 4.1).
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Table 4.1. Average germinable seed density (seed g-1 dw), in deer faeces (pellet groups and rectum
samples), standard error of the mean is represented between brackets. Numbers with different letter
code are significantly different  (P<0.05). Seed mass: 1 indicates <0.2 mg, 2 indicates 0.21-0.5 mg, 3
indicates 0.51-1 mg, 4 indicates 1.01 -2 mg, 5 indicates 2.01-10 mg and 6 indicates >10 mg (Hodgson
et al. 1995).

Seed mass Fallow deer Red deer Roe deer

Sample size (g dw) 17.71 (2.21) 22.22 (2.38) 6.84 (0.63)
Number of samples 18 29 14

Grasses 
Agrostis cappilaris 1 0.20 (0.18) 0.21 (0.11) 0.022 (0.022)
Lolium perenne 4 0.004 (0.004)
Molinia caerulea 3 0.009 (0.006) 0.004 (0.004)
Rushes
Juncus buffonius 1 0.008 (0.008) 0.013 (0.013)
Luzula sp. ? 0.003 (0.002)
Forbs
Cerastium fontanum 1 0.035 (0.018)
Persicaria maculosa 0.001 (0.001)
Plantago major 2 0.005 (0.005) 0.002 (0.002)
Rumex acetosella 2 0.05 (0.05) 0.052 (0.037)
Sagina procumbens 1 0.023 (0.018)
Veronica serpylifolia 1 0.031 (0.015)
Dwarf shrubs
Calluna vulgaris 1 0.014 (0.009)
Erica tetralix 1 0.005 (0.005)
Vaccinium vitis-idaea 2 0.91 (0.31) 0.036 (0.026)

Total seed density 1.26 (0.33) a 0.33 (0.14) b 0.036 (0.025) b
Species per sample 2.9 (0.37) x 1.7 (0.45) x 0.17 (0.17) y



The number of germinating species per pellet group or rectum sample was generally
low, but was higher (P<0.05) in fallow deer faeces (2.9 species on average) and red
deer faeces (1.7 species on average) than in roe deer faeces (0.17 species on average)
(Table 4.1). In fact only one rectum sample and one pellet group of roe deer
contained germinable seeds, while 68% of red deer faeces samples and 94% of fallow
deer faeces samples contained germinable seeds. 

Most of the species that germinated in the faeces were small-seeded. Only the
seeds of the grasses Lolium perenne and Molinea caerulea are larger than 0.5 mg. The
other species germinating from the faeces are in the lowest two seed size classes
according to Hodgson et al. (1995), indicating seeds smaller than 0.5 mg (Table 4.1).

Germinable seeds in rumen, abomasum and rectum
In total twelve plant species germinated in the rumen and abomasum samples that
were not recorded in the faeces of deer, among which some larger-seeded species.
Especially rumen samples of red deer contained relatively many species (eight) that
were not recorded in the faeces. However, seed density of these species was low
(<0.01 seed / g dry weight), except for the annual Arabidobsis thaliana (0.13 seeds/ g
dry weight) and Stellaria media (0.24 seeds/ g dry weight) in abomasum samples of
roe deer (Table 4.2). 
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Table 4.2. Average seed density of plant species recovered from rumen and abomasum (Abmsm)
samples that were not recorded in the faeces. Seed mass: 1 indicates <0.2 mg, 2 inidcates 0.21-0.5
mg, 3 indicates 0.51-1 mg, 4 indicates 1.01-2 mg, 5 indicates 2.01-10 mg and 6 indicates >10 mg
(Hodgson et al. 1995).

Fallow deer Red deer Roe deer
Seed mass Rumen Abmsm. Rumen Abmsm. Rumen Abmsm.

grasses
Deschampsia flexuosa 2 0.001
Festuca rubra 3 0.006
Phleum pratense 2 0.08
Poa annua 2 0.004 0.002
Poa trivialis 2 0.006
forbs
Arabidopsis thaliana 1 0.01 0.13
Galium uligonosum 2 0.017
Geum urbanum 5 0.002
Hieracium sp. ? 0.013
Lotus corniculatus 4 0.003
Stellaria media 2 0.021 0.001 0.021 0.027 0.24
Urtica dioica 1 0.002 0.013

Total 0.007 0.021 0.062 0.021 0.041 0.368



There was no significant difference in seed density or number of species between the
digestive stages. Though, the results suggest that seeds are concentrated rather than
killed while passing from rumen to rectum of deer (Figure 4.1). 
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Figure 4.1. Average germinable seed density (seed/ g dw) (A) and average number of species (B) in
three digestive stages (rumen, abomasum and rectum) of shot deer. Shown are: fallow deer (eight
samples for each digestive stage), red deer (nine samples for each digestive stage) and roe deer (four
samples for each digestive stage). Error bars represent standard error of the mean.



Discussion

Quantity and species composition
Red deer, fallow deer and roe deer clearly disperse plants through ingestion and
defecation of seeds. Ingestion of seeds takes place while deer consume fruits and
foliage. Most species dispersed are small-seeded, but also some larger-seeded species
are dispersed. The dispersal of seeds by deer is not restricted to a specific plant family
or habitat, but involves grasses, rushes, forbs and dwarf shrubs growing in forest,
heathland, semi-natural grassland and pastures.

The modal deer pellet group typically contains few germinable seeds of one or two
species. However, seed density in some pellet groups can be considerably higher.
Species richness and seed density in red deer and fallow deer faeces in the Veluwe are
comparable to that in red deer faeces from Scottish heather moorland (Welch 1985)
and white-0tailed deer in North American woodland (Myers et al. 2004), but low
compared to red deer and fallow deer faeces in Mediterranean dehesa (Malo & Suarez
1995). Seed density and species richness in faeces of the smaller and more selective
feeding roe deer was lower than of the other deer species, but similar to roe deer
faeces from a mixed deciduous forest in Germany (Heinken et al. 2002).

Seasonal variation (Malo & Suarez 1995, Myers et al. 2004) and site differences
(Myers et al. 2004) suggest that seed availability is an important driving variable
determining the dispersal of plants by deer. 

Bottlenecks in the dispersal of plants by deer
Our results suggest that there is no specific bottleneck in the passage of seeds
through the alimentary tract of deer. While passing from rumen to rectum, seeds
seem to be concentrated rather than killed. Such concentration of seeds takes place if
seed survival is higher than the digestion efficiency of the herbivore that ingested the
seeds. This is not unlikely because seeds are often covered in a seed coat that is less
digestible than plant foliage. The only species found in considerable numbers in a
previous digestive stage and not in faeces are Arabidopsis thaliana and Stellaria media.
These forbs have germinated from abomasum samples of roe deer but not from their
faeces. However, both species did germinate from roe deer faeces collected by
Heinken and colleagues (2002), showing their ability to survive the digestive tract of
roe deer. 

The aforementioned does not imply that all plant species can be dispersed through
ingestion and defecation by deer; it rather implies that the bottleneck is before seeds
have entered the rumen. To enter the rumen of deer, seeds should be part of the diet
and able to survive chewing. Selective herbivores may avoid seeds that are not
completely intermingled with attractive foliage or fleshy fruit pulp, or may spit out
seeds after ingestion. Smaller ruminants, have smaller teeth than larger ruminants
and make more jaw movements before swallowing (Shipley et al. 1994). Hence, seeds
are more likely to be damaged in the mouth of small ruminants than in the mouth of
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large ruminants. Consequently, seed survival after ingestion by cattle is higher than
seeds survival after ingestion by sheep, although digestion efficiency of these
ruminants is similar (Simao Neto et al. 1987). We hypothesize that lower seed density
and species diversity in roe deer faeces compared to red deer, fallow deer and white-
tailed deer is due to more selective feeding and higher seed damage by chewing.

Not only seed density, but also species composition in deer faeces is affected by
foraging behavior. Fiber content is usually lower and protein content is usually higher
in forbs compared to grasses in the same habitat. Roe deer are more selective feeders
than red deer and fallow deer and consume relatively more forbs (Holand 1994). This
is reflected in the species composition of the sampled deer faeces. 

Seed ingestion and defecation by deer provides a mechanism that can contribute to
the dispersal of many herbaceous plant species, especially small-seeded forbs and
grasses and fruit bearing shrubs. Corridors connecting deer habitat would promote
the ability of these plant species to tract rapid climate change, survive habitat frag-
mentation and reach habitat restoration sites. This would be a more feasible and
parsimonious measure than the creation of plant corridors, because deer corridors can
be narrower and require less specific abiotic conditions. Future research aimed to
identify the species that can be dispersed by deer should involve feeding trials rather
than experiments where seeds are placed into the rumen. Furthermore this research
should include feeding behavior. 
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CHAPTER 5

Abstract

The ability of plant species to tract rapid climate change, persist in highly fragmented
landscape and reach habitat restoration sites depends critically on long-distance seed
dispersal. Seed ingestion and defecation by large herbivores is a potentially important long-
distance seed dispersal mechanism. The ‘foliage is the fruit hypothesis’ suggests that many
herbaceous plants have seeds, adapted to survive mastication and digestion, and foliage
adapted to attract large herbivores. Here we show that seeds of 24 of 25 fed plant species
can survive ingestion and defecation by fallow deer. Seed survival is negatively related to
seed mass and variance of unit seed dimensions and positively related to seed longevity,
but not related to habitat fertility. The log10 transformed product of seed mass and
variance of seed dimensions is the best predictor of seed survival, explaining 46% of
variance in the data. Our results do not support the ‘foliage is the fruit hypothesis’,
because seed survival does not seem related to foliage edibility. The ecological correlates of
seed survival, presented in this paper, can help to estimate the ability of plants to disperse
long distances. 



Introduction

The ability of plant species to tract rapid climate change, persist in highly fragmented
landscape and reach habitat restoration sites depends critically on long-distance seed
dispersal (Clark 1998, Bakker & Berendse 1999, Cain et al. 2000). Some plant species
have light plumed seeds, burrs or fleshy fruits that enable long-distance dispersal by
respectively, wind, epizoochory and endozoochory. However, most species lack such
diaspores and depend on non-standard means of dispersal (Higgins 2003). For
example, the ant-dispersed woodland herb, Trillium grandiflorum is occasionally
dispersed beyond 3 km by white-tailed deer (Vellend et al. 2003). For many plants
large herbivores are likely candidates to serve as long-distance seed dispersal vectors,
owing to their large home range sizes and long seed retention inside their guts
(Pakeman 2001). The ‘foliage is the fruit hypothesis’ even suggest that for a large
number of small-seeded herbaceous species, a normal and adapted for mode of
dispersal is through ingestion of seeds while large herbivores consume their foliage
(Janzen 1984). Surveys showing that herbivore dung often contains high densities of
viable seeds (Welch 1985, Malo & Suarez 1995b, Pakeman et al. 2002), seem to
corroborate this hypothesis. However, the foliage is the fruit hypothesis has received
little experimental testing and there is little quantitative information available on the
mechanism of endozoochory.

A crucial phase in the dispersal of plant seeds by large herbivores is the survival of
the molar mills, digestive fluids and bacteria after ingestion. Seeds adapted for
endozoochory should be small, round and hard. In addition foliage edibility and
composition should attract large herbivores to ingest seeds, like fruits attract
frugivores (Janzen 1984).

Due to a lower carbon/nutrient ratio, plant species associated to fertile soils are
more palatable than species associated to less fertile soils (Bryant et al. 1983, Hobbie
1992, Iason & Hester 1993). Hence, if palatability and seed survival are co-evolved
traits there should also be a relationship between habitat fertility and seed survival. 

Surveys of the seed contents of herbivore dung indeed show that small, round
seeds (Pakeman et al. 2002) and species associated to fertile soils (Mouissie et al,
unpublished) are relatively frequently dispersed via dung. However, these surveys do
not provide a causal explanation for this. Does it result from higher seed survival,
higher seed ingestion or perhaps simply from higher seed production? Seed feeding
trials conducted so far do not provide an answer, because they have been directed at
specific species or species from a specific system; eg six tropical pasture species
(Simao Neto et al. 1987), grass and legume seeds (Gardener et al. 1993). 

In the present paper, we address this issue by feeding fallow deer known seed
quantities of 25 plant species and recovering of seedlings from their dung. We test
how seed survival relates to seed size, seed shape and habitat fertility. Such ecological
correlates of seed survival give insight in the evolution of endozoochory and can help
to estimate the ability of plant species for long-distance dispersal.
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Methods

Experimental design
The experiment was conducted at a deer enclosure (450 m2) ‘De Bosrand’ in Lieren,
the Netherlands. Five fallow deer (Dama dama) inhabited this enclosure, one adult
male, two adult females and two yearling males. The adult male refused to be hand
fed and could not be used in the experiment, but its dung served as a control for seed
ingestion. The deer grazed on short non-seeding grass covering the enclosure. In
addition they were fed daily with commercial deer fodder. The yearlings ate the same
as the adults.

We selected 25 plant species native to the European flora, obtaining a large range
in seed mass, seed shape, Ellenberg Nitrogen indicator values (Ellenberg 1974,
Ellenberg et al. 1992) and seed longevity index (Bekker et al. 1998). Seed shape was
quantified as the variance of unit seed dimensions, following Thompson et al (
1993a). Ellenberg Nitrogen indicator values (0-9) are designed to estimate the
relationship between vascular plant species and the availability of nutrients in the
soil. Plant species with low Ellenberg nitrogen indicator values are associated to
nutrient poor soils, whereas species with high values are associated to nutrient rich
soils. Although these estimates are derived from the distribution of species in Central
Europe, they are shown to be valid in a larger area including the Netherlands and the
British Isles (Thompson et al. 1993b, Schaffers & Sykora 2000). The seed longevity
index (0-1) indicates persistence of seeds in the soil, from transient through long
term persistent.

We obtained most seeds from commercial sources but we collected seven species
in the field. Each of the four individual deer ingested 1000 seeds of most plant
species. However, some species were fed in lower numbers, either because we could
not obtain enough seeds or because the seeds were too large to feed in such quantity
(Table 5.1). We encapsulated seeds of each plant species in four bread balls, one for
each animal. However, we divided the large seeds of Arctium lappa and Tragopogon
pratensis over two balls per animal, keeping the balls small enough to be accepted by
the animals.

Feeding was divided over three days: November 4, November 18, and December 2.
2002. The division of seeds to the individual animals and feeding days was a random
block design with animals and feeding days as blocks. However, we biased the design
such that on a single feeding day a plant species was not fed to both adults or both
yearlings. This enabled us to identify the animal to which a species was fed
(droppings of the adults were larger than droppings of the yearlings).

Prior to feeding, we removed all droppings from the enclosure. During four days
following the feeding of seeds, we collected all droppings of each individual animal
separately. After daylight hours the collection of dung could not be continued. Hence,
seeds excreted during the night were collected the next morning. 
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Droppings were stored four weeks at 5°C for stratification of the seeds, concentrated
using 2 mm and 212 µm mesh sieves stacked on top of each other and put into
containers with layers of potting soil, sterilized potting soil and sterilized white sand
according to a standard seed bank analysis technique (Ter Heerdt et al. 1996).
Droppings of each animal and collection period (morning, afternoon and night for
each of the sampling days) were put in separate containers. 

Three containers with droppings of the adult male deer served as a control for
contamination of seeds ingested at the enclosure (‘seed ingestion control’). Three
containers without droppings, but with the same soil layers, served as controls to test
for contamination of outside seeds in the greenhouse (‘outside seed control’). Three
samples of 100 seeds of each plant species, sown in similar containers, served as a
test of the fraction germinating seeds prior to ingestion (‘pre-ingestion control’). All
containers were placed in a glass house and supplied with artificial lighting and
automatic daily watering. We identified and removed seedlings from the containers
until no more seedlings emerged during a month (recording period was nine
months). 

Data analysis
Because seeds were stratified and allowed to germinate for a long enough period, we
could assume that all viable seeds were recovered. Hence, the difference between the
fraction of seeds germinating prior to ingestion and after is the fraction of seeds killed
by the fallow deer. Therefore, ‘seed survival’ was analyzed as the ratio between the
fraction of seeds germinating after ingestion and the fraction of seeds germinating in
the pre-ingestion control.

Seed survival data were log10 transformed and plotted against the independent
variables: log10 of seed mass (M, mg), variance of unit seed dimension (Vsd), longevity
index and Ellenberg Nitrogen indicator values (NE). A linear regression analysis and
Pearson correlation tested how seed survival was related to these independent
variables. Similarly, we tested if a series of multiple variable models could explain
more variance in seed survival. These models followed the general equation
log10 (MxVsd

yNE
z), where x,y,z ranged from -10 to 10, with intervals of 0.1.

We obtained M of each species by weighing six samples of 100 seeds, while we
obtained seed dimensions (length, width and thickness) from the Biolflor database
(Klotz et al. 2003). Statistical test were carried out using SPSS software (SPSS Inc.
2001).
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Results

Passage rate and recovery of seeds
In total, we recovered 2696 seedlings of 24 species from the droppings. Arctium lappa
seeds did not survive the molar mills and the digestive tract of fallow deer. Of the
other species the recovered fraction of seeds ranged from 0.001 for Sanguisorba minor
to 0.20 for Plantago major. Data on the number of seeds recovered are not shown
explicitly, but can be calculated from the number of seeds ingested (Table 5.1), pre-
ingestion germinating fraction and seed survival (Figure 5.2).

The deer had excreted about half of the germinating seeds within 24 hours since
ingestion and almost all seeds (98%) after 66 hours. They excreted some seeds
already within 5 hours and the last seeds after 90 hours. However, the last collected
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Table 5.1. Plant species fed to the fallow deer and the ecological correlates tested; variance of seed
dimensions, seed mass, Ellenberg Nitrogen indicator value (1 - 9) and seed longevity index (0-1). 

Plant species Seeds fed Variance of Seed mass Ellenberg Seed
per animal seed dimensions (mg) Nitrogen longevity

indicator index
value

Achillea millefolium 1000 0.120 0.154 5 0.11
Arctium lappa 300 0.110 9.508 9 0.75
Calluna vulgaris 1000 0.072 0.021 1 0.88
Centaurea jacea 1000 0.082 2.120 0.13
Centaurea scabiosa 200 0.107 5.273 4 0.17
Cerastium fontanum 300 0.016 0.139 5 0.65
Erica tetralix 1000 0.039 0.015 2 0.41
Festuca rubra 1000 0.147 0.851 6 0.14
Geum urbanum 650 0.166 2.425 0.14
Hieracium umbellatum 500 0.141 0.376 2 0.56
Holcus lanatus 1000 0.103 0.340 4 0.56
Juncus effusus 1000 0.057 0.019 4 0.95
Leucanthemum vulgare 1000 0.113 0.443 3 0.44
Oenothera erythrosepala 1000 0.019 0.602 4 0.88
Plantago lanceolata 500 0.095 1.142 0.35
Plantago major 1000 0.090 0.270 6 0.79
Poa trivialis 1000 0.113 0.253 9 0.75
Ranunculus acris 1000 0.092 1.966 0.24
Rumex obtusifolius 500 0.039 1.005 9 0.67
Sanguisorba minor 500 0.078 4.108 2 0.33
Silene latifolia 1000 0.023 0.800 7 1
Succisa pratensis 200 0.122 1.551 2 0.24
Tragopogon pratensis 300 0.193 7.600 5 0.6
Trifolium repens 1000 0.024 0.662 6 0.4
Vaccinium vitis-idaea 500 0.096 0.260 1 0.03



droppings (90 hours since ingestion) attributed very little to the total seed recovery
(<0.1% of all seeds recovered), showing that the sampling period was long enough.
There was significant variation in passage rate between plant species (univariate GLM
P<0.01). Cerastium fontanum passed the digestive tract fastest while Plantago major
passed slowest (Figure 5.1).

Some seedlings (mostly Poa annua) were recorded in the ‘seed ingestion control’.
However, none of these seedlings were species used in the experimental feeding. In
the controls for contamination of outside seeds no species used in the experiment
emerged. 

Germinating fraction in the pre-ingestion control was, for most species, higher
than 0.3 and ranged between to 0.05 for Calluna vulgaris and 0.87 for Achillea mille-
folium (Figure 5.2). 

Seed survival
Because seeds were stratified and allowed to germinate for a long enough period, we
could assume that all viable seeds were recovered. Hence, the difference between the
fraction of seeds germinating prior to ingestion and after is the fraction of seeds killed
by the fallow deer. Therefore, seed survival was analyzed as the ratio between the
fraction of seeds germinating after ingestion and the fraction of seeds germinating in
the pre-ingestion control. Juncus effuses had the highest seed survival (0.41), followed
by Erica tetralix (0.27), Plantago major (0.24), Calluna vulgaris (0.15) and Oenothera
erythrosepala (0.14). The frugivorous species Vaccinium vitis-idea was 9th in rank of best
surviving seeds. Half of the species fed to the fallow deer had a low seed survival
(<0.05) (Figure 5.2). 
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seeds recovered) in time (hours) for the slowest passing species (Plantago major), the fastest passing
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Seed mass (R2=0.42) was the best predictor of seed survival in fallow deer, followed
by the variance of seed dimensions (R2=0.30) and the seed longevity index
(R2=0.20). Seed mass (P<0.01) and variance of seed dimensions (P<0.01 ) were
negatively related to seed survival, while the longevity index was positively (P<0.01 )
related (Figure 4.3). Seed mass, variance in seed dimensions and longevity index are
also interrelated (Table 2.2). The multiple variable model, that explained most
variance in seed survival, was the log10 (seed mass x variance of seed dimensions)
(Figure 4.3), but this model explained only 9.5% (R2=0.46) more variance in the data
than seed mass alone. None of the tested models combining seed mass and the
longevity index correlated better to seed survival than seed mass alone. Seed survival
was not related to Ellenberg Nitrogen indicator values (Table 5.2). 
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Tragopogon pratensis (0.54)
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Festuca rubra (0.34)
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Arctium lappa (0.07)
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Figure 5.2. Seed survival (fraction of seeds germinating after ingestion/ fraction of seeds germinating
prior to ingestion) of 25 species fed to fallow deer. Bars represent averages of feeding trials to four
individual deer and three pre-ingestion germination tests. Error bars represent standard error of the
mean. Fraction of seeds germinating prior to ingestion is represented between brackets.
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Figure 5.3. Ecological correlates of seed survival in the digestive tract of fallow deer. Relationship
between log10 (seed survival) and log10 (seed mass, mg) (A), variance of seed dimensions (B), seed
longevity index (C) and log10 (variance of seed dimensions x seed mass). Each data point represents
the average seed survival of a plant species in four animals. Lines represent linear regression models.
** represents P<0.01.

Table 5.2. Pearson correlations between log10 seed survival, log10 seed mass (M, mg), variance of
seed dimensions (Vsd), seed longevity index, Ellenberg Nitrogen indicator value and log10 M Vsd. 

LOG10 LOG10 M Vsd Seed Ellenberg
seed survival Longevity nitrogen

index indicator
value

log10 seed survival  -0.66** -0.56** 0.40* 0.05
log10 M -0.66** 0.49** -0.44* 0.38
Vsd -0.56** 0.49** -0.42* 0.06
Seed longevity index 0.40* -0.44* -0.42* 0.36
Ellenberg nitrogen indicator value 0.05 0.38 0.06 0.36
LOG10 (M Vsd) -0.68** 0.96** 0.67** 0.45* 0.25

** P<0.01 level (2-tailed).
* P<0.05 level (2-tailed).



Discussion

Although cited in almost any paper on endozoochory published since Janzen’s
publication (1984), the ‘foliage is the fruit hypothesis’ has received little experimental
testing (but see Collins & Uno (1985) for a critique). On the one hand this is probably
due to its appealing character, putting a large number of species, without apparent
adaptation for seed dispersal, into an evolutionary perspective. On the other hand, its
formulation is not very specific (“.. all plants [] are not expected to have all these
traits”) which makes the hypothesis difficult to test. Many aspects of the ‘foliage is
the fruit hypothesis’ can not be refuted. It has been repeatedly shown that seeds of
many small-seeded plants are dispersed via dung of large herbivores (Welch 1985,
Malo & Suarez 1995b, Pakeman et al. 2002). Furthermore, there is little arguing in
Janzens statement that seeds intermingled with attractive foliage are eaten more than
seeds not intermingled with foliage, or seeds intermingled by unpalatable or toxic
foliage. The controversial part of the hypothesis is in its suggestion that foliage
palatability has co-evolved with the ability of seeds to survive the digestive tract of
large mammalian herbivores. 

Of all 25 species tested, Juncus effuses, known for its unpalatable foliage, survives
best in fallow deer. Second best survive seeds of Erica tetralix, a woody dwarf shrub
and third are Plantago major seeds which are not intermingled with foliage. Species
associated to nutrient rich soils are more palatable than species associated to poor
soils (Bryant et al. 1983, Hobbie 1992, Iason & Hester 1993). In addition these
species can quickly establish on the open nutrient-rich habitat that dung pats create
(Malo & Suarez 1995a, Dai 2000). However, our results show that there is no relation-
ship between seed survival and nutrient availability in the habitat of plant species.

Perhaps there are species in which the dispersal of seeds through ingestion by
herbivores has enforced the development of ‘fruit-like foliage’ at the moment of seed
maturation. The ‘Stinkolieboom’ (Datura stramonium), which loses its toxicity when its
seeds are mature, might be such a species. Buffalograss (Buchloe dactyloides) also seems
to fit the foliage is the fruit description reasonably well (Quinn et al. 1994). However,
the foliage of most grasses and weeds found in dung of large mammalian herbivores,
actually lose palatability as seeds mature (Van Soest 1982). Grazing lawns attract
grazers because of their immature state, with high energetic contents (McNaughton
1984). Flowering stalks of most grasses are above the foliage and preferentially
avoided by herbivores (WallisDeVries & Schippers 1994). Collins & Uno (1985)
concluded that the time was not ripe to consider grasslands or their vegetative
components as green fruits. Nineteen year later, we conclude that it still is not. 

Nevertheless, Janzen (1984) provides good hypotheses for ecological correlates of
seed dispersal through ingestion and defecation by large herbivores. According to
Janzen (1984) seeds adapted to endozoochory are small, round and hard. Our results
show that seed survival in the digestive tract of fallow deer is indeed negatively
related to seed mass and variance of seed dimensions. Previously, it was shown that
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the percentage of hard seeds is a good prediction for the survival of legume seeds in
the digestive tract of cattle (Gardener et al. 1993). 

Seeds that survive the molar mills and digestive tract of herbivores need not be
evolutionary molded by endozoochory. Seeds may be adapted to persist in the soil or
there may have been selection for high seed numbers (and consequently small seed
size). Quite serendipitously such seeds are also well suited to survive seed ingestion. 

At least some seeds of almost all species tested survived ingestion by fallow deer..
Surveys of seed density in dung usually contain a large proportion of the plant species
present in the study site (Welch 1985, Malo & Suarez 1995b). Seed size and shape
can not perfectly predict whether a species is present in the dung or not (Pakeman et
al. 2002). These observations suggest that a strict classification of species dispersed
or not dispersed via the digestive tract of herbivores, is not feasible. Instead, we
should consider the ability of plants to disperse via large herbivores as a continuous
variable. Movement of fallow deer during the one to three days that seeds retain in
their digestive tract can certainly aid long-distance seed dispersal, if seeds survive. 

Seed mass is a fair predictor of seed survival, easy to measure, and available in
many botanical databases. The linear regression function relating seed mass to seed
survival and other ecological correlates of seed survival, presented in this paper, can
help to estimate the ability of plant species for long-distance dispersal. 
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CHAPTER 6

Abstract

Patterns of tall stands (‘tussock’) and short stands (‘lawn’) are observed in grazed
vegetation throughout the world. Such structural vegetation diversity influences plant and
animal diversity. A possible mechanism for the creation and preservation of such patterns
is a positive feedback between grazing and plant palatability. The consequences of this
feedback mechanism on the stability and dimensions of vegetation patterns are not clear
and are difficult to study empirically. 
We addressed this issue by analyzing a spatially structured plant-grazer model, based on
published empirical relations and the assumption of optimal foraging. Model simulations
generated patterns of short and tall stands that were highly constant over time if: 1)
productivity was high enough and the grazing area large enough, so that grazers did not
shorten the whole vegetation; 2) maximal standing crop was higher than optimal standing
crop so that grazers selected previously grazed sites. Even in seasonal habitat, patterns
were relatively stable, despite fluctuations in the area of short stands. Heterogeneity of
pre-existing vegetation increased heterogeneity of the grazing-induced pattern, but did not
affect its stability. 
Unlike non spatial plant-herbivore models, our model did not show catastrophic shifts
from high to low productivity. Instead the tall stands are a constant  maximum plant
height and short stands are a variable plant height depending on the time since defoliation.
Marginal changes in productivity and stocking rate lead to marginal changes in the area in
of short stands. Thanks to the observed stability, we were able to derive scaling relations
of the area of short stands with herbivore size (~M0.4) and productivity (~k-0.7).
Limitations and implications for the management of heterogeneity in grazed vegetation are
discussed. 



Introduction 

Structural diversity of vegetation implies habitat diversity influencing both plant (Olff
and Ritchie 1998) and animal diversity (Grant et al. 1982; Bock et al. 1984; Dennis et
al. 1998). Hence for the conservation of biodiversity it is important to gain insight in
processes maintaining patterns of vegetation structure (Olff et al. 1999). Although
grazing can homogenize fine scaled patterns of plant species, at scales larger than bite
size, it often increases structural vegetation heterogeneity (Adler et al. 2001). Patterns
of tall stands (‘tussock’) and short stands (‘lawn’) are observed in grazed vegetation
throughout the world, including African savanna, grazed by wild ungulates
(McNaughton 1984); cattle grazed prairie in North America (Ring et al 1985); sheep
and cattle-grazed temperate grasslands in Europe (Bakker et al. 1984; Berg et al. 1997)
and sheep-grazed steppe in Tierra del Fuego (Posse et al. 2000). 

A possible mechanism for the preservation of short stands is in the diet selection
of grazers. Many grazing herbivores prefer short stands irrespective of the availability
of tall stands (McNaughton 1984; WallisDeVries and Schippers 1994; Wilmshurst et
al. 1995) thus keeping short stands in an immature state with high crude protein
content, little structural carbon and high energy content (Van Soest 1982). Theoretical
analysis has shown that higher energy content in short stands can outweigh lower
biomass intake rate, resulting in higher daily energy gain, than from taller stands
(Hobbs 1988; Wilmshurst et al. 2000). However, the consequences of this positive
feedback between grazing and forage palatability for the aerial extent and spatial
stability of vegetation patterns is not clear and is difficult to study empirically (Adler
et al. 2001). 

In this paper, we address this issue by analyzing a vegetation-grazer model in a
spatially structured environment of feeding station sized cells. Model grazers optimize
daily energy gain while being constrained by cropping, digestion and traveling.
Vegetation grows according to a modified logistic equation and features a decline in
energy content with increasing plant height. All model equations are based on
published empirical data. Model simulations provide insight in the consequences of
herbivore size, productivity, pre-existing heterogeneity, and seasonality for the
stability and aerial extent of grazing-induced vegetation patterns. We discuss the
implications for biodiversity in general and the dispersal and establishment of plant
species in particular. 
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Methods

A vegetation-grazer model in a spatially structured environment
The model we present simulates vegetation dynamics and the intake of biomass by a
single ruminant grazer, in a spatially structured environment. The model administrates
energy intake and expenditure of the ruminant based on published empirical data.
Optimal foraging is assumed; i.e. the model ruminant aims to maximize its daily
energy gain. 

The model is an adaptation of the analytical model of Wilmshurst et al. (2000)
that assumes both cropping and digestion constrain metabolizable energy intake in
ruminants. The cropping constraint function increases with standing crop due to
increasing biomass intake rate. The digestion constraint function decreases with
standing crop due to the effect of the maturational decline in forage quality on
passage rates in ruminants. Combining both constraints yields an optimal standing
crop for most parameter values. 

The model of Wilmshurst et al. (2000) is neither spatially explicit nor does it
incorporate vegetation dynamics. We made the model spatially explicit by running it
on a grid of 200x200 square cells and by incorporating traveling costs (It, MJ) and
time (tt, s). Each cell corresponds to the size of a feeding station (afs, m2), being the
area an animal can sample without horizontal locomotion (Roguet et al. 1998).

The spatial scale chosen directly affected the time scale of foraging decisions. In the
model of Wilmshurst et al (2000) the optimal patch choice is calculated for a whole
day of grazing. However, the time needed to select a feeding station-sized cell, move to
it and deplete it, is much shorter. Hence, during a day available stomach space and
available grazing time decrease, but not necessarily at a fixed ratio. Therefore we,
explicitly modeled fraction available gut space (fSS) and grazing time spend during the
day (td). When fSS equals unity and td equals zero, our model predicts the same
optimal standing crop (Vopt, kg/m2) as the model of Wilmshurst et al (2000). This is
also the case if fSS equals 0.5 and td equals half tmax. However, if fSS equals 0.5 at the
beginning of a grazing day (td=0) our model predicts a lower Vopt and if the stomach is
empty (fSS=0) when td equals 0.5 tmax, our model predicts a higher Vopt. (Figure 6. 1).

Vegetation dynamics were added by allowing standing crop (Vt, kg/m2) in each
cell to increase until a maximum (k, kg/m2) and to be depleted when visited by a
ruminant. Equations relating to digestion and cropping constraints largely follow the
model of Wilmshurst et al. (2000), whereas the equations relating to traveling and
vegetation dynamics are from other sources 

Feeding station selection
The ruminant selects the cell that maximizes to its daily energy intake. This is the cell
with the highest value of the net expected energy intake function (E(M,V), MJ), the
minimum of a cropping constraint function (E1(M,Vt), MJ) and a digestion constraint
function (E2(M,V), MJ) (equation 1). 
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E1 is calculated as the potential amount of metabolizable energy that can be gained
from a cell considering only time constraints on intake rate. The time taken to deplete
the cell (tc(Vt), s)is a function of standing crop (Vt, kg/m2) and depends on two
herbivore parameters: maximum instantaneous intake rate (Rmax, kg/s) and a half
maximum saturation constant (b, kg/m2) (equation 7). Time spent in a cell increments
total time spent grazing (td, s) until total daily grazing time (tmax, s) is reached. Cells
are always depleted when selected by the herbivore. 

E2 is calculated as the potential amount of metabolizable energy that can be
gained from a cell when only digestion (gut fill and passage) constraints are
considered. The amount consumed is a function of the size of the feeding station (afs)
and its biomass (Vt) and increments gut fill (decreases fSS) until daily voluntary
intake (DVI(V,M), kg) is achieved. DVI is a linear regression function based on
feeding trials (Meissner and Paulsmeier 1995) (equation 4). If more cells fulfill the
selection criterion of a highest E, one cell is chosen at random. 

Metabolizable energy contents of the vegetation (Q(M,V), MJ/kg) follows a
maturational decline. Q is a function of the fraction neutral detergent fiber (fNDF(Vt))
and herbivore size (M, kg) (Rittenhouse et al. 1971; Wilmshurst et al. 2000) Q is
based on standard combustible energy content of grass (17.1 MJ/kg:(Golley 1961)
and accounts for energetic losses in digestion (Van Soest 1982) (equation 6). As fNDF
increases with Vt (Wilmshurst et al. 1999) (equation 5), Q is negatively related to Vt. 

Energy cost of locomotion in 62 mammal and bird species was investigated by
(Taylor et al. 1982), who reported an allometric equation in terms of body mass and

78

chapter 6

0.0
0

200

300

400

100

E
 (

M
J)

0.2 0.4 0.6 0.8

V (kg/m2)

Figure 6.1. Relationship between expected energy intake (E, MJ) and standing crop (V kg/m2). Thin
lines represent E1 and bold lines represent E2. Continuous lines represent functions for ruminants
with empty gut (fss=1) and a full grazing day left (td=0). The bold dashed line represent a the
expected energy intake for ruminants with a half full gut (fss=0.5 ), whereas the thin dashed line
represents expected energy intake for a ruminant that has Maximal grazing time is 46800 s, travelling
time and costs are assumed zero. The intersections of E1 and E2 predict an optimal standing crop. 



velocity of horizontal locomotion (v, m/s). Since energy expenditure linearly increases
with velocity (Taylor et al. 1982; Parker et al. 1984) velocity can be substituted for
distance (L, m) (equation 8).

Traveling time between cells is simply L/v . When grazing, v averages 0.41 m/s for
sheep (Roguet et al. 1998) and 0.88m/s for cattle (WallisDeVries et al. 1999). To
calculate tT for different herbivores, we assumed quarter power scaling with body
mass (Calder 1984) (equation 9). 

Length of a feeding station, being the distance an animal can reach without
moving its legs, scales to body mass as M1/3 (Calder 1984). Using step size for sheep
(Roguet et al. 1998) and cattle (WallisDeVries et al. 1999), we were able to
parameterize an allometric relation for feeding station size: afs=0.0121 M2/3. 
The ruminant state variables td and fSS are updated each model iteration and reset at

the end of the day when either fSS equals unity or td equals tmax. In all simulations
tmax is 46800 seconds (13 hours).

If traveling time (tt, s) and costs (It, MJ) are set to zero and a grid with uniform
distribution of Vt values is offered, the model ruminant selects cells that are exactly
the Vopt predicted by the model of Wilmshurst et al (2000). 

E = min[E1, E2]  (1)

E1 = [Q(M,Vt)Vt - IT]   
tmax - td (2)

tc(V) + tT

E2 = [Q(M,Vt)Vt - IT] 
DVI(M,Vt) fss (3)

Vafs

DVI(M,Vt) = 2.5 - 2.5 fNDF(Vt) + 0.0061M0.9 (4)

fNDF(Vt) = 0.4825 + 0.42Vt (5)

Q(M,Vt) = 12.38 - 8 fNDF(Vt) + 0.00195M (6)

tc(Vt) = Vafs   
b + V

(7)
RmaxV

IT = 10.7.10-6LM0.68 (8)

tT = 6.25LM0.68 (9)
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Vegetation dynamics
A feeding station, when selected by the ruminant is subsequently depleted (equation
10). At the beginning of a new day (td=0) vegetation growth is calculated according
to a modified logistic growth function after (Fryxell 1991) (equation 11).

if  td = 0 Vt+1 = Vt - graze (10)

if  td = 0 Vt+1 = Vt + r(Vt + s)(1-
Vt + s) - graze (11)
k + s

where Vt is standing crop at model step t, k is maximal standing crop (kg/m2), s
(kg/m2) is the ungrazable residual which is set to 0.1 k and graze is biomass removed
by grazing, being Vt if a cell is occupied by the ruminant and zero if not.

In summary, each model iteration consists of selecting a cell, subsequent depletion of
that cell, update of ruminant state variables (td and fSS), update of output files, and at
the end of a day, the growth of vegetation. The time step per model iteration (∆t)
varied depending on traveling time and cropping time: ∆t=tc+tT. The model ruminant
starts in the centre of the grid. Model-scripts are written in the spatio-dynamic script
programming language of PCRaster (PCRaster manual Version 2. 1998).

Model simulations
Simulations were performed with parameter values for sheep and cattle (Table 6.1),
starting in initially homogenous short vegetation (Vt=0.05 k), initially homogenous
tall vegetation (Vt=k) and initially heterogeneous vegetation (Vt in each cell was
randomly drawn from a uniform distribution ranging from 0 - k). 

To study scaling of the area of short stands with productivity, simulations for
cattle and sheep were run with k values ranging from 0.1 kg/m2- 2 kg/m2. To study
the effect of ruminant size simulations were run with six ruminant species (Table
6.1), both in low productive habitat (k=0.3 kg/m2, Vt=0.05 k) and high productive
habitat (k=0.9 kg/m2, Vt=0.05 k). Multiple ruminants of the same species were
simulated by simply multiplying the grazing time and stomach size by the number of
ruminants. 

Seasons were simulated, using a function for k periodically depending on time,
assuming k in winter to be half the summer value: k=kmax (0.75-0.25 cos (2π
day/365), where day is time in days. Simulations in seasonal habitat were run for
sheep and cattle starting in homogenous tall vegetation (Vt=k).

Pattern analysis
The diversity index H (0 ≤ H ≤ ln 2) was used to study the heterogeneity of the
grazing-induced vegetation patterns. For a pattern of two classes H = -(Ph ln(Ph)+
Plln(Pl)), where Ph is the proportion of cells with high Vt and Pl is the proportion of
cells with low Vt, in a matrix of 3x3 cells including the focal cell in the centre. In our
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analyses we used the averaged H over the whole grid (40,000 cells). Without further
reference, when we mention H, this refers to this averaged H. If each cell is
surrounded by an equal amount of tall and short cells, H=ln 2. If the entire grid is
either short or tall, H=0. If tall cells are clustered with other tall cells and short cells
are clustered with short cells, H is lower than when the same amount of tall and short
cells are finely mixed. We refer to low values of H as a clustered pattern and to high
values of H as a dispersed pattern. 

To evaluate pattern stability, we calculated the similarity (0 ≤ similarity ≤ 1)
between the spatial pattern of short stands at a certain moment (LPT) and the pattern
at a reference moment (LPref) (equation 12). A similarity of unity indicates that the
patterns are identical and zero similarity indicates that the patterns do not share any
similarity in the location of short stands.

similarity =   
2A(LPt LPref) (12)

A(LPt) + A(LPref)

In non-seasonal habitat we analyzed the rate at which the pattern can stabilize. LPref
changed over time such that it lagged the present pattern by one day (LPref = LPt-1day). 

In seasonal habitat, we analyzed how similar a pattern remained in the years
following its creation. LPref was fixed as the pattern after 1.5 years (548 days) of
simulation (LPref= LP1.5 yrs). LPref was chosen such that a fully developed pattern
could develop, which was not influenced by initial conditions. 
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Table 6.1. Parameter values of ruminants used in simulations, M, Rmax, b . Using these parameter
values, optimal standing crop Vopt was calculated following the model of Wilmshurst et al (2000). 

M (kg) Rmax b Vopt
(10-3 kg/s) (kg/m2) (kg/m2)

Thompson gazelle 20 0.11 0.017 0.0043 (Wilmshurst et al. 1999)
Sheep 42 0.12 0.031 0.015 Black and Kenney (1984)
Mule deer 42 0.04 0.002 0.049 Wickstrom et al (1984)
Reindeer 70 0.11 0.032 0.040 Trudell and White (1981)
Wapiti 170 0.52 0.16 0.055 (Wilmshurst et al. 1995)
Cattle 750 2.16 0.69 0.21 (Laca et al. 1992)



Results

Simulations in non- seasonal habitat
Model ruminants selected most feeding stations close to the optimal standing crop,
predicted by the non-spatial model of Wilmshurst (2000). However, when these were
not available, or not close enough to outweigh traveling costs, shorter and taller
stands were selected. As expected, sheep (M=42 kg) selected feeding stations with
lower Vt, on average, than cattle (M=750 kg). Feeding stations, harboring less than
0.05 kg/m2 plant biomass, were exclusively grazed by sheep, whereas feeding stations
with higher Vt were almost exclusively grazed by cattle. The only feeding stations
where Vt>0.05, selected by sheep, harbored maximal standing crop (Figure 6.2). 

Despite the observed variation in feeding station selection, the spatial similarity in
short stands increased with time. After 150 days the spatial structure of short stands
reached fixation in sheep-grazed vegetation, when only one in thousand patches were
not short in both the actual vegetation and the vegetation of the previous day
(similarity=0.999). In cattle-grazed vegetation this level of similarity was already
achieved after 75 days of simulation (Figure 6.3).

Abundance of the pre-existing vegetation influenced grazing-induced patterns,
temporarily but not in the long run. Simulations, started with different initial values
of Vt, all resulted in the same area of short stands and same diversity of the
maintained pattern (data not shown). Heterogeneity of the pre-existing vegetation did
not affect the area of short stands either, but did affect the diversity of the created
pattern. The diversity of the grazing-induced pattern remained higher when cattle
started grazing in heterogeneous vegetation than when they started grazing in
homogeneous vegetation (Figure 6.4). Higher diversity with equal ratio of short and
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Figure 6.2. Standing crop (V, kg/m2) of feeding stations selected by sheep (open circles) and cattle
(filled circles) in time (days). The optimal standing crop (Vopt) for sheep and cattle are indicated. The
initial vegetation was homogenous short (V=0.015 kg/m2).
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Figure 6.4. Development in time (days) of the area of short stands (A) and diversity of the spatial
pattern of short and tall stands (B). Thin lines represent simulations started in homogenous tall
cattle-grazed vegetation (Vt=k=0.3 kg/m2), whereas bold lines represent simulations started in
heterogeneous cattle-grazed vegetation (Vt is uniformly distributed from 0 through k). 



tall stands indicates a more dispersed pattern. The observation, that area of short
stands became fixed after a certain period of simulation and was independent of the
initial vegetation, allows for the possibility to plot the area of short stands against
different model parameters. 

The more productive the vegetation (higher k) the shorter it took to reach optimal
standing crop after defoliation. Simulations in sheep and cattle-grazed vegetation,
ranging in productivity from k=0.1 kg/m2 through k=2.0 kg/m2, showed that area of
short stands is a negative decelerating function of k. As 0.1 kg/m2 is less than the
optimal standing crop for cattle (0.21 kg/m2), the simulation in cattle-grazed
vegetation did not lead to a stable vegetation pattern and was excluded from the
analysis. Area of short stands was larger in cattle-grazed vegetation than in sheep-
grazed vegetation, but scaled similarly to k (~k–0.7). (Figure 6.5). 
Higher daily voluntary intake in larger herbivores cause a larger daily grazed area, but
more importantly a higher biomass intake per unit area (Figure 6.3). Hence, area of
short stands was a positive decelerating function of herbivore size (~M0.4), scaling
independently of k (Figure 6.5).

Simulations in seasonal habitat
In seasonal habitat, k was due to periodic change with a maximum of 0.3 kg/m2 in
mid summer and a minimum of 0.15 kg/m2 in mid winter. Ruminants grazing in
seasonal habitat maintained a smaller area of short stands in summer than in winter
(Figures. 6.6, 6.7). Optimal Vt of sheep (0.015 kg/m2) was lower than k throughout
the year but optimal Vt of cattle (0.205 kg/m2) was not. Consequently, for sheep,

84

chapter 6

B

1.0

2.0

3.5

4.0

2.5

3.0

lo
g 1

0 
ar

ea
 o

f s
ho

rt
 s

ta
nd

s(
m

2 )

1.5 2.0 2.5 3.0

y = 0.38x + 2.45
R2= 0.76

log10 body mass (kg)

A

-1.0 -0.5 0.0 0.5

y = -0.80x + 3.21
R2= 0.96

log10 maximal standing crop (kg/m2)

y = 0.42x + 2.00
R2= 0.86

y = -0.70x + 2.78
R2= 0.97
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Figure 6.6. Snapshots of simulated vegetation patterns in cattle-grazed vegetation (A-C) and sheep-
grazed vegetation (D-F) in a spatially structured environment of 200x200 feeding-station-sized cells
(5848 m2 for sheep and 40000 m2 for cattle). Black represents tall stands (Vt=k) and white represents
short stands (Vt<k). Figure A,D, pattern of the first winter, B,E, first summer and C,F, second winter. 



feeding stations visited in summer were also attractive in winter, but for cattle non-
visited feeding stations with the highest Vt, became most attractive. 

Similarity in the location of short stands remained higher in sheep-grazed
vegetation than in cattle-grazed vegetation. In sheep-grazed vegetation the similarity
compared with the reference pattern (after 1.5 years of simulation) decreased to 0.65
in the first year and remained above 0.5 in the following nine years. Like area of short
stands, the similarity also followed a seasonal pattern in sheep-grazed vegetation. In
cattle-grazed vegetation, similarity quickly decreased to a random level (Figure 6.8). 

In summer, part of the area of short stands of the previous winter was left to grow
tall, resulting in continuously changing diversity of the pattern (Figure 6.9). In sheep-
grazed vegetation the patches that grow tall are located in the inside of the area of
short stands rather than at the outside, resulting in a more dispersed pattern in
summer than in winter. In the next winter, most of the vegetation that had grown tall
was shortened again, but not all (Figure 6.6). Consequently, the diversity of sheep-
grazed vegetation increased gradually with time. In cattle grazed vegetation the
diversity of the pattern is higher from the beginning and changes more erratic (Figure
6.9). In more productive vegetation, in which k is not below optimal Vt, cattle can
maintain patterns that are similarly stable as in sheep-grazed vegetation (data not
shown). 
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Discussion

Grazing-induced vegetation patterns
Our results show that a positive feedback between grazing and plant palatability can
lead to creation and preservation of spatial patterns of short stands and tall stands. A
prerequisite is that the grazing area and productivity are sufficiently large, so that
grazing does not result in a homogenous short vegetation. Furthermore, maximal
standing crop needs be higher than the optimal standing crop of the ruminant. In
contrast, models that assume herbivores prefer the highest standing crop patch
available, predict homogenization of standing crop across patches (Sutherland 1996);
(Ungar and Noy-Meir 1988) and can not explain heterogeneity. 

Tall stands are not grazed and grow until they reach maximal standing crop. Short
stands continuously change, from an ungrazable residual height, shortly after
defoliation, increasing to optimal standing crop, when they are usually visited again.
Ruminants need, neither spatial memory, nor long term planning, to maintain part of
the vegetation in optimal standing crop, but can achieve this by instantaneous
foraging decisions. An important assumption here is that grazing decisions depend on
time spent and gut fill. This allows the ruminant to compensate for the encounter of
shorter than optimal stands, by the selection of taller than optimal stands in
subsequent foraging bouts and vice versa. Simulations with earlier versions of the
model in which the state variables, time spent and stomach fill were not included,
resulted in stands maintained shorter than optimal (Mouissie, unpublished). A
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spatially explicit model of goose grazing, which does not include these state variables,
also suggests that patches are exploited at lower than optimal standing crop (Bos
2002). 

The immediate effect of grazing on heterogeneity depends on the spatial pattern of
grazing and pre-existing spatial pattern of vegetation (Adler et al. 2001). Our results
show that the spatial pattern of grazing interacts with the pre-existing vegetation
pattern. Pre-existing heterogeneity in the vegetation enhances heterogeneity of the
grazing pattern, which again enhances the heterogeneity of the maintained pattern of
short and tall stands. Height of the short stands, area of short stands, and stability of
the grazing-induced pattern are neither affected by initial heterogeneity nor by initial
abundance. This enabled us to find a fixed relation between area of short stands and
the variables: ruminant size, number of ruminants and productivity of the vegetation.

Like Schwinning and Parson (1999), we deviate from the view of dual stability and
catastrophic shifts from high to low productivity in grazing systems (Noy-Meir,
1975). Instead, the tall stands are a constant maximal plant height and height of the
short stands continuously change, depending on the time since defoliation. Marginal
changes in productivity and stocking rate lead to marginal changes in the area of short
stands, following a negative decelerating function (short vegetation area ~ k-0.7). In
the non spatial model of Van der Koppel et al (1996) short and tall stands are only
possible over a limited productivity range. An increase in productivity beyond the
limit disrupts the dual stability simply because herbivores can no longer consume a
sufficient portion of the entire vegetation. Our model does not predict an upper
productivity limit, because grazing can be concentrated in a smaller area. Patterns of
short and tall stands are observed in grazing systems over a wide range in stocking
rate and productivity, (Bakker et al. 1984; McNaughton 1984; Berg et al. 1997; Posse
et al. 2000); supporting the predictions of our model.

The observed scaling of the area of short stands with ruminant size (~M0.4)
suggests that small ruminants have a relatively large impact on vegetation, as
compared with larger ruminants. Daily voluntary intake is slightly less than
proportionate to ruminant size (~M0.9) (Meissner and Paulsmeier 1995). More
important, optimal standing crop increases with ruminant size (~M0.86) (Wilmshurst
et al. 2000) and consequently biomass intake per unit land surface. Longer intervals
between grazing of the same feeding station only partly counteract the relative small
area of short stands, maintained by large ruminants. 

Chartings of vegetation patterns can be strikingly similar for several years, despite
seasonal fluctuation in the size of the area of short stands (Bakker et al. 1984; Van
den Bos and Bakker 1990; Berg et al. 1997). Although these authors hypothesized that
this is the result of an underlying soil pattern, our results show that spatial pattern
stability is also possible in an homogenous environment. In simulated seasonal
habitat, structural vegetation patterns can remain highly similar for several years.
Prerequisite is that maximal standing crop in winter remains higher than the optimal
standing crop of the ruminant. Otherwise ruminants select ungrazed patches in
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winter, leading to shifting patterns. As optimal standing crop increases with ruminant
size (Wilmshurst et al. 2000), in low productive vegetation small ruminants, such as
sheep, maintain relatively stable patterns through seasons, while large ruminants,
such as cattle, may not. 

limitations and implications
All equations of the model concerning energy intake and expenditure are based on
published empirical studies and our assumption of optimal foraging in terms of daily
energy gain is in concordance with foraging theory (Stephens and Krebs 1986).
However, our assumption on feeding station depletion after each herbivore visit can
be debated. It is quite realistic for cattle that forage by pulling an entire sod with their
tongue. It is less realistic for smaller ruminants, such as sheep, that may bite off only
a portion of the standing crop. The spatial implicit study of (Schwinning and Parsons
1999) showed that fraction of defoliation should be more that 50% to maintain a
pattern of short and tall stands. Therefore our conclusions do not apply to smaller
herbivores, such as rodents or insects. Herbivores of the size of impala and smaller do
not to create lawn-tussock patterns in African savanna (pers. Comm. H. Olff, 2003).
Our assumption could be relaxed by the inclusion of a limited bite depth. We chose
not to, because different quality and growth rate in plants of the same height but
different defoliation fraction complicates vegetation dynamics (Schwinning and
Parsons 1999). 

Stability of structural vegetation patterns influences ecosystem functions and
biodiversity. If stands are maintained short, in the long term soil properties are
altered and a shift towards grazing resistant plant species is promoted (McNaughton
1984; Posse et al. 2000). Hence, grazing can indirectly create a soil pattern and a
pattern of plant communities. Our formal proof, that grazers can create and maintain
relatively stable patterns of short and tall vegetation, demonstrates that the impact of
grazers on ecosystems is larger than their direct effect on the biomass of plants. 

We simulated single herbivores, but our approach can also be used to study
interacting effects of herbivores such as facilitation and competition. Our study
provides a formal aid for the management of heterogeneity in grazing systems.
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Box 6.1 Distribution of distances for seeds ingested
by fallow deer

Introduction

The ability of deer to disperse seeds over long distances through ingestion and
defecation has been suggested by several authors (Pakeman 2001, Myers et al.
2004) but rarely quantified. Recently Vellend et al. (2003) estimated the
distribution of distances for Trillium grandiflorum seeds dispersed by white-tailed
deer. Their estimation corroborates the view that deer are likely vectors of long-
distance seed dispersal with 25% of seeds moving beyond 1 km. 

However, Vellend et al.(2003) did not base retention time of seeds in the
alimentary tract on actual measurement of ingested seeds but on passage of
chemically labelled food items. There is high variability in food and seed passage
and also of seeds, leaving room for speculations on the accuracy of their predict-
ions. Currently, we have seed retention data available for seeds experimentally
fed to fallow deer (Chapter 5), providing an opportunity to improve the
estimation of seed dispersal distances. 

Vellend et al (2003) used data from actual observations of deer movements.
This is seemingly the most reliable method, but animal movement is very
variable depending on landscape structure and behaviour. Hence, it is difficult to
assess how representative particular telemetry data are for the displacement of a
species in general. In addition, telemetry data of large herbivores taken at time
intervals relevant for the retention period of seeds in the alimentary tract are
scarce. Such data are not available for fallow deer and obtaining them remains
costly and time-consuming. 

A modelling approach is a possible alternative to the use of telemetry 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. 

We combined simulated fallow deer movement data with retention data
inside the alimentary tract (Chapter 5) to generate the distribution of distances
for seeds ingested and defecated by fallow deer. Movement data are obtained
from correlated random walks (Chapter 2) and an optimal foraging model
(Chapter 6). Besides estimating the distance distribution of seed dispersal, the
objective of this study was to compare these modelling approaches. 

A.M. Mouissie and E.F. Apol
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Methods

Retention data
Retention of seeds in the alimentary tract of female fallow deer (Chapter 5) was

fitted to a cumulative gamma distribution: , where t is time

in hours and α and θ are parameters. The best fit (R2=0.99) was obtained for
average passage of 25 species α=2.9 and θ=0.1, θ=0.16, α=6.28 for Plantago
major; θ=0.3, α=4.6 for Cerastium fontanum (Figure 6.1. 1). 

Correlated random walks
Movement of female fallow deer was simulated using the correlated random walk
(CRW) approach described in Chapter 2 (v=25 m/min, L=5m, SDA=32
degrees). Hours of movement per day were set at a conservative estimate of 13
hours per day: an estimation of the maximal grazing period for ruminants
(Wilmshurst et al. 2000). The total period of movement may be longer due to
non-foraging behaviour. We assumed all seeds were ingested at the start of the

f(t) = ∑         tα−1e−θ
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Figure 6.1.1. Distribution of retention times in the alimentary tract of  fallow deer. The
proportion of survived seeds is plotted against time. Squares represent averaged data for 25
plant species, circles represent data for the fastest passing species Cerastium fontanum, and
triangles represent data for the slowest passing species Plantago major (Chapter 5). Lines
represent best-fitted cumulative gamma distributions: θ=0.1, α=2.9 for average species;
θ=0.16, α=6.28 for Plantago major; and θ=0.3, α=4.6 for Cerastium fontanum.
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simulation. After each movement the distance from the source and proportion of
seeds excreted was calculated. Seeds excreted at a different moment, but at the
same distance from the source, rounded to 100 m intervals, were cumulated. We
ran 200 simulations for the dispersal of both the fastest passing species
(Cerastium fontanum) and the slowest passing species (Plantago major) in the
feeding experiment. As the simulations ran long enough for almost all seeds
(99.9%) to be excreted, it approached the distance distribution for infinite time. 

Optimal foraging simulation
Seed dispersal simulations were based on a spatially explicit optimal foraging
model (Chapter 6). Modelled female fallow deer selected feeding station-sized
cells depending on energy contents, time related to cropping, digestion rate,
travelling time and travelling costs. Cropping parameter values for fallow deer
were obtained from allometric relations of intake rate in related species (Table
6.1.1). 

We assumed all seed were ingested at the start of the simulation. Model
fallow deer foraged in a map of 1000 x 1000 cells with vegetation biomass
ranging from zero to carrying capacity randomly drawn from a uniform
distribution. After each move the proportion of seeds defecated was calculated
based on the time spend and the fitted gamma distribution for retention times
inside the alimentary tract (Figure 6.1.1). Proportion of seeds defecated in the
same cell were added. The distribution of distances then followed from
summation of the proportion of seeds in cells within 10 m intervals from the
departure of the animal (in the centre of the map). Again, we simulated the
dispersal of the fastest passing species (Cerastium fontanum) and the slowest
passing species (Plantago major) long enough for almost all seeds (> 99.9%) to be
excreted. However, we ran only ten simulations for each species due to the long
simulation time required. Still this seemed a representative sample size since
increasing the number of simulations from five to ten had little effect on the
shape of the distribution.

Table 6.1.1. Parameter values used in the optimal foraging simulations

Parameter Description value Value Source

M (kg) Mass of female fallow deer 45 (McElligott et al. 2001)
Rmax (g /s) Maximum cropping rate 0.15 (Shipley et al. 1994)
b (kg/m2) Vegetation density with half 0.003 (Shipley et al. 1994)

maximal cropping rate
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Results and discussion

The results of the CRW simulations show that endozoochory by fallow deer can
render long-distance dispersal. Virtually all seeds that survive ingestion by fallow
deer are expected to move at least several hundreds of metres, with 3.3% of
Cerastium fontanum seeds and 1.0 % of Plantago major seeds moving < 100m. Of C.
fontanum seeds 23% are expected to be dispersed beyond 1 km and <0.1 %
beyond 3 km, while of P. major seeds 71 % are expected to be dispersed beyond 1
km and 9% beyond 3 km. The modal dispersal distance is 501 m for C. fontanum
and 850 m for P. major. Other species are expected to have intermediate dispersal
distances, with a modal dispersal distance for average passing species of 770 m.
The distribution of dispersal distances is approximately log-normal (R2=0.96),
though the best-fit log-normal distribution slightly overestimated dispersal
beyond 3 km and underestimated dispersal distances less than 200 m. Compared
to the distribution of distances of seeds dispersed by white-tailed deer (Vellend
et al. 2003) the CRW simulations for fallow deer predict a more distant mode,
but similar tail of the distribution (Figure 6.1.2). Seeds are dispersed farther in
the alimentary tract of fallow deer than on the skin (Chapter 2). 
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Figure 6.1.2. Frequency distribution of distances for seeds excreted by fallow deer moving in
correlated random walks. Bars represent means of 200 simulations with slow passing seeds
(Plantago major) and fast passing seeds (Cerastium fontanum). Best-fit log-normal distribution of
distances is represented by a dotted line for seeds dispersed by white-tailed deer (Vellend et al.
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Cerastium fontanum (Proportion of seeds=0.11 exp{-0.5 [ln(Distance/501)/1.03]2 }) and a bold
solid line for Plantago major (Proportion of seeds=0.069 exp{-0.5 [ln(Distance/850)/0.96]2 }).
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Seed dispersal distances in the optimal foraging simulations are shorter than in
the CRW simulations: with a modal dispersal distance of 70 m for Cerastium
fontanum and 140 for Plantago major. The tail of the distributions is about ten
times shorter than in the CRW simulations with almost no seeds moving beyond
300 m (Figure 6.1.3). The optimal foraging simulations are strongly influenced
by the spatial distribution of resources. Fallow deer foraging in homogenous
environment, without variation in vegetation biomass, disperse seeds over
shorter distances, whereas fallow deer foraging on more scattered resources
disperse seeds farther (data not shown). 

Differences between the CRW and optimal foraging simulations are mostly
due to differential effective movement periods. In the optimal foraging model a
large proportion of the foraging time is spent on cropping rather than moving.
While the velocity of horizontal locomotion is principally the same in both
models, effectively fallow deer move faster in CRW simulations. In addition not
all foraging time is used in the optimal foraging, further reducing the time spent
moving. Another issue is that moves are more directed in the CRW simulations.
In the optimal foraging model fallow deer do not move back to where they came
from, because these cells have been depleted, but for the rest there is no
preferential movement direction. Attractive cells are equally likely to be in front
or perpendicular to the previous move and this is where the optimal forager is
designed to go. 
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grazing-induced vegetation patterns

Conclusion

For seeds ingested by fallow deer that are able to survive chewing and digestion,
long-distance dispersal is rule rather than exception. Estimated modal dispersal
distances of seeds dispersed by deer is farther than the 99 percentile of seeds
dispersed by most other vectors (Nathan & Muller-Landau 2000). 

Correlated random walk simulations seem to overestimate dispersal distance
distributions while optimal foraging models seem to underestimate dispersal
distances. Models, combining aspects of optimal foraging and CRW, could
improve the estimation of seed dispersal distances by large herbivores.
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Introduction

In the current fragmented landscape, seed dispersal is often a constraint for the
restoration and conservation of plant communities (Bakker & Berendse 1999). The
omnipresent vector for seed dispersal is wind, but for most plant species seed
dispersal by wind is limited to a few metres, or tens of metres from the parent plant
(Strykstra et al. 1998, Bullock & Clarke 2000, Jongejans & Telenius 2001). 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.
2003). In contrast, large herbivores can disperse large quantities of seeds of many
plant species (Welch 1985, Malo & Suarez 1995b) over distances of several kilometres
and more (Pakeman 2001, Vellend et al. 2003). Therefore seed dispersal by large
herbivores has become the focus of this thesis, while 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
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, large herbivores also influence plant
establishment after dispersal. Using a combination of survey-based techniques,
experiments, modelling and literature study, I have been able to identify the influence
of many factors on this system of plant-herbivore interactions (Figure 7.1). 

Plant species dispersed by large herbivores

Endozoochory
In total 61 species germinated from dung samples of free-ranging domestic herbivores
and 15 species from dung samples of wild herbivores. The highest numbers of species
emerged in dung of Scottish highland cattle (Bos Taurus: 51 species), followed by dung
of Exmoor ponies (Equus caballus: 35 species), dung of Drenthe heathland sheep (Ovis
aries: 31 species) (Chapter 3), dung of fallow deer (Dama dama: 10 species), red deer
(Cervus elaphus: 9 species) and roe deer (Capreolus capreolus: 2 species) (Chapter 4).
The higher number of species found in dung of domestic herbivores as compared to
dung of wild herbivores should, at least partly, be ascribed to a larger sampling
volume. Also others have found high species diversity in herbivore dung (Welch
1985, Malo & Suarez 1995b, Pakeman et al. 2002, Myers et al. 2004). Species found in
dung are not restricted to a specific phylogenetic group or morphology. Species
recorded in the dung samples of aforementioned herbivores are from 17 families
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including Juncaceae, Poaceae, Leguminosae, Caryophyllaceae and Ericaceae. Although,
classically only species with fleshy fruits are considered endozoochorous (Ridley
1930), only one such species emerged in the sampled dung: Vaccinium vitis-ideae. 

As predicted by Janzen (1984) there are many small-seeded species in herbivore
dung, but also larger-seeded species (Chapter 3,4, Pakeman et al. 2002). At least
some seeds of 24 of 25 fed species survived chewing and digestion in a feeding
experiment with fallow deer (Chapter 5). These results suggest that most species
that are part of the diet of large herbivores are also dispersed. The potential for
endozoochory should hence be viewed as a continuous rather than as a discrete
variable. 

Epizoochory
The observed number of species recovered from fur of sheep and cattle (Chapter 2) is
much lower than the number of species recovered from dung samples. Only four
species attached to the fur of our real sheep and 13 species attached to the cattle and
sheep dummies. However, others have found a large number of species in the fleece
of sheep (Fischer et al. 1996), donkeys, Galloway cattle and ponies (Couvreur &
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Hermy 2002). The low number of species that we observed must be ascribed to the
short period of possible attachment: three hours for the sheep and one minute for the
dummies. Even in the small sample of species observed in our experiments, there
were seeds without hooks or other typical appendages classically associated to
epizoochory. Plumes ‘designed for’ wind dispersal may also enhance the probability of
adhesive dispersal, but also many species without bristles or awns are dispersed. Seed
attachment to sheep fur seems little selective in relation to the abundance of seeds in
the vegetation. However, in short cattle fur intermediate sized smooth seeds such as
Medicago lupulina and large-sized smooth seeds such as Iris pseudocorus are not
dispersed (Chapter 2). 

Quantity of seed dispersal by large herbivores

Endozoochory
Surveys of herbivore dung show the quantity of seed dispersal by three domestic
herbivore species, Scottish highland cattle (approximately 2.5 million seeds per year),
Drenthe heathland sheep (approximately 40 thousand seeds per year) and Exmoor
ponies (approximately 0.5 million seeds per year) (Chapter 3) and three wild
herbivore species, red deer, roe deer and fallow deer (Chapter 4). Seed density in
dung is very variable, depending on herbivore species, season and plant species
composition at the study site. These factors often co-vary in different surveys because
not all herbivores happen to live in the same site and dung is not always collected at
the same time. Therefore, experiments are needed to provide causal explanation for
the observed differences (Figure 7.1).

Large ruminants disperse more seeds than smaller ruminants, due to higher dung
production and higher seed density in dung. More seedlings emerged from equal
quantities of cattle dung than from pony or sheep dung (Chapter 3). Germinable
seed density is higher in dung of the larger deer species red deer and fallow deer than
in dung of the smaller-sized roe deer (Chapter 4). However, when comparing
herbivores with different digestive systems aforementioned pattern does not always
emerge. Seed density in dung of rabbit (a small-sized caecum fermenter) is not
consistently lower and in some sites even higher than in sheep (over an order of
magnitude larger ruminant) dung (Pakeman et al. 2002). Higher dung production in
larger herbivores is an obvious effect of higher food intake, but higher seed density in
dung of larger ruminants needs further discussion. 

Large ruminants require lower quality forage and select for higher intake rate with
more mature and fibrous plants than smaller ruminants (Hofmann 1985, Wilmshurst
et al. 2000) and are thus more likely to ingest unattractive fruiting stems. Although
digestion efficiency slightly increases with ruminant size (Wilmshurst et al. 2000),
chewing intensity is almost inversely proportionate (~M-0.85) and size of the molar
teeth is approximately proportionate to ruminant size (Shipley et al. 1994).
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Consequently, seeds are more likely to be damaged when chewed by a small ruminant
than when chewed by large ruminant. In a feeding trial, more seeds survived
ingestion by cattle than ingestion by sheep or goats (Simao Neto et al. 1987). While
passing from rumen to rectum of deer, seeds seem to be concentrated rather than
killed, corroborating the view that the most critical phase for seed survival is in the
mouth of herbivores (Chapter 4).

The pattern of increasing seed density in herbivore dung with decreasing seed size,
increasing roundness of seeds and increasing seed longevity (Chapter 3) is at least
partly explained by seed survival (Figure 7.1). Small, round and long living seeds are
most likely to survive ingestion by fallow deer with seed size being the best predictor
of survival, followed by seed shape and seed longevity (Chapter 5). The number of
species we fed (25) was high in comparison to previous studies, but also in an
experiment with three legume species fed to sheep (Russi et al. 1992) and in an
experiment with six pasture species fed to sheep and goats, seed survival was
negatively proportionate to seed size (Simao Neto et al. 1987). In contrast seed size
does not appear to be related to seed survival after ingestion by cattle (Simao Neto et
al. 1987). Due to the large size of the molar mills and low intensive chewing also
larger seeds may pass the mouth of cattle undamaged. 

In general seed density in dung samples seems to follow a seasonal pattern
analogous to the seasonal pattern in seed production (Chapter 3, Malo & Suarez
1995b). Thus seed density is highest in summer and lowest in spring. Especially,
grass seeds are very abundant in cattle, sheep and horse dung collected in August.
However, some plant species are not dispersed shortly after seed set but at a later
stage when they become part of the herbivore diet. The dwarf shrubs Erica tetralix and
Calluna vulgaris are almost exclusively dispersed in winter (Chapter 3) when
palatability and availability of most grasses has declined and the diet of large
herbivores shifts towards other species (WallisDeVries & Schippers 1994). 

Plant species associated to fertile soils disperse a higher proportion of seeds
through herbivores than species associated to less fertile soils (Chapter 3). We
hypothesised that this pattern could be explained by seed ingestion and seed survival
(Figure 7.1). First because plant species from fertile soils are more palatable than
species from less fertile soils according to the carbon/nutrient balance hypothesis
(Bryant et al. 1983, Hobbie 1992, Iason & Hester 1993). Second because species with
attractive –fruit like- foliage should have seeds adapted to survive the alimentary tract
of herbivores (Janzen 1984). However, when feeding seeds to fallow deer, species
associated to fertile soils (high Ellenberg nitrogen indicator value) do not survive
better than those from less fertile soils. Furthermore, seeds with high survival rates
are not particularly intermingled with foliage. The aforementioned pattern should
thus be explained by seed ingestion rather than survival.
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Epizoochory
The quantity of seeds recorded in fur was lower than the quantity of seeds recorded in
dung samples (Chapter 2). This is mostly due to the short period of possible seed
attachment. Extrapolating the number of seeds attached during three hours grazing
based on eight hours daily grazing yields 43 thousand seeds dispersed per sheep per
year. This estimation could be close to reality. Fischer and colleagues (1996) recorded
almost 9.000 seeds in the fleece of one sheep in 16 searches from July through
September. For cattle and other smooth-furred herbivores the number of externally
dispersed seeds is much lower. Seed attachment to the cattle dummy was about a
fifth of the attachment to the sheep dummy (Chapter 2) and brushing Galloways,
donkeys and pony’s yielded only a mean number of 2.8 germinable seeds per animal
(Couvreur & Hermy 2002). Hence, for sheep internal and external seed dispersal are
about equally sized, whereas for cattle internal seed dispersal comprises many more
seeds than external dispersal. For other smooth-skinned herbivores the picture looks
similar (Heinken et al. 2002). 

Bristly and hooked seeds are overrepresented on fur of sheep grazing in calcareous
grasslands, while short species (<20cm) are underrepresented (Fischer et al. 1996).
Short species must rely on attachment to the head when sheep graze or to the belly
when sheep rest. Seed attachment to the head and belly comprise respectively 22%
and 2% of total seed attachment (Chapter 2). Hence, short species have about four
times smaller probability of attachment to sheep than species releasing seeds above
leg height (30-40 cm). Due to high variation in seed density in the vegetation and in
seed attachment and a general low number of species found in fur of the dummies,
little testing of the influence of plant traits on attachment probability was possible.
However, in relation to its abundance in the vegetation, significantly more Nardus
stricta seeds attached than any other species, suggesting that a long awn enhances
attachment probability. Although epizoochory is usually associated to seeds, also
whole seeding branches attach to fur (Chapter 2). 

Distance 

In seed dispersal by large herbivores long distances are rule rather than exception.
Estimated modal seed dispersal distances are; 100 m for epizoochory by fallow deer
and cattle, 200 m for epizoochory by sheep (Chapter 2), 100-850 m for endozoochory
by fallow deer (Box 6.1) and 220 m for endozoochory by white-tailed deer (Vellend et
al. 2003). Differences between animals should be ascribed to different speeds of
movement, different digestion rates and fur structure. Seeds stay longer in the fleece
of sheep than in fur of cattle or fallow deer, but the latter two animal species move
faster (Chapter 2). Differences in distances of seeds dispersed by the same animal are
due to differences in seed retention. Mean seed retention in the alimentary tract of
fallow deer differed a factor three between the fastest (Cerastium fontanum) and the

104

chapter 7



slowest passing species (Plantago major). On sheep, smooth and hooked seeds are
retained over significantly different time periods, whereas on cattle and fallow deer,
smooth seeds are not retained at all. Retention of bristly and hooked seeds did not
appear to differ between any of the investigated herbivore species. 

Modal distances of seeds dispersed by large herbivores are further than distances
reported for any other dispersal vectors, with the possible exception of dispersal along
rivers. For example in wind dispersal typical modal dispersal distances are within
metres from the parent plant (Nathan & Muller-Landau 2000), in epizoochory by
rodents within 5 m, in dispersal by scatterhoarding rodents within 40 m (Hoshizaki et
al. 1999) and in ant dispersal within 1 m (Andersen 1988). In contrast, the tail of the
distribution of distances of seeds dispersed by large herbivores is relatively short
compared to the mode. While fits for distributions of wind dispersed seeds require
mixed models to provide a sufficiently ‘fat tail’(Bullock & Clarke 2000), lognormal
distributions overestimate the amount of seeds moving the furthest distance via large
herbivores (Box 6.1, Vellend et al. 2003). 

An illustrative example in the comparison of seed dispersal distances for different
dispersal vectors is Calluna vulgaris, the dominant dwarf shrub in dry heathlands. This
species is usually considered to be dispersed by wind (Ridley 1930), but our data
show that it is also dispersed via fur of sheep (Chapter 2) and via ingestion and
defecation by cattle (Chapter 3). The distribution of distances for wind dispersed
seeds is based on measured data (Bullock & Clarke 2000), whereas the distribution of
epizoochorous and endozoochorous seeds are based on correlated random walk
simulations. As previous CRW simulation appeared to overestimate dispersal
distances (Box 6.1), for these simulations more conservative estimates of parameter
values are used. Speed of movement during grazing activity is corrected for the time
spend to ingest and masticate forage (Chapter 6). Furthermore retention of C.
vulgaris seeds in the gut of cattle is assumed similar to the retention in the gut of
fallow deer (Chapter 5), although a retention in the gut of cattle may be longer
(Simao Neto et al. 1987).

Dispersal of C. vulgaris seeds by wind takes place at a completely different scale
than seed dispersal by large herbivores. More than half of the wind-dispersed seeds
remain within 1 m from the parent plant, while seeds, dispersed by large herbivores,
rarely remain within 100 m from the parent. The 99 percentile of seeds, moving the
furthest distance by wind, is less than modal dispersal distances for endozoochory by
cattle or epizoochory by sheep. The distribution of seeds via fur of sheep is flatter
than the dispersal of seeds via ingestion and defecation by cattle. The proportion of
seeds dispersed less than 100 m is higher in the fur of sheep, but the proportion of
seeds dispersed beyond 2 km is similar in both dispersal vectors (Figure 7.2). 
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Direction of dispersal and establishment

‘It matters who defecates what where’ (Janzen 1986). There are three hypotheses how
plant can benefit from seed dispersal, ‘the escape hypothesis’, ‘the colonization
hypothesis’ and ‘the directed dispersal hypothesis’(Howe & Smallwood 1982).
Another possible benefit of herbivore-dispersed seeds is enhanced germination after
gut passage. The evidence for enhanced germination is not consistent and depends on
the plant and animal species involved (Traveset & Willson 1997). Breaking of
dormancy through scarification of seeds by chewing or digestion may result in too
early germination at an unfavourable moment for establishment (Janzen 1983). This
aspect is arguably not an advantage of dispersal per se (Wenny 2001) and will not be
discussed further. 

Escape
The primary advantage of seed dispersal is the escape from density or distance
dependent seed or seedling mortality near conspecifics (Janzen 1970, Conell 1971,
Clark & Clark 1984), but does not seem to play a role in seed dispersal by large
herbivores. After ingestion seeds are even concentrated in a dung pat, aggravating
rather than mitigating density dependent mortality. While attaching and detaching
from fur seeds are scattered more, but seeds are dispersed so far that this can hardly
be considered a way to dilute seed density. 
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Colonization
The colonization hypothesis applies to plant species dependent on unpredictable
habitat, such as tree-fall gaps (Brokaw 1985) or –in modern times- habitat restoration
sites. Whilst seeds are dispersed away from the parent, seeds are more likely to reach
such habitats. In addition, seed dispersal away from a parent plant can mean a safety
exit from temporal habitat or enable a plant population to keep tract of climate
change (Clark 1998). Basically, the colonization hypothesis implies ‘dispersal for
distance’ and has in fact already been discussed in the previous paragraph.

Directed dispersal: establishment on faeces
Directed dispersal is the third potential advantage of dispersal. Disproportionate
deposition of seeds in microhabitats especially favourable for survival involves an
important increase in fitness (Howe & Smallwood 1982, Wenny 2001). Dispersal of
seeds through ingestion and defecation by large herbivores directs seeds towards
faeces. Dung creates places free from vegetation with high nutrient availability (Dai
2000): a potentially favourable location for germination and establishment of plants.
Indeed many seedlings and flowering plants are observed on dung pats of Highland
cattle and pony, especially species from nutrient-rich habitat (Chapter 3). However,
the function of faeces as safe sites is not self-evident. No seedlings are observed on
sheep droppings and species from the most nutrient poor habitats (Ellenberg nitrogen
indicator value 1 and 2) are even entirely lacking on the dung pats of any herbivore
(Chapter 3). Water-retention capacity is a factor in differential germination rates on
dung (Traveset et al. 2001). Seed in dung with low water-retention capacity -such as
sheep and deer droppings-, may need to wait until the droppings have fallen apart and
seedlings can root in the underlying soil.

Toxic compounds can also affect seed and/or seedling survival (Welch 1985, Malo
& Suarez 1995a). Higher number of seedlings emerging from dung samples in the
greenhouse compared to dung pats in the field may be partly explained by washing of
the dung samples and consequent removal of potential toxic compounds (Chapter 3).
Toxic compounds may also be a factor in the increasing number of seedlings on cattle
dung pats in four years following deposition (Dai 2000). Some seedlings die after
several weeks of normal growing, which might well be due to toxic compounds
(Chapter 3, Traveset et al. 2001). Faeces are known to contain phenolic compounds
and fatty acids which affect enzyme activity and inhibit germination (Marambe et al.
1993, Marambe & Ando 1993).

In conclusion dung pats with sufficient water-retention capacity provide a safe site
for a number of species particularly those from nutrient-rich habitats that are able to
grow fast and root in underlying soil. For these species seed dispersal by large
herbivores can be considered directed dispersal. For other plant species and for plants
deposited in faeces with little water retention capacity or high concentration of toxic
compounds, internal seed dispersal is not directed towards particularly suitable
microhabitats. 
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Directed dispersal: mediating plant habitat
Large herbivores are mediators of the micro-climate in plant habitat (Bakker & Olff
2004). Grazing and trampling removes biomass and creates gaps of open soil, thereby
enhancing opportunities for the establishment of light-demanding and pioneer
species. 

Low light availability inhibits plant growth in general and growth of light
demanding species of the oligotrophic grassland and heathland plant communities in
particular. Shifts in the ratio red light/ far red light inhibit germination under tall
canopy. Since grazing and treading removes tall canopy and creates open gaps, large
herbivores improve the habitat conditions for light-demanding species (Kotowski et
al. 2001).

Patterns of tall stands and short stands are observed in grazed vegetation
throughout the world, including African savanna, grazed by wild ungulates
(McNaughton 1984), cattle grazed prairie in North America (Ring et al 1985), sheep
and cattle-grazed temperate grasslands in Europe (Bakker et al. 1984, Berg et al. 1997)
and sheep-grazed steppe in Tierra del Fuego (Posse et al. 2000). Simulations of a
vegetation-grazer model in a spatially structured environment of feeding station-sized
cells show that ruminants can create and subsequently maintain such structural
vegetation patterns (Chapter 6). The driving factor for long-term stable patterns is a
positive feedback between grazing and plant palatability. Many grazing herbivores
prefer short stands irrespective of the availability of tall stands (McNaughton 1984,
WallisDeVries & Schippers 1994, Wilmshurst et al. 1995) thus keeping short stands
in an immature state with high crude protein content, little structural carbon and
high energy content (Van Soest 1982). 

Simulated vegetation patterns change with herbivore size, stocking rate,
productivity and season. However, in many cases patterns are maintained long
enough to change soil properties and promote shift towards grazing resistant and
light demanding plant species (McNaughton 1984, Posse et al. 2000). Since large
herbivores continuously visit short stands large herbivores can subsequently disperse
these plan species throughout the area of short canopy.

Implications for 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’). 

Many plant species from grasslands and heathlands appear to be part of the diet of
large herbivores and most of these species have at least some probability of surviving
chewing and digestion. Especially to the curly fur of sheep, but also to the fur of other
large herbivore species many plant species are able to attach. Retention both in fur
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and in the alimentary tract is long enough to enable the herbivores to move seeds
towards ecological restoration sites hundreds or even thousandths of metres away.
However, especially smaller and more selective herbivores may not use the whole
grazing area or avoid the habitat restoration sites. Especially directly after top soil
removal when a bare substrate is left, there may not be much of an incentive for
herbivores to visit the site. In our study site, the ‘Dellebuursterheide’, Highland cattle
and Exmoor ponies use the whole habitat range from nutrient poor grassland,
heathland, nutrient rich grassland and habitat restoration site, while sheep are almost
entirely restricted to nutrient-poor grassland and heathland (Chapter 3). Since 13
Highland cattle and 18 Exmoor ponies use the site more or less homogenously
(Chapter 2) seed input into the ecological restoration site is proportionate to its size:
12.5 % of the total grazing area. Consequently, an approximate total of 5.2 million
seeds are deposited in the ecological restoration site per year, 4.1 million seeds in
cattle dung and 1.1 million seeds in pony dung. Endozoochory comprises only about
0.2 % of the total seed production of the site (Chapter 3), while the remaining 99.8
% of seeds are mostly dispersed by wind and gravity. An estimation of seed input via
epizoochory would be tentative, but is certainly lower than the number of seeds
deposited in dung. Yet, large herbivores may disperse more seeds from a target
communities towards a distant habitat restoration site. The longest distance recorded
for Calluna vulgaris seeds dispersed by wind is 80 m (Bullock & Clarke 2000), whereas
94 % of seed dispersed via fur of sheep and 99 % of seeds ingested and defecated by
cattle is dispersed beyond 100 m (Figure 7.2). 

The observed pattern of increasing probability of internal seed dispersal by large
herbivores with increasing habitat fertility is contrary to conservation aims. It implies
that more seeds are dispersed from nutrient-rich parts towards nutrient-poor parts of
a grazing system than vice versa. In the open nutrient-rich habitat that dung pats
create, seeds from nutrient-poor habitat do not germinate, while seeds from nutrient-
rich habitat germinate well and grow rapidly. The aforementioned pattern results in a
decline in heathland area when heathland is surrounded by former agricultural
pastures (Chapter 3). Also in Scottish heathermoorland, dung input reduces the area
dominated by heath (Welch 1985). 

Recommendations
When used with care, large domestic herbivores can increase the availability of target
seeds in ecological restoration sites (Chapters 2,3). To enhance colonization of
habitat restoration sites, the restoration site should be grazed in combination with
target plant communities, but not with nutrient-rich soils. Remaining heathlands and
species-rich grasslands should not be included in the same grazing scheme with
adjacent pastures until nutrient loads in such pastures are decreased to appropriate
levels for the establishment of species from target communities. Plant communities,
with high conservation interest, are best preserved with separate grazing or cutting
management.
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Deer can connect habitat restoration sites with more distant plant communities than
livestock (Chapters 4,5). If deer are presently unable to reach a habitat restoration
site, deer corridors may provide a solution. Creation of deer corridors is a more
parsimonious measurement than the creation of plant corridors, requiring less space
and less specific abiotic site conditions. 
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Since 1900, huge areas of European heathlands 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) desiccation, 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 of these
plant communities has become an important issue, especially in densely populated
countries with high-intensive farming. 

Recent research has revealed that besides abiotic constraints also biotic
constraints can hamper successful restoration of plant communities. After decades of
agricultural practice, the soil seed bank of target communities has almost completely
disappeared. Hence, in most cases, the success of ecological restoration depends on
the transport of seeds from outside sources. In the current fragmented landscape,
these sources are often hundreds or event thousands of metres away. Few plant
species are able to reach such distances by wind. Large herbivores are expected to
disperse many plant species over long distances, potentially enhancing the colonisation
of ecological restoration sites (Chapter 1).

Indeed many plant species from grasslands and heathlands appear to be part of the
diet of large herbivores and most of these species have at least some probability of
surviving chewing and digestion. In total 61 species emerged in dung samples of free-
ranging domestic herbivores and 15 species in dung samples of wild herbivores. The
highest number of species was found in cattle dung (51 species), followed by horse
dung (35 species), sheep droppings (31 species) (Chapter 3), fallow deer droppings
(10 species), red deer droppings (9 species) and roe deer droppings (2 species)
(Chapter 4). In a seed feeding experiment with 25 plant species fed to fallow deer, 24
plant species survived chewing and digestion (Chapter 5). Seed survival is negatively
related to seed mass (R2 = 0.43), positively related to the roundness of seeds (R2 =
0.32) and positively related to seed longevity (R2 = 0.28). Contrary to the ‘foliage-is-
the- fruit hypothesis’ seed survival appears to be unrelated to palatability. 

The observed number of species recovered from fur of sheep and cattle (Chapter
2) is much lower than the number of species recovered from dung samples. Only four
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species attached to the fur of our real sheep and 13 species attached to cattle and
sheep dummies. The low number of species that we observed must be due to the
short period of possible attachment: three hours for the sheep and one minute for the
dummies. Others have found a large number of species in the fleece of sheep and
donkeys, cattle and ponies. Also seeds without hooks or other typical appendages
classically associated to epizoochory were found in herbivore fur. Plumes ‘designed
for’ wind dispersal may also enhance the probability of adhesive dispersal, but also
many species without bristles or awns were dispersed. Seed attachment to sheep fur
seems little selective in relation to the abundance of seeds in the vegetation. However,
in short cattle fur intermediate-sized smooth seeds such as Medicago lupulina and
large-sized smooth seeds such as Iris pseudocorus are not dispersed (Chapter 2).
Seed retention both in fur and in the alimentary tract is long enough to enable the
large herbivores to move seeds towards ecological restoration sites hundreds or even
thousands of metres away (Chapter 2, Box 6.1). However, especially smaller and
more selective herbivores may not use the whole grazing area or avoid the habitat
restoration sites (Chapter 3). In our study site, the ‘Dellebuursterheide’, Scottish
highland cattle and Exmoor ponies used the whole habitat range from nutrient-poor
grassland, heathland, nutrient-rich grassland and habitat restoration site, while sheep
were almost entirely restricted to nutrient-poor grassland and heathland (Chapter 3).
As 13 Highland cattle and 18 Exmoor ponies used the site more or less homogenous-
ly (Chapter 2), seed input into the ecological restoration site was proportionate to its
size: 12.5 % of the total grazing area. Consequently, an approximate total of 5.2
million seeds are deposited in the ecological restoration site per year, 4.1 million
seeds in cattle dung and 1.1 million seeds in pony dung. Endozoochory comprises
only about 0.2 % of the total seed production of the site (Chapter 3), while the
remaining 99.8 % of seeds are mostly dispersed by wind and gravity. An estimation of
seed input via epizoochory would be tentative, but is certainly lower than the number
of seeds deposited in dung. The longest distance recorded for Calluna vulgaris seeds
dispersed by wind is 80 m, whereas 94 % of seed dispersed via fur of sheep and 99 %
of seeds ingested and defecated by cattle is dispersed beyond 100 m (Chapter 7). 

The probability of plants to be dispersed via ingestion and excretion by free-
ranging large herbivores appeared to increase with habitat fertility. This implies that
more seeds are dispersed from nutrient-rich parts towards nutrient-poor parts of a
grazing system than vice versa. Furthermore, in the open nutrient-rich habitat that
dung pats create, seeds from nutrient-poor habitat do not germinate, while seeds
from nutrient-rich habitat germinate well and grow rapidly. Hence, if heathlands are
surrounded by former agricultural pastures, large herbivores can reduce the area
occupied by heathland species (Chapter 3). 

Simulations of a vegetation-grazer model in a spatially structured environment of
feeding-station-sized cells showed that ruminants can create and subsequently
maintain patterns of short and tall stands (Chapter 6). Many grazing herbivores
prefer short stands irrespective of the availability of tall stands thus keeping short
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stands in an immature state with high crude protein content, little structural carbon
and high energy content. Simulated vegetation patterns change with herbivore size,
stocking rate, productivity and season. However, in many cases patterns are
maintained long enough to promote a transition towards grazing- resistant and light-
demanding plant species. Plant establishment is higher in open patches than under
tall canopy. While, large herbivores continuously visit short stands they disperse
plant species throughout the area of short canopy. 

When applied with care, large domestic herbivores can increase the availability of
target seeds in ecological restoration sites. To achieve this, ecological restoration sites
should be grazed in combination with target plant communities, but not with
nutrient-rich soils harbouring non-target communities. Remaining heathlands and
species-rich grasslands should not be included in the same grazing scheme with
adjacent pastures until nutrient loads in such pastures are decreased to appropriate
levels for the establishment of species from target communities. In nature reserves on
a productivity gradient, plant communities with high conservation interest are best
preserved with separate grazing or cutting management. Deer can connect habitat
restoration sites with more distant plant communities than livestock. The creation of
deer corridors is a more parsimonious measure than the creation of plant corridors,
requiring less space and less specific abiotic site conditions. (Chapter 7). 
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Sinds het begin van de vorige eeuw zijn grote delen van de Europese heides en
soortenrijke graslanden ontgonnen ten behoeve van landbouw. Dit betekent een
serieus verlies aan biodiversiteit van planten, insecten en gewervelde dieren. Daar-
naast gaat ook de biodiversiteit in de overgebleven natuur achteruit door bosopslag,
verdroging, verzuring en vermesting. Vele heides en soortenrijke schrale graslanden
zijn vervangen door monocultures van snelgroeiende overblijvende grassen. Inmiddels
is verdere ontginning grotendeels gestaakt en is ecologisch herstel een belangrijk
thema, vooral in dichtbevolkte landen met intensieve landbouw.

Recent onderzoek heeft aangetoond dat behalve abiotische omstandigheden ook
biotische omstandigheden het herstel van heides en schrale graslanden kunnen
beperken. Na decennia van landbouw praktijk is de zaadbank van de meeste doel-
vegetaties vrijwel geheel verdwenen. Daarom hangt succesvol herstel af van de
verspreiding van zaden uit bronnen van buiten af. In het huidige gefragmenteerde
landschap zijn deze bronnen vaak honderden of duizenden meters verwijderd. Weinig
plantensoorten zijn in staat deze afstanden te overbruggen via de wind. De
verwachting is echter dat grote herbivoren wel zaden van veel plantensoorten over
voldoende grote afstand transporteren, zowel via mest (endozoöchory) als via hun
vacht (epizoöchory). Verschillende studies hebben namelijk laten zien dat er
kiemkrachtige zaden van veel plantensoorten voorkomen in de mest en vacht van een
aantal herbivoren. Er is zelfs een hypothese, de zogenaamde ‘foliage-is-the-fruit
hypothesis’ die stelt dat een groot aantal plantensoorten met kleine zaden
evolutionair is aangepast om zaden te verspreiden via grote herbivoren. Deze dieren
zouden worden aangetrokken door het blad, maar met het blad ook zaden
consumeren, die ze vervolgens met de mest op een andere locatie deponeren. Deze
hypothese is echter nog niet getoetst. Verder is er nog geen goed beeld welke planten-
soorten welke afstanden kunnen overbruggen en wat het relatieve belang van
zaadverspreiding via grote herbivoren is. 

Het doel van dit onderzoek is te analyseren welke plantensoorten verspreid
worden via grote herbivoren, om hoeveel zaden het gaat, waarheen de zaden verspreid
worden en wat vervolgens de invloed van grote herbivoren is op de vestiging van
planten. Er is gekozen voor een gecombineerde aanpak met veldonderzoek,
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experimenten en computer simulaties. Zodoende moeten zowel de patronen in het
veld als de achterliggende mechanismen gevonden worden. Zowel wilde herbivoren
(damherten, edelherten en reeën) als vrijlopende landbouwhuisdieren (Schotse
hooglanders, Exmoor pony’s en Drentse heideschapen) zijn bij dit onderzoek
betrokken. De herten lopen op de Veluwe in bosgebieden, heides, graslanden en
kleinschalige landbouwgebieden. De onderzochte landbouwhuisdieren grazen in
natuurgebieden met heides, graslanden en bossen gelegen in Drenthe en Friesland.
Als ecologisch herstelmaatregel is een deel van deze terreinen negen jaar geleden
ontgrond tot de minerale bodem om zo het overschot aan nutriënten af te voeren. De
afvoer van nutriënten was noodzakelijk om het gebied geschikt te maken voor
doelvegetaties van schrale gronden, zoals soortenrijke graslanden en heides. Met de
bouwvoor zijn echter ook de mogelijk overgebleven zaden uit de zaadbank verwijdert.
Het herstel van doelvegetaties is daarom afhankelijk van de verspreiding van zaden uit
elders gelegen bronpopulaties. Deze terreinen zijn daarmee geschikte onderzoeks-
gebieden om te onderzoeken wat de bijdrage van grote herbivoren is aan de regene-
ratie van heides en schrale graslanden. 

Zaden van veel plantensoorten blijken gegeten te worden door grote herbivoren.
Bovendien kunnen ze het kauwen en de vertering overleven. In totaal kwamen 61
soorten op uit mestmonsters van vrijlopende landbouwhuisdieren (Hoofdstuk 3) en
15 soorten uit mestmonsters van wilde herten (Hoofdstuk 4). Het hoogste aantal
soorten kwam op uit mest van Schotse hooglanders (51), gevolgd door mest van
Exmoor Pony’s (35), keutels van Drentse heideschapen (31), keutels van damherten
(10), keutels van edelherten (9) en keutels van reeën (2). In een experiment waarin
damherten zaden van 25 plantensoorten kregen aangeboden, kwamen 24 planten-
soorten levend door het maagdarm kanaal. Overlevingspercentages van kiemkrachtig
gevoerde zaden liepen overigens wel sterk uiteen, met 41% overleving voor Juncus
effusus tot minder dan 0.1% voor Sanguisorba minor. Overleving bleek negatief te
correleren met zaadgewicht (43% verklaarde variantie), positief te correleren met
‘rondheid’ van de zaden (32% verklaarde variantie) en positief te correleren met de
persistentie van de zaden in de bodem (28% verklaarde variantie). In tegenstelling tot
de ‘foliage-is-the-fruit’ hypothese, bleek er geen verband tussen te zijn tussen over-
leving van zaden en de aantrekkelijkheid van de bladeren uitgedrukt als stikstofgetal
van de standplaats (Hoofdstuk 5). 

Het aantal gevonden soorten in de vacht van herbivoren was veel lager dan in
mestmonsters. Slechts vier soorten zaten in de vacht van een schaap en 13 soorten in
de vacht van schaap- en koe-dummy’s. Anderen vonden wel grote aantallen soorten in
de vacht van herbivoren, maar hun observatie periode was veel langer. Het schaap in
dit experiment kreeg tien periodes van drie uur de tijd om zaden op te pikken en de
dummy’s 15 periodes van slechts één minuut. In eerdere experimenten werden de
vachten bekeken nadat de dieren maandenlang hadden rondgelopen. Gecorrigeerd voor
de aanhechtingtijd was de hoeveelheid gevonden zaden niet lager dan in eerdere
studies. Niet alleen zaden met haakjes of andere typische epizoöchore zaden konden
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verspreiden via de vacht van grote herbivoren, ook zaden zonder aanhangsels hechtten
zich aan deze dieren. De hechting van zaden aan schapenvacht bleek zelfs weinig
selectief ten opzichte van het aanbod. De hechting van zaden aan koeienvacht was
echter minder sterk gecorreleerd aan de dichtheid van zaden in de vegetatie. Gladde
zaden kwamen in het geheel niet voor in de onderzochte koeienvacht (Hoofdstuk 2).

De verblijftijd van zaden in de vacht en in het maagdarmkanaal is lang genoeg om
grote herbivoren in staat te stellen zaden te verspreiden naar natuurontwikkelings-
terreinen op honderden of zelfs duizenden meters afstand (Hoofdstuk 2, Box 6.1).
Voorwaarde hierbij is dat de dieren bron en doelgebied bezoeken. Vooral kleinere
selectievere herkauwers gebruiken vaak niet alle beschikbare habitat-typen. Voor ons
studie gebied had dit tot gevolg dat schapen geen zaden verspreiden naar het
natuurontwikkelingterrein maar slechts tussen graslanden en heides. De Schotse
hooglanders en Exmoor pony’s gebruikten wel het hele terrein en wel zo dat de mest
vrijwel homogeen over alle habitattypen werd verspreid. De 13 hooglanders en 18
pony’s die in het terrein grazen verspreiden daarom een hoeveelheid zaden naar het
natuurontwikkelingterrein, proportioneel aan het oppervlak: 12.5% van het totaal.
Uitgaande van gemiddelde mestproductie door de dieren betekent dit jaarlijks 5.2
miljoen zaden die via mest in het natuurontwikkelingsterrein worden ingebracht, 4.1
miljoen via hooglanders en 1.1 miljoen via pony’s. Endozoöchory bedraagt daarmee
ongeveer 0.2% van de totale zaadproductie. Dit lijkt maar een kleine inbreng, maar
het aandeel van zaden die van grote afstand het natuurontwikkelingsterrein bereiken
via grote herbivoren is relatief groot. De langst gemeten afstand voor zaden verspreid
door de wind bedraagt 80 m, terwijl 94% van de zaden via de vacht van schapen en
99% van de zaden via mest van koeien afstanden bereiken van meer dan 100 m van de
moederplant. Simulatie modellen voor zaadverspreiding door wind laten zien dat zelfs
van planten die het best zijn aangepast aan windverspreiding minder dan 1 op de
1000 zaden verder dan 100 m komt. In droge gebieden zijn de meeste planten voor
lange afstandverspreiding dus vrijwel geheel afhankelijk van grote herbivoren. Voor
natte ecosystemen biedt zaadverspreiding via water een mogelijk alternatief. Een
schatting voor de hoeveelheid zaden verspreid via de vacht is speculatiever, maar
bedraagt voor schapen ongeveer 43 duizend zaden per jaar. Voor gladharige herbi-
voren is endozoöchory kwantitatief veel belangrijker dan epizoöchory.

In tegenstelling tot de wensen van natuurbeheerders verspreiden grote herbivoren
meer zaden van voedselrijke delen naar voedselarme delen dan andersom. Dit bleek uit
correlaties tussen relatieve zaaddichtheden in herbivoren mest en Ellenberg stikstof
getallen (indicatoren voor de nutriënten beschikbaarheid in het habitat van planten-
soorten). Aangezien mestplakken de onderliggende vegetatie kapot maken, betekent
dit een netto achteruitgang van heides, die integraal begraasd worden met omliggende
weilanden. Op de mestplakken bleken de soorten van de voedselrijke standplaatsen het
ook nog eens beter te doen dan de soorten van schrale standplaatsen (Hoofdstuk 3).

Simulaties met een ruimtelijk-expliciet plant-herbivoor model lieten zien dat grote
herbivoren patronen van korte en hoge vegetatie kunnen creëren en die vervolgens in
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stand kunnen houden. De belangrijkste drijfveer achter het in stand houden van deze
patronen is een positief terugkoppelingsmechanisme tussen begrazing en verteerbaar-
heid van planten. Veel herbivoren prefereren korte vegetatie ongeacht de aanwezig-
heid van hoge vegetatie. Ze houden daarmee een deel van de vegetatie in korte
onvolwassen toestand met weinig vezels, veel ruw eiwit en hoge energiewaarde.
Gesimuleerde vegetatiepatronen veranderden met de grootte van de herbivoren, de
dichtheid aan herbivoren, productiviteit van de vegetatie en het tijdstip in het seizoen.
Echter, in veel gevallen bleken de patronen lange tijd stabiel. Daarmee onstaan
mogelijkheden voor de vestiging van plantensoorten van lichtere standplaatsen.
Aangezien de herbivoren continue de korte vegetatie afgrazen verbinden ze ook de daar
levende plantenpopulaties middels zaadverspreiding (Hoofdstuk 6).

Gevolgen en aanbevelingen voor het natuurbeheer

Indien op de juiste wijze ingezet, kunnen grote herbivoren de aanwezigheid van zaden
in natuurontwikkelingsterreinen verhogen en soorten brengen die via wind de
terreinen niet kunnen bereiken. Hiertoe dienen natuurontwikkelingsterreinen inte-
graal begraasd te worden met bronpopulaties van doelsoorten. Echter verbinding met
populaties van niet-doelsoorten op voedselrijkere standplaatsen kan veel ongewenste
soorten naar de natuurontwikkelingsterreinen brengen en zelfs een bedreiging
vormen voor bestaande heides en andere plantengemeenschappen op schrale gronden.
Voormalig intensief benutte weilanden en akkers dienen in voldoende mate abiotisch
te zijn hersteld voordat ze bij begraasde plantengemeenschappen op voedselarme
bodem kunnen worden aangesloten. In natuurgebieden op een productiviteitsgradiënt
worden plantengemeenschappen met hoge natuurwaarde het best beschermd door
een gescheiden begrazings- of maaibeheer. Herten kunnen natuurontwikkelings-
terreinen verbinden met meer afgelegen gebieden dan land-bouwhuisdieren. Het
maken van corridors voor herten vormt een efficiëntere manier om plantenpopulaties
te verbinden dan het aanleggen van corridors die geschikt zijn voor de vestiging van
planten. Herten stellen namelijk minder eisen aan de abiotische condities van
verbindingsstukken en kunnen zich sneller bewegen over langgerekte stukken land
(Hoofdstuk 7).
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