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"A seed hidden in the heart 

o f an apple is an orchard 

invisible. [ W e ls h  p r o v e r b ] "

An Orchard Invisible: 3
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C h a p t e r  1

General introduction

Seeds play a key role in th e  life  o f  f low e ring  plants. Consisting o f an 

em bryon ic p lant w ith in  a p ro tective  covering o f m aterna l tissue, seeds link 

th e  parenta l generation w ith  th a t o f th e  offspring. G erm ination  o f seeds, 

however, is both irreversib le  and perilous: once started, th e  em erging p lant 

is irrevocably com m itted  to  g row th  or death (Fenner and Thompson 2005). 

There fore , any seed a ttrib u te  th a t affects the  chances o f  successful 

rec ru itm en t m atters greatly to  th e  plant.

Two processes can be distinguished in th is  respect: dorm ancy and 

dispersal. Dormancy refers to  the  process in which seeds are prevented from  

germ ina ting  (Baskin and Baskin 2001). This can be due to  inadequate 

env ironm en ta l conditions, bu t im p orta n tly  (and m ore essentially), th is  also 

refers to  cond itions in which seeds are able to  germ inate  b u t refra in from  

do ing so. Dormancy is thus all about p roper tim in g  o f germ ina tion . Dispersal, 

on the  o th e r hand, refers to  th e  spatial re location  o f seeds, de term in ing 

w here  seeds end up fo r germ ination  (Cousens e t al. 2008). The focus o f th is 

thesis is p rim a rily  concerned w ith  the  la tte r process, and in th is  General 

in tro d u c tio n  1 th e re fo re  s ta rt w ith  an e laboration o f dispersal in general.

Dispersal

As dispersal, in its broadest sense, applies to  organismal m ovem ent, it 

fo rm s a central com ponent o f both th e  fitness o f individuals, the  dynamics o f 

populations, and th e  d is tribu tion  o f species (Bow ler and Benton 2005). Since 

these enta il very d ivergent scales, th e  im plications o f dispersal are extrem ely 

w ide-rang ing. For plants alone, Schupp e t al. (2010) list dispersal to  be 

p rom inen t in recent studies on rec ru itm en t lim ita tion , gene flow , 

m etapopu la tion  dynamics, h istoric and fu tu re  p lant m igra tion  (cf. clim ate 

change), evo lu tionary trade-o ffs , the  structu re  o f in te raction  networks, scale 

dependence o f ecological processes, m aintenance o f b iod iversity, s tructuring  

o f species-area curves, ecological consequences o f hab ita t fragm enta tion , 

p lan t invasions, ecological resto ra tion, the  effectiveness o f corridors fo r 

conservation, and -as  th e  authors note d r i ly -  "m ore ".
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Because o f th is appreciation, d ispersal itse lf has been the  centre  o f  much 

theore tica l w ork concerned w ith  th e  question o f  why  organisms disperse 

(reviews by Bowler and Benton 2005, Cousens e t al. 2008). The poten tia l 

d riv ing forces th a t have been iden tified  include kin selection (dispersal to  

reduce com petition  between kin at th e  site o f b irth ), inbreed ing avoidance 

(dispersal to  avoid breeding betw een relatives), and environm enta l 

stochastic ity (including population  dynamics and hab ita t tu rnover).

A t th e  basis o f these processes lie decreases in fitness, or costs, to  those 

individuals th a t do no t disperse. Nonetheless, those individuals th a t dó 

disperse become confronted w ith  (o ther) costs as w ell. The relative costs 

th a t become charged to  organisms th e re fo re  lead to  th e  adoption o f 

particu la r strategies o f dispersal in habitats (Southwood 1977). A focus on 

costs and benefits thus fo rm s a natura l and useful conceptual base to  

d isentangle the complex nature o f dispersal, w ith  d irec t im plica tions fo r  its 

evo lu tionary ecology as well.

As the  causes and consequences o f  dispersal clearly extend beyond the 

m ere m ovem ent o f organisms, researchers m ostly regard 'd ispersal' as to  

include both th e  stages o f em igra tion  (from  the  natal site), m ovem ent 

(transfer) and im m igra tion  ( in to  th e  new  site o f residence). This multi-phase 

de fin ition  is adopted in th is thesis, to o . Each o f these phases comes w ith  

costs, which can be o f several types and are often specific to  particu lar 

modes o f  dispersal. I w ill th e re fo re  ge t back at these a fte r having in troduced 

seed dispersal and ungulate endozoochory.

Seed* dispersal

Being sessile organisms, plants m ostly re ly  on externa l vectors to  

disperse th e ir  seeds. Numerous vecto rs have been iden tified , both abiotic 

(w ind , w a te r) and biotic. O f th e  la tte r, frug ivorous animals (birds and 

mam m als) and ants probably are th e  p redom inant examples.

Some shapes and structures o f seeds clearly p rom ote  dispersal th rough  a 

particu la r vector, and trad itiona l schemes th a t accord fo rm  w ith  function  in 

dispersal are the re fo re  w ide ly  established: plumes and wings are a ttribu ted  

to  dispersal by w ind, fleshy tissues to  dispersal by frugivores, elaiosomes to

'Seed' will be used throughout this work as a generic term for any individual 
propagule of generative origin from angiosperm plants. This can be a true seed, fruit or 
mericarp.
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dispersal by ants, etc. (Van der Pijl 1969, Bouman e t al. 2000, Bonn and 

Poschlod 1998, Poschlod e t al. 2005). However, ecological research shows 

th a t classifications based on m orphological syndromes can be misleading. 

Assumedly w ind-dispersing species, fo r  instance, o ften  exh ib it worse w ind 

dispersal po ten tia l than species classified o therw ise  (Tackenberg e t al. 2003). 

Seeds o f a particu la r species may also be successfully dispersed by (many) 

more means than  the  one im plied  by m orpho logy (cf. Higgins e t al. 2003).

Howe and Sm allwood (1982) distinguished th ree  main reasons plants 

apply dispersal fo r in nature . Touching on the  fundam enta l drivers fo r 

dispersal m entioned above, these include the  'escape' from  de trim enta l 

effects in th e  m aternal env ironm en t and the  'co lon iza tion ' o f unstable 

hatibats. Stressing benefits at the  ta rge t site ra the r than costs a t the  natal 

site, these authors also in troduced 'd irected  dispersal' to  be applied, i.e. 

when seed m ovem ent occurs non-random ly tow ards specific sites w ith  a 

d isp roportiona lly  high chance fo r  establishm ent. Classic examples o f the 

la tte r include dispersal o f m istle toes by birds, and o f elaiosome-seeded 

plants to  anthills , bu t W enny (2001) advocated th a t d irected dispersal m ight 

be more com m on in nature than  is o ften  believed.

Endozoochory

Ungulates are considered im portan t vectors in dispersal to o  (Ridley 

1930). On th e  one hand, these mammals move seeds externa lly in th e ir  fu r  

and on hooves (epizoochory; e.g. Fischer e t al. 1996, Heinken and 

Raudnitschka 2002, Couvreur e t al. 2004). On the  o th e r hand, seeds become 

ingested w h ile  feeding and eventua lly  excreted. This is referred to  as 

endozoochory ,+. A lthough the  ungulates* as a group include many species 

th a t feed selectively on fru its  (e.g. rhinoceros [D inerstein 1991], g iraffe 

[M ille r 1994], roe deer [T ixier and Duncan 1996]), the  focus is pu t here on 

equids and rum inants th a t feed on grass and roughage (sensu Hofmann 

1989; e.g. horse, sheep, ca ttle , red deer...). In essence, these animals fo rm  a

The suffix -chory refers to dispersal; from 'chorein' (Greek), 'to wander' (Van der Pijl 
1969).
f Although 'endozoochory' does neither specifiy the animal vector nor plants involved, 
it is mostly restricted throughout this thesis to denote endozoochory of dry-fruited 
plants by ungulates.
* 'Ungulate' here refers to any member of the orders Perissodactyla and 
Cetartiodactyla with exclusion of the Cetacea (Huffman 2010).
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functiona l group o f larger-sized mammals th a t forage on the  fo liage o f plants 

w ith  gram inoid and herbaceous life-form s, and any seed ingestion from  such 

plants is the re fo re  un in ten tiona l from  the  animal's perspective.

A lthough they involve a som ewhat d is tinc t set o f  species, endozoochory 

appears to  outw eigh epizoochory fo r m ost herbivores in both th e  num ber o f 

seeds and species dispersed (Couvreur e t al. 2005; Mouissie e t al. 2005a). 

Indeed, hundreds o f p lant species have been recorded as viable seeds in 

dung from  free-ranging ungulates (see Appendix 1A), and estim ates on the 

num ber o f seeds dispersed in th is way suggest it  to  be o f considerable 

significance (see Appendix IB ).

A grazer grazing grassland: an opportunity for dry-fruited forbs and grasses to have 
their seeds dispersed by endozoochory

M ost grasses and forbs which constitu te  the  diets o f these ungulates are 

characterized by fru its  and seeds th a t lack obvious a ttribu tes fo r  dispersal, 

being dry, small and overa ll inconspicuous. Indeed, th is  so-called 'unassisted' 

dispersal syndrom e is th e  predom inant seed syndrom e in open, d isturbed 

com m unities which are frequen ted  by m any o f these animals (Eriksson and 

Jakobsson 1999).

Since the  anim al guild described above includes many species o f 

livestock, endozoochory m ight have played a very im portan t and com m on 

role fo r  m ain ta in ing  p lan t d ivers ity  in past agricu ltura l landscapes (Bonn and
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Poschlod 1998, Poschlod and Bonn 1998). Now, fo r  W estern and Central 

Europe, low-pressure grazing in heterogeneous and species-diverse habitats 

has become largely restricted to  nature reserves, where it  is com m only 

applied as a m anagem ent measure (W allisDeVries e t al. 1998).

The ecology of endozoochory

Endozoochory inherently  is a complex m ode o f dispersal. It refers to  a 

cycle in which one generation is linked to  the  next th rough  a series o f stages 

th a t perta in to  seed uptake, m ovem ent, deposition and establishm ent (Fig. 

1-1). Each o f these stages involves po ten tia l fa ilu re  and m orta lity , and seeds 

th a t en te r the  cycle th e re fo re  face a particu la rly  uncerta in  fa te  (Chambers 

and M acM ahon 1994). Here, we b rie fly  rev iew  each o f  these stages 

according to  our curren t understanding (also see the  extensive rev iew  o f 

Bonn and Poschlod 1998).

Fruit production

Recruitment 
(Phase change)

Adult plant 
distribution

Fruit 
availability

Juvenile plant 
distribution

Phase-ll 
dispersal

Seed
uptake

Seedling
distribution

Seed deposition

Recruitment 1 
(Seedling establishment)

Fruit removal

Seed transfer

Germination

Figure 1-1. The seed dispersal cycle for endozoochory, as modified from Wang and 
Smith (2002). A distinction is made between patterns (in boxes) and processes (in 

bold). The dashed line forms an 'optional' route.
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From seed uptake to seed deposition

The processes th a t act betw een seed ingestion and excretion make up 

th e  cen tre  stage o f endozoochory: here, th e  ungulate vec to r comes in to  play 

and helps determ in ing w hether, when  and where  seeds w ill be deposited.

Surviving the digestive trac t

From an ecological perspective, the  m ost im p o rta n t e ffe c t b rough t about 

in seeds a fte r ingestion is m orta lity  due to  chew ing o r d igestion. This 

m o rta lity  is most d irectly illustra ted  from  experim ents in w hich seeds have 

been fed  to  captive animals. M any such experim ents have been perform ed, 

bu t m ostly  from  agronom ical in terests and involving a low  num ber o f plant 

species (an exhaustive lite ra tu re  survey is given in Appendix 1C). However, it 

is readily clear from  these studies th a t m o rta lity  rates vary from  0 up to  100 

%, though  w ith  m orta lity  being substantia l (> 50 %) in m ost o f  th e  cases.

These m orta lity  rates depend on both the  p lant and animal species 

(Cosyns e t al. 2005a). The question o f how  these m orta lity  rates are affected 

by seed tra its  has been addressed on ly a fe w  tim es, in feeding experim ents 

th a t involved a suffic ien tly  broad range o f p lant species (Gardener et al. 

1993a, 1993b, Bonn 2004, M ouissie e t al. 2005b, Cosyns e t al. 2005a, and 

Peco e t al. 2006). However, the  results o f these studies appear conflicting, 

and a re-assessment o f th is in te raction  is th e re fo re  needed. This w ill be 

extensively discussed below.

When deposition?

The tim e  taken from  ingestion to  excretion o f seeds is also best derived 

from  feeding experim ents (cf. Appendix 1C). The frequency d is tribu tion  of 

passage tim es from  a single seed coho rt is typ ica lly  peaked and skewed 

tow ards longer tim es, w ith  peaks o f excre tion m ostly fa lling  betw een one 

and th ree  days in dom esticated ungulates (Bonn and Poschlod 1998, Cousens 

e t al. 2008). As an illustra tion , Cosyns e t al. (2005a) noted mean retention 

tim es o f 49, 55, 56 and 70 hours in cattle, horse, sheep and donkey, 

respectively, w hile  Mouissie e t al. (2005b) found  the  m edian re ten tion  tim e 

to  be 25 hours in fa llow  deer. It has tra d itio n a lly  been assumed th a t mean 

re ten tion  tim es are positive ly re lated to  increasing body mass in herbivores 

(lllius and Gordon 1992), bu t Clauss e t al. (2007) recently review ed and 

rejected th is  relation.
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Where deposition? -  the m acro-environm enta l se tting

W here seeds become deposited is o f considerable im portance to  the 

plant, as cond itions become set th a t m ight de term ine  fa ilu re  o r success in 

la te r stages (germ ination, establishm ent or flow ering).

The bee-line distance th a t a seed moves from  its source has always been 

a focal issue in dispersal research. In endozoochory, th is  depends on th e  tim e 

taken fo r  it  to  be defecated, combined w ith  the  rate and pattern  o f animal 

m ovem ent (Cousens e t al. 2008). Obviously, ungulates can move large 

distances betw een ingestion and excretion, and dispersal distances the re fo re  

readily am ount to  several k ilom etres (Pakeman 2001, Vellend e t al. 2003, 

W ill and Tackenberg 2008). Ungulates the re fo re  are im p o rta n t vectors fo r 

long-distance dispersal (landscape to  regional scales, 102-105 m; Nathan e t al. 

2008a).

Apart from  distance, a second de term in ing  aspect is th e  iden tity  o f  the  

environm en t w here seeds end up in. Some animal dispersers have habitual 

la trine sites. For instance, rhinoceroses in Nepal are known to  deposit seeds 

o f Trewia  in la trines (D inerstein and W em m er 1988), and tap irs perfo rm  the  

same w ith  th e  palm  species M axim iliano  m aripa  in Amazonia (Fragoso 1997). 

In both cases the  seeds have an increased chance fo r  establishm ent in these 

sites, e ith e r th rough th e  arriva l in favourab le  grow ing conditions, or th rough 

th e  escape from  predators (cf. Howe and Smallwood 1982, above). W he ther 

dom estic herbivores, such as horses, establish latrines is apparently  

dependent on th e  env ironm ent (Lamoot et al. 2004). Seed deposition 

patterns a t the  hab ita t level are th e re fo re  less predictable, and largely 

unexplored, fo r  these animals. Nonetheless, th is fo rm s a crucial qua lita tive  

com ponent o f th e  effectiveness o f ungulates as dispersal vectors (Schupp 

1993, Schupp e t al. 2010).

Where deposition? -  the  m icro-environm enta l se tting

W ell predictable, on th e  o th e r hand, is th a t seeds are deposited along 

w ith  faecal m ateria l. This creates a gap in th e  established vegetation, which 

should provide seeds w ith  enhanced opportun ities  fo r recru itm ent. Indeed, 

gap dynamics are considered a m ajor driv ing force in grassland com m unities 

(Bullock 2002).

W ith in  th is m icro -environm enta l setting, the  dung brings fo rth  a varie ty  

o f e ffects on the  surrounding b io tic  and abiotic env ironm ent (listed by Dai 

2000 and G ille t e t al. 2010). The early life stages o f the  plants from  w ith in  the 

dung pellets also become a ffected. First, the  physico-chemical properties o f
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th e  pat can influence germ ination and early roo t g row th  through e ithe r a 

'm anuring ' (stim ulating) o r phyto tox ic  (inh ib iting) e ffec t (e.g. Hoekstra e t al. 

2002, Carmona e t al. 2010). Second, am bien t environm enta l cond itions can 

in fluence seed germ ina tion /estab lishm en t ind irectly  by bring ing about 

changes in th e  dung pa t m atrix. The underlying soil type, seed position in a 

pat, and dung pat m oisture  status (w ith  the  fo rm a tion  o f crusts due to  drying 

being particu larly adverse) all have been found to  in fluence d irec t sho rt-te rm  

germ ination  from  pats (A kb a re f al. 1995).

A part from  these outside effects, the  d is tribu tion  o f the  seeds 

them selves can a ffec t germ ination and seedling establishm ent. Seed 

pa ttern ing  in dung pats is highly concentrated and th is  m ay increase density- 

re lated com pe tition  among seedlings from  d iffe re n t or from  th e  same 

species (Loiselle 1990). Seeds may even be closely re lated to  each other, 

since seeds become ingested from  the  same m o th e r p lant o r neighbouring 

plants in groups (cf. kin com pe tition , above). On th e  o the r hand, it should be 

borne in m ind th a t m any p lant species spread germ ina tion  th rough  tim e  by 

means o f  dorm ancy, which helps to  escape com petition  in sim ultaneously 

dispersed seed cohorts (Baskin and Baskin 2001).

Despite the presum ed e ffects o f n u trien t enrichm en t and com petition  

in troduced here, Eichberg e t al. (2007) paradoxically found  the  fe w  species to  

eventua lly establish as fru itin g  adults from  sheep dung in an in land dune 

system, to  be low -com pe titive  species fom  resource-poor environm ents. 

They argue tha t the  harsh m icro -environm enta l cond itions involved le t pass 

only stress-to lerant species, p rim arily  because o f w a te r lim ita tion .

Over tim e, th e  dung m atrix  erodes, w ith  a guild o f invertebra te  animals 

playing a role in th is  process (including earthw orm s, beetles...; Gobât et al. 

1998). This can happen w e ll a fte r or before the  fa te  o f endozoochorous 

seeds is sealed.

Phase-ll dispersal

A fte r seeds have been deposited in excrements, dung-dependent or 

dung-visiting fauna m ay in te rac t w ith  the  seeds in various ways. Seeds may 

become predated. O r d ip lochory m ight occur, i.e. the  process in which seeds 

go th rough  tw o  dispersal phases, each including a d iffe re n t vecto r (Vander 

W all and Longland 2004). Phase-one dispersal, here by the  ungulate, is
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fo llow ed  by phase-two dispersal . Note th a t seeds m ight become lost, or 

survive, during predation, and any seed preda to r may thus also act as a 

(phase-two) disperser. Since e ffects o f fo rm e r stages can become overruled, 

p reda tion  o r phase-two dispersal o f seeds can have a decisive e ffect on p lant 

pa ttern ing .

W ith  regard to  frugivorous (phase-one) dispersers, it is w idespread in 

trop ica l regions fo r seeds to  be removed from  excrem ents by rodents 

(Vander W all and Longland 2004). This is also anecdotica lly reported  from  

tem pera te  regions (Berm ejo e t al. 1998). Cases w here seeds are removed 

fro m  excrem ents by ants are known too  (e.g. Levey and Byrne 1993, Aronne 

and W ilcock 1994). Janzen (1982a) reported on th e  rem oval o f seeds from  a 

trop ica l fo re s t tree  by spiny pocket mice from  horse dung.

Such studies on post-deposition seed-animal in teractions appear notably 

biased tow ards frugivorous dispersers a n d /o r (sub)tropica l regions, which 

M anzano e t al. (2010) a ttrib u te  to  the  relative conspicu ity o f the  (larger- 

sized) seeds and predators involved. These authors advocate th a t the  same 

in te ractions nonetheless also apply to  small-sized seeds from  herbivorous 

d ispersers' faeces outside the  tropics, though these go apparently  unnoticed. 

In M ed itte ranean  pastures, th e ir  exclusion experim en t indicated one o u t o f 

th ree  seeds from  sheep dung to  be predated th rough  the  dung-collecting 

behaviour o f harvester ants (Manzano e ta l. 2010).

Dung beetles (coprophilous Scarabaeidae, Janssens 1960) use dung fo r 

feeding and breeding, and fo r  th is, they m anipulate excrem ents in various 

ways (Hanski and Cam befort 1991a). Dung beetles do no t consume seeds+, 

and some m anipu la tions th e re fo re  e ffectuate  phase-ll dispersal. Again, th is 

in te rac tion  is best known fo r  frug ivorous phase-one-dispersers from  tropica l 

regions, w h ich has been extensively reviewed by Andresen and Feer (2005). 

Here, seed buria l by beetles m ostly increases survival o f seeds through 

escape fro m  roden t predation, bu t at the  same tim e, hampers seedling 

emergence. In th e ir  study from  an Amazonian rain fo rest, Andresen and

’ Phase-two dispersal is a special case of 'secondary dispersal' (Vander Wall & Longland 
2004), the latter also applying to cases in which the new vector is the same as from the 
first stage. Since it is unlikely for a seed to become ingested by an ungulate shortly 
after deposition, secondary dispersal sensu strictu is considered not to apply. Less 
unlikely, ungulates could act as phase-ll dispersers themselves if seeds are ingested 
that have been dispersed by e.g. wind but were retained in plant foliage.
' A deviant case, the Mediterranean Thorectes buries and feeds upon entire acorns, 
thereby acting as a predator, but sometimes also as a seed disperser (Pérez-Ramos et 
al. 2007).
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Levey (2004) found the  net e ffect to  be positive. Phase-ll dispersal by dung 

beetles in th e  tem perate  region, however, has never been studied before.

From seed to seedling: germination

Studies in which em erging seedlings from  dung w ere counted and 

contrasted between fie ld  and greenhouse samples (Mouissie e t al. 2005a, 

Cosyns e t al. 2006, Eichberg e t al. 2007, Pakeman and Small 2009), indicate 

th a t on ly a (very) low  p roportion  o f th e  available seeds germ inate  in  situ  

from  dung during the  firs t m onths a fte r deposition; o ften  about 5 % o r less. 

So, w ha t is happening to  the  o the r seeds?

Seedling emerging from a pellet

First, requ irem ents fo r  dorm ancy break (scarification) o r germ ina tion  o f 

seeds m ight not have been m et, leaving seeds dorm ant o r ungerm inated 

during the  study. Indeed, Dai (2000) sampled cattle  dung pats o f d iffe ren t 

ages in a Swedish lim estone grassland, and clearly showed th a t pats hold 

seeds readily fo r m ore than th ree  years. Illustrative ly, he refers to  the  pats as 

a 'dung seed bank'. Also, Traba e t al. (2003) fo llow ed  the  vegeta tion o f dung- 

enriched p lots over fo u r years, and fo u nd  new species to  appear up to  tw o  

years a fte r application, as did Eichberg e t al. (2007). Finally, M alo  and Suárez 

(1995a) found  th a t germ ination  from  th e  legume Biserrula pelecinus from  

cattle dung was spread over (at least) fo u r  years. Such results have im portan t 

im plica tions fo r  endozoochory research, since they illustra te  endozoochory 

to  be particu la rly  cryptic  in the  fie ld  as germ ination is spread over long tim e 

fram es. Second, seeds may leave th e  dung pat and fa ll outs ide th e  observer's 

scope, fo r  instance th rough  dung degradation (w ith  inco rpo ra tion  o f seeds
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in to  the  soil seed bank) or th rough  phase-ll dispersal (see above). Third, 

seeds may die. This can happen before or a fte r germ ination , fo r instance, 

th rough  intense seedling com pe tition  or seed p redation (see above).

Growing up: from  seedling to  adult

Accounts o f plants th a t close the  cycle successfully th rough 

establishm ent and flow ering  are scarcely found in lite ra tu re . Eichberg e t al. 

(2007) found  12 o u t o f  148 seedlings on sheep dung to  set seeds w ith in  tw o  

years. M ouissie e t al. (2005a) recorded 7 ou t o f 34 dung-borne species to  

produce flow ers in th e ir  tw o -yea r observations. Traba e t al. (2003) do no t 

provide figures, b u t fru itin g  is suggested in th e ir study as well.

Costs -  How much for endozoochory?

As in troduced above, dispersal comes w ith  costs. Four types o f  costs can 

po ten tia lly  be distinguished in any means o f dispersal (Bonte e t al. unpub.): 

energetic costs (e.g. loss o f m etabo lic  energy, tissue p roduction), tim e costs 

(tim e  invested in dispersal th a t cannot be invested in o ther activities), 

opportun ity  costs ( if some advantage o f the  natal env ironm ent is given up in 

th e  novel environm ent), and risk costs (m o rta lity  or damage).

Several costs w ere already encountered when discussing the  several 

stages o f endozoochory above. An overview  o f these is given in Table 1-1. 

Only th e  m ost pronounced and d irec t costs are listed in th is tab le. Note th a t 

costs associated w ith  phase-ll dispersal are not included explicitly; th e  listed 

costs fo r th e  stages o f  germ ina tion  and recru itm ent also apply to  phase-ll 

dispersal (the com parison then  being w ith  phase-1 dispersed seeds). This 

costs account w ill be fu rth e r discussed in the  General discussion.

If so m any seeds en te r th e  cycle bu t few  com plete it, as data suggests, 

doesn 't th is mean th a t the  cycle is extrem ely costly? Consider, however, th a t 

" th e  average p lant leaves on average ju s t one descendant" (Harper 1977), 

and th a t high m orta lity  rates are th e re fo re  'acceptable ' fo r  any dispersal 

vecto r (Fenner and Thompson 2005, also see Baeten e t al. 2009)1
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M ost generally, dispersal can be selectively advantageous w hen the  

fitness benefits o f m oving to  a new patch exceed th e  fitness costs o f 

m ovem ent (Southwood 1977, Bow ler and Benton 2005). The paradigm  o f 

costs and benefits thus allows us to  e laborate on a key question o f 

endozoochory, namely, w he the r its significance extends beyond the  

anecdota l (i.e., a rare and accidental even t w ith o u t noticeable consequence), 

to  a process w ith  fundam entals th a t are s im ila r to  w ind  and bird dispersal 

(i.e., a com m on and selectively advantageous event o f considerable 

im portance).

Ideally, a fu ll account o f costs and benefits could learn us w hy  plants 

should evolve to  maximize endozoochory. Im po rtan tly  however, it  cannot te ll 

us w he the r  they  really did, or do, so. These convey questions o f evo lu tion.

The evolution of endozoochory

'E vo lu tion ', as a discipline, is som ew hat tw o fo ld , covering the  study o f 

b io logica l change over the  course o f generations (m /cro-evolution), as w e ll as 

over geological tim e  scales (m acro-evolution; Reeve and Sherman 1993).

The evolutionary history of vertebrate seed dispersal

T iffney  (2004) provides an ou tline  o f ve rteb ra te  seed dispersal th rough  

geological tim es. Seeds firs t appeared in the  Devonian (± 416-359 Mya) and 

by th e  Carboniferous (± 359-299 Mya), many o f  th e  m orphologies associated 

w ith  m a jo r dispersal modes w ere already established in seeds: w inged, 

p lum ose, even spinose and fleshy seeds. True herb ivorous land vertebra tes, 

on th e  o th e r hand, did no t establish un til the  Permian (± 299-251 Mya). This 

rem arkab le  antedating o f fleshy seeds to  plant-eaters suggests th a t fleshy 

tissues did no t orig inate fo r  dispersal or th a t dispersal was through 

om nivores o r carnivores . W ith  th e  rise o f herb ivorous vertebra tes, seed 

ingestion (dispersal?) probably became m ore com m onplace quickly. The 

o ldest evidence o f endozoochory o f any kind comes from  tw o  sim ilar, Late- 

Perm ian fossils o f gu t cavities holding seeds; surprisingly, th is animal 

(P rotorosaurus ) has a carnivorous den tition  and th e  seeds appear to  lack any 

m orpho logy fo r  ve rteb ra te  consum ption (T iffney 2004).

’ Omni-/carnivores that maybe mistook these tissues for carrion (as hypothesized by 
Tiffney 2004). It might be noted that this author does not consider amphibians or fish 
as seed dispersal vectors.
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O f course, the  leading actors o f th is  thesis d id  n o t appear on earth until 

much later. Jacobs e t al. (1999) extensively discussed the  orig in o f Poaceae 

and grazers. Grasses orig inated during  th e  la test Cretaceous or during the 

subsequent Paleogene (± 65-23 M ya). M ost herb ivorous m am m als were 

fo livo res or frug ivores during th is preva len tly  fo rested period, bu t over tim e, 

firs t browsers and then  grazers arose. Eventually, th e  M iocene (± 23-5 Mya) 

saw a radiation o f grasses and annua l/b ienn ia l forbs, as w ell as a rad ia tion o f 

even- and odd-toed ungulates, as coo ling  and drying clim ates led to  the 

fo rm a tio n  o f  open, grass-dominated com m unities (Jacobs et al. 1999; T iffney 

2004; Kürschner e t al. 2008). A gu t cavity fossil o f a M iocene rhinoceros 

hold ing grass seeds probably fo rm s th e  o ldest fossil o f ungulate 

endozoochory (Voorhies and Thomasson 1979).

Janzen(1984)

In his 1984 paper, Janzen exp lic itly  d rew  a tten tion  to  the  fa te  o f seeds in 

endozoochory. He emphasized both its  ub iq u ity  in nature and its poten tia l 

benefits, especially in past landscapes, and then  pu t fo rth  a series of 

hypotheses concerning its u ltim a te  causation. He proposed tha t 

endozoochory (had) selected fo r  pa rticu la r p lant a ttribu tes, p rim arily  w ith 

regard to  seeds. M oreover, he hypothesized th a t endozoochory was 

beneficial to  such a degree, th a t m any forbs and grasses also adjusted the ir 

vegeta tive  parts and phenology to  p rom ote  ingestion. Plant fo liage then 

functiona lly  acts to  a ttra c t and rew ard herbivores, ju s t as fleshy f ru it  tissues 

a ttra c t and reward frugivores. He listed a su ite  o f seed tra its  th a t would 

expected ly arise under such scenario, m any o f which are found am ong extant 

grasses and herbs.

Collins and Uno (1985) com m ented on these views, particu larly 

question ing the  benefits o f endozoochorous dispersal in prairies. D inerstein 

(1989) looked fo r  the  suggested seed syndrom e in Asian low land grasslands, 

bu t re jected its im portance. On th e  o th e r hand, Quinn e t al. (1994) 

p inpo in ted  a suite o f p lant a ttribu tes th a t are apparently  derived and clearly 

adaptive in endozoochory fo r tw o  m a jor N orth  Am erican pra irie  grasses. 

O the r than  these, th e  fo liage-as-fru it hypothesis hasn 't been addressed 

exp lic itly , though  it  spurred much o f  th e  above research on seed fa te  in 

endozoochory.
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Micro-evolution -  Evolution on 'ecological' timescales

Vectors o f dispersal have the  po ten tia l to  select fo r  particu la r seed 

a ttribu tes . For dispersal modes th a t are associated w ith  conspicuous seed 

tra its , principal evo lu tionary-eco log ica l underp innings are re lative ly w ell 

established. For instance, Siepielski and Benkman (2007a, 2010) elaborated 

on the seed a ttribu tes which nutcrackers (as dispersers) and squirrels (as 

predators) select fo r  in pines, dem onstra ting  phenotyp ic  shifts in seed tra its. 

Cheptou e t al. (2008) analysed th e  evo lvab ility  and in tensity  o f selection in 

urban populations o f w ind-dispersing Crepis sancta, and illustra ted rapid 

evolution in th e  p roportion  o f pappus-bearing fru its . Manzaneda e t al. (2009) 

showed how  ants select fo r  certa in seed sizes in an ant-dispersing plant, but 

also how th is conflicted w ith  selection in la te r life stages.

A sim ila r focus on phenotyp ic  sh ifts in seeds under ungulate 

endozoochory would  likewise be the  m ost pow erfu l approach to  study its 

selective significance. This has never been perfo rm ed, however. Among 

o the r reasons, th is is due to  th e  lack o f obvious seed tra its  th a t prom ote 

endozoochory. Part o f th is  thesis th e re fo re  a ttem pts  to  iden tify  and 

elaborate on such tra its.

Endozoochory research -  a brief history

The study o f seed transpo rt by herbivores has a long trad itio n  (Bonn and 

Poschlod 1998+, Poschlod e t al. 2005). In the  18th century, students o f 

Linnaeus have fed over 800 p lant species to  ungulates, probably being the  

firs t to  experim en t on ungulate endozoochory. A like, the  Austrian botanist 

Anton Kerner von M arilaun published a m onum enta l series on th e  natural 

h istory o f plants in the  1890's (Kerner von M arilaun 1902). One o f his 

chapters dea lt w ith  dispersal, and here, he referred to  endozoochory as "a 

m atte r o f d ispute am ongst bo tan is ts". He reports on an experim ent in which 

250 p lant species were fed to  various animal species, among which were 

horse, ca ttle  and pig. Though a t least a few  seeds apparently passed 

unin jured th rough  these ungulates, it  was concluded th a t " th e  num ber o f the

Violle et al. (2007) provide useful definitions fo r the functional ecology of plants. A 
'tra it' is defined as any morpho-/physio-/phenological feature measurable at the 
individual without reference to  the environment; an 'attribute' is the value or modality 
taken by a tra it in a given environment.
f These authors provide a very extensive and worthwile review on the history of 
dispersal research in general.
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seedlings so obtained was scarcely appreciable" so th a t "ve ry  fe w  w ords w ill 

suffice". Obviously, I do no t adopt the  la tte r opinion.

These early botanical in terests are rem arkable, since la te r reports 

p rim arily  stemm ed from  an increased agronom ical awareness on the  

dispersal o f weed seeds th rough  livestock and m anure. Lawsuits had even 

been filed  against people w ho  sold livestock th a t in fested th e  buyer's fields 

w ith  weeds (Burton and Andrews 1948). On the  o th e r hand, Suckling (1952) 

makes reference o f an agricu ltura l practice in Germany w here sheep were 

de liberate ly used to  seed w h ite  clover in to  new pastures (also see Bonn and 

Poschlod 1998: 198). A lthough it  can be reasonably assumed th a t seed 

'con tam ina tion ' was recognized by farm ers (much) earlier already, a 

continua l reporting  o f  observations (e.g. Adams 1907, Beach 1909, Hills and 

Jones 1911 in Burton and Andrews 1948), as w e ll as experim ents on these 

m atters (see Appendix 1C), in itia ted  in the  beginning o f the  20th century. 

Treatises on endozoochory from  a botanica l/ecologica l perspective were 

much scarcer during m ost o f  th e  century (e.g. M üller-Schneider 1954, and 

earlier o f his w ork cited herein).

The second ha lf o f th e  20th century saw an increased research in terest in 

the  b io logy o f p lant-anim al in teractions, as exem plified  by th e  coining o f the  

te rm  co-evolution (Ehrlich and Raven 1964). Dispersal processes were 

granted a fa ir degree o f a tten tion  in th is  respect, bu t it w asn 't until the 

1980's th a t D.H. Janzen in troduced herb ivore endozoochory o f  d ry-fru ited  

plants in these perspectives (Janzen 1983). In 1984, he published a seminal 

paper in which he emphasized the  po ten tia l benefits provided to  plants 

through endozoochory, and hypothesized th a t evo lu tion had occurred, not 

only in seeds to  fac ilita te  such dispersal, bu t also in the  plant's vegetative 

parts to  p rom ote  ingestion a t fru itin g  (Janzen 1984, above).

In recent decades, endozoochory received considerable a tten tion  from  

p lant ecologists (e.g. W elch 1985, M alo and Suárez 1995a, 1995b, Pakeman 

e t al. 1998). Illustra tive ly, th ree  Ph.D. projects on the  m a tte r were finished 

a lm ost s im ultaneously, lit t le  m ore than  100 years a fte r Kerner von 

M arilaun 's w o rk  (Bonn 2004, Cosyns 2004, M ouissie 2004). These advances 

fitte d  in w ith  a general increase o f in te rest in seed dispersal, which has now 

become a key top ic  in p lan t ecological research (Bullock e t al. 2002, Fenner 

and Thompson 2005, Bullock and Nathan 2008; Schupp e t al. 2010 illustra te  

an increase from  <25 to  nearly 500 papers published yearly over the  past 

th ree  decades). M any o f  these recent advances w ere inspired by both
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prob lem s and practice from  nature  conservation, such as dispersal lim ita tion  

and grazing m anagem ent. M ore recently, th is  includes the  spread o f alien 

species in (sem i)natural areas through endozoochory (e.g. Quinn e t al. 2010, 

Törn e t al. 2010), som ew hat paralle ling the concerns o f agronom ists from  a 

cen tury  ago!

Thesis aims and outline

The aim s o f th is  study are tw o fo ld . As illustra ted, seed fa te  pathways are 

com plex, and m any stages o f them  still need to  be explored o r substantia ted 

fu r th e r  (see 'The ecology o f  endozoochory'). Therefore , the  firs t part o f th is 

thesis w ishes to  con tribu te  to  our ecological understand ing o f endozoochory.

The stages th a t have already been studied could be in tegra ted  in to  a 

m odel th a t covers endozoochory as a whole. This w ou ld  no t on ly a llow  us 

to  evaluate ou r understanding o f how these stages in teract, bu t also to  

use th a t m odel to  explore new patterns o f endozoochory. As described in 

Chapter 2, w e the re fo re  constructed and tested a data-driven com puter 

s im u la tion  m odel fo r  endozoochory in heterogeneous landscapes. By 

means o f th is  model, we then  evaluated the  spatia l seed deposition 

pa ttern  obta ined by grazers in these landscapes, as th is  poses a key - b u t  

largely un e xp lo re d - com ponent o f the  effectiveness o f seed dispersal.

In Chapter 2, endozoochory is trea ted  from  th e  stage o f seed 

ingestion up to  seed deposition (cf. Fig. 1-1). Chapter 3 then  starts where 

Chapter 2 has ended.

Indeed, a fte r deposition , th e  fa te  o f a dung-borne seed is still 

uncerta in  since seeds may in te ract w ith  th e ir  env ironm ent in various 

ways. These may include b io tic  in teractions w ith  inve rteb ra te  and 

ve rte b ra te  mammals, and it  has been suggested th a t these go largely 

unnoticed in tem pera te  ecosystems (see above). In an experim ent, we 

focused on th e  particu la r ro le  o f dung beetles in th is  respect. These 

insects m ight provide seeds w ith  phase-two dispersal, and could hence 

have a decisive e ffect on the  seeds' chances o f recru itm en t. I rep o rt on 

th is  experim en t in Chapter 3.
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In Chapters 2 & 3, endozoochory is approached from  th e  process' 

perspective. Here, the  prim ary focus is on the  costs charged and the  benefits 

gained. This is d iffe re n t from  Chapters 4 & 5, w here  the  emphasis is on the 

behaviour o f  the  seeds themselves. Though costs and benefits play a key role 

here as w ell, it  does fo rm  a sh ift o f focus the  reader m ight w an t to  be aware 

of.

Doing so, chapters 4 & 5 f i t  in w ith  th e  second main aim o f  th is  thesis, i.e. 

to  explore the  evo lu tionary significance o f endozoochory by ungulates to  dry- 

fru ite d  plants on ecological timescales (see 'The evo lu tion  o f  endozoochory'). 

Follow ing examples from  o the r dispersal systems, I t ry  to  de ta il a system fo r 

studying th e  evo lu tionary ecology o f endozoochory in a m icro -evo lu tionary 

sense. Simply, I e laborate on th e  th ree  prerequis ites th a t are needed fo r 

natura l selection to  be able to  occur (cf. Darw in 1859). First, a phenotypic 

tra it  is needed th a t d irectly determ ines perform ance o f seeds in 

endozoochory. Second, th is tra it  should vary among ind ividuals w ith in  a 

species, and th ird , th is  tra it should be heritab le .

In Chapter 4, I repo rt on an experim en t in which p redeterm ined 

am ounts o f seeds were fed to  ca ttle  in o rde r to  estim ate th e ir  rates o f 

m o rta lity  during digestion. A lthough such feeding experim ents have been 

perfo rm ed before (Appendix 1C), add itiona l data are useful because a 

very specific and im portan t cost o f endozoochory is charged in th is  stage 

(Table 1-1). M ore p ro found ly, however, w e perform ed th is  experim en t to 

re-assess suggested effects o f  seed size and shape in th e  process, since 

these appear inconsistent from  lite ra tu re . This is done in o rd e r to  explore 

th e  su itab ility  o f these simple seed tra its  fo r the  m icro -evo lu tionary 

objectives stated above.

From Chapter 4, I w ill conclude th a t th e  quan tita tive  seed tra its  

investigated are no t suited fo r  the  aims sta ted, and w a te r-im perm eab ility  

o f  seeds m ight be used instead. For it to  be o f relevance, a be tter 

understanding o f th is  la tte r tra it  is needed, and th is form s th e  focus o f 

Chapter 5.

In Chapter 5, the in  s itu  varia tion  and he ritab ility  o f seed w ater- 

im perm eab ility  in Trifo lium  repens is investigated. Though endozoochory 

fo rm s th e  reason to  these investigations, the  param eters under study are

28



essentially unre lated to  dispersal. Instead, th e  results are in te rp re ted  in 

com bination w ith  an experim ent on th e ir  demographical significance.

A graphical ou tline  o f  how  the  ind iv idual thesis chapters f i t  in 

conceptually w ith  the  endozoochorous cycle is provided in Fig. 1-2.

In C hapter 6, we eventua lly  pu t th e  results o f these chapters in 

perspective, fu rth e r discussing th e  ecological and evo lu tionary significance of 

endozoochory to  d ry-fru ited  plants.
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4

P h e n o ty p ic  c h a n g e

Ch. 3 Ch. 5

Figure 1-2. A conceptual outline of the thesis. The endozoochorous cycle from Fig. 1-1 
is used as a template. For the chapters in blue, the emphasis is on the processes 

involved: Chapter 2 spans the processes from fruit production until seed deposition, 
while Chapter 3 focuses on subsequent phase-ll dispersal. For the chapters in red, the 

focus is on the behaviour of seed attributes. Chapter 4 tests the role of seed traits 
during transfer. Chapter 5 elaborates hereon in an attempt to meet the question of 
phenotypic evolution through endozoochory. Below, successive cycles are linked to 

illustrate its successive action through time.
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« Like the realtor said, only 

three things m atter : 

location, location, location. »

An Orchard Invisible: 91
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C h a p t e r  2

A data-driven simulation model of 

endozoochory by herbivorous 

mammals -  do grazers provide seeds 

w ith directed dispersal?*

B ra m  D 'h o n d t ,  S o p h ie  D 'h o n d t ,  D r ies  B o n te ,  R e in  Brys 

a n d  M a u r ic e  H o f fm a n n

5 1500 2300 3600 5000 5500 7000

20 50 100 85 60 8 23

0 0 5 0 0 50 0

685 880 620 423 812 354 500

\

f l
Cattle grazing: putting endozoochory into mathematics

Adapted from: D'hondt, B., D'hondt, S., Bonte, D., Brys, R. and Hoffmann, M. A data- 
driven simulation model of endozoochory by herbivorous mammals -  do grazers 
provide seeds with directed dispersal in heterogeneous landscapes? Journal o f 
Universal Rejection °°: 120-110.
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Abstract

Large herb ivorous mammals act as vectors o f dispersal fo r  many forbs 

and grasses through ingestion and subsequent excretion o f seeds 

(endozoochory). As endozoochory involves bo th  p lant-, an im al- and 

landscape-specific a ttribu tes, it  is inhe ren tly  com plex and highly data- 

demanding to  study. Accordingly, seed deposition patterns in heterogeneous 

landscapes have hard ly been exam ined, though these are essential fo r 

evaluating the  effectiveness o f dispersal. We firs tly  constructed a spatially 

explic it sim ulation m odel fo r  endozoochory, and param eterized it  fo r 

dispersal by cattle o f 25 p lant species in a coastal dune landscape. M odel 

o u tpu t was then compared w ith  fie ld  observations o f th e  num ber o f seeds 

dispersed. Second, we applied the  m odel to  assess the  spatial pa ttern  o f  seed 

deposition among vegeta tion  types in th is  landscape, w ith  a special emphasis 

on w he the r grasslands plants are transfe rred  tow ards suitable hab ita t in a 

d irected m anner ( 'd irec ted  d ispersal'). We add itiona lly  examined how 

a ltered hab ita t ava ilab ility  affects these patterns, and we included ten ta tive  

s im ulations o f w ind  dispersal as a reference. The observed numbers o f 

seedlings th a t germ inated from  fie ld-co llected dung pats matched the  model 

predictions closely. This indicates th a t patterns o f endozoochory can to  some 

exten t be forecasted if  su ffic ien t contextual detail is included. Simulations 

dem onstrated seeds to  have th e ir  highest p robab ility  o f  being deposited in 

grassland vegetation. Since th is  p robab ility  was h igher than w ou ld  be 

expected from  random  dispersal, grassland plants are thus sub ject to  

d irected transfer. The exten t o f th is, however, depended on th e  availab ility  

o f grassland in the  landscape. Nonetheless, com pared to  w ind  dispersal, 

herbivores moved m ore seeds tow ards unsuitable hab ita t. Our model 

the re fo re  suggests th e  main con tribu tion  o f  grazers to  be in the  combined 

action o f d irected and long-distance seed transfe r, and n o t in directed 

transfe r per se.

Keywords: dispersal, seed dispersal, zoochory, ungulates, grazing, seed 

shadow, seed rain, seed dispersal effectiveness, long-distance dispersal, 

spatial heterogeneity
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Introduction

M any p lan t species have a spa tio -tem pora l d is tribu tion  which is dynamic 

on both a local and regional scale (Freckleton and W atkinson 2002). The 

dispersal o f  seeds is an essential aspect o f these dynamics, enabling gene 

flo w  am ong established populations and colonization o f new hab ita t patches 

(Cousens e t al. 2008). M ost plants rely on externa l vectors to  disperse th e ir  

seeds, and th e  understanding o f these processes has grown to  a centra l issue 

in p lant ecological research over recent decades (e.g. Bullock e t al. 2002, 

Fenner and Thom pson 2005, Bullock and Nathan 2008).

An im portan t, bu t less understood m ode o f dispersal is zoochory by large 

m am m alian grazers (notab ly ungulates). Apart from  seed tran sp o rt in fu r  and 

on hooves (epizoochory; Fischer e t al. 1996, Couvreur e t al. 2004), these 

animals disperse seeds through ingestion and subsequent excretion 

(endozoochory). Indeed, various studies have shown considerable seed 

num bers fro m  num erous herbaceous and gram inoid plants to  be viably 

present in dung from  free-ranging ungulates (e.g. M alo and Suarez 1995b, 

Pakeman e t al. 2002, M yers e t al. 2004, Cosyns e t al. 2005b, Jaroszewicz e t 

al. 2009). A lthough they involve a som ew hat d istinct set o f species, 

endozoochory appears to  ou tw e igh  epizoochory fo r m ost herb ivores in both 

the  num ber o f seeds and species dispersed (Couvreur e t al. 2005, M ouissie et 

al. 2005a).

Endozoochory is inheren tly  a complex m ode o f dispersal, com prising a 

succession o f stages th a t perta in  to  the  availability, uptake, m ovem ent and 

deposition o f  seeds (Wang and Smith 2002). Each o f  these stages involves 

com ponents from  the  m ovem ent ecology o f the  p lant or th e  animal vector 

(Nathan e t al. 2008b). However, features o f the  landscape are inherent 

com ponents o f organismal m ovem ent as w ell (environm enta l facto rs sensu 

Nathan e t al. 2008b, Damschen e t al. 2008), since they  in fluence, fo r 

instance, p la n t abundance and animal behaviour. Endozoochory should 

th e re fo re  necessarily be regarded as a context-dependent process in which 

both p lant, anim al and landscape a ttribu tes should be in tegra ted  to  

understand th e  process as a w hole . This com plexity and high dem and o f data 

thus make endozoochory a laborious process to  study. One way o f handling 

th is  is th rough  ecological s im u la tion , i.e. by bringing systems in sillco  (Peck 

2004, 2008). To date, however, few  e ffo rts  have been made fo r  data-driven, 

spatia lly exp lic it s im ula tion approaches o f endozoochory by herbivores. In a
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notab le  exception, W ill and Tackenberg (2008) com piled data from  various 

sources in to  a s im ula tion m odel on zoochory by ungulates and e laborated on 

the  re la tive  im portance o f p lant and animal tra its . However, th e ir  m odel (as 

presented) prim arily applies to  the  regional level (e.g. exchange o f seeds 

am ong landscape fragm ents), since lit t le  landscape de ta il Is im plem ented  on 

the  local level (such as p lant and hab ita t d is tribu tion  w ith in  fragm ents). 

M oreover, th e ir  m odel was no t opera tiona lly  va lidated; fo r  instance, th rough  

a com parison w ith  independent observations from  the  fie ld  (Rykiel, 1996).

For a seed to  benefit from  dispersal, it  should be transfe rred  to  a site 

w here cond itions are suited fo r emergence and recru itm en t (Duncan e t al.

2009). Spatial patterns o f seed deposition are th e re fo re  o f great in te res t fo r 

assessing th e  effectiveness o f endozoochory (Schupp 1993, Schupp et al.

2010). Observational data on seed deposition patterns in ungulate 

endozoochory are genera lly scarce. By quantify ing  dung deposition by 

rabbits, deer and cattle  in a M editerranean wooded pasture system, M alo et 

al. (2000) docum ented considerable varia tion  in th e  am ount o f seeds 

deposited per herb ivore species among and w ith in  p lan t com m unities. From 

a com parative  survey o f the  vegetation com position and th e  seed con ten t o f 

dung in a landscape com prising salt-marshes and sand dunes, Bakker et al. 

(2008) concluded th a t seeds from  each com m unity  are dispersed in to  the 

o ther, b u t do not establish there.

By de fin ition , if  seeds arrive in a hab ita t w ith  a p robab ility  th a t equals the 

p ropo rtiona l surface o f th a t hab ita t w ith in  th e  landscape, dispersal is 

random . On the  o th e r hand, if  the  arriva l p robab ility  fo r  su itab le hab ita t is 

h igher than  expected by chance, seeds benefit from  'd irected  dispersal' 

p rovided by th a t vec to r (Howe and Sm allwood 1982, W enny 2001). Non- 

random  te rra in  use o f an animal d isperser in heterogeneous environm ents 

can resu lt in such d isp roportiona te  arrival. A lthough th is has been addressed 

fo r endozoochory by frug ivorous and scatter-hoard ing birds (e.g. W enny and 

Levey 1998, Gómez 2003; also see Deckers e ta !. 2008), d irected  dispersal has 

to  ou r know ledge never been investigated fo r  herbivorous mammals.

Grazers a llow  early- and m id-successional vegetation stages to  persist 

th rough  e ffects o f feeding, tread ing and n u trien t red is tribu tion  (Van W ieren 

1995, O lff and Ritchie 1998, O lff e t al. 1999). M odera te  grazing by livestock 

(cattle , horse, sheep) is the re fo re  frequen tly  applied in nature conservation 

practice (W allisDeVries e t al. 1998). This also is the  case in m any tem perate  

coastal reserves, w here w ith o u t m anagem ent, species-rich dune grasslands
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quickly become suppressed by shrubs (notab ly by Hippophae rham noides  L.; 

Isermann e t al. 2007, Provoost e t al. 2011). Since dune grasslands and scrub 

typ ica lly  fo rm  part o f highly dynam ic (coastal) landscapes th a t exh ib it a high 

varia tion  in vegetation, such grazed reserves m ight provide good systems fo r 

studying the  con tribu tion  o f herb ivores to  p lant dynamics in heterogeneous 

environm ents.

One o f such reserves is W esthoek-South, w h ich is located in the 

w este rnm ost tip  o f Belgium (51°04 '50"N , 2°33'50''E ) and about 60 ha in size. 

Since 1998, th e  site  is fenced and stocked w ith  Scottish Highland cattle  and 

Shetland ponies (3 and 16 ind ividuals in 2008, respectively; Leten e t al. 

2005). In th is  work, w e took  advantage o f a large body o f data obta ined from  

th is  reserve to  evaluate the  con tribu tion  th a t grazers make to  seed dispersal 

in heterogeneous landscapes. O ur aims w ere  firs tly  to  construct, 

param eterize and validate a m echanistic s im ula tion m odel fo r  endozoochory 

by cattle . W e then  applied th e  m odel to  assess how  seeds are red is tribu ted  

w ith in  the  te rra in , and how  th is  is a ffected  by landscape changes. Here, a 

special emphasis is given on w h e th e r seeds are transfe rred  in a directed 

m anner tow ards suitable hab ita t o r not.

Methods

First, w e constructed an individual-based and spatia lly exp lic it model 

(Cousens e t al. 2008, Couvreur e t al. 2008). In short, a single animal is 

in troduced in a tw o-d im ensional landscape, in w hich it  moves, and ingests, 

digests and defecates seeds. This m odel was subsequently param eterized fo r 

endozoochorous dispersal o f 25 p lant species by ca ttle  in W esthoek-South. 

The plants comprised d ry-fru ited  fo rb  and gram inoid species (Table 2-1). We 

then  va lidated the  param eterized m odel's ou tpu t on th e  expected num ber o f 

seeds th a t are dispersed per defecation, by com paring these w ith  fie ld-based 

observations (cf. Rykiel 1996).

Second, we used th e  param eterized m odel to  assess the  pa ttern  in which 

v iab le  seeds are deposited am ong th e  site 's main vegeta tion  types, or, in 

o th e r words, the  p robab ility  fo r  seeds to  end up in a particu la r vegetation. 

We also quantified  levels o f d irected seed transfer, de fined as th e  p robab ility  

fo r  a dispersing seed to  end up in suitable vegeta tion  re lative  to  the 

p ropo rtiona l surface area o f th a t vege ta tion  in th e  landscape (Spiegel and 

Nathan 2010). This yields a measure fo r  th e  deviance from  random  transfe r 

(transfe r away from  suitable hab ita t a t <1, random transfe r at =1, d irected
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transfe r at >1). As seed transfe r is seldom random  in nature, however, we 

also included ten ta tive  sim ulations o f w ind  dispersal (anem ochory) as a 

reference.

As no data on emergence and establishm ent o f  species among 

vegetation types is available, we operate under th e  assumption th a t the 

most suitable vegetation type fo r  a species is the one w here we found it 

m ost frequently  fru itin g  (data in Appendix 2A). For m ost o f th e  species, th is is 

the  grassland (Table 2-1), and we th e re fo re  e laborate on th is vegeta tion type 

in particu lar. If  the  assumption should prove invalid in some species, 

m odeled seed patterns would  s till hold, though a re in te rp re ta tion  o f  the ir 

su itab ility  to  species would  be needed.

M odel structure

The m odel's s tructu re  is extensively discussed in Appendix 2A. Here, only 

a summ ary is given. The m odel code is provided in Appendix 2B.

A fte r having in troduced the  animal in to  the  landscape, the  model 

proceeds in steps. Each stap corresponds to  a reposition ing o f the  animal 

from  one cell to  a neighbouring cell. Steps are repeated un til the  pre-set 

duration is reached.

Landscape -  The landscape is a grid o f which each cell is assigned to  one 

o f several vegetation types.

Anim al movement -  Cell-to-cell m ovem ent o f th e  animal accords w ith  a 

constrained random  walk. The m ovem ent constra in t is based on the 

com bination o f th e  anim al's preference am ong vegeta tion types (which it is 

facing in th e  neighbouring cells), and its in terna l propensity to  change 

d irection (irrespective o f the  environm ent). The length o f stay in a cell is 

variable.

Grazing /  seed ingestion and digestion -  The animal grazes parts o f its 

path w h ile  m oving. W hen grazing a cell, a certa in quantity  o f seeds from  each 

o f the  set o f study p lant species becomes available to  the  anim al. A portion 

o f these seeds is subsequently ingested, p roportiona l to  the  tim e  spent in the 

cell and to  the forage value o f  the  species. The m orta lity  o f ingested seeds 

th a t is due to  destruction o r d igestion by th e  animal is included in th is step.

Defecation /  seed excretion -  From tim e  to  tim e, th e  anim al defecates 

along its path. The probab ility  fo r  a seed to  be e ithe r excreted or retained at 

defecation, is determ ined by the  tim e  th a t has passed since its ingestion. This 

re lationship is given by a cum ula tive  lognorm al p robab ility  density function 

(Rawsthorne e ta l. 2009).
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Table 2-1. The plant species for which the model was parameterized. Per species, 
the presumed vegetation type suitable for establishment is given (S: scrub; F: 
forest; G: grassland; Rg: rough grassland; D: dune; W: wetland)

Agrostis capillaris L. G Juncus articulatus L. G

Agrostls stolonifera L. G Juncus bufonius L. G

Carex arenaria L. D Juncus inflexus L. Rg
Carex flacca Schreb. G Mentha aquatica L. G

Carex hirta L. G Plantago major L. G

Carex oederi Retz. G Poa annua L. G

Cerastium fontanum  Baumg. G Poa pratensis L. G

Cerastium semidecandrum L. D Poa trivialis L. F

Galium aparine L. S Trifolium campestre Schreb. G

Galium mollugo L. W Trifolium dubium Sibth. G

Galium palustre L. G Trifolium pratense L. G

Galium uliginosum L. G Trifolium repens L. G

Galium verum L. S

Table 2-2. The distinguished vegetation types with some representative plants, their 
surface area (proportional to the entire area), and the coefficient of vegetation 
preference for cattle

Vegetation Representative plants Surface Pref. coeff.

Scrub Hippophae rhamnoides L, Ligustrum vulgare 
L., Salix repens L.

0.46 0.12

Forest Populus spp., Alnus glutinosa (L.) Gaertn. 0.19 0.28

Grassland various perennial grasses, numerous forb 
species

0.13 1.00

Rough grassland Calamagrostis epigejos (L.) Roth, C. 
canescens (Weber) Roth, otherwise low 
diversity of forbs

0.10 0.63

Dune Carex arenaria L., winter annuals, mosses, 
lichens

0.10 0.25

Wetland almost monospecific stands of Iris 
pseudacorus L.

0.02 0.14
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M odel parameterization

Param eterization o f  th e  m odel is extensively discussed in Appendix 2A. 

Here, on ly  a sum m ary is given.

Landscape -  We used the  vegetation map o f W esthoek-South from  

Ebrahim i (2007), w ho  visually in te rp re ted  aerial images o f the  area. Some 

m in o r changes w ere perform ed, such as an update o f the  fencing and some 

vegeta tion  polygons, before  converting the  map to  a grid. Each grid  cell 

corresponded to  1 m 2 in the  field, Six vegetation types w ere distinguished in 

th e  landscape: scrub, fo rest, grassland, rough grassland, dune and w etland 

(Table 2-2). (Also no te  th a t the d istinction betw een habitats is overall rough 

and th e ir  names are essentially a rb itra ry . Assignm ent o f  species to  particu lar 

habitats the re fo re  should be considered approxim ate.) The in teger landscape 

is shown in Fig, 2 - la .

A n im a l m ovem en t -  W e used data from  Lamoot e t al. (2005) to  

de te rm ine  the anim al's preference fo r  each vegeta tion  type. They 

extensively recorded th e  behaviour o f individual H ighland cattle  w ith in  this 

reserve in s ix-hour observation sessions, which included m apping its position 

every 15 m in. W e used these positions (275 in to ta l, from  13 sessions) to  

calculate 'vegeta tion preference coeffic ients ' according to  Couvreur e t al. 

(2008): the  num ber o f observed positions in each vegetation type  was 

d ivided by th a t vegeta tion  type 's  area, and these numbers w ere then 

rescaled by divid ing them  by the  highest value (Table 2-2). Values fo r 

'd ire c tio n  preference coeffic ients ' (re flecting th e  animal's propensity  to 

change d irec tion ) w ere chosen a rb itra rily  due to  a lack o f data: in a 

hom ogeneous environm ent, the  anim al changes its d irec tion  (45° or 90°) in 

a bout one ou t o f  th re e  steps. The duration fo r w h ich th e  animal stays in a 

cell is d raw n random ly from  a vecto r o f data values (length o f stay per m 2) 

which w ere also derived from  the  positional data o f Lamoot e t al. (2005). 

From th e ir  data, we m oreover calculated th a t ca ttle  do not have habitual 

la trine  sites in th e  area, bu t instead perfo rm  random  excretions w ith  respect 

to  vegeta tions. This is included in Appendix 2C.
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■  Scrub 
I  Forest
0  Grassland
1  Rough grassland 
I ’ Dune

(b) ■  Wetland

Figure 2-1. Vegetation maps of the study area, (a) The integer map. A simulated 
twenty-four hours' path is plotted (line, ends indicated by arrows), (b) A manipulated 
version, in which grassland vegetation is doubled at the expense of scrub. Scale bar =

100 m.

Grazing /  seed ingestion  and  d iges tion  -  In the  study area, Highland 

ca ttle  graze about 30.2 % o f th e ir  tim e  in sum m er (Lam oot e t al. 2005). The 

anim al th e re fo re  grazes along th is  p roportion  o f  its path in th e  m odel. We 

de term ined  the  study species' ava ilab ility  o f seeds fo r  ingestion by sampling 

25 to  34 plots per vegetation type  during the  sum m er o f 2008 (1 m 2 plots). 

Using species-specific protocols, w e estim ated th e  num ber o f seeds from  

each o f th e  species in each o f  the  plots. W e counted th e  num ber o f 

inflorescences per p lo t (or low er levels, e.g. fru its , if convenient), and then  

hierarchica lly sampled the missing levels (e.g. seeds per fru it) to  obta in  these
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estimates. Values were included in separate vectors fo r  every 

species/vegetation type  com bination, fro m  which values are drawn random ly 

at grazing. (The results o f these are also included in Appendix 2A.) Species- 

specific forage values were derived from  the  BiolFlor database (based on 

Briem le e t al. 2002). On a 0 - to - l scale, these numbers reflect the  species' 

pa la tab ility  to  livestock.

In previous work, we determ ined  species-specific m orta lity  rates th a t are 

due to  animal destruction, by feeding know n am ounts o f seeds from  various 

p lant species to  cattle (D 'hondt and H offm ann 2011). Twelve o f th e  species 

used in th a t study were also included here, and we th e re fo re  adopted the 

raw values fo r  them  in to  vectors. As in tra-generic d ifferences in m orta lity  

rate are generally low  (D 'hondt and H offm ann 2011), we lum ped the raw 

values from  congeneric species fo r  th e  rem ain ing th irte e n  species. The model 

random ly draws values from  these vectors a t ingestion.

D efecation /  seed excre tion  -  A vecto r o f observed tim e  intervals 

between tw o  defecation events was derived from  the  behavioural data o f 

Lamoot e t al. (2005). A fte r each defecation, a new value is drawn from  this 

vector. Parameters fo r the function  describ ing the  p robab ility  fo r  a seed to  

become excreted at defecation, are provided by D 'hond t and Hoffmann 

(2011). For instance, seeds have a 50 % chance o f being excreted w ith in  29 h 

a fte r ingestion, and w ith in  106 h, 99.99 % o f them  are excreted. The 

re ten tion  pattern  is considered the  same fo r  all species.

M odel validation for dispersed seed numbers

We used fie ld  observations to  va lidate the  expected num ber o f seeds 

th a t become dispersed per defecation as obtained from  the  model. 

Concurrently w ith  the de te rm ina tion  o f seed ava ilab ility  (sum m er 2008), we 

collected 33 cattle pats in s itu . These samples were subsequently s tratified 

fo r 41 days at ± 7.9 °C, then  m ixed th rough  a shallow  layer o f sand and 

po tting  soil (1:1 vo lum e) in trays (45 x 40 x 10 cm), and le ft to  germ inate  in a 

greenhouse fo r  12 m onths. Throughout th is period, all seedlings were 

iden tified  and removed.

Im portantly , the m odel essentially yie lds numbers o f viable seeds in dung 

pats, w h ile  from  the  greenhouse we obta ined numbers o f seedlings 

germ inating  from  pats. Since no t all viable seeds germ inate from  dung in the 

greenhouse, a correction is needed to  a llow  fo r  a com parison o f model 

predictions and greenhouse observations. In our feeding experim ent 

(Chapter 4, D 'hondt and Hoffm ann 2011), we included a trea tm e n t in which
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seeds w ere  germ inated on a m ix ture  o f  sand and po tting  soil, and a 

tre a tm e n t in which seeds from  th e  same batch w ere germ inated on a 

m ix ture  o f  sand, po tting  soil and cattle  dung; com bining both yielded 

species-specific factors fo r  th is  correction (these can be found from  Appendix 

4C).

We ran th e  m odel 20 tim es fo r  a sim ulated tw e n ty -fo u r hours' period. 

Anim al in tro d u c tio n  was forced to  be in the  grassland (see below). A non- 

param etric  Spearman rank corre la tion  was used to  con fron t the  mean 

num ber o f  seedlings from  the  m odel and th e  greenhouse samples.

Patterns of seed deposition

Before in fe rring  on spatial seed deposition patterns, we firs tly  checked 

w h e th e r s im ula tions accurately reflected the  observed animal m ovem ent.

We then  firs tly  assessed the  deposition pattern  fo r  the  in teger landscape 

o f our s tudy site. Second, we m anipulated the  vegeta tion map to  te s t how 

th is d is tribu tion  is affected by the  ava ilab ility  o f grassland. We increased the 

p roportiona l surface area o f  grassland by gradually extending th e  margins o f 

existing grassland patches at th e  expense o f neighbouring vegeta tion  

(sim ulating successful grazing m anagem ent o r mechanical rem oval). A t firs t, 

scrub was tu rned  in to  grassland, bu t w hen scrub area equalled th a t o f 

w oodland (the next m ost abundant non-grassland vegeta tion), bo th  were 

co llective ly converted u n til equation w ith  rough grassland, and so on. In th is 

way, coexistence o f th e  d iffe re n t vegeta tion types was assured in all 

landscape scenarios (see Fig. 2 - lb ) . Vice versa, decrease o f grassland was 

sim ulated by extending ranges o f neighbouring vegetation a t the  expense o f 

grassland.

We ran the  m odel 100 tim es fo r  a sim ulated 3 days' period in each 

landscape scenario. The animal was always in troduced on a fixed position  in 

the  grassland since random  in troductions would  bias results.

Endozoochory vs w ind dispersal

We te n ta tive ly  included sim ula tions o f  w ind dispersal fo r comparison 

w ith  endozoochory. In each o f th e  landscape scenarios, we took  10000 

random  positions in the  grassland. From each position, one seed was a llowed 

to  disperse. Its d irec tion  o f dispersal was chosen random ly, w h ile  the 

dispersal distance was d raw n from  an exponentia l d is tribu tion  w ith  a mean 

o f e ith e r 1, 5, or 25 m. Using th is one-param eter d is tribu tion  provides a 

s im ple means o f genera ting  anem ochorous seed rains (W illson 1993, Gros et 

al. 2006).
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Results

M odel validation for dispersed seed numbers

Sixteen o f th e  study species em erged from  th e  dung samples obtained 

from  th e  fie ld . Statistics from  these are listed in Appendix 2D. Species means 

o f the  num ber o f seedlings from  the  m odel (213 sim ulated pats) matched 

those obta ined fro m  the  dung samples re lative ly  closely (Spearman rank 

corre la tion coe ffic ien t = 0.693, P < 0.001, Fig. 2-2).
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Figure 2-2. The mean number of seedlings in dung pats for each of the 25 species, as 
observed from the germination experiment in the greenhouse and as predicted by the 

model. The scales are logarithmic; 0.0001 is added to the values. The line depicts X 
equalling Y. Species abbreviations consist of the first letters of genus plus species; 

please refer to Table 2-1.

Patterns of seed deposition

The re lation  betw een th e  observed and sim ulated te rra in  use o f animals 

w ith  respect to  vegetations is shown in Fig. 2-3. As the re  is a good 

correspondence, th e  m odel is appropria te  fo r questions concerning the 

d irec tiona lity  o f dispersal tow ards particu la r vegeta tion  types. (A lthough a 

s light overestim ation  fo r  scrub, as opposed to  th a t fo r fo rest and rough 

grassland, m ay be taken in to  account.) The m odel perform ed less w e ll w ith  

respect to  distances covered in animal m ovem ent, and th e  m odel is
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th e re fo re  n o t suited to  in fe r on seed dispersal distances. This is included in 

Appendix 2C.
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Figure 2-3. Correspondence between the observed and simulated terrain use of 
animals with respect to vegetation types. 'Observed' refers to the proportion of 
observed positions in the respective vegetation types. 'Predicted' refers to the 

proportion of the simulated animal paths in those types. The results (mean ± s.e.) are 
shown for 100 runs (the same as in Fig. 2-4). S: scrub; F: forest; G: grassland; Rg: rough 
grassland; D: dune; W: wetland. The line depicts X equalling Y. Pearson correlation of 

the data: p = 0.953, P = 0.003.

The d is tribu tio n  o f endozoochorously dispersed seeds am ong vegetation 

types, or, th e  p robab ility  fo r a dispersing seed to  end up in each vegetation 

type , is shown in Fig. 2-4 fo r  the  in teger landscape. This pa ttern  appeared to  

be the  same fo r  each species, irrespective o f its occurrence pa tte rn  in the  

area. Seeds apparently had the  highest chance to  end up in th e  grassland and 

the  low est in th e  wetland. The p robab ility  to  end up in scrub was low er than 

expected from  the  scrub surface. This thus suggests th a t ca ttle  trans fe r scrub 

species (e.g. Galium aparine, cf. Table 2-1) away from  suitab le hab ita t. The 

chance o f  reaching grassland was th re e  tim es higher than expected (Figs 2-4 

and 2-5b), and grassland species are thus provided w ith  d irected transfe r.
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Figure 2-4. The proportion of seeds that end up in each vegetation type, as modelled 
for the integer landscape (mean ± s.e. of 100 runs). The proportional surface area for 
each vegetation type is given by closed dots. Three exemplary species are included: 
Poa annua, P. trivialis and Carex arenaria are considered grassland, forest and dune 

species, respectively.

As dem onstrated from  the  m an ipu la ted landscapes, the  p robab ility  fo r  a 

seed to  end up in grassland related positive ly  to  the  surface area o f grassland 

(Fig. 2-5a). W ith  increasing area, th is p robab ility  became th e  highest o f the 

six vegeta tion types when its area was about 8 % o f th e  to ta l surface, and 

from  ± 22 % on, th is p robab ility  exceeded the  chance o f ending up in non

grassland vegetation (i.e. all o the r vege ta tion  types taken together). This 

p robab ility  was higher than  th e  surface area o f grassland, suggesting directed 

transfe r, in all scenarios. However, the  level o f  d irected transfe r decreased 

w ith  increasing surface o f  grassland (Fig. 2-5b). The p robab ility  to  be 

deposited in grassland and the  level o f  d irec tiona lity  thus show opposite 

pa tterns  w ith  changing levels o f grassland area.
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Figure 2-5. (a) The probability for seeds to end up in grassland through endozoochory, 
as a function of grassland surface (mean ± s.e. of 100 runs), (b) The level of directed 

transfer in endozoochory, as a function of grassland surface. When the probability to 
end up in grassland equals its area (Y = 1.0), dispersal is random.
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Figure 2-5, continued. Panels (c) and (d) provide the same measures, through wind 
dispersal, p is the parameter of the exponential distribution used in simulation (mean 
dispersal distance). Closed symbols refer to  the integer vegetation map, open symbols 

refer to manipulated maps.
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Endozoochory vs wind dispersal

Seed dispersal distances obtained th rough  the  ten ta tive  w ind dispersal 

sim ula tions are given in Fig. 2-6 (basically, these re flec t the  im plem ented 

exponentia l d is tribu tions). The p robab ility  to  end up in grassland was also 

positive ly re lated to  th e  surface area o f grassland (Fig. 2-5c). In any given 

landscape, th is  p robab ility  decreased w ith  increasing w ind  dispersal capacity. 

The ra tio  o f  th is  p robab ility  to  th e  area o f grassland also related negatively to  

grassland ava ilab ility  (Fig. 2-5d). M oreover, the  results suggested th a t 

d irected  trans fe r is stronger in w ind dispersal than in endozoochory (Fig. 2- 

5b vs 2-5d). (However, the  use o f 'd ire c te d ' m ight be inappropria te  in term s 

o f  w ind dispersal, as is discussed below).
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Figure 2-6. Frequency distribution o f dispersal distances obtained through the 

ten ta tive  w ind dispersal simulations, p is the parameter o f the exponential distribution 
used in simulation (mean dispersal distance). Simulations are performed in the integer 

vegetation map. X axis labels are upper boundaries.
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Discussion

This is the f irs t study th a t va lidated a da ta-driven s im ula tion o f 

endozoochorous dispersal by large herb ivorous m am m als (cf. Couvreur e t al. 

2008 fo r  epizoochory; Russo e t al. 2006 fo r  frug ivores). A good agreem ent 

was found between fie ld  observations on the  num ber o f seeds th a t are 

dispersed by cattle  in W esthoek-South, and m odel predictions hereof, 

show ing th a t endozoochory can to  some exten t be forecasted if  su ffic ien t 

con textua l detail is included. Though th e  corre la tion  involved a s ignificant 

sca tte r and tended to  overestim ate, we nonetheless believe th is already is a 

substantia l realization when considering its real w o rld  com plexity. As is the  

case w ith  any model, m ore deta il could be added, o f course. In Trifo lium , fo r 

instance, digestion-resisting seed a ttrib u te s  are known to  vary in situ  

(Chapter 5, D 'hondt et al. 2010; no te  T. repens to  be the  m ost highly 

overestim ated  species in Fig. 2-2).

Spatial patterns o f seed deposition constitu te  a m a jo r com ponent o f  a 

vecto r's  effectiveness (Schupp 1993). In our case-study, ca ttle  deposited 

seeds in each o f the  considered vegeta tion types, which agrees w ith  the 

observations o f M alo et al. (2000) and Bakker e t al. (2008). The p robab ility  

fo r  a dispersing seed to  end up in a particu la r vegeta tion type appeared to  be 

sim ilar fo r all species, which can be explained by the  fac t th a t th e  tim e  from  

seed ingestion to  excretion largely exceeds tem pora l in terva ls w ith  which 

vectors cross vegetation type  boundaries in th is small-scaled heterogeneous 

landscape. Since such p robabilities are affected by th e ir  surface areas, they 

w ill largely vary am ong (spatially) o r w ith in  landscapes (tem pora lly). As large 

grazers p re fe r grasslands d isp roportiona lly  m ore than any o the r vegetation, 

tra n s fe r tow ards grassland is nonetheless always d irected. (By de fin ition , 

how ever, transfe r is no t d irected bu t random  w hen grassland is th e  sole 

vege ta tion . Therefore, Y -> 1 in Fig. 2-5b.) The directedness is strongest when 

th e  p roportion  o f grassland is low . However, th e  actual num ber o f  seeds 

reaching grassland is considerably small under such circumstances.

So far, w e have been considering qua lity  o f  deposition  at th e  level o f  the 

vege ta tion . On a sm aller scale, seeds end up in a nu trien t-rich  gap through 

endozoochory (the dung pat, G illet et al. 2010). The d irec t e ffects o f  these 

cond itions on seed viab ility , germ ination  and seedling establishm ent are 

bare ly known (bu t see Carmona et al. 2010). A lthough several studies 

suggest a high incidence o f pre- o r post-germ ination m orta lity  under fie ld
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conditions (Cosyns e t al. 2006, M ouissie e t al. 2005a, Pakeman and Small 

2009), seeds m ight also postpone germ ination and become incorporated into 

the  soil seed bank w ith  dung e ffects erod ing over tim e  (M alo et al. 1995, 

G ittings e t al. 1994). Seeds in dung pats can also become secondarily 

dispersed; fo r  instance, by dung beetles in late sum m er (Chapter 3, D 'hondt 

e t al. 2008). The concentrated pa ttern  in which seeds are deposited by 

grazers m ay increase density-re la ted com petition  among seedlings, and 

Spiegel and Nathan (2010) the re fo re  recently argued fo r  an inclusion o f th is 

com ponent in to  th e  fram ew ork  o f  d irected dispersal.

Because w e lack a general comprehension o f  the  post-deposition fa te  fo r 

endozoochorously dispersed seeds, we restric ted  our m odel to  deposition at 

the  vegeta tion level, w h ich sets the  stage fo r these low er-level processes. 

Indeed, even abiotica lly dispersed seeds face com plex fates a fte r dispersal. 

Our m odel suggested seed trans fe r by w ind to  be m ore 'd irec ted ' than 

endozoochory. It should be noted, however, th a t te rm ing  these 

anem ochorous events as 'd irec ted  dispersal' (as im plied by our m athem atical 

fo rm u la tion ) m igh t be inappropria te . The h igher-than-random  chances o f 

reaching suitable hab itat fo r  these seeds simply re flec t the  shorte r distances 

trave lled  by them , w ith  m ost seeds fa lling  near the  m othe r plant. W hereas 

de fin itions o f 'd irected  d ispersal' suggest th a t hab ita t patch boundaries 

become crossed (although th is  is rare ly stated explicitly, cf. W enny 2001). 

Indeed, th e  m ajority o f fo rb  species lack capacities to  disperse by w ind 

sign ificantly fa r (Tackenberg e t al. 2003).

If seeds end up close to  the  m othe r plant, e.g. through localized w ind 

dispersal, plants m ight experience increased levels o f  conspecific com petition  

(Cheplick 1992), host-specific enem ies (Nathan and Casagrandi 2004) or 

inbreeding (Roze and Rousset 2005). Endo- and epizoochory, on the  o ther 

hand, m ove seeds over m uch larger distances, a llow ing seeds to  escape the  

m aternal env ironm ent easily (Pakeman 2001, Vellend e t al. 2003, W ill and 

Tackenberg 2008, Couvreur e t al. 2008; see Appendix 2C fo r  o u tp u t from  our 

m odel). Therefore , it rem ains hard to  evaluate th e  dem ographic resu lt o f 

these dispersal modes, i.e. to  w h a t extent transfe r also results in succesful 

dispersal. If distance-related dem ographic effects do no t play an im portan t 

role, then w ind and herb ivores p rovide seeds w ith  com plem entary benefits 

in term s o f distance and hab ita t su itab ility . W hile w ind  provides succesful 

short-d istance dispersal, herb ivores disperse seeds over large distances w ith  

directed dispersal being re la tive ly  costly (as com pared to  w ind). The main
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« a "seed bank" ... isn't the 

kind o f  bank anyone would 

w an t to  invest the ir  money 

i n . ... (T)his is a bank regularly 

robbed by rodents and 

riddled w ith  fungi »

An Orchard Invisible: 115
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C h a p t e r  3

Dung beetles as secondary seed 

dispersers in a tem perate grassland*

B ra m  D 'h o n d t ,  B e a t r i js  B o s s u y t ,  M a u r ic e  H o f fm a n n  a n d  

D r ie s  B o n te

Onthophagus similis Scriba, a tunneler

’ Adapted from : D 'hondt, B., Bossuyt, B., Hoffmann, M. and Bonte, D. (2008) Dung 
beetles as secondary seed dispersers in a tem perate grassland. Basic and Applied  

Ecology 9: 542-549.
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Abstract

The two-phase dispersal event in which dung beetles move seeds a fter 

endozoochory is often assumed to  be advantageous fo r  p lant regeneration. 

Because seeds are expected to  end up in favourab le  and safe germ ination 

sites, it  is considered as an example o f d irected  dispersal. However, lite ra tu re  

so fa r is restricted to  trop ica l rain fo re s t ecosystems, w hile  data fo r 

tem pera te  regions are lacking. In th is  study, th e  e ffec t o f dung beetles on 

seedling establishm ent o f endozoochorously dispersed seeds is evaluated fo r 

a tem pera te  grassland ecosystem. We perfo rm ed a fie ld  experim ent in which 

cages excluded dung beetles from  horse and ca ttle  dung samples w ith  mixed- 

in grass seeds. Seed germ ination  from  these samples was s ign ificantly higher 

than th a t from  samples which were accessible to  dung beetles. This indicates 

th a t the  e ffec t o f  dung beetles on short-te rm  seedling establishm ent was 

negative, which contrasts w ith  th e  patterns found  fo r  large-seeded species 

used in trop ica l studies. This is m ost likely a ttrib u te d  to  the  lack o f ro lle r 

species and the  larger depth a t which tunne ling  Geotrupes species bury 

seeds.

Keywords: seed dispersal, secondary dispersal, d ip lochory, seed buria l, 

Agrostis, Poa
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Introduction

Acting as dispersal agents, animals m ay take p lant seeds to  non-random  

m icrohab ita ts th a t are w e ll-su ited fo r  establishm ent and grow th. This 

process, referred to  as 'd irected  dispersal', was distinguished by Howe and 

Smallwood (1982) as one o f th ree  m ajor advantages o f seed dispersal, and is 

assumed to  be m ore com m on than fo rm erly  though t (W enny 2001). D irected 

dispersal is considered to  be a key step in d ip lochory (Vander W all and 

Longland 2004), in which seeds are dispersed in tw o  successive phases, each 

involving a d iffe re n t dispersal agent. According to  Vander W all and Longland

(2004), the  benefits o ffe red  by th e  d iffe ren t phases d iffe r: second phase 

dispersers (e.g. ants, rodents, corvids) o ften  take seeds to  m icrosites th a t are 

m ore suitab le fo r establishm ent than those reached by phase one dispersers 

(e.g. w ind, herbivores). One particu la r case o f d ip lochory occurs when dung 

beetles act as secondary dispersers o f  seeds contained in vertebra te  dung.

W ith in  the  dung beetles (coprophilous species o f  th e  Scarabaeidae 

subfam ilies Aphodiinae, G eotrupinae and Scarabaeidae [classification 

fo llow ing  Janssens 1949, I9 6 0 ]), th ree  functiona l groups are distinguished: 

dwellers, tunne le rs and rollers (Cam befort and Hanski 1991). Aphodiinae are 

predom inantly  dwellers: these small-sized beetles (generally less than 10 mm 

in length) eat th e ir  way through the  dung and deposit th e ir  eggs w ith o u t 

constructing  a nest o r cham ber. G eotrupinae and m ost Scarabaeidae are 

tunne lers: they d ig a m ore  or less vertica l tunne l beneath a dung pat and 

move th e  dung to  the shaft base. M any Scarabaeinae, specified as rollers, 

construct a dung ball and transpo rt th is  over a distance p rio r to  burying it 

(te lecoprid  n id ifica tion  sensu Bornemissza 1969). Dung beetles do no t eat 

seeds (Andresen and Feer 2005), so tunne lers and rollers may con tribu te  to  

dispersal by m oving and burying seeds along w ith  the  dung.

So far, studies on secondary seed dispersal by dung beetles and its 

influence on p lant regeneration a lm ost exclusively focused on trop ica l rain 

fo rest ecosystems. In a review , Andresen and Feer (2005) concluded th a t 

buria l has both a positive im pact th rough low er seed predation and a 

negative im pact th rough  decreased seedling emergence. Little is known, 

however, about the n e t outcom e o f  these antagonistic effects. Only 

Andresen and Levey (2004) really fo llow ed  the fa te  o f seeds placed in dung 

un til seedling establishm ent in a (Central Amazonian) rain fo rest ecosystem. 

Their results, concerning 11 large-seeded tree  species and how ler m onkey
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dung, indicated th a t seeds buried by dung beetles w ere on average tw ice  as 

likely to  become seedlings than  unburied seeds. In the  only study 

investigating dung beetle m ediated seed dispersal outs ide trop ica l regions 

we know about, W icklow  e t al. (1984) found a subtrop ica l ro lle r species 

(Kohlmann 1991) to  fac ilita te  seedling establishm ent o f a pra irie  grass 

species in North America.

M ore studies are needed to  ascertain i f  th is  po ten tia l positive e ffec t also 

holds fo r o the r c lim ate  regions and ecosystems (Andresen and Feer 2005), 

because it  is reasonable to  assume th a t im portan t d ifferences in th e  dung 

beetle com m unities o r the  p lan t species involved may lead to  deviant 

patterns. For instance, at low er la titudes dung beetle  com m unities are 

dom inated by ro lling  o r tunne ling  Scarabaeinae, whereas the  northern  

tem pera te  regions are characterized by a dom inance o f the  dw e lling  genus 

Aphodius  (Aphodiinae), norm ally accompanied by one or a fe w  species of 

tunne ling  Geotrupinae (Hanski 1991).

In this study, we aim to  tes t the  hypothesis th a t dung beetle  ac tiv ity  has 

an overa ll positive e ffec t on successful germ ination o f seeds present in dung 

in a tem perate  coastal dune ecosystem. A fie ld  experim ent was constructed, 

in which th e  e ffec t o f  dung beetle presence on sho rt-te rm  seedling 

establishm ent from  horse and cattle  dung was tested. This 'm ain experim ent' 

was supplem ented by some supp lem entary experim ents, i.e. contro ls to  

evaluate the  main setup in deta il and a study o f  th e  dung beetle fauna 

present w ith in .

M aterial and methods

Study area and local dung beetle assemblage

The fie ld  experim en t was set up in the  na ture  reserve 'W esthoek' 

(Belgium, 51°04 '50 "N -2 °34 '19 "E ), consisting o f over 340 ha o f coastal dune 

landscape. It is characterized by a spatia lly  heterogeneous mosaic o f open 

dunes, grey dunes, grassland, shrub and w oodland. Since 1996, part o f the  

area is grazed by cattle  and several equine breeds, restoring grazing activ ities 

previously m ainta ined by livestock. In a recent study o f the associated dung 

beetle fauna, 15 species w ere found (Struyve 2002), 12 o f which belong to  

the  dw e lle r genus Aphodius  Illiger. Onthophagus sim ilis  Scriba, Geotrupes 

n ige r M arsham  and Geotrupes sp in iger M arsham  w ere the  tu n n e le r species 

found . No ro lle r species w ere  present in the  area. Flence, func tiona lly , the
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overa ll dung beetle fauna can be considered as typ ica l o f a tem pera te  

ecosystem (Hanski 1991).

M ain experiment

A t each o f  tw o  grassland sites w ith in  the  study area (400 m apart), the 

e ffect o f  dung beetle ac tiv ity  on seed germ ination was assessed using the 

same experim enta l random ized block design. The sites consisted o f 

p re lim ina ry  m ow n grasslands located w ith in  livestock-excluding fences, the 

surroundings o f which w ere grazed by cattle  as well as ponies.

One site  is d is tinctly  m ois te r than  th e  o the r: from  Septem ber 2005 to  

A pril 2006, g round w a te r fluc tuated  betw een 0.2 and 1.0 m beneath the 

surface at th e  m oist site  and between 1.5 and 2.1 m at th e  dry site  (De 

Becker e t al. unpub.).

Perpendicu lar to  th e  prevailing m oisture g rad ient a t each site, six strips 

o f 1 m w id th  w ere de lim ited , which contained (among controls, see below) 

e ight sod-cut p lots (50 x 50 x 10 cm, 25 cm in te r-p lo t spacing), on which 

trea ted  dung samples were deposited, the  trea tm ents  being allocated at 

random  w ith in  a s trip  (block).

Dung was collected from  horses (Konik) and cattle  (Galloway) th a t were 

fed  a supposedly seed-free d ie t in captiv ity. In September 2005, tw o -litre  

samples w ere deposited on th e  fie ld  plots, and sim ultaneously, 100 seeds, 

e ith e r from  Agrostis capillaris  L. o r Poa pratensis  L., w ere  m ixed in to  each 

sample. Dispersules were on average 1.60 m m  in length fo r  A. capillaris  and 

2.78 m m  fo r  P. pratensis (n = 20 each, glumes included). Cosyns e t al. (2005b) 

found  bo th  grasses to  be v iab ly present in dung o f cattle, horses and ponies 

in th e  'W esthoek ' reserve. Period o f seed set is August to  O ctober fo r the  

fo rm e r, and August fo r  th e  la tte r (Grime e t al. 1988).

A fte r deposition  in the  fie ld , half o f th e  dung samples w ere caged 

('closed cage'), making th e  dung inaccessible to  dung beetles (1.25 mm 

mesh). The others were equipped w ith  an 'open cage' th a t covered the  top  

and sou thern  side (cf. sunlight) o f th e  p lo t b u t le ft all o th e r sides open, 

enabling dung beetles to  gain access to  the  samples easily.

During Septem ber and O ctober 2005 - th e  m onths in which dung samples 

w ere sub ject to  dung beetle  co lo n iza tio n - p rec ip ita tion  rates w ere norm al, 

bu t tem pera tu res were exceptionally high (in September, mean tem pera tu re  

was 16.0 °C instead o f 14.2 °C, O ctober: 14.4 °C instead o f 10.6 °C; recorded 

a t ±  20 km o ff; Malcorps 2005a, 2005b).
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A bou t 73 days a fte r deposition, in N ovem ber-D ecem ber 2005, the  

num ber o f seedlings o f e ithe r A. cap illa ris  o r P. pratensis  was counted on 

each dung pat once. Seedlings were rem oved a fte r counting. An additional 

coun t was conducted in th e  fo llow ing  spring (April 2006), bu t very few  

seedlings could be added. Visual traces o f  dung beetle  activ ity  were 

recorded, particu la rly  o f tunne ling  by Geotrupes, which was recognized by 

th e  presence o f tunne l entrances surrounded by bare sand.

Germination controls

To tes t w he the r th e  obtained dung was free  from  seeds, a greenhouse 

con tro l experim ent was perform ed in which germ ina tion  from  six untreated 

dung samples per herbivore type (2 I) was m on ito red . These were deposited 

on a sand -pea t substrate m ixture, subjected to  a 16 h ligh t : 8 h dark regime, 

and w a te red  manually (Septem ber-D ecem ber 2005).

In o rd e r to  tes t the  used grass seeds fo r  th e ir  v iab ility , we determ ined 

ge rm ina tion  o f 6 tim es 100 seeds per species in tw o  contro ls: once in the  

fie ld  and once in the  greenhouse. In bo th , seeds w ere sown in sand-pea t 

substra te  (which, in the  fie ld , was spread ou t w ith in  cageless sod-cut plots; 

Septem ber-D ecem ber).

M oreover, th e  e ffec t o f bo th  'open ' and 'closed cage' constructions on 

ge rm ina tion  conditions was tested in th e  greenhouse by sowing seeds in the 

same substrate, w ith  six replicates fo r  every com bination o f cage type  and 

p lant species (Septem ber-Decem ber).

Dung beetle fauna

To assess th e  species com position o f th e  dung beetle  com m unity  in the  

s tudy area, six horse dung and six ca ttle  dung samples w ere deposited at 

bo th  sites and contiguously encircled by five  p itfa ll traps per sample (65 mm 

d iam eter, ± 80 mm spacing between). Half o f these samples were fit te d  w ith  

'open  cages' w h ile  the  o the r rem ained cageless, in o rde r to  de term ine  

w h e th e r th e  dung beetle fauna vis iting  th e  'open cages' was representative 

o f th e  cageless, i.e. natura l s ituation.

During a 63-day period (m id-Septem ber to  m id-N ovem ber 2005), all 

Scarabaeidae were gathered, iden tified  up to  th e  species level (Janssens 

1960) and classified as tunne lers (Geotrupes spp., O nthophagus spp.) o r 

dw elle rs (Aphodius spp.).
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Data analysis

In the  main experim ent, Dung  type, Plant species, Site and Cage type were 

subsequently used as fixed factors in tw o  separate M ixed M odels, in each 

case w ith  seedling numbers ('successful germ ina tion ') as the  dependent 

variable. In the  firs t, 'open ' and 'closed cages' were the  Cage type levels, while 

in th e  second analysis the  'open cages' group was sp lit up in tw o : w ith  and 

w ith o u t traces o f tunnelers. In bo th  models, the  correction  fo r location o f a 

p lo t according to  the  preva len t m oisture  gradient was made by incorpora ting 

the  position o f the s trip  it was in as a random fac to r (A R (l)-s truc tu red ; L ittell 

et al. 1996). We started from  th e  fu ll model, and used a backward procedure 

by stepw ise e lim inating non-significant con tribu tions to  reach the  reduced 

models presented here.

To analyse th e  dung beetle  fauna gathered in the p itfa lls, we used 

General Linear Models to  evaluate densities (instead o f  M ixed Models, as the  

corrections fo r  location proved no t to  con tribu te  significantly) and an 

o rd ina tion  technique to  evaluate com position. In the linear models, the  to ta l 

num ber o f dung beetles per sample and the  numbers o f dwellers and 

tunne lers w ere used as dependent variables. The fixed factors Cage type, 

Dung  type, Site (and in teractions) w ere used as independent variables. Species 

com position  was analysed by de trended correspondence analysis (DC 

analysis), fo llow ing  suggestions o f McCune and Grace (2002) on the 

de te rm ina tion  coe ffic ien t (r2). Rare species (occurrence in less than 3 ou t o f 

24 samples) were rem oved in advance, and densities were converted to  

relative numbers (percentage ind ividuals o f species x, occurring in sample y). 

W e then  tested w h e th e r the  coord inates on the axes th a t represented the 

highest p roportion  o f va ria tion , were significantly d iffe re n t between the  

levels w ith in  each factor, using W ilcoxon two-sam ple tests.

Except fo r  th e  DCA, which was done using Pc-Ord 4.26 (McCune and 

M effo rd  1999), statistica l analyses were executed w ith  the  SAS softw are 

package (SAS Institu te  2003).
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Results

Dung beetle fauna

Using the  p itfa ll traps d is tribu ted  among the  24 dung samples (12 per 

site), 650 Scarabaeidae individuals were caught, belonging to  12 species and 

3 genera. The th ree  m ost abundant species were Aphodius contam inatus  

Herbst (46 % o f all captured individuals), A. foe tens  Fabricius (27 %) and G. 

spin iger M arsham  (11 %). The on ly o th e r tunne lers, O. sim ilis  Scriba (1 %) and 

G. n iger M arsham  (<0.2 %), were fa r less numerous. Full data is provided in 

Appendix 3A.

Geotrupes spiniger M a rs h a m ,  a large beetle

Num bers o f tunne le rs were significantly h igher fo r  the  dry site. The 

opposite was true  fo r  dw elle rs: h igher numbers were found at the  m oist site. 

The to ta l num ber o f dung beetles did n o t d iffe r betw een the  tw o  sites (Table

3-1; Fig. 3-1). Apparently, a t the  m oist site the  open cages had a repulsive 

e ffect on some dw e lle r species (as opposed to  the dry site), resulting in a 

significant in te raction  o f these factors in the  dw elle r, and concom itantly, the 

to ta l beetle analysis. Also, w hen vis iting horse dung, tunne le rs seemed to 

pre fer the  open-caged samples, whereas vis iting cow  dung, cageless pats 

were preferred. M oreover, the  th ree-w ay in te raction  proved significant.
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Table 3-1. Numbers of cases (N), degrees of freedom (df), F-statistics (F) and p-values 
(p) o f the General Linear Models testing for the effects of Cage type, Dung type and 
Site on the total number o f individuals caught per dung sample

Source of 
variation

Dwellers + tunnelers Dwellers Tunnelers*

Nb N2 df F P df F P df F P
Cage type 12, 12 1 1.45 0.247 1 2.22 0.156 1 0.31 0.586

Dung type 12, 12 1 2.28 0.151 1 1.77 0.202 1 2.78 0.115

Site 12, 12 1 2.11 0.166 1 7.08 0.017 1 19.79 <0.001

Cage type x 
Dung type

1 1.13 0.304 1 3.03 0.101 1 5.58 0.031

Cage type x 
Site

1 6.91 0.018 1 7.59 0.014 1 0.95 0.345

Dung type x 
Site

1 0.23 0.641 1 0.90 0.356 1 3.27 0.090

Cage type x 
Dung type x 
Site

1 13.01 0.002 1 12.80 0.003 1 4.95 0.041

* The horse dung sample on the dry site showing the highest tunneler number skewed the 
residual distribution to be non-normal (Shapiro-Wilk's test, p <0.001). Nonetheless, the GLM 
is not altered when excluding this outlier (with regard to [non-]significant factors).

In th e  DC-analysis, on ly the  firs t axis represented a substantia l po rtion  o f 

the  variance (ra2 = 0.361, g rad ient length = 3.241). The W ilcoxon tw o-sam ple 

te s t on th e  sample coordinates o f th is  axis supported the  significant 

segregation betw een sites (Z = -2 .859 , p = 0.004; Fig. 3-2). This supported the  

use o f Site as a fixed fa c to r in th e  analysis o f the  main experim ent: the  one 

site  represented a high tunne le r presence, the  o th e r a low  tunne le r 

presence. M oreover, species com position  d iffe red betw een cattle  and horse 

dung (Z = -2 .0 5 1 , p = 0.040; Fig. 3-2), due to  apparent preferences o f some 

Aphodius  species (e.g. A. sphacelatus Panzer was found a lm ost exclusively in 

th e  fo rm e r, A. contam inatus  in th e  la tte r).

Densities o f dung beetles did not d iffe r betw een dung samples th a t were 

equ ipped w ith  open cages and cageless samples (Table 3-1), nor did the 

species com position  (Z = 0.664, p = 0.507; Fig. 3-2).
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Figure 3-1. Mean number (+ s.e.) of dung beetle individuals caught in the pitfalls during 
the study period, separated in functional groups (dwellers plus tunnelers, and both 

separately), n.s.: non-significant. (*): 0.10 > p > 0.05. * * : p < 0.01 (for differences 
between sites).

W '

Figure 3-2. DC-analysis ordination diagram. In (A), an overlay is made for the sites. 
Species composition significantly differs between the dry (A)  and moist site (A). In (B), 

an overlay is made for the cages: no significant difference was found between dung 
samples without cages (■) and those with open cages (□). In (C), the overlay is for dung 

type: horse dung samples (•), and cattle dung samples (o). The coefficients of 
determination (r2) equal 0.36 and 0.19 for the first and the second axis, respectively; 

the comparisons apply to the first axis only.
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Germination controls

The sites themselves apparen tly  influenced germ ination  d iffe ren tly : 

w ith in  th e  closed cages on th e  d ry  site, it was low er compared to  closed 

cages on th e  m oist site (F = 11.39, d f  = 1, p = 0.002, fu ll m odel on closed 

cages data). Presumably, th is  is due to  differences in soil m oisture 

availability.

To a certa in extent, the  used dung was contam inated w ith  seeds : on 

average, 16.33 ± 9.16 alien seedlings germ inated from  each horse dung 

sample (n = 6), o f which 1.67 ±  1.97 individuals could be a ttribu ted  to  Poa 

spp. and 0.88 ± 0.98 to  Agrostis  spp. From these data, it  was calculated th a t 

approxim ate ly 2.6 % o f  th e  Agrostis  seedlings and 4.0 % o f the  Poa seedlings 

counted in samples o f th e  main experim ent actually concerned 

contam inations. From th e  ca ttle  dung samples, 1.33 ± 1.21 alien seedlings 

emerged (n = 6), none o f which w ere  Poa o r Agrostis  species. Since the 

contam ination degree was less than  5 % fo r  horse dung, and 0 % fo r  cattle, 

its effect was not taken in to  account in fu rth e r analyses.

Seeds o f  A. capillaris  and P. pratensis  were su ffic ien tly  viable, as shown in 

the  germ ination  contro ls w ith  seed deposited in sand-pea t substrate in a 

greenhouse (A.c. 91.17 ± 2.86 %; P.p. 84.50 ± 6.53 %; n = 6 each) and in fie ld  

cond itions (A c. 61.58 ± 7.28 %; P.p. 62.00 ± 8.21 %; n = 12 each).

Cage type ( 'open ' o r 'closed cage') had no e ffect on germ ination  success in 

contro lled greenhouse cond itions w ith  the  sand-pea t substratum  (F = 0.095, 

d f=  l , p  = 0.760).

Main experiment

For A. capillaris  and P. pratensis  sown in the  dung samples, germ ination 

varied from  2 to  66 seedlings per dung sample (from  100). There was also 

large varia tion  in th e  degree to  w hich dung beetles had processed th e  dung: 

some samples w ere strong ly fragm ented  and exhib ited m any dung beetle 

traces, w h ile  others were le ft in tact.

Showing no sign ificant con tribu tions, fou r- and th ree -w ay interactions 

w ere stepw ise e lim inated from  the  fu ll models, resulting in the  reduced 

models presented in Table 3-2. Using all samples in th e  analysis, successful 

germ ination  tu rn e d  ou t to  be s ign ificantly h igher under closed cages than 

under open cages (Table 3-2; Fig. 3-3). Relative to  th is, th e  d ifference

This could be contaminations from the feed, as well as from other sources (e.g. floor 
cover?).
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between closed cages and th e  open-caged samples th a t showed tunne le r 

traces increased, whereas th e  d iffe rence between closed cages and open 

samples th a t showed no traces decreased (Table 3-3; Fig. 3-3). Thus, animals 

vis iting  open cages clearly brought about a substantia l decline in seedling 

establishm ent, and th is  is especially true  fo r  tunne lers. Also, in both 

approaches, successful germ ination  tu rned  ou t to  be higher on th e  m oister 

than on th e  d rie r site  (Table 3-2; Fig. 3-3). Overall, P. pratensis  germ inated 

b e tte r than A. capillaris, and germ ination from  horse dung was h igher than 

from  cattle dung (Table 3-2), which is likely due to  d iffe ren tia l n u trien t 

requirem ents from  th e  p lan t species, and dung textu res (loose vs compact), 

respectively.

Table 3-2. Numbers of cases (N), degrees of freedom (df; numerator, denominator), 
F-statistics (F) and p-values (p) of the Mixed Models testing for the effects of Cage 
type, Dung type, Plant species and Site on the number o f seeds germinating from 
dung

Source of 
variation

Including all open cages (analysis 1) Splitting the 'open cage' level up in 
those with and those without 
tunneler traces (analysis 2)

Nh N2 df F P Nh %  Ns df F P
Cage type 48, 48 1, 75 79.15 0.000 48, 31,17 2, 71 48.49 0.000

Dung type 48, 48 1, 75 9.68 0.003 48, 48 1, 71 13.35 0.001

Plant species 48, 48 1, 75 46.18 0.000 48, 48 1, 71 32.85 0.000

Site 48, 48 1, 10 6.10 0.033 48, 48 1, 10 5.62 0.039

Cage type x 
Dung type

1, 75 11.45 0.001 2, 71 9.83 0.000

Cage type x 
Plant species

1, 75 1.13 0.291 2, 71 1.36 0.263

Cage type x 
Site

1, 75 6.72 0.011 2, 71 1.34 0.268

Dung type x 
Plant species

1, 75 3.34 0.072 1, 71 6.50 0.013

Dung type x 
Site

1, 75 1.51 0.223 1, 71 0.17 0.682

Plant species x 
Site

1, 75 1.31 0.255 1,71 1.56 0.215

AR(1): estimate = 0.9108, AR(1): estimate = 0.9157,

Z = 3.13, p = 0.002 Z = 3.27, p = 0.001
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Table 3-3. Results o f the multiple comparison procedure using Tukey-Kramer 
adjustment

Closed cages (1) Open cages

With tunneler traces (2) Without tunneler traces (3)

(1) <0.0001 0.0210

(2) <0.0001 0.0008

(3) 0.0210 0.0008

40 -

30 -

20  -

(24) (24) (4) (20) (24) (24) (13) (11)
all T- T+ T  all T- T+

X

10  -

n - ............

I

x

closed open

dry

closed open

moist

Figure 3-3. The mean number (+ s.e.) of seedlings counted in the dung samples as a 
function of Site and Cage type. Numbers are for Agrostis capillaris and Poa pratensis 
combined. Grey bars represent 'closed cages'. Whereas black bars represent all the 

'open cages', white bars represent the 'open cages' without (T-) and with (T+) tunneler 
traces (thus, the combination of white bars result in the black). The numbers of 

samples are enclosed within brackets at the top.

67



Discussion

O ur results show th a t dung-vis iting  fauna had a negative e ffect on short

te rm , in s itu  germ ination  fo r  the  tw o  small-seeded species in a tem pera te  

grassland s itua tion, and th is was especially true  fo r  tunne lers. Since cage 

type  did no t a ffect germ ination  conditions, and th e  open cages allowed 

access o f  a dung beetle com m unity  representa tive  o f th e  study area (both in 

num bers and com position), th is e ffec t can be assumed representa tive  o f 

na tura l situations.

However, apart from  considering th is  d irec t e ffec t o f  seedling 

emergence, it should be borne in m ind th a t dung beetles m ight con trib u te  to  

the  soil seed bank if  seeds are re ta ined in th e  brood bu rrow  and remain 

do rm an t the re . Indeed, seeds o f P. pratensis  are known to  stay viable fo r 

m ore  than 20 years, even at g rea t burial depths (Goss 1924). Then 

ge rm ina tion  could occur successfully la te r on in tim e, fo r  instance, as a result 

o f soil disturbances. If th is applies to  a substantia l num ber o f seeds, the 

in te raction  could nonetheless be positive. The outcom e on th e  long term  

m igh t thus de term ine  w he the r th e  even t under study here can indeed be 

considered "d irec ted ", since th is requires sites to  be "especia lly favourable 

fo r  surviva l" (W enny 2001). Seed banks could be such sites, a lthough th is is 

to  som e e x ten t arguable, since favourab le  sites m ust be ou t the re  th a t do 

no t enforce seeds to  rem ain do rm ant. That is, a tim e  cost is charged to  the 

seeds in th is  second-phase dispersal (see General in troduction ).

On th e  sho rt-te rm  scale, our experim enta l results clearly contrast the 

positive outcom e found  by Andresen and Levey (2004), w ho  conducted the 

on ly fie ld  study fo llo w in g  dung beetle  m ediated dispersal up to  th e  po in t o f 

seedling establishm ent un til now. Evidently, d ifferences in th e  dung beetle 

com m unity , p reda to r guild a n d /o r p lan t species involved led to  deviant 

patterns.

First, one o f the  possible dung beetle  e ffects listed by Andresen and Feer

(2005) is the  reduction o f seed c lum ping in a dung pat, and hence o f seedling 

com pe tition . However, th is im plies th a t seed m ovem ent by dung beetles also 

includes a horizonta l com ponent, w h ich on ly is obvious in te lecoprid  

n id ifica tion . Since rollers are abundant in trop ica l regions (cf. Andresen and 

Levey 2004) but absent from  typ ica l assemblages o f no rthe rn  tem pera te  

regions (Hanski 1991), th is presum ed positive e ffect does no t occur in the 

la tte r.
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Second, dung processing may also affect the  m icroc lim ate  th a t seeds 

experience. In the  case o f tunnelers, buried seeds may, fo r instance, 

experience more hum id ity  and less ligh t re lative to  ground level. This may 

positive ly as w e ll as negative ly affect the p robab ility  o f germ ination, 

depending on the  particu lar requ irem ents o f each species (cf. W icklow  e t al. 

1984). Because o f dw eller activities, seeds may end up in a m ore favourable 

m ixed dung-so il substrate (see H olter 1977). For A. capillaris  and P. 

pratensis, m icroclim atic e ffects w ere n o t considered in deta il here, although 

a comparison betw een germ ination successes in dung (closed cages) and in 

sand-pea t substratum  hints dung to  in h ib it germ ination fo r  bo th  species.

Third, seed burial decreases the  risk o f seed predation as com pared to  

unburied seeds. Indeed, seed rem oval by rodents a fte r endozoochory is 

known fo r  large-seeded p lant species o f trop ica l fo rests (Vander W all and 

Longland 2004) and, anecdotically, o f tem pera te  forests (e.g. Bermejo e t al. 

1998 [from  bear faeces]; Page e t al. 2001 [raccoon faeces]). In the  case o f 

ungulates ranging in tem pera te  grassland systems, however, th is as yet 

remains to  be quantified . A lthough these animals m ainly disperse dry, 

inconspicuous, usually small-sized fru its  o r seeds (Cosyns e t al. 2005b, Malo 

and Suárez 1995b, Pakeman et al. 2002), suchlike seeds are known to  suffer 

high post-dispersal p redation rates, to o  (Hulme and Benkman 2002). For 

instance w ood mice (Apodemus sylvaticus) and harvest mice (M icromys 

m inutus) -b o th  known to  occur w ith in  the 'W esthoek ' reserve (Smeers 

2 0 0 1 )- are known to  forage fo r  grass seeds in W estern-European grasslands 

(Edwards and Crawley 1999). These, as w e ll as any seed or seedling predating 

group -e .g . insects, b irds...- could be responsible fo r  the  losses witnessed 

under open cages. However, the  experim enta l setup did no t a llow  to  

quantify  any o f th e ir con tribu tions.

Last, Andresen and Feer (2005) state th a t "d ee p  buria l can also have a 

negative e ffec t on seedling recru itm en t by preventing e longating seedlings 

from  reaching the  surface". To evaluate th is, we must consider the  behaviour 

o f G. sp in iger M arsham , by fa r the  m ost abundant tu n ne le r in th is  study. This 

species constructs brood burrow s consisting o f a vertica l shaft leading to  a 

fe w  horizonta l tunne l-like  brood chambers, each o f th e  la tte r being filled 

w ith  dung to  make a horizonta l sausage-shaped brood mass (about 100-150 

m m  in length and ca. 28 mm in d iam ete r [Ampe 2003, K lem perer 1979]) 

which provides food  fo r  th e  fu tu re  larva. These brood chambers are found 

betw een 10 and 30 cm depth (as measured w ith in  the  study area by Ampe
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2003), depths at which im m ed ia te  germ ina tion  o f the  dung seed con ten t is 

unlike ly to  occur (e.g. G rundy e t al. 2003). The sta tem en t o f tunne lers having 

a negative e ffect on germ ina tion  is unequivocally shown by ou r results: in a 

comparison o f both analyses, the d iffe rence between open and closed cages 

types increased when excluding th e  samples no t v is ited by tunne le rs (Fig. 3- 

3). M oreover, the  betw een-site  d ifferences in tu n ne le r numbers seemed to  

con tribu te  to  the betw een-site  differences in germ ina tion : on the  m oist site, 

germ ination  was less hampered by tu n ne le r ac tiv ity  than  on the  dry site 

(significant in teraction  o f Site and Cage type fo r  the  analysis including all 

cages; Table 3-2, Fig. 3-3). Indeed, tunne le rs (almost exclusively G. spiniger) 

were m ore numerous a t the  d rie r site than at the m oister site, which is most 

likely due to  hydrological conditions: ground w ater level comes w ith in  reach 

o f the  shaft depths during  the  deve lopm enta l stage o f G. spin iger 

(Septem ber-M arch; Kühne 1995) a t the  m oist site, w h ile  it  does n o t a t the 

dry site. The contrasting pa ttern  o f dw e lle r numbers can subsequently be 

a ttrib u te d  to  the com pe titive  hierarchy underlying the  assemblage (see 

Hanski and Cam befort 1991b).

A glimpse of an open-caged sample, in which bare sand and a shaft opening reveal the 
presence of Geotrupes

In conclusion, the  negative sho rt-te rm  e ffec t o f tunne le rs witnessed in 

th is s tudy is most likely a ttrib u te d  to  deep buria l. W he ther buria l 'rescues' 

seeds from  being predated (cf. trop ica l studies) by means o f seed bank 

enrichm ent, or is de le terious, remains to  be quantified . Also, w ith in  one
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region, con trasting  small-scale patterns may occur. If  Geotrupes species were 

absent, and small Onthophogus species w ere present, fo r  instance, the  

overa ll e ffec t on im m edia te  establishm ent m ight as w e ll be positive since the  

la tte r bury dung to  depths th a t m ight prove favourab le  to  seedlings. 

However, since th e  dom inance o f Aphodius species is com plem ented w ith  

one o r a fe w  deep-tunnelers in many habitats, e.g. Typhoeus typhoeus  Linné 

in heathlands (Brussaard 1985) and Geotrupes stercorosus Scriba in 

deciduous forests (Rembialkowska 1982), the  e ffect o f dung beetle  activ ity  

described here, m ight prove to  hold elsewhere.

71



« trees sacrifice a fraction of 

the ir  seeds as a taxi fare in 

exchange fo r the dispersal o f 

the remainder »

An Orchard Invisible: 83
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Ch a p t e r  4

A reassessment of the role of simple 

seed traits in m ortality following 

herbivore ingestion*

B ra m  D 'h o n d t  a n d  M a u r ic e  H o f fm a n n

t f  t » f  < I  t •

I < # # 0 0
• •  •  ♦ t •

# # # • # •  1 1  

• ##iê I#
A variety of seeds, from species used in this experiment (photographs by Cappers et al.

2006)

Adapted from: D'hondt, B. and Hoffmann, M. (2011) A reassessment of the role of 
simple seed traits in mortality following herbivore ingestion. Plant biology 13 (Suppl. 
1): 118-124.
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Abstract

Grazing mammals are regarded as m ajor vectors in seed dispersal of 

grassland plants th rough  seed ingestion and subsequent excretion 

(endozoochory). The (evolutionary) ecology underlying th is dispersal m ode is 

re lative ly poorly understood as w e have lim ited data, am ong others, on how 

seed a ttribu tes  perfo rm  in th is  process (and could thus be selected for). 

Regarding m orta lity  due to  digestion, contrasting patterns found on the  role 

o f sim ple seed tra its  seem partly  due to  inadequate com parative-analytical 

m ethods. We conducted a feeding experim ent in which contro lled  seed 

quantities from  a large num ber o f grassland herbs and grasses were fed  to  

ca ttle  (48 species in to ta l). Seed mass, length and shape measurements were 

related to  m orta lity  rates using phylogenetica lly independent contrasts, 

which account fo r  taxonom ical in terdependence. For a subset o f th e  p lant 

species, seed coat thickness was tested as w ell. The p roportion  o f seeds 

surviving the  digestive trac t was genera lly low , though high in some. Several 

species even showed increased germ ina tion . N e ither seed size, shape, nor 

seed coat thickness corre lated s ign ificantly w ith  m orta lity . O ther structura l 

tra its  o f the  seed coat are likely to  overru le these simple seed tra its , as 

illustra ted  by high survival rates o f species th a t are characterized by w ater- 

im perm eable seeds. As the la tte r tra it  holds some in te resting  properties w ith  

respect to  intraspecific va ria tion  and genetics, it  could open up perspectives 

fo r inference on any evo lu tionary consequences fo r  th is  type  o f dispersal.

Keywords: seed dispersal, endozoochory, zoochory, ungulates, fo liage is the 

fru it,  phylogenetically independent contrasts, hardseededness, physical 

dorm ancy
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Introduction

Plant propagules serve to  ensure the  continua tion  o f  populations 

th rough  tim e  and space. In nature, seed s -b ro ad ly  defined as any propagules 

o f generative  orig in  (Cousens e t al. 2 008)- disperse via a vast range o f 

mechanisms, involving both ab io tic  and b io tic  vectors. Am ong the  la tter, 

herb ivorous mammals are regarded as a m ajor group o f dispersers. Indeed, 

num erous grazers from  (sem i-)natural systems are known to  successfully, 

and m ore o r less continuously, disperse seeds through e ithe r a ttachm en t to  

fu r  and hooves (epizoochory), o r th rough abundant ingestion o f seeds w ith  

the  fo liage they  feed on (endozoochory; Couvreur et al. 2005). Observations 

o f endozoochory go back a re lative ly  long tim e  (e.g. Kerner von M arilaun 

1902, o thers  in Ridley 1930), and now  from  tem pera te  grasslands alone 

hundreds o f  p lant species are known to  show viable seeds in herb ivore  dung 

(e.g. M alo and Suárez 1995b, Pakeman e t al. 2002, M yers e t al. 2004, Cosyns 

e t al. 2005b; Mouissie e t al. 2005a).

Through dispersal, vectors hold the  poten tia l to  select fo r  particu la r seed 

tra its  and a ttrib u te s  (sensu V io lle  e t al. 2007). For dispersal by e.g. birds, 

w ind  o r ants, principa l evolutionary-ecologica l underpinnings are relative ly 

w e ll-established, re flecting  a tho rough understanding o f p lant-vector 

in te ractions (e.g. Vander W all 2001, Cheptou et al. 2008, Manzaneda e t al. 

2009). D raw ing from  observations o f dung-borne seeds and from  diverse 

theore tica l considerations, Janzen (1984) was th e  firs t to  suggest herbivorous 

m am m als (grazers) as a se lective force on seed a ttribu tes, too . A lthough his 

u ltim a te  views o f  a w idespread endozoochorous syndrom e w ere soon 

countered by a lack o f em pirica l support (Collins and Uno 1985), the  idea th a t 

grazers can at least in some cases significantly exert selection, seemed 

launched and accepted (e.g. Quinn e t al. 1994, M alo and Suárez 1995b, 

Cousens e t al. 2008). This m ight be prem ature, however, as our 

understand ing o f the  seed-grazer in teraction , a.o. th e  tra its  th a t function  in 

the  process and hence m igh t be selected fo r, is still re lative ly poor.

O f th e  several stages invo lved in endozoochory (Wang and Sm ith 2002), 

seed m orta lity  due to  d igestion is recognized as a severe bottleneck. Former 

feeding tria ls  in which m o rta lity  rates were related to  seed characteristics 

yie lded contrasting  results. Smaller-seeded species tended to  show low er 

m orta lity  rates than  larger-seeded species in the  feeding tr ia l o f M ouissie e t 

al. (2005b), w hereas th e  oppos ite  was found  by both Peco e t al. (2006) and
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Cosyns e t al. (2005a). Bonn (2004) found  no corre la tion  w ith  seed mass in 

bo th  o f her feeding experim ents. For seed shape, a negative (Bonn 2004, 

Mouissie e t al. 2005b), neutra l (Bonn 2004, Peco e t al. 2006), and positive 

e ffect (Cosyns e t al. 2005a) w ere found.

Since seed size and w e igh t are considered very im p o rta n t p lant tra its  also 

fo r  p lan t fecund ity , rec ru itm en t and (o th e r means of) dispersal (Harper 1970, 

Eriksson and Jakobsson 1999), a reso lu tion  o f these inconsistencies is 

desirable. A t least a part o f these inconsistencies m ight come from  a 

sta tistica l problem  suffered by these analyses, obscuring in te rp re ta tio n  and 

com parison. Basically, seed a ttribu tes  are considered across species; its 

results can be extrapo la ted  beyond th e  studied species on ly w hen they 

p roperly  represent th e  com position o f the  ta rge ted  species pool. W hen one 

wants to  in te rp re t th e  re lationship in a m ore causal sense, however, caution 

is called fo r  (S ilvertown and Dodd 1996). Because species are related to  each 

o th e r th rough  com m on descent, th e y  cannot be regarded as independent 

data points, an essential fo r  re levant sta tis tica l analysis (Garland e t al. 2005). 

'C om parative  m ethods', evaluating functiona l re lationships from  species 

com parisons (Harvey and Pagei 1995), accordingly made progress in recent 

decades by constructing several m ethods th a t con tro l fo r  in terspecific  

a ffin ities. O f these, th e  m ethod o f phylogenetica lly independent contrasts 

(PIC) was th e  firs t to  be e laborated and to  be w ide ly  applied (see Garland et 

al. 2005 fo r  a review).

There is, m oreover, still a scarcity o f basic em pirica l data on p lant 

species' gu t passage data. In th e ir  review, W ill and Tackenberg (2008) 

recently stressed and advocated th a t continued con tribu tions from  feeding 

experim ents w ould  be o f  great value.

We perfo rm ed an experim ent de term in ing  m orta lity  rates o f seeds fed  to  

ca ttle  fo r  48 p lan t species, the  highest num ber included in any in vivo assay 

so fa r (cf. Appendix 1C). Specifically, w e aim (i) to  con tribu te  to  the  lim ited 

data o f  p lan t species perform ances in endozoochory, (ii) to  reassess th e  role 

o f sim ple seed tra its  using p roper com parative-analytica l too ls, and (iii) to  

u ltim a te ly  iden tify  a system (i.e. a taxon and tra it)  th a t holds th e  po ten tia l to  

in fe r on endozoochory-im posed seed evo lu tion. The sim ple seed tra its  under 

study p rim arily  re la te  to  th e  size and shape o f seeds. Tentative ly, we also 

investigated the  thickness o f th e  seed coat fo r a subset o f species.
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Methods

We assessed m orta lity  rates by feeding known numbers o f seeds to  farm  

cattle . Note tha t, when referring to  our numbers, we express them  no t as the 

percentage o f seeds dying, i.e. m orta lity  rate, bu t as th e  percentage o f seeds 

surviving digestion ('survival rate '). This is because germ ination  o f ingested 

seeds is corrected fo r  germ ination under norm a l cond itions (w ithou t 

ingestion), y ie ld ing a num ber th a t can exceed 100 % (when gu t passage 

increases germ ination).

Species selection and seed attributes

Although they  inheren tly  do no t represent w ide ranges o f seed a ttribu tes 

(see Discussion), the  selection was restric ted  to  herbs and gram inoids from  

open habitats (m ostly grasslands) fo r  several reasons. First, these species can 

be considered the  ones fo r  which m o rta lity  rates are th e  m ost re levant, as 

th e y  are re lative ly  prone to  consum ption by grazers on a regular basis. 

Second, we are concerned about the  e ffects o f  sm all - ra th e r  than  la rge - 

changes in seed a ttribu tes  on m orta lity , given our objective to  iden tify  a tra it 

o r tra its  w ith  which the  selective strength o f endozoochory could be 

assessed. For such a tra it, its re la tionsh ip  w ith  m o rta lity  should also hold 

over small scales.

W e obta ined seeds o f 48 p lant species from  com m ercia l sources (Table 4- 

1). Provided th e ir availab ility, p rio r ity  was given to  species th a t have been 

found  as viable seeds in herb ivore dung from  (sem i)natural habitats (Cosyns 

2004; also see Appendix 1A). As de fined above, in th e  te x t "seeds" re fe r to  

functiona lly  analogous structures (true seeds, fru its  or mericarps) ra the r than 

m orpho log ica lly hom ologous structures (Table 4-1).

Single-seed mass was assessed by w eighing th ree  samples o f a known 

num ber o f a ir-dried seeds (500 or 1000 seeds, 0.01 mg precision). Before 

measuring dimensions, we conducted m anipulations in some species (Table 

4-1): open and loose structures, such as glumes in grasses, perigynia in Carex 

and pericarps in Geranium, w ere  rem oved. The assumption is th a t these 

read ily d is in tegra ting structures are un like ly to  a ffect survival, w h ile  they 

w ou ld  greatly bias tra it measurements, and thus, corre la tions. Dimensions 

(length, w id th  and height) were measured on 10 random ly selected seeds 

per species using stereoscopic binoculars (25 pm precision). Seed length is 

defined as th e  longest o f th e  th ree  dimensions. Seed shape is expressed 

according to  Thompson e t al. (1993), as th e  variance in seed dim ensions a fter
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div id ing each dim ension by length. W e m u ltip lied  th is  measure by 100 fo r 

practicab ility .

Table 4-1. Species included in the experiment, propagule type (prop.), and their 
measured dimensions (mean and standard error; n = 3 for mass, n = 10 for shape and 
length). An indication is made of those species that are included in Cosyns' (2004) 
overview of species recorded from herbivore dung ('+'). Nomenclature based on 
Lambinon et al. (1998).

species name prop. mass (mg) length
(pm)

shape +

Achillea millefolium L. F 0.122 (0.001) 1590 (57) 12.60 (0.25) +

Achillea ptarmica L. F 0.233 (0.006) 1680 (53) 9.96 (0.22) +

Agrostis capillaris L. F* 0.069 (0.003) 905 (24) 8.65 (0.31) +

Agrostis stolonifera L. F* 0.122 (0.001) 1068 (25) 8.74(0.19) +

Artemisia campestris L. F 0.090 (0.004) 1028 (41) 8.25 (0.38)
Artemisia vulgaris L. F 0.136 (0.001) 1415 (44) 10.92 (0.18) +

Briza media L. F* 0.885 (0.007) 1498 (43) 6.58 (0.23) +

Briza minor L. F* 0.838 (0.024) 1510 (31) 5.35 (0.35)
Campanula rotundifolia L. S 0.079 (c.OOl) 848 (20) 5.74(0.27) +

Cardamine hirsuta L. S 0.116 (<.001) 958 (24) 9.09 (0.62) +

Cardamine pratensis L. S 0.419 (0.004) 1483 (53) 7.00 (0.49) +

Carex flacca Schreb. F* 0.805 (0.013) 1540 (37) 2.35 (0.16) +

Carex vulpina L. F* 1.495 (0.006) 2070 (43) 7.89 (0.23)

Cerastium dubium (Bast.) Guépin S 0.095 (c.OOl) 660 (18) 2.52 (0.24)
Cerastium fontanum  Baumg. S 0.123 (0.001) 745 (14) 3.53 (0.30) +

Chenopodium album L. Fr.* 0.616 (0.003) 1200 (33) 4.27(0.22) +

Chenopodium bonus-henricus L. F1'* 1.876 (0.014) 1670 (43) 2.63 (0.15) +

Galium aparine L. Me 4.705 (0.011) 2333 (53) 1.72 (0.17) +

Galium verum L. Me 0.349 (0.002) 1040(40) 2.21 (0.25) +

Geranium molle L. S* 1.265 (0.033) 1485 (32) 2.38 (0.21) +

Geranium robertianum L. S* 1.701 (0.008) 1908 (28) 4.74 (0.19) +

Helianthemum nummularium (L.) Mill. S 0.961 (0.011) 1573 (39) 4.14 (0.43) +

Hypericum perforatum L. s 0.131 (c.OOl) 1160 (15) 7.83 (0.18) +

Hypericum tetrapterum Fries s 0.037 (c.OOl) 750 (27) 7.46 (0.38) +

Juncus bufonius L. s 0.022 (0.001) 413 (9) 2.17(0.14) +

Juncus effusus L. s 0.017 (0.001) 463 (24) 5.88 (0.45) +

Mentha aquatica L. Me 0.141 (0.003) 890 (12) 2.49 (0.15) +

Mentha pulegium L. Me 0.089 (c.OOl) 675(19) 2.85 (0.19) +

Myosotis arvensis (L.) Hill Me 0.296 (0.001) 1405 (28) 5.23 (0.13) +

Myosotis scorpioides L. Me 0.437 (0.001) 1603 (69) 4.78(0.33) +

Origanum majorana L. Me 0.236 (0.001) 1013 (18) 3.61 (0.18)
Origanum vulgare L. Me 0.077 (c.OOl) 765(19) 4.28 (0.23)

Pimpinella saxifraga L. Me 0.396 (0.003) 1480 (58) 6.53 (0.31)
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Table 4-1, continued.

Plantago lanceolata L. S 2.094 (0.027) 2780 (66) 9.24(0.23) +

Poa annua L. F* 0.382 (0.008) 1383 (31) 6.34 (0.37) +

Poa pratensis L. F* 0.320 (0.006) 1538 (52) 9.43 (0.27) +

Potentilla argentea L. F 0.135 (0.002) 1040 (10) 4.32(0.19)
Potentilla tabernaemontani Aschers. F 0.581 (0.007) 1568(30) 4.63 (0.09) +

Primula vulgaris Huds. S 0.975 (0.002) 1483 (62) 2.88 (0.39)
Ranunculus bulbosus L. F 3.146 (0.039) 2995(63) 8.22 (0.25) +

Rumex acetosa L. F 0.883 (0.017) 1988 (41) 4.43 (0.31) +

Rumex obtusifolius L. F 1.595 (0.015) 2108 (68) 3.83 (0.25) +

Silene vulgaris (Moench) Garcke S 0.949 (0.021) 1380 (42) 2.56 (0.25)
Thymus pulegioides L. Me 0.131 (0.003) 693 (24) 1.62 (0.17) +
Thymus serpyllum L. Me 0.122 (0.001) 713 (12) 1.52 (0.17)

Trifolium campestre Schreb. S 0.668 (0.010) 1125(45) 4.91 (0.46) +

Trifolium pratense L. S 1.385 (0.009) 1730(60) 3.75 (0.26) +

Viola arvensis Murray s 0.684 (0.006) 1718(24) 5.35 (0.19) +

all 0.688 (0.057) 1355 (26) 5.36 (0.13)
S, seed; F, fru it (w ith o u t exocarp); Mc, mericarp. Propagules marked with an asterisk were 
manipulated before measuring length and shape (see text for details).

Seed coat thickness

For 21 o f the  species, listed in Appendix 4A, we te n ta tive ly  measured the 

thickness o f  the  'seed' coat th rough m icroscopic sections (De Laender 2008).

A single seed o f each species was cu t long itudina lly  w ith  a scalpel. One 

half o f the seed was then  fixed  in FAA solution, embedded in Technovit 7100 

and stained w ith  to lu id ine  blue 0  (pro toco l according to  Leroux e t al. 2007). 

The sections were photographed under a ligh t m icroscope, and these images 

were subsequently used fo r  seed coat thickness measurements using ImageJ 

softw are. Per section, m in. 15 to  max. 36 measurements o f th e  seed coat 

w ere taken, d is tribu ted  over the  en tire  seed section circumference.

A microscopic section through a seed of Campanula rotundifolia
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Survival rate

Seed-to-feed quantities were measured using seed mass; fo r  each 

species these quantities comprised about 5000 seeds per individual animal 

(due to  lim ited  supplies 3400 or 3000 fo r  some). In a pack o f 14 cows, tied  

ind iv idua lly  in a stable, each species was random ly a ttrib u te d  to  seven 

animals, w ith  th e  sole restriction  o f  keeping congeneric p lant species 

separate in o rde r to  fac ilita te  la ter seedling iden tifica tion . As such, an 

ind iv idual animal was fed  between 21 and 27 species.

The animals w ere adu lt (three to  fo u r  years old) cows o f the  Belgian Blue 

breed, weighing about 550-600 kg. Their standard d ie t m ainly consisted o f 

maize silage, pressed beet pulp, and hay; being a po ten tia l source o f  seed 

con tam ination , th e  la tte r was excluded about seven days before the  

experim ent. One hour before feeding, dung samples w ere collected in o rde r 

to  (among others, see below) con tro l fo r  con tam ination .

The seeds w ere m ixed through the  silage and applied to  all animals 

s im ultaneously du ring  m orn ing feeding. All dung was collected 6, 11, 24, 35, 

48, 72, 96, 120 and 144 hours the rea fte r. Per co llection the  excrem ents were 

weighed and mixed fo r  each ind iv idual anim al. From these, samples were 

taken and weighed (± 475 g). These samples were stra tified  fo r 34 days a t ± 

4.5 °C, then  m ixed th rough  a shallow layer o f po tting  soil-sand m ixture  (1:1) 

in trays (45 x 40 x 10 cm), and le ft to  germ inate  in a greenhouse fo r  8 m onths 

under a natura l ligh t regime (April-Decem ber 2007). Samples w ere w atered  

manually.

As a contro l, we added seeds to  dung samples th a t were collected one 

hour before feeding (non-ingested con tro l; 100 seeds per species, 9-14 spp. 

per sample, again w ith  congeneres kept separate, five samples per species). 

A part from  th is, these samples experienced exactly the  same trea tm e n ts  as 

the ones conta in ing ingested seeds.

Per p lant species and per ind iv idual animal, the  survival rate was 

estim ated as fo llow s (Cosyns e ta l.  2005a),

w here W Di is th e  w e igh t o f the  dung produced by the  animal in the  tim e 

in terval passed. W di is th e  w e igh t o f th e  dung sampled from  it (± 475 g). The 

num ber o f seedlings fo u nd  germ inating  from  th is  sample is denoted n¡. A fte r 

doing the  sum m ation over all nine tim e  intervals, the  num era to r yields an 

estim ation o f the num ber o f viable seeds excreted by the  animal. As W s is the
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w e igh t o f a single seed (assessed beforehand) and W sb denotes the  w e igh t o f 

th e  seed batch fed to  th e  animal, W 5b/W s equals the  num ber o f  seeds fed to  

th e  animal (m ostly ± 5000). V is th e  mean p roportion  o f seedlings 

germ ina ting  from  the  (five) con tro l samples containing non-ingested seeds. 

Its insertion  controls fo r  th e  combined e ffect o f in trinsic v iab ility  o f th e  seeds 

and any possible effects o f the  dung env ironm en t on germ ination.

Data analysis

As noted in the  In troduction , m ulti-species analyses concerned w ith  

functiona l relationships should con tro l fo r  species in terdependence. In the 

m ethod o f phylogenetic contrasts, th is  is done on th e  basis o f a 

(phylogenetic) tree . Given th e  tree , i.e. given th e  ways in which species are 

related to  each other, the  m ethod circum vents taxonom ical bias by 

com paring ("con trasting") taxa in a pairw ise m anner both a t the  tips o f the  

tree  and a t in ternal nodes. The contrasts them selves are independent from  

each other.

For the  phylogeny o f our species (Fig. 4 - la ) , w e used th e  w ide ly  accepted 

APGII system (Stevens 2001 onwards) fo r  bo th  th e  assignment o f genera to 

fam ilies and the topo logy o f  fam ilies. For tw o  fam ilies add itiona l sources 

w ere  needed. We used the  consensus trees published in W alker e t al. (2004) 

and Q uin tanar e t al. (2007) fo r  the  Lamiaceae and Poaceae, respectively. All 

branch lengths w ere a rb itra rily  set to  1.0 (unit).

Contrasts are calculated as e laborated in Felsenstein's (1985) seminal 

paper. On these contrasts, linear regression is perfo rm ed fo llow ing  the 

procedure set ou t by Garland et al. (1992), w ith  in te rcep t being zero. The 

u n it branch lengths satisfy the  cond itions set by these authors. The th ree  

po lytom ies are considered soft, and th e  num ber o f degrees o f freedom  in 

s ignificance testing are lowered accordingly (42 d.f.; Purvis and Garland 

1993). The analysis was executed using the  PDAP m odule (M id fo rd  e t al. 

2005) im plem ented  in M esquite so ftw are  (Maddison and Maddison 2009).

As contrasts are calculated on specific means, in fo rm a tion  is lost on 

in traspecific  variation in seed survival. For each node o f th e  tree, w e tested 

fo r  d ifferences between both sides o f  the  branching using standard 

p e rm u ta tion  tests at the  0.10-level (2000 random isations). These provide us 

w ith  an idea o f those contrasts th a t are m ost in fo rm ative .
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Figure 4-1. (a) Working phylogeny of the species used in the experiment. Branches are 
not drawn to scale, (b) Mean (± s.e.) proportion of seeds that survived ingestion by 

cattle (survival rate from Eq. 1). Species names are abbreviated (see Table 4-1). Juncus 
effusus is omitted; see text for details.
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Results

From th e  study species, a to ta l o f 3507 seedlings em erged from  the  dung 

samples w ith  ingested seeds (126 samples), and 3948 fro m  th e  dung samples 

w ith  non-ingested seeds (20 samples). N e ither the  sand-potting  soil 

substrate, no r the  dung samples themselves contained any relevant seed 

con tam ina tion ; some did occur from  the  external environm ent, b u t all 

belonged to  non-included taxa (e.g. Oxalis, Epilobium, Betula).

A snapshot of a sample from the greenhouse, collected 35 hours after feeding

M ore  than  90 % o f the  seeds was excreted w ith in  48 hours a fte r feeding 

and on ly a negligible frac tio n  was found from  th e  last tim e  in terva l sampled 

(Fig. 4-2). As re ten tion  param eters are considered p ivota l in spatia lly explic it 

approaches o f animal seed dispersal (e.g. Vellend e t al. 2003, W ill and 

Tackenberg 2008), results o f a lognorm al f i t  to  these data are included in Fig. 

4-2 (Rawsthorne e t al. 2009).

Specific re ten tion  curves are shown in Appendix 4B. No species-specific 

tem pora l patterns w ere observed: nearly all o f the  species showed th e ir  

maximal excre tion from  th e  24- o r 35-hour co llection. The fe w  exceptions 

had very fe w  em erging seedlings, except fo r  Carex vulpina, which showed a 

clear m axim um  from  the  48-hour co llection.
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Figure 4-2. Excretion by cattle of seeds over time as shown from the germination trial. 
Bars represent the experimentally assessed proportion of seeds excreted. All species 

were pooled. A lognormal curve was fitted to the data (cf. Rawsthorne et al. 2009), the 
parameters are p = 3.35 and o = 0.42.

Specific survival rates are shown in Fig. 4 - lb .  The exact numbers can be 

found in Appendix 4C, to g e th e r w ith  the  germ ination rates from  the  non

ingested contro l. The species show ing the  highest proportions o f seeds 

surviving ingestion were H elianthem um  num m ularium , Trifo lium  pratense, T. 

campestre, and Juncus bufonius. For the firs t tw o  species m entioned, 

digestion even appeared to  s tim ulate  germ ination  as survival rates exceeded 

100 %. [Juncus effusus did n o t germ inate  from  th e  contro l, w h ile  it  did 

germ inate from  th e  ingested seeds w ith  very low  incidence. This would 

suggest a positive e ffec t o f ingestion on germ ina tion , bu t as th is cannot be 

form alized m athem atica lly  (a division by zero; Eq. 1), it is o m itte d  from  

fu rth e r analysis.]

From th e  19 congeneric species pairs, Agrostis, Cardamine, Cerastium, 

Galium, M entha , M yosotis, Poten tilla  and Thymus y ie lded significant w ith in - 

genus differences (perm uta tion  tests, 0,10-level). Except fo r  Agrostis  and 

Myosotis, in each pair one species showed zeros only.

Results o f  the seed mass, length, and shape measurements are included 

in Table 4-1. Results o f th e  measurements o f seed coat thickness are
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provided in Appendix 4A; they  are discussed in m ore deta il by De Laender 

(2008).

W hen our data is subjected to  a corre la tion analysis across species 

w ith o u t phylogenetic con tro l, non-significant relationships emerge: survival- 

log(mass): Pearson's p = 0.045, P = 0.76; survival-length : p = 0.017, P = 0.91; 

survival-shape: p = -0.045, P = 0.76; survival-seed coat thickness: p = -0.023, P 

= 0.92.

W ith  phylogenetic contro l, the re  also appeared no significant im pact o f 

each o f th e  th ree  studied dimensional seed tra its  (mass, length and shape) 

on seed survival rates o f th e  species (Fig. 4-3). W ith in  Fig. 4-3a, a po in t above 

th e  horizonta l axis represents a contrast in which the  heavier-seeded taxon 

o f the  pair showed th e  higher survival, w hereas a po in t be low  the  horizonta l 

axis represents a contrast in which th e  lighter-seeded taxon perform ed 

be tte r. Overall, th e  points counterbalance bo th  in num ber and magnitude, 

and no overa ll e ffect is observed. The same reasoning applies to  Fig. 4-3b and

4-3c. Also fo r  seed coat thickness, no sign ificant im pact was found (Fig. 4-4).

0.8  -

0.6  -

0.4 -

0.2  -

E  -0 .2  -

-0.4 -

0.6  -

y = -0.053X 
R2 = 0.011 
t=  -0.698 
P = 0.489

.¿ u i 8  o

(p MX1 0.2 0.3 0,

Standardized contrast in weight (Tig)

4 0 .5#  0.6 0.7 0.8 0.9 1 T.1

Figure 4-3. Bivariate scatter plot of standardized independent contrasts in seed survival 
rate and (a) log-transformed seed weight. (Continued on next page.)
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Figure 4-3, continued. Bivariate scatter plot of standardized independent contrasts in 
seed survival rate and (b) seed length and (c) seed shape. Statistics are from least 

squares regressions (through origin, see Garland et al. 1992; number of contrasts = 46, 
degrees of freedom = 42). Contrasts that proved significant in the permutation tests 

are given as filled dots; those that did not as open dots.
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Figure 4-4. Bivariate scatter plot of standardised independent contrasts in seed survival 
rate and seed coat thickness. Statistics are from least squares regressions (through 
origin, see Garland etal. 1992; number o f contrasts = 20, degrees of freedom = 16).

Discussion

The p roportion  o f seeds surviving ingestion d iffe red  p ro found ly  between 

species: m ost species show high m o rta lity  rates (up to  100 % o f th e  seeds 

ingested) and a decreasing num ber o f species show low er m o rta lity  rates 

(down to  0 %). Overall, th is  corresponds to  the  patterns found by others 

(references below ). Note th a t the  increased germ ination rates observed in 

Helianthem um  num m ularium  and Trifo lium  pratense  should no t be m istaken 

w ith  m orta lity  rates, which are essentially zero.

Several large-scale feeding experim ents have already been perform ed 

(e.g. Gardener e t al. 1993a, Cosyns e t al. 2005a, Bonn 2004, Peco e t al. 2006). 

Their analyses consisted o f looking fo r  correlations across species. This is 

ecologically m eaningful, since these cross-species analyses may learn us 

w hether, fo r  instance, the  smaller-seeded species from  a species pool are 

m ore likely to  survive ingestion than  others (given a negative corre la tion was 

found; e.g. as in th e  feeding experim ent o f M ouissie e t al. 2005b).
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However, th is  low er chance may w ell be due to  the  sm aller-seeded 

species actually being grasses and these happen to  disperse b e t te r - fo r  some 

reason unknow n. It is in these m atters th a t phylogenetica lly contro lled  

analyses perfo rm  b e tte r . W hen one applies a contrasting perspective to  the  

data o f Mouissie e t al. (2005b), fo r  instance (e.g. by considering the  pattern  

only w ith in  the  Asteraceae o r th e  gram inoids), th e  data clearly suggests no 

e ffect. This is supported by subjecting th e ir data to  PIC analysis. So, 

taxonom ical in terdependence can clearly a ffect analyses o f relationships 

among the  involved tra its  sign ificantly. W hen feeding experim ents strongly 

d iffe r in taxonom ical coverage, th is  could thus lead to  d iffe re n t conclusions.

Through a d iffe re n t approach, i.e. th rough a corre la tion  o f  seed 

abundance in the  vegeta tion  and in dung, Bruun and Poschlod (2006) also 

concluded ne ither seed size nor shape to  affect survival.

A reflection  could be m ade on the  a ttrib u te  ranges considered here. In 

nature, seed size varies enorm ously, over 10 orders o f m agnitude (± 10 3-107 

mg; Harper e t al. 1970), w ith  species from  fields, pastures, fo res t clearings, 

and o th e r habitats th a t are inv iting  to  grazers com prising a subset he reo f (± 

lO ^ -lO 1 mg; Salisbury 1942; Lord e t al. 1995). From these w id e  ranges, it  is 

up to  the  experim enter to  choose which range is considered m ost relevant, 

w ith  any claim  o f  an "e ffe c t o f  size on m o rta lity " restricted to  th a t range. The 

studies m entioned above all stay in the  low er range (± 10'2-102 mg). We 

cannot rule ou t size to  have an e ffec t beyond th is range (IO 3 mg up to  the  

maximal size animals are able to  ingest) as wide-scale studies herein are 

lacking. W e stuck to  th e  low er range, too , on grounds stated in the 

in troduc tion , a lthough freq u e n t ingestion o f large (dry) seeds by grazers 

m ight be o f  relevance in th e  (sub)tropics (e.g. Janzen 1982b).

A second reflection, no te  th a t we have selected a m odern breed o f cattle 

in ou r feeding experim ent. These individuals are norm ally fed by sileage and 

are adapted to  high p ro te in  food. This d iffe rs  from  o the r breeds, including 

those com m only applied in nature  m anagem ent (or ancient breeds, see 

Poschlod e t al. 2005), which are used to  fib rous hay instead.

If ne ithe r size no r shape show  clear relationships w ith  species' 

perform ances, w h ich tra its  could do so?

As Garland et al. (2005) rightly notice, however, even phylogenetic comparative 
methods are inherently correlational and cannot demonstrate causality of 
relationships alone. Only experiments can do this.



In th is  study, we have ten ta tive ly  measured and included seed coat 

thickness in our tests, b u t th is  variable proved insignificant. This accords w ith  

s im ila r a ttem pts  o f Bonn (2004). It must be borne in m ind, however, th a t the  

thickness o f  seed coats is no t an easily measurable tra it. Seed coats possess 

num erous tex tu ra l and structu ra l com plexities (including local thickenings), 

and on the  anatom ical level, m u ltip le  cell layers are involved (fo r instance, 

near th e  m icropyle, fo u r  epiderm al layers are found  instead o f tw o ; W erker 

1997). Its use as a tra it  m ight the re fo re  be to o  sim plified .

Reconsidering th e  tw o  genera perform ing best (Fig. 4 - lb ) ,  they  have one 

strik ing  seed a ttrib u te  in com m on: th e ir  seeds are known to  be physically 

d o rm an t (a fea tu re  found  in only sixteen fam ilies; Baskin e t al. 2000, Baskin 

and Baskin 2001, Baskin e t al. 2006). In essence, th is  means th a t seeds are 

w a te r-im perm eab le  when shed. Its favourab le  e ffec t is confirm ed in several 

studies on dispersal o f  Fabaceae and Cistaceae by ungulates. Suckling (1952) 

fed bo th  im perm eable  and perm eable Trifo lium  repens seeds to  sheep, bu t 

could on ly re trieve  seed(ling)s from  the  im perm eable  seed lo t. Fukuda e t al. 

(1998) placed seeds from  th e  same species in th e  rum en o f fis tu la ted  cattle  

and fo llow ed  th e ir  fates: m orta lity  o f w ate r-im perm eab le  seeds was very low  

during the  14 days o f study, whereas permeable seeds were generally 

d igested w ith in  24 hours. Also, Gardener and colleagues found  a near-to- 

pe rfec t corre la tion  betw een the  fractions o f seeds surviving a stay in the  

rum en and th e  in itia l im perm eable seed con ten t bo th  w ith in  and among 

legume species (Gardener e t al. 1993a, 1993b; also see Janzen 1981). Ramos 

e t al. (2006) found  seeds from  several Cistaceae to  pass the  a lim entary trac t 

o f sheep in tac t (also see Malo and Suarez 1998). The observation o f 

increased germ ination  rates in these species is then  linked to  a w e ll-tim ed 

loss o f  dorm ancy (Baskin and Baskin 2001). If one considers th is  tra it, the  

benefits o f having a w ate r-im perm eab le  barrie r are clear since it  presum ably 

are th e  d igestive flu ids -co n ta in in g  p ro teo ly tic  enzymes and ba c te ria - th a t 

pose the  severest th re a t to  seeds.

However, w a te r-im perm eab ility  alone cannot account fo r  high survival 

fo llo w in g  ingestion. Indeed, Geranium  spp. perfo rm ed less w ell in the  

experim ent, despite them  being physically dorm ant, to o  (Baskin et al. 2000). 

Then again, th e ir  seeds are considerably m ore frag ile  than  those o f Trifolium  

and Helianthem um  (as can be tested by rupturing  seeds w ith  a forceps; 

Rodgerson 1998). Seeds are also subject to  mechanical stress w ith in  the  

anim al (e.g. exposure in chewing), and seed toughness can th e re fo re  be
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expected to  play an im portan t role as w ell. M o rta lity  rates are thus very 

like ly to  be the resu lt o f several tra its  acting toge the r, which advocates a 

m ultiva ria te  approach in analyses th a t aim a t a fu ll com prehension o f the 

process.

Accordingly, it  is probable th a t o th e r physical, s tructu ra l, anatom ical 

a n d /o r tex tu ra l tra its  perta in ing to  the  seed surface o r seed coat are likely to  

overru le  simple tra its  such as seed size, shape or even coat thickness in 

expla in ing m orta lity  rate. We lack know ledge on th e  e ffec t o f suchlike 

a ttrib u te s  fo r  d ry-fru ited  herbs u n til th is  date, w hereas fo r fleshy-fru ited  

shrubs and trees they  are m ore o ften  dealt w ith  (e.g. in o rn ithochory ; 

Traveset 1998, Traveset et al. 2008). So far, we have no ind ications on w hat 

m igh t have caused the  sign ificant in trageneric  contrasts observed in Agrostis, 

Cardamine, Cerastium, etc.

W hen excluding the physically d o rm an t species from  ou r analyses, seed 

mass related negatively to  survival rate (P = 0.019). This is, however, due to 

th e  extrem e values in Juncus bufonius; fu rth e r exclusion o f th is  species 

renders the  relationship back to  non-sign ificant. In teresting ly, Peco e t al. 

(2006) found th is  species to  have "h igh ly  w a te r-im perm eab le  seeds", thus 

making it  functiona lly  sim ilar to  the  physically do rm an t species.

As outlined in th e  In troduction , an u ltim ate  objective w ou ld  be to  

id e n tify  a seed tra it  th a t holds po ten tia l to  in fe r on seed evo lu tion  through 

endozoochory. For th is  purpose ne ithe r size (w e ight o r length) nor shape and 

seed coat thickness seem suitable since no univocal effects are observed, at 

least no t on a small scale. W a te r-im perm eab ility  m ight prove a be tter 

candidate, since it satisfies th ree  p ivota l cond itions: it closely relates to 

survival fo llow ing  ingestion in several taxa (accounts m entioned above), it  is 

known to  hold in traspecific varia tion  (Baskin and Baskin 2001), and it has at 

least some o f its param eters genetically based (e.g. Nair e t al. 2004, Boersma 

e t al. 2007). If grazers can induce seed evo lu tion, th is  m ight be th e  tra it  to  

focus on in fu tu re  research.
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«That's why the seed banks 

are full o f grounded 

offspring, wrestling but 

unable to  escape the ir 

maternal bonds t il l the hour 

and the clime she has 

chosen.»

An Orchard Invisible: 117
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C h a p t e r  5

The incidence, field performance and 

heritability of non-dormant seeds in 

w hite clover (Trifolium repens L.)*

B ra m  D 'h o n d t ,  R e in  B rys  a n d  M a u r ic e  H o f fm a n n

A white clover inflorescence, marked for follow-up

’ Adapted from: D'hondt, B., Brys, R. and Hoffmann, M. (2010) The incidence, field 
performance and heritability of non-dormant seeds in white clover (Trifolium repens 
L.). Seed Science Research 20:169-177.

93



Abstract

M ature  seeds o f many legume species are norm ally characterized by 

w ate r-im perm eab le  seed coats, a fo rm  o f physical dorm ancy. However, 

observations suggest tha t the  incidence o f m ature bu t perm eable (non- 

dorm ant) seeds is sometim es substantia l. Yet, the  ecological processes 

associated w ith  th is variation have received litt le  a tte n tio n  by p lant 

ecologists. Nonetheless, it could be o f relevance also to  dispersal since this 

seed tra it  is known to  affect perform ance in ungulate endozoochory.

In w h ite  c lover (Trifo lium  repens), we the re fo re  stud ied: (1) the 

occurrence o f in itia lly  permeable seeds in w ild  populations; (2) th e  relative 

perform ance o f non-dorm ant and do rm an t seeds in p lant establishm ent and 

rep roduction  in a fie ld-sow n experim ent; and (3) the exten t to  w hich the  tra it 

is a ffected  by air hum id ity  and p lant genotype in a greenhouse experim ent.

No less than  35 % o f all viable seeds from  th e  w ild  populations proved to  

be w a te r permeable at m aturity . The p ropo rtion  o f perm eable seeds w ith in  

inflorescences ranged from  0 to  100 %. In the  fie ld -sow n experim ent, 

au tum n-germ inated  non-dorm ant seeds had a lm ost equally good chances o f 

establish ing as spring-germ inated do rm an t seeds. Due to  a m arked head 

s ta rt in g row th , th e  fo rm e r yielded m ore flow ers (and thus seeds) in the  firs t 

f low e ring  season. However, the greenhouse experim ent proved th a t 

varia tion  in the  p roportion  o f perm eable seed between inflorescences 

represented a plastic response to  hum id ity  cond itions during seed ripening, 

ra the r than  varia tion  among clones (broad-sense he ritab ility  < 0.025). Thus 

the  t ra it  is no t easily subject to  selection.

Keywords: clonal repeatab ility , Fabaceae, genotype by environm ent, 

germ ina tion , hardseededness, softseededness, w a te r im perm eab ility
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Introduction

Several mechanisms have been iden tified  by which p lant seeds are 

dorm ant when shed (Baskin and Baskin 2004). In physical dorm ancy, seeds 

are do rm an t due to  im perm eab ility  o f  th e  seed or f ru it  coat to  w ater, 

acquiring germ inab ility  only w hen th is  barrier is broken (Rolston 1978). 

Sixteen fam ilies are known to  have species w ith  physical dorm ancy (Baskin e t 

al. 2000, 2006), o f  w h ich th e  legume fam ily  (Fabaceae) is th e  largest and 

m ost im portan t. Seed im perm eab ility  in legumes is also o ften  term ed 'ha rd 

seededness', im perm eable seeds being referred to  as 'hard seeds' (Taylor 

2005).

Baskin and Baskin (2001) ou tlined  several theore tica l scenarios in which 

seed dorm ancy is an adaptive fea tu re . However, these scenarios are not 

m utua lly exclusive. In one o f these, dorm ancy serves to  prevent germ ination  

when conditions are unfavourable fo r seedling establishm ent, and it is th is  

scenario th a t is considered to  perta in to  physical dorm ancy the  most. 

Physically do rm an t species usually have defined germ ination  periods in w ell- 

suited seasons, such as a t th e  s ta rt o f th e  w arm  season in typ ica lly  tem pera te  

cond itions (Roberts and Boddrell 1985, Van Assche e t al. 2003), o r a fte r the  

ho t sum m er in M ed iterranean clim ates (Norman e t al. 1998, 2005). Physical 

dorm ancy is indeed im p o rta n t re lative to  o the r dorm ancy types in vegetation 

th a t is subject to  d is tinc tly  dry and w e t periods, which are unfavourable and 

favourab le  fo r  establishm ent, respectively. In a second scenario, the  benefit 

o f dorm ancy is in the  tim in g  o f germ ina tion , so th a t fitness o f the  resulting 

p lant is m axim ized. Indeed, several studies on various species have shown an 

increased seed p roduction  in e ith e r early-, o r la te-germ inated plants w ith in  

seasons (listed by Baskin and Baskin 2001). Thirdly, dorm ancy may act to  

reduce the  risks associated w ith  tem pora l hab itat un favourab ility  by fo rm ing  

soil seed-banks th a t persist over several years (Venable and Brown 1988, 

Snyder 2006).

In legumes, w a te r im perm eab ility  o f  seeds is acquired through 

dehydration during seed ripen ing (Quinlivan 1971). W ater a t firs t evaporates 

through th e  seed coat, bu t as th e  in terna l m oisture con ten t drops, th e  coat 

becomes im perm eable, and fu rth e r evaporation occurs via th e  seed hilum . 

The hilum  then  acts as a un id irectiona l valve th a t allows evaporation  when 

external cond itions are dry, b u t prevents w a te r from  entering when 

cond itions are m oist (Hyde 1954).
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Legume seeds are norm ally  considered to  become shed in th is  w ater- 

im perm eable, do rm an t state (Taylor 2005). However, studies th a t considered 

legume seed im perm eab ility  a t the  p lant level ind icated th a t seeds are 

som etim es permeable to  w ater, thus non-dorm ant a t m aturity . Several 

treatises on Trifo lium  subterraneum , fo r  instance, included the  in itia l 

p roportion  o f do rm an t seeds as a variab le o f in te rest. Nichols e t al. (2009) 

recorded about 60 % o f  the  seeds to  be permeable at harvest (at p lant 

senescence) in th e ir  experim ent, w h ile  Smith (1988) noted p roportions from  

18 to  91 % fo r  various line -yea r com binations 10 d a fte r harvest. Piano e t al. 

(1996) and Taylor (2005) reported  sim ilar find ings. Cowan e t al. (1997) 

investigated in itia l seed im perm eab ility  in o ther, non-geocarpous clover 

crops grown in contro lled  cond itions and reported  levels <10 % perm eable in 

T. repens and T. nigrescens, bu t h igher levels in T. occidentale  (up to  61 %). 

The in itia l degree o f dorm ancy has, however, m ore rare ly been described fo r 

spontaneous populations. In a New Zealand pasture system, Chapman and 

Anderson (1987) found  about 25 % o f  the  seeds in T. repens to  be non- 

dorm ant. A lthough n o t tested, some o f these studies a ttrib u te d  the 

incidence o f perm eable seeds to  co inc idently  high levels o f m oisture  during 

seed m atura tion  (due to  rainfa ll, poor soil drainage or extended irriga tion), 

which w ou ld  p reven t the  seeds from  drying, and thus from  becoming 

dorm ant.

A lthough it m ight be an im p o rta n t phenom enon in natura l populations, 

th is in tra-specific varia tion  has never been dea lt w ith  explic itly  by p lant 

ecologists. Nonetheless, th is may be o f clear value also in the  study o f 

endozoochorous seed dispersal, because from  lite ra tu re , it  appears that 

w ater-im perm eable  seeds have increased chances o f surviving passage 

th rough  th e  a lim enta ry trac t o f ungulates (as com pared to  water-perm eable  

seeds). This is m ost d irec tly  shown by experim ents from  Suckling (1952), 

Janzen (1981), G ardener e t al. (1993a, 1993b), Fukuda e t al. (1998) and Malo 

and Suárez (1998); also see Baskin and Baskin (2001). If  genetically based in 

situ varia tion  exists in th is  tra it,  then  endozoochory m ight impose evolution 

on th is tra it  through selection o f the  im perm eable-seeded genotypes. That is, 

//endozoochorous dispersal is o f s ign ificant selective advantage.

In th is  study, w e the re fo re  raise and address the  fo llow ing  three 

questions concerning legume non-dorm ancy. (1) To w ha t ex ten t do wild 

plants show varia tion in in itia l non-dorm ancy? (2) To w ha t ex ten t is this 

varia tion  genetic? (3) W hat significance, if  any, do non-dorm ant seeds have
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fo r  p lant fitness? As a study species, we chose w h ite  c lover (Trifo lium  repens 

L ), an ub iqu itous and clonal species th a t lends itse lf easily fo r  these practical 

purposes. First, we recorded the  degree o f in itia l im perm eab ility  in 

spontaneous populations. We secondly perfo rm ed a greenhouse experim ent 

to  de te rm ine  how  am bient hum id ity  and p lant genotype a ffect the  a ttribu te  

in th is  species. Finally, w e assessed experim enta lly th e  relative im portance o f 

perm eable and im perm eable seeds in con tribu ting  to  p lant establishm ent 

and reproduction .

W h ite  c lover is a w idespread legume th a t can be found  in various 

habitats; m ost frequen tly  in conditions th a t are grazed, m ow n or kept open 

otherw ise  (Burdon 1983). It is a perennial species, th e  main mode o f 

regeneration  o f which is th rough  the  p roduction o f stolons. Yet yearly, new 

recru its  are added to  populations through seeding (Barre tt and Silander 

1992). The inflorescence is a racemose head containing about 30 flow ers, 

each o f w h ich usually yields a th ree- to  six-seeded pod. W hen a flo w e r is 

po llina ted, th e  pedicel recurves and allows fo r  an easy ind ica tion th a t seed 

deve lopm en t has started (Flyde e t al. 1959). Developing seeds become viable 

som e days be fore  acquiring dorm ancy (about 16 and 24 days a fte r 

po llina tion, respectively; Hyde e t al. 1959). For de term in ing  th e  p roportion  o f 

do rm an t seeds, it  is the re fo re  im portan t to  co llect seeds su ffic ien tly  late (in 

e ffect, a t least 24 d a fte r po llina tion). T. repens was included in the  

experim ents o f Suckling (1952), Gardener e t al. (1993a, 1993b) and Fukuda et 

al. (1998), all concluding w a te r-im perm eab ility  to  positive ly a ffec t survival in 

th e  a lim enta ry  tra c t o f ungulates.

Materials and methods

Im perm eability and viability testing

The general pro toco l used to  test seeds fo r  im perm eab ility  and v iab ility  is 

explained in th is  paragraph, since th is applies to  each o f the  th ree  

experim ents explained below.

To de te rm ine  th e  in itia l p roportion  o f im perm eable (to viab le) seeds fo r  a 

given head, all seeds w ere dissected from  the  head the  day a fte r collection. 

Seeds w ere tested fo r w a te r im perm eab ility  by placing them  on f ilte r  paper 

(W hatm an GF/A, 90 m m; W hatm an In ternational Ltd, M aidstone, Kent, UK) 

in Petri dishes w ith  3.5 ml o f w a te r at 22 °C, and recording them  fo r  3 d. If  a 

seed is perm eable , it im bibes w a te r and swells, o r germ inates (ISTA 2008). 

Im bibed seeds w ere  subsequently submersed in a té trazo lium  solution (1.0
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%) to  te s t fo r  v iab ility  (Peters 2000). A t th e  end o f th e  3-day period, all 

rem ain ing im perm eable seeds were superfic ia lly  cu t w ith  a scalpel near the  

distal end o f the  cotyledons to  make them  perm eable, and tested fo r 

viab ility .

Field occurrence of impermeability

In July 2008, we selected w h ite  clover plants at six sites in th e  province o f 

W est-Flanders (Belgium; Table 5-1). A t each site  w e random ly selected 10 (20 

a t one site) flow ering  patches th a t w ere a t least 10 m apart. W e m arked 6 -  

10 heads per patch by ty ing  colourfu l strings to  th e  peduncles. Collections 

w ere perfo rm ed 26 d later. P riority in m arking was given to  heads in which all 

flo w e r pedicels w ere recurved, bu t had n o t ye t tu rn e d  brow n. O therw ise, 

heads w ere allowed to  have at most fo u r flow ers  no t ye t recurved (although 

th is  was rare ly the  case; these flow ers could slightly bias im perm eab ility  

p roportions due to  incom ple te  deve lopm ent at collection). Some patches 

w ere lost during the  period from  m arking to  co llection (for example, due to  

grazing), and we eventua lly analysed 107 heads from  59 patches fo r  seed 

v ia b ility  and w ater im perm eab ility  (Table 5-1). Since densities o f w h ite  c lover 

genotypes can be high at small scales (Cahn and Harper 1976), no inference 

on ind iv idua l clones can be drawn from  th is  part o f the  study.

To te n ta tive ly  check w he the r seed im perm eab ility  is re lated to  levels o f 

p rec ip ita tion , we consulted c lim atologica l statistics fo r  th e  seed-ripening 

period fro m  the  ten  w eather stations nearest to  the  six-site centro id  

(M alcorps 2008; stations o f th e  Belgian Royal M eteoro logica l Institu te , all 

w ith in  100 km from  th e  centroid).

Table 5-1. Description o f the sites at which the  degree o f in itia l im perm eability in 
mature w h ite  clover inflorescences was recorded, and the number o f flow er heads 
investigated

Site name Latitude, longitude Description (soil type) heads
(patches)

De Panne(DP) 51°04'54"N, 02°33'27"E Extensively grazed coastal dune 
complex (calcareous sandy soil)

25 (18)

Loppem (L) 51°07'36"N, 03°11'14"E M eadow (acidic sandy soil) 15 (6)

Oostduinkerke (O) 51°07'18"N, 02°41'53"E Grazed pasture (calcareous 
sandy soil)

12 (5)

W estkapelle (W) 51°19'28"N, 03°20'12"E Grazed pasture (clay soil) 17 (10)

Zedelgem (Ze) 51°07'34"N, 03°08'27"E Residential lawn and road verge 
(acidic sandy soil)

11 (10)

Zuienkerke (Zu) 51°16'38"N, 03°09'12"E Road verges (clay soil) 27(10)
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Genotype by humidity

To assess w he the r varia tion  in th e  p roportion  o f im perm eable seeds 

from  heads is caused by differences in hum id ity , o r by d iffe re n t genotypes, 

w e conducted an experim ent under contro lled  c lim atic cond itions o f  light, 

tem pera tu re  and hum id ity .

In M ay 2008, w e isolated nine adu lt w h ite  c lover ramets from  th ree  

natura l sites. The distances betw een ram ets w ith in  sites w ere at least 30 m. 

They were grown in a glasshouse, and cuttings w ere propagated from  them . 

In May 2009, a fte r open po llina tion by w ild  insects, six ramets from  each o f 

these clones (54 plants in to ta l)  w ere  transfe rred  to  the  c lim atica lly 

con tro lled  greenhouses fo r  ripening. Since physical dorm ancy is a fea tu re  o f 

th e  seed coat, i t  is m aterna lly de term ined; the re fo re , no contro lled  hand- 

po llina tion  was needed. Tw o ram ets per clone w ere  a llowed to  ripen under 

one o f th ree  levels o f re lative a ir hum id ity  (RH), denoted as 'w e t' (median 

relative hum id ity  99.9 %, m in im um  89.0 %), 'm esic' (median 94.3 %, 

m in im um  61.1 %) and 'd ry ' (m edian 78.3 %, m in im um  46.5 %); RH was 

recorded by tw o  loggers per trea tm e n t, 9300 measurements per logger. 

Since the  desiccation o f developing seeds, and w ith  it, the  acquisition o f 

w a te r im perm eability , is an irreversib le  response to  decreases in m oisture, it 

is im portan t to  note th a t the  m in im um  m ight be a be tte r measure fo r 

hum id ity  than the  median.

A fte r ripening in the  greenhouses, heads were collected from  each ram et 

(105 in to ta l, 2 5 -32  d a fte r transloca tion  from  th e  glasshouse), and th e ir  

seeds were tested fo r  im perm eab ility  and viab ility .

Performance of permeable versus impermeable seeds

Once dorm ancy is broken, germ ina tion  requirem ents are usually readily 

m et in w h ite  clover. Seeds th a t are non-dorm ant w hen shed in autum n are 

consequently expected to  germ inate  th a t same season. Dorm ant seeds, on 

th e  o the r hand, usually germ ina te  in spring (Roberts and Boddrell 1985, Van 

Assche e t al. 2003). In a fie ld -sow n experim ent, w e compared the  fie ld  

perform ance o f non -dorm ant (autum n-germ inating) and dorm ant (spring- 

germ inating) seeds in germ ina tion , seedling establishm ent and firs t-yea r 

flow ering .

The experim ent was set up on the  boundary o f  a sward and fa llow  

vegetation a t the  'Loppem ' site (Table 5-1). The sward represented a hab itat 

suitable fo r  w h ite  clover: it  was m ow n tw ice  a year and was dom inated by 

Lolium perenne, Poa pratensis and w h ite  clover. The fa llow  was fo rm e r
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arable land, at m id-successional stage (± 75 cm vegeta tion  height; saplings 

were lacking at the  scale o f the  experim ent). It was dom inated by Juncus 

effusus and Holcus lanatus. Being a ligh t-dem anding species, th is  hab ita t is 

no t optim a l fo r adu lt w h ite  c lover though po ten tia lly  encountered by young 

plants, as germ ination itse lf is considered independent o f ligh t (Van Assche et 

al. 2003).

We harvested seeds fo r  the  experim ent in th e  v ic in ity  o f the  site in 

sum m er 2008, and separated perm eable from  im perm eable  seeds. The 

installation o f plots (see be low ) consisted o f sod-cutting  a tu r f  o f  50 x  50 cm 

(10 cm in depth), tu rn ing  it  upside down (to  make it free from  com petition ), 

then sod-cutting the centra l 30 x 30 cm again and replacing it  by a m ixture  o f 

sand and po tting  soil (1:1 vo lum e). A fte r the  in troduction  o f seeds, plots 

were caged to  exclude herb ivores (1.25 mm  mesh).

In o rde r to  app rop ria te ly  compare establishm ent from  autum n- and 

spring-germ inating seeds, it  is necessary to  de term ine  th e  exact tim ing  o f 

natura l spring germ ination  a t th e  site. A long th e  s w a rd - fa llow  boundary, we 

de lim ited  five  blocks, each com prising one p lo t in th e  sward and one in the  

fa llow . Each o f these p lots was provided w ith  20 d o rm an t seeds in autum n (1 

October). They were buried superfic ia lly (<1 cm) in open plastic tubes (13 

mm diam eter) to  fac ilita te  retrieva l, and seedling emergence was m onitored 

on a m on th ly  basis. A t the  end o f th e  study period, w e exhumed the  non

germ inated seeds and de term ined  th e ir viab ility .

W e installed six blocks, each com prising tw o  p lots in the sward and tw o 

in the  fa llow , a lte rna ting  w ith  the  blocks o f th e  fo rm e r experim ent. W ith in  

each o f these vegeta tion /b lock-com bina tions, one p lo t, chosen random ly 

w ith in  th e  pair, was provided w ith  fresh ly im bibed seeds in autum n 

(representing natura lly non -do rm an t seeds; sown on 5 September; 26 seeds 

per p lo t). The o th e r p lo t was provided w ith  im bibed seeds th a t had been 

a rtific ia lly  scarified in th e  fo llo w in g  spring (m im icking natura lly dormancy- 

released seeds; th e  sowing da te  was the re fo re  determ ined by the previous 

experim ent and was set to  15 April; 26 seeds per plot). Scarification o f the 

la tte r was perfo rm ed by nicking th e  seed coat near the  cotyledons the  day 

before sowing. Seeds w ere buried superfic ia lly  (<1 cm), and seedling 

emergence and survival w ere m on ito red  m onth ly . The firs t-yea r reproductive 

o u tpu t from  these recru its was recorded by counting th e  num ber o f 

inflorescences produced during th e  sum m er o f 2009. In August, we 

add itiona lly  m arked ten  heads from  both the  sward and th e  fa llow  (chosen
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random ly), and collected them  35 d la ter to  tes t the  seeds fo r v iab ility  and 

im perm eab ility .

We m anually contro lled  fo r weeds w ith in  plots th ro u g h o u t the  study. 

Four con tro l p lo ts w ith o u t in troduced seeds were m on ito red  fo r  external 

con tam ina tion  (one at each end o f th e  set-up); however, no background 

germ ina tion  occurred. Tem perature and relative a ir hum id ity  were recorded 

hourly  a t ground level by loggers. A scheme o f the  experim enta l set-up from  

the  fie ld  is p rovided in Appendix 5A.

Statistical analyses

To tes t w h e th e r mean proportions o f  im perm eable to  viable seeds from  

heads d iffe red  significantly between the  six sites studied, a generalized linear 

m odel (Kutner e t al. 2005) was constructed in which site was entered as a 

fixed fa c to r, and patch as a nested random  facto r. A Spearman rank 

corre la tion  was perform ed to  test fo r an in terdependence betw een the 

num ber o f viable seeds in a head and the p roportion  o f im perm eable  seeds.

To te s t w he the r hum id ity  and genotype affected im perm eable seed 

p roportions, we used a generalized linear model on the  data from  the  

greenhouse experim ent. The p roportion  o f im perm eable  to  viable seeds 

from  heads was th e  response variable. Hum idity  was en tered  as a fixed factor 

(three levels), th e  clones as a random fac to r (nine levels), and th e ir  

in te raction  as a random  facto r. By considering the  variance th a t is due to  the 

clones re la tive  to  the to ta l (phenotypic) variance, a measure te rm ed the 

'c lonal repe a ta b ility ' was determ ined (Falconer and Mackay 1996). This 

measure can include some environm enta l e ffects (those th a t are transm itted  

from  the  orig inal p lant to  all derived ramets), bu t sets th e  upper lim it fo r the  

tra it 's  broad-sense he ritab ility , which is the  p roportion  o f the phenotypic 

varia tion  th a t represents genotypic variation.

For th e  experim ent on dorm ancy loss, we tested th e  e ffect o f the  

vegetation (sward versus fa llow ) on seed germ ination using a generalized 

linear m odel. As th is  experim en t em ployed repeated m easurem ents o f plots 

over tim e, the  w ith in -p lo t corre la tion  am ong the  subsequent dates o f 

m on ito ring  was accounted fo r  (marginal model; Fitzmaurice e t al. 2004). For 

th e  second experim en t ( in itia lly  non-dorm ant versus dorm ancy-released 

seeds), w e disconnected seed germ ination from  seedling survival: 

ge rm ina tion  was given by the  firs t census (baseline), w h ile  survival was given 

by the  subsequent censuses corrected fo r  the  baseline. G erm ination 

percentage was trea ted  in a generalized linear model, w ith  vegetation (sward
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versus fa llow ) and sowing  date (autum n versus spring, representing th e  non- 

d o rm an t and dorm ant seeds, respectively) as fixed effects. Seedling survival 

was trea ted  in a general linear model w ith  the  same effects as w ell as an 

assumedly linear e ffect o f  tim e ; m on ito ring  dates accounted fo r w ith in -p lo t 

co rre la tion  am ong repeated measurements. For th e  p roportion  o f dorm ant 

(to  viab le) seeds fro m  heads, a com parison between both vegetation types 

was made using a simple generalized linear model.

All statistical analyses were executed using SAS 9.2 (SAS Ins titu te  Inc., 

Cary, North Carolina, USA).

Results

Field occurrence of impermeability

The sum m er o f 2008 proved re lative ly  w e t com pared to  previous 

summ ers. P recipitation levels in July reached 0 .8 -1 .6  tim es the  July means o f 

the  w ea ther stations, which were 'no rm a l' anomalies fo r  m ost stations 

(M alcorps 2008). In August, p rec ip ita tion  am ounted to  1 .1-2 .3  tim es the  

August means, which was classified as 'abnorm a l' fo r m ost stations, meaning 

th a t s im ila r or h igher precip ita tion  levels are, on average, observed once 

every  6 years.

Vivipary in T. repens: non-dormancy can lead seeds to  germ inate w ith in  flowers

From 107 inflorescences, we obta ined 6536 seeds th a t proved viable (on 

average 61 per head, standard devia tion = 38). No less than  35 % o f these 

seeds im bibed w a te r during the  3-day te s t period (m ostly during th e  firs t
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night). The p roportion  o f perm eable seeds varied greatly among heads (Fig.

5-1): some heads only contained perm eable seeds, others only contained 

im perm eable  seeds, and others contained in te rm ed ia te  levels o f both. This 

range from  0 to  100 % was observed at all b u t one site; site  means were 

nevertheless sign ificantly d iffe re n t (Table 5-2), ranging from  46 to  87 %. In 

som e heads, we observed viv ipary as seedlings em erged in o r  from  pods.

60
■  DP D Z u  B O  

□  Ze D W  B L

Q <b^
^  ^  4* ^

Impermeable seeds (%)

Figure 5-1. Frequency distribution o f the proportion o f impermeable (to viable) seeds 
held w ith in mature white clover inflorescences (n = 107). D ifferent shading refers to  

the six sites studied; see Table 5-1 fo r abbreviations.

Table 5-2. Output from  the generalized linear mixed model from  the fie ld survey. 

Type-111 tests o f fixed effects____________________________________________________

Effect
d f (num., 
den.)* F P

Site 5, 46.06 2.71 0.032

* w ith  Satterthwaite correction

Covariance param eter estimates

Covariance parameter Estimate S.e.

Patch(site) 1.498 0.603

Residual (vc) 24.572 4.517
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There was no sign ificant corre la tion  betw een the  num ber o f seeds from  

heads and the ir im perm eable  p roportions (P = 0.343).

Genotype by humidity

H um id ity had a m arked e ffec t on seed im perm eab ility  {Table 5-3). As 

shown in Fig. 5-2, heads th a t ripened under w e t cond itions contained only 

permeable seeds, w h ile  those th a t ripened under d ry  cond itions contained 

fe w  permeable seeds. The mesic tre a tm e n t yie lded in te rm ed ia te  levels of 

both. A tes t o f the  covariance param eters indicated th a t th e  clone-by- 

hum id ity  in teraction  did no t s ign ifican tly  d iffe r from  zero (cf. Table 5-3, x  = 

1.97, P = 0.160). We th e re fo re  om itte d  it  from  the  model, th e  results o f 

which are provided in Appendix 5B. The very low  (yet significant) clonal 

variance com ponent then  yie lded a clonal repeatab ility  estim ate  o f 0.025. 

This also is the  m aximal broad-sense he ritab ility , and th e  observed 

phenotypic variation thus a lm ost pure ly represented phenotyp ic plasticity 

w ith in  genotypes.

There was a s ign ificant corre la tion  betw een the num ber o f seeds from  

heads and th e ir im perm eable  p roportions: higher seed numbers coincided 

w ith  higher fractions o f do rm an t seed (P < 0.001).
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Figure 5-2. The proportion o f impermeable (to viable) seeds held w ith in mature white 
clover inflorescences in relation to  hum idity and genotype (average ± s.e.). Each 

shading refers to  one o f nine genetically distinct clones. Ramets o f these were grown 
under e ither dry [m in im um  relative air hum idity (min. RH) 46.5 %], mesic (m in. RH 61.1 

%) o r wet (min. RH 89.0 %) conditions.

Table 5-3. Output from  the generalized linear mixed model from  the genotype-by- 
hum idity experim ent

Type-Ill tests o f fixe d  effects

Effect
d f (num., 
den.)* F P

Humidity 2, 26.76 8.27 0.002

* w ith  Satterthwaite correction

Covariance param eter estimates

Covariance parameter Estimate S.e.

Clone 0

Clone x hum idity 0.436 0.321

Residual (vc) 10.258 1.526
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Figure 5-3. (a) The percentage of emerged seedlings from  dorm ant seeds tha t were 
sown in autumn 2008 (average ± s.e.). Closed dots, sward vegetation; open dots, 

fa llow  vegetation, (b) The percentage o f emerged seedlings from non-dorm ant seeds 
th a t were sown in autumn (le ft set o f lines, from  September on), and from  scarified 
seeds th a t were sown in follow ing spring (right set o f lines, from  April on; average ± 
s.e.). Closed dots, sward vegetation (the ou tlie r p lo t is not included, see text); open 

dots, fa llow  vegetation.
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Figure 5-4. Daily m inim um, mean and maximum tem peratures recorded at the study 

site (bold grey, black and th in  grey lines, respectively). Data is from  the  sward 
vegetation.

106



Performance of permeable versus impermeable seeds

O f th e  200 dorm ant seeds th a t w ere in troduced in th e  fie ld  experim ent, 

58 (29 %) emerged during the  study (Fig. 5-3a), w ith  a clear upsurge between 

m id-M arch and m id-April. March 15 was th e  f irs t day on which the 

tem pe ra tu re  range spanned the  6 -15  °C in terval in each vegeta tion  (Fig. 5-4), 

giving fu rth e r  support to  these num bers as a cue fo r  germ ination in the 

species (see Van Assche e t al. 2003). S ignificantly h igher germ ination  

percentage was observed in the  sward than  in the  fa llo w  (j( = 4.08, P = 

0.043). W e retrieved 129 o f th e  non-germ inated seeds at the  end o f  the 

study (91 %), which all proved to  be alive and dorm ant.

G erm ination percentages o f  the  in troduced non-dorm ant seeds were 

high fo r  bo th  th e  autum n- and spring-sown seeds and in both vegetation 

types (Fig. 5-3b). One sward p lo t was lost because o f damage to  the  seedlings 

by an un identified  invertebra te . Despite the  high germ ination , significant 

e ffects o f vegetation  (fa llow  > sward), s o w in g  date (spring > autum n) and th e ir 

in te raction  were seen, since germ ina tion  o f th e  spring-sown seeds in the  

fa llo w  was nearly com plete (Table 5-4; th e  ou tlie r p lo t excluded).

Table 5-4. Output from the generalized linear model on seed germination from
autumn- and spring-sown (non-dormant) seeds. Cf. Fig. 5-3b 

LR statistics fo r  type-111 analysis____________________________
Effect df 2

X P
Vegetation 1 5.05 0.025

Sowing date 1 6.31 0.012

Vegetation x sowing date 1 6.03 0.014

Seedling survival from  these seeds proved to  be high as w ell (Fig. 5-3b). 

For th e  autum n-sow n seeds, th e  e ffec t o f  t im e , or in o th e r words, w in te r 

m o rta lity , was nevertheless significant (Table 5-5). No e ffec t o f vegetation  

was found, no r o f its in te rac tion  w ith  t im e .

Table 5-5. Output from the general linear model on seedling survival from autumn-
and spring-sown (non-dormant) seeds. Cf. Fig. 5-3b 

Type-lll tests o f fixed effects_______________________
Effect df (num, den)* F P
Vegetation 1, 116 0.07 0.787
Time 1, 116 10.97 0.001
Vegetation x time 1, 116 1.77 0.186

* with Satterthwaite correction

107



Although we did no t quantify  vegeta tive  regeneration  o f  the  recruits, 

sto lon g row th  appeared m arkedly faster in the  sward than in th e  fa llow . For 

th e  autum n-germ inated plants, s to lon g row th  comm enced in w in te r and was 

so extended by April th a t it became to o  d ifficu lt to  discrim inate between 

in te rtw ined  individuals in plots. For the  spring-germ inated plants, sto lon 

g row th  was even m ore rapid, and w ith in  2 m onths censuses w ere ceased fo r 

the  same reason. Due to  th is  m arked head s ta rt in g row th , plants from  

autum n-germ inated seeds developed inflorescences sooner, and, eventually, 

m ore o f them , than plants from  spring-germ inated seeds in the  same 

vegeta tion (Fig. 5-5). Being a su itab le hab ita t fo r adu lt w h ite  clover, the 

sward yielded m ore flow ers per ind iv idual than the  fa llow .

7 i

Autumn-germinated Spring-germinated

Figure 5-5. The average number o f inflorescences produced per individual plant during 
summer 2009 (± s.e.). Closed bars, sward vegetation; open bars, fa llow  vegetation. The 

plants correspond to  those from Fig. 5-3b.

During the  period from  m arking inflorescences o f  these recru its to  fru it 

collection in sum m er 2009, th e  m in im al re lative hum id ity  recorded a t ground 

level was 34.7 % (median 89.1 %) in th e  sward and 70.0 % (median 96.5 %) in 

th e  fa llow . The new ly ripened seeds were m arkedly dorm ant: o f the  1566 

viable seeds tested (from  20 heads), only 93 (6 %) w ere permeable. For most 

heads, over 95 % o f the  seeds w ere  im perm eable (range: 38 -100 %), w ith  no 

significant d iffe rence betw een vegeta tion types (P = 0.498).
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Discussion

In no rm a l sum m er conditions, w h ite  c lover develops seeds o f which the 

great m a jo rity  are w a te r im perm eable at m a tu rity  (cf. sum m er 2009). 

However, i f  environm enta l conditions during seed ripening are relative ly w et, 

such as du ring  th e  sum m er o f 2008, a significant p ropo rtion  o f seeds m ight 

be prevented from  becom ing dorm ant. Since clim atologica l records indicate 

s im ilar anom alies to  occur once every 6 years o r so, we suggest th a t legume 

popula tions (from  higher la titudes o r a ltitudes, fo r  example) m ight be 

con fron ted  w ith  non-dorm ancy m ore o ften  than  is genera lly assumed.

As h u m id ity  cond itions can vary th rough space and tim e  even at small 

scales, th e  va ria tion  w itnessed in in itia l seed perm eab ility  m ost like ly reflects 

such m icroc lim a tic  varia tion. The position o f a ripening head relative to  

surround ing fo liage (own or alien), fo r  instance, w ill be a m ajor de te rm inan t 

fo r  its level o f dorm ancy in the  fie ld , in com bination  w ith  th e  prevailing 

w ea ther cond itions. Larger-scale patterns are then  likely to  be found when 

consistently associated w ith  such conditions (e.g. short, sun lit vs high, dense 

vegetations). In legume cu ltiva tion , suffic ient a tten tion  should accordingly be 

given to  hom ogenize and fo llo w  hum id ity  cond itions at the  level o f the  

inflorescences, w here a su ffic ien t degree o f drying should be ensured to  

obta in  good seed yields [cf. Clua and Gimenez 2003, Taylor 2005). A lthough 

hum id ity  a t g round level during  seed ripening in th e  fa llow  vegetation 

approxim ated the  m oist trea tm en ts  from  the  greenhouse, d o rm an t seeds 

w ere  produced. W e assume th is  is due to  small-scale differences, as hum id ity  

was n o t m easured a t the  height o f inflorescences (w here th e  m inim al 

hum id ity  presum ably approached th a t o f the  sward).

In o u r op in ion, non-dorm ant seeds have been overlooked in 

dem ograph ic studies on legumes. For instance, Chapman (1987) reported  a 

ge rm ina tion  peak in autum n and a sm aller one in spring from  fa llen  heads in 

a set o f New-Zealand pasture populations o f  w h ite  clover. A lthough not 

ind icated by the  au thor, these peaks very likely represent in itia lly  perm eable 

and im perm eable  seeds, respectively (cf. Chapman and Anderson 1987, 

in troduced above). In th e  lawn popu la tion  studied by Barre tt and Silander 

(1992), au tum n- and spring-germ inated seedlings w ere recorded, too , the 

fo rm e r associated w ith  an increase in th e  num ber o f w orm  cast mounds. 

U nfo rtuna te ly , no details are provided on characteristics o f f lo w e ring  and 

seeding, and it is thus no t clear w he the r the  autum n cohort comes from
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occasionally germ inated dorm ant seeds, or from  new ly produced non- 

d o rm an t seeds. In a dem ographic s tudy on a m eadow  popula tion  o f red 

c lover (Trifo lium  pratense), Sakanoue (2002) also reported  tw o  cohorts, and 

actually concluded th e  population to  be m ainly derived from  autum n- 

germ ina ted  seeds. He a ttribu ted  the  occurrence o f autum n germ ination  to  

th e  tim in g  o f  haymaking before the  deve lopm ent o f  dorm ancy (Sakanoue

2004), a lthough it  seems likely th a t at th is  h igh-rainfall s ite  m ature  seeds tha t 

w ere prevented from  becom ing do rm an t con tribu ted  as well.

Above, we in troduced several scenarios in which seed dorm ancy is an 

adaptive feature. In th e  firs t, dorm ancy serves to  p reven t germ ination  in 

un favourab le  conditions fo r  seedling establishm ent. In ou r fie ld  experim ent, 

how ever, w e found th a t non-dorm ant and dorm ant seeds had equally high 

chances o f establishing. In the  second scenario, the  m erit o f dorm ancy is to 

m axim ize seed p roduction o f the  resu lting  adult. In ou r experim ent, 

how ever, plants from  non-dorm ant seeds yie lded m ore flow ers  than plants 

from  dorm an t seeds in th e ir  firs t year. O f course, th is  only is a short-te rm  

d iffe rence  in fecund ity  since seed p roduction is expected to  be equal from  

th e  second year on. Nonetheless, dorm ancy does not appear to  be adaptive 

under each o f the  scenarios in our study system, despite  th e  seeds o f this 

species being (m odally) dorm ant. How could th is  apparent paradox be 

explained?

Supposing th a t non-dorm ancy is benefic ia l over dorm ancy, our results 

show th a t selection fo r  non-dorm ancy w ou ld  be restric ted  since the  tra it 's  

h e rita b ility  is nearly zero. A sim ilar s itua tion  was found by A rthu r et al. (1973) 

fo r  Papaver dubium. In th is species, au tum n-germ inated  recru its w ere m ore 

successful in the  popula tion  than spring-germ inated recruits, bu t the  very 

low  h e rita b ility  o f tim in g  o f germ ina tion  prevents selection o f the  fo rm er. 

A lthough in our greenhouse experim ent, genotyp ic va ria tion  did not 

con trib u te  to  phenotyp ic  varia tion , th is  does no t necessarily mean th a t the 

a ttr ib u te  is independent o f genetic mechanisms, how ever (Pigliucci 2001). In 

forage lupins (Lupinus spp.), fo r  instance, a recessive allele has been 

iden tified  which results in 100 % perm eable seed p roportions at m a tu rity  

(A rrie ta et al. 1994, Boersma et al. 2007). Permeable-seeded lines are also 

known fo r  Lens (Ladizinsky 1985), Vicia  (Ramsay 1997) and Ornithopus  

(Taylor 2005) but, to  our knowledge, no t fo r Trifo lium .

The results from  th e  fie ld  experim ent m ight suggest th a t m other plants 

use environm enta l cues during seed m atura tion  fo r  post-dispersal
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conditions. I.e., non-dorm ant seeds are yielded in w e t conditions, when 

seedling survival is likely to  be high, whereas do rm an t seeds are yie lded in 

d ry  conditions, when survival is likely to  be low . This m ight suggest 

phenotyp ic plasticity to  be adaptive (Dudley 2004). However, w he the r each 

o f these phenotypes really is op tim a lly  appropria te  fo r  its environm ent, is 

also dependent on the fitness outcom e o f the d o rm an t phenotype under w e t 

conditions.

Indeed, there  are o the r po ten tia l benefits linked to  dorm ancy, such as 

th e  escape from  crow ding or sib com petition , o r the  spreading over several 

seasons o f risks associated w ith  germ ination (Venable and Brown 1988). The 

la tte r scenario in particu lar has received much a tte n tio n , especially fo r 

annuals in 'risky' environm ents. Annual legumes fro m  th e  M editerranean, fo r 

instance, are w ell known to  fo rm  seed banks w ith  high levels o f seed carry

over between years (Russi e t al. 1992, Ehrman and Cocks 1996, Norman e t al.

2005). Trifo lium  is considered to  orig inate  from  th e  M edite rranean basin and 

many annuals constitu te  its basal clades (Ellison e t al. 2006), suggesting tha t 

such long-term  dorm ancy m ight be ancestral in th e  genus. M ost o f the  

d o rm an t seeds in our fie ld  experim en t also did no t germ inate in th e ir  firs t 

year. In m ore marginal environm ents such as the  subtropics, perenniation in 

w h ite  c lover may not occur every year (Blaser and Killinger 1950). As the 

add ition  o f new seedling recruits then  becomes particu la rly  im portan t, we 

w ou ld  expect the  risk-reducing aspect o f its dorm ancy to  be o f increased 

significance in these conditions.

M oreover, it can be expected th a t permeable legume seeds are re lative ly 

susceptible to  fungal a ttack both before and a fte r dispersal (cf. Roy e t al. 

1994). This is possibly less re levant fo r predation by a rthropods, which 

m ostly  attack im m ature  seeds fo r  egg deposition (fo r instance, seed weevils; 

Freeman 1967), bu t data fo r  th is  are lacking. W e found  high fractions of 

perm eable seeds to  come w ith  sm all seed numbers in th e  greenhouse. Here, 

w e used insecticides to  con tro l spider m ite in fection on the  leaves and stems, 

b u t no t fungicides, which m ight have given increased chances fo r  fungi to  

in fes t seeds w ith in  this dense aggregation o f plants. If in fection  causes seeds 

to  te s t as unviable, th is m ight have biased the  results from  the  greenhouse 

experim ent in favour o f im perm eable  seeds. On th e  o the r hand, since the 

variables consist o f  com pounding variables (i.e. X and Y are related), there 

are increased chances fo r  a type-1 e rro r to  be involved in th is corre la tion 

(Atchley e ta l.  1976).
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Dormancy can be closely linked to  dispersal in legumes: when ingested 

by herbivores, w a ter-im perm eab le  seeds survive th e  digestive trac t, while 

permeable seeds do no t (references in the  In troduction ). This d irect, positive 

e ffect o f dorm ancy on fitness has been suggested as a system fo r  studying 

endozoochory-im posed evo lu tion  in Chapter 4. Particularly, a significant 

in teraction from  the  clone-by-hum id ity  experim ent w ould  have been 

particu larly useful in this respect, since th is  wou ld  mean th a t fo r a given 

environm ent, (genetically based) varia tion  exists betw een individuals in the ir 

numbers o f im perm eable seeds. If  grazers would  occur in th a t environm ent, 

those clover plants w ith  h igher numbers could become selected over those 

w ith  low  numbers through endozoochory. U n fortuna te ly , a lthough variation 

in th is  tra it appears to  be po ten tia lly  substantia l, its use fo r these aims is 

lim ited due to  the low  heritab ility .

Of course, we cannot expect our fie ld  experim ent to  have given us an 

unbiased representa tion o f natura l w h ite  c lover establishm ent, as th is was a 

one-year/one-site  study and involved experim enta l m anipulations such as 

the reduction o f com pe tition  (C la tw orthy 1960 in Harper 1977) and 

herbivory. The estim ates o f w in te r m orta lity  in the  study o f Barre tt and 

Silander (1992), fo r  instance, w ere much higher than ours. As these authors 

have shown, even small-scale differences relating to  site a ttribu tes and p lant 

cond ition  can a ffect w in te r perform ance. Yet, dem ographic studies such as 

those described above support the  notion th a t real populations do, a t least in 

some cases, e ffective ly  show  establishm ent from  autum n-germ inated, 

in itia lly  non-dorm ant seeds.

Ill

A nightly view on the greenhouses of the Flemish Marine Institute (Wenduine)
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« The story o f seeds, in a 

nutshell, is a ta le o f 

evo lution. »

An Orchard Invisible: 4
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C h a p t e r  6

General discussion

The ecology of endozoochory

In th is  part, I pick up some o f th e  stages th a t toge the r constitu te  

endozoochory (as in troduced in Chapter 1). I pu t some add itiona l reflection  

on each o f these, including on th e ir  costs and on the  challenges still posed by 

them .

From seed uptake to  seed deposition

Seed uptake

Not discussed in th e  General in troduction , the  uptake o f seeds probably 

is among th e  least-known aspects o f endozoochory. This p rim arily  applies to  

th e  num ber o f seeds available to  animals, the rate at which seeds become 

ingested, th e  selectivity w ith  w hich plants (seeds) become ingested, poten tia l 

seed spill during ingestion, etc. Clearly, the  num ber o f seeds ingested is 

nonetheless o f crucial im portance in quantify ing th e  im portance o f 

endozoochory.

In ou r fie ld survey o f local seed ava ilab ility  (Chapter 2), we often 

encountered plants o f  which th e  flow ers  had m any undeveloped or unripe 

embryos, o r o f which th e  capsules had already shed ha lf o f th e ir seeds, etc. 

Hence, th e  availability o f seeds to  grazers at a particu la r m om ent during the  

fru itin g  season (Table 2A-2 in the  Appendices) was o ften  much low er than 

w ou ld  be expected from  the  m ere cover or abundance o f plants. We 

th e re fo re  believe tha t using idealized figures on th e  reproductive  capacity o f 

plants causes overestim ation on endozoochorous seed numbers. Due to  lack 

o f  data, W ill and Tackenberg (2008) based the local p roduction  o f  seeds in 

th e ir  m odel on such numbers, though th e ir  sensitiv ity m odel clearly showed 

th is  to  be one o f th e  (three) m ost decisive p lant-re la ted variables.

Given a certain quantity  o f seeds available, it  is highly unclear w hat 

po rtion  becomes ingested by an animal during grazing. This was nonetheless 

also iden tified  as a m ajor decisive param eter by W ill and Tackenberg (2008). 

Due to  th is  lack o f  data, th e  ingestion p roportion  was necessarily included 

w ith  some degree o f arb itrariness in bo th  th e ir  m odel and ours. A high

115



degree o f random varia tion  is to  be expected in these proportions (e.g. 

surrounding vegetation, ind iv idual d ie t preference), though  certa in ly  some 

degree o f systematic varia tion m ust exist (e.g. p lan t architecture, b iting 

behaviour [Harper 1977: 421]). Therefore , th is w ou ld  certa in ly be an 

in teresting top ic  in fu r th e r  endozoochory research.

Surviving the d igestive trac t

Mean percentages o f seed survival fo llow ing  ingestion are provided in 

Chapter 4 fo r many species. These percentages are o ften  assumed to  

represent constant, species-specific characteristics. However, when 

comparing the  results o f (the very few ) species th a t have been included in 

m ore than one feeding experim ents, these seem no t to  be consistent (Table 

6-1). These differences show th a t seed survival is ve ry  variable, and many 

factors th a t m ight con trib u te  va ria tion  in these figures can be assumed: 

animal breeds, animal group d ie ta ry habits, ind iv idual animal condition, 

am ong-batch varia tion  in seeds (fo r instance, in th e ir  v iab ility , states o f 

dorm ancy, etc.), experim enta l m ethodology... In Appendix 1C, we have tried  

to  co llect all feeding experim ents from  lite ra tu re , which could fo rm  a solid 

base fo r an exhaustive (meta-)analysis on seed survival va riab ility  and 

patterning.

Table 6-1. An overview o f the shared species from  the feeding experiments o f 
D 'hondt and Hoffmann (2011; Chapter 4), Bonn (2004) and Cosyns et al. (2005a). In 
each study, a given num ber o f seeds was fed to  cattle: figures denote the proportion 
o f seeds th a t survived ingestion

Chapter 4 

avg (s.e.)

Bonn (2004) 

avg (s.e.)

Cosyns e ta !. (2005a) 

avg (s.d.)

Achillea millefolium 20.1 (3.9) 16.3 (1.9)

Agrostis capillaris 53.8 (8.7) 15.7 (3.7)

Galium verum 0.0 (0.0) 0.0 (0.0)

Pimpinella saxifraga 0.2 (0.2) 0.3 (0.1)

Plantago lanceolata 31.6 (7.53) 4.1 (2.5)

Poa pratensis 31.6(6.6) 9.4 (2.4)

Thymus pulegioides 41.7 (41.7*) 1.5 (0.2) 1.6 (1.6)

* Note the very high distortion in this species (Fig. 4 -lb ).

From Chapter 4, w e suggested seed structura l, tex tu ra l, anatom ical (e.g. 

seed surface topography; cf. W erker 1997) and /o r physical tra its  (e.g. seed 

toughness; cf. Rodgerson 1998) to  override  simple dim ensional tra its  (such as 

size or shape) in expla in ing m orta lity  rates. W e believe th is  reflects the
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nature  o f feed  digestion in rum inants. Commensal bacteria, and - t o  a lesser 

deg re e - free  enzymes, e ffectua te  p lant tissue digestion w ith in  the  animal 

(Akin e t al. 1974). Since these bacteria have tro u b le  a ttaching to  cuticles or 

lign ified p lan t tissues (which are en tire ly  res is tan t to  digestion), rum inai 

bacteria gain access to  digestible inner-tissues th rough  stom ata, lenticels or 

damaged areas. Thus, m ost p lant fragm ents a re  digested from  th e  inside ou t 

(M cA llis te r e t al. 1994). Damage o f tissue is fa c ilita ted  th rough  rum ination  

(Péréz-Barbería and Gordon 1998).

As suggested, seeds th a t are im perm eable  even to  w a te r th e re fo re  have 

the  best chances o f passing through the  in tes tina l tra c t alive . That is, if  seeds 

succeed in rem ain ing im perm eable th ro u g h o u t (m ost o f the ) tract. 

There fore , an im perm eable  seed's ab ility  to  resist damage may be an equally 

im p o rta n t p recond ition  fo r  success. For instance, we found  G eranium  spp. in 

o u r e xpe rim en t to  exh ib it low  survival, despite  them  being known as having 

im perm eable  seeds (M e isert 2002). In these  species, seeds appeared 

re lative ly  less tough  than those o f o th e r species w ith  im perm eable seeds 

(T rifo lium  and Helianthem um ). M oreover, Geranium  seeds have stom ata on 

th e ir  surface w hich m ight provide easier in trus ion  sites fo r  d igestive flu ids or 

bacteria (W erker 1997).

Traveset (1998) suggested seed coat th ickness to  be a decisive tra it  in 

endozoochory by frugivorous birds. In ou r ten ta tive  te s t o f  seed coat 

thickness in C hapter 4, we found no relation w ith  m o rta lity  rates. Even in 

birds, the evidence is som ew hat controversia l, since Soons e t al. (2008) 

found  seed coa t thickness to  be only o f m in o r im portance in de term in ing  

in tac t passage th rough  the  guts o f ducks. Note th a t the  overa ll seed coat 

th icknes rare ly is a reliable proxy fo r  precluding in trusion o f d igestive agents 

from  the  anim al, since w ate r entrance p rim arily  is th rough  gaps (W erker 

1997, Baskin et al. 2000). Seed coats fo rm  re la tive ly  complex structures, and 

m easurem ents o f  thickness are th e re fo re  no t th a t s tra igh tfo rw ard  (Chapter 

4).

" In Poschlod &  Bonn (1998), it  is mentioned th a t hard seed coats are less sensitive to  

the toxic effects o f ammonia, which may positively affect survival in manure.
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th ro u g h o u t summer, and probably the re  is much varia tion  in the ir 

abundance among years. As Ramos e t al. (2006) noticed, variables as subtle 

as in tac t vs crum bled sheep dung pe lle ts  can have a decisive e ffect on the 

estab lishm en t o f seedlings! (iii) It is inhe ren tly  d iff ic u lt to  summarize and 

include all costs from  th e  process, as som e o f these are ve ry  subtle (e.g. costs 

o f d ispersal away from  areas o f local adapta tion), or on ly apply to  a subset o f 

seeds (e.g. those th a t become secondarily dispersed), etc.

To evaluate th e  overa ll significance o f endozoochory to  plants, it is 

m oreover im portan t to  define an appropria te  null m odel w ith  which to  

com pare endozoochory. This is rare ly made explicit. The m ost obvious 

(ub iqu itous) vector in nature is w ind , and th is  is w hy we included 

anem ochory in our s im ulations in Chapter 2. D iffe ren t vectors are likely to  

pose d iffe re n t costs and benefits to  plants, and a continued e ffo rt to  

research all o f these vectors and th e ir  dem ographical consequences is 

th e re fo re  needed.
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Working backward

Wang and Smith (2002) distinguished tw o  main approaches to  study 

anim al-m ediated seed dispersal. Researchers w ork ing  'fo rw a rd ' look at 

dispersal as it  happens, fo llow ing  seed fa te  th rough  its successive stages 

(fru it removal, animal behaviour, germ ina tion , etc.). M ost studies o f 

endozoochory (including th e  ones in Chapters 2, 3 and 4) adopted this 

approach.

Dispersal can also be approached in a 'backw ard ' m anner by studying the 

results o f dispersal (Wang and Sm ith 2002, Poschlod e t al. 2005). This 

includes m olecular-genetic studies th a t measure gene flo w  among 

populations, or m atch o ffspring w ith  parents. W ille rd ing and Poschlod (2002) 

and Honnay e t al. (2006) studied the  population genetic s tructu re  of, 

respectively, Bromus erectus and A nthyllis  vu lneraria  in a German and 

Belgian landscape which are managed through sheep herding. W hile  sheep 

w ere found to  be o f m inor im portance  in the  fo rm e r study, th e  la tte r authors 

suggest roam ing livestock to  have s ign ificantly exchanged seeds among 

fragm ents. Phillip Kollmar (unpub.) showed th a t sheep perform ed a 

significant m ixing o f M edicago m in im a  populations along transhum ance 

herd ing routes in eastern France, re lative to  o ff-rou te  populations th a t are 

spatia lly s im ilarly s tructu red. These th ree  species are expectedly dispersed 

on the  animals' outside, a lthough the  con tribu tions o f epi- and endozoochory 

cannot be teased apart. On th e  o th e r hand, Vickery e t al. (1986) could 

a ttrib u te  m onkey flo w e r seeds from  deer scats to  a popu la tion  a k ilom eter 

away through genetic analysis.

Where dispersal meets dormancy

W ater-im perm eab ility  o f seeds is essentialy considered to  be a form  o f 

dorm ancy ('physical dorm ancy ' ; Baskin and Baskin 2004). However, there  

are several in teresting  aspects o f th is  type  o f dorm ancy from  th e  perspective 

o f endozoochorous dispersal. First, from  lite ra tu re , w a ter-im perm eable  

seeds appear to  be o f substantia l significance in surviving th e  a lim entary 

trac t a fte r ingestion, p rovided th a t they  are su ffic ien tly  tough no t to  be

’ Physical dormancy is also very com monly referred to  as 'hardseededness'. I refrain 
from using this, since it is be tter used fo r the hardness o f seeds, which is essentially 
independent from  im perm eability to  water (see W erker 1997: 305).
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damaged during the  digestive process . This appears to  apply p rim arily  to  

tw o  fam ilies: Fabaceae and Cistaceae. Second, because these seeds can be 

expected to  rem ain do rm an t a fte r deposition fo r  decades, a llow ing all b io tic  

and ab io tic  effects o f the  dung env ironm ent to  pass, deposition may be 

s im ilar to  th a t o f  non-endozoochorous dispersal. Therefore , a fu ll account o f 

costs and benefits m ight be easier to  make in these groups.

Fabaceae

The Fabaceae (the legumes) are a very w idespread and diverse p lant 

fam ily . Physical dorm ancy is ub iquitous in the  fam ily  and no t surprisingly, 

herbaceous legumes fro m  grasslands are the re fo re  com m only encountered 

in studies o f dung seed banks (A nthy llis , Biserrula, Coronilla, Cytisus, 

Hippocrepis, Lotus, M edicago, M elilo tus, Ononis, Trifo lium , Trigonella, Vicia-, 

fo r  references, see Appendix 1A).

Legume seeds are often easily observed in faecal pellets. Here, a Trifolium seed (nature
reserve D'Heye, fall)

Several studies on legumes give unambiguous evidence th a t seed w ater- 

im perm eab ility  accounts fo r  survival during digestion. Suckling (1952) fed 

bo th  im perm eable  and scarified T. repens seeds to  sheep, b u t could only 

re trieve  seed(ling)s from  the  im perm eable  seed lo t. Fukuda e t al. (1998) 

placed several seed types o f the  same species in to  th e  rum en o f fis tu la ted  

ca ttle  and fo llow ed  th e ir  fates. M o rta lity  o f w ater-im perm eab le  seeds was 

very low  during the  14 days o f study, whereas perm eable seeds were 

genera lly d igested w ith in  24 hours. They even provided a m athem atical 

m odel o f  scarification and m orta lity  dynamics w ith in  the  rum en through 

tim e . G ardener and colleagues found a near-to -perfect co rre la tion  between

’ Or better: "... provided that they are sufficiently tough not to be scarified too early 
during digestion."
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th e  frac tions o f seeds surviving a stay in the  rum en and the  in itia l 

im perm eable  seed con ten t both w ith in  and among legume species (Gardener 

e ta !. 1993a, 1993b).

In teresting ly, some legumes apparently exh ib it endozoochory-p rom oting  

a ttrib u te s  th a t extend beyond w ater-im perm eab le  seeds. Consider, again, 

w h ite  clover (Trifo lium  repens). This species is bound to  open habitats, which 

are grazed under natura l conditions. Its nu tritious  fo liage is highly preferred 

by grazers (R idout and Robson 1991, Horadagoda e t al. 2009, R utter 2010, 

b u t see Newman e t al. 1991, A rcher 1973 in Harper 1977), and it copes w ith  

grazing very well due to  its creeping hab it and rapid regrow th  a fte r partial 

de fo lia tion . On th e  o the r hand, plants can produce cyanide com pounds 

which de ter small, non-disperser herbivores such as snails and voles (Harper 

1977: 415, Hayden and Parker 2002). Inflorescences are raised above the 

fo liage, where the fru its  ripen and become abundantly  ingested. Contrary to  

m any o th e r Trifo lium  spp., the f ru it  and calyx o f T. repens do no t show 

obvious dispersal features, and the  w ind  dispersal po ten tia l is very weak 

(Tackenberg 2001). The species is n u trien t-to le ra ting , and seeds tha t 

germ inate  soon a fte r deposition readily establish as seedlings. If to  any 

means o f dispersal, w h ite  c lover th e re fo re  appears particu larly  ap t to  

endozoochory.

Trifolium repens (beneath arrow) and Poa sp. colonizing barren terrain through 
endozoochory by cattle. (Photo: Simon Brandt.)
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Cistaceae

The Cistaceae are a medium-sized fam ily  o f shrubs and herbs w ith  the  

main centre o f d iversity in the  M editerranean Basin (Thanos et al. 1992). 

M alo and Suarez (1998) found  an extrem ely high num ber o f Cistus seeds to  

be dispersed by red deer (see Appendix IB ). These same authors also 

encountered Tuberaria  seeds in dung from  various herbivores (Malo and 

Suárez 1995b), w hile  others reported  Helianthem um  to  be dispersed 

endozoochorously (e.g. M üller-Schneider 1954, Dai 2000, Cosyns e t al. 

2005b).

Ramos e t al. (2006) studied several stages o f seed dispersal by sheep in 

six Cistaceae spp. They found  (i) recovery o f in tac t seeds a fte r gu t passage to  

be overall high, (ii) gut-passage to  increase germ ination up to  seven-fold 

relative to  non-ingested seeds, (iii) seedling emergence from  dung-borne 

seeds to  be sim ilar or h igher than  emergence from  non-dung-borne seeds, 

and (iv) survival o f  emerged seedlings no t to  be reduced by dung. Overall, the  

'p ro b a b ility  o f rec ru itm en t' was increased by seed consum ption. To my 

th ink ing , however, h igher germ ina tion  percentages o f gut-passed seeds 

re la tive  to  non-ingested seeds are som ew hat m isleading in th is  respect, since 

th e  la tte r most certa in ly rem ain do rm an t longer. Consumption the re fo re  

provides 'fas te r' recru itm ent in these cases, b u t on th e  long te rm , not 

necessarily 'increased' recru itm ent.

Our indigenous species, H elianthem um  num m ularium , is a prostrate 

grassland p lant th a t add itiona lly  has a m ucilaginous seed coat exterio r 

(W erker 1997). Probably, th is  serves in sticking to  legs o f  animals th a t tread 

on them . If so, then  com m on rockrose m ight be considered a p re-em inently 

zoochoroous species, dispersed on both the  inside and outside o f  grazers.

O ther fam ilies

Physical dorm ancy is found  in only 16 p lant fam ilies (Baskin e t al. 2000,

2006). For open com m unities o f tem pera te  regions, these no t only are the 

Fabaceae and Cistaceae, bu t also the  Geraniaceae and Malvaceae.

In th e ir  extensive study from  a M editerranean dehesa, M alo and Suárez 

(1995b) found significantly m ore Geraniaceae (Erodium  spp., Geranium  spp.) 

to  be dispersed by deer than was expected from  the  species in th e  area 

(which also applied to  th e  Fabaceae). Erodium  and Geranium  w ere  also 

encountered in various o th e r surveys, though m ostly in small numbers (e.g. 

M üller-Schneider 1954, Cosyns and Floffmann 2005, Cosyns e t al. 2005b, 

Bruun and Poschlod 2006, Schm idt e t al. 2004, Eichberg e t al. 2007, Kuiters
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and Huiskes 2010). Indeed, w e found  low  survival rates in Geranium, which is 

discussed above. M oreover, it  should be borne in m ind th a t these species 

dispose o f a clear ballistic dispersal syndrom e. Maybe, seeds are som etim es 

shot away bu t then  become reta ined in surround ing fo liage, a fte r which they 

become ingested by herbivores. The la tte r  then  act as phase tw o  dispersers.

M alva  spp. fo rm  a rare cons tituen t o f  the  dung seed bank (M ü lle r- 

Schneider 1954, M alo and Suarez 1995b, Kuiter and Huiskes 2010), which 

may be due to  its in frequen t occurrence in grazed habitats in m ost regions. 

Nevertheless, Schoenbaum e t al. (2009) found  it  to  be one o f th e  most 

abundant species in sheep dung from  a M editerranean grazing system. No 

data are available on the  seed's po ten tia l perform ance in endozoochory.

Evolutionary perspectives

The diffuse mutualism of dispersal

Particular d isperser species genera lly exert low  selection in tensity  on 

particu la r p lant species. Herrera (1985) lists several reasons w hy. First, plant- 

disperser m utualism s are generally diffuse: each p lant species is dispersed by 

several animal species, and each anim al species disperses several p lant 

species. Indeed, Bascompte and Jordano (2007) illustra ted  th a t most 

in teractions in p lan t-frug ivore  netw orks involve a weak dependence o f the 

one on th e  other. Second, the  fu ll cycle as shown in Fig. 1-1 is com m only 

associated w ith  very high environm enta l (non-heritab le) varia tion  (see 

above), likely se tting  low  upper lim its  to  th e  selective pressures th a t 

dispersers can exert on plants. A lcántara e t al. (2007), fo r  instance, 

dem onstrated th a t th e  pressure exerted by ant dispersers on seed size in the 

elaiosome-bearing Helleborus foe tidus  is highly variable in space, and tha t 

th e ir  pressure is insu ffic ien t to  explain the  tra it's  curren t a ttribu tes  in 

populations unless ants are abundant. Third, non-disperser organisms may 

be decisive in selecting fo r  p lant tra its  associated w ith  seed dispersal. As an 

example, Siepielski and Benkman (2007b) dem onstrated th a t pre-dispersal 

seed-predating squirre ls constra in th e  evo lu tion  o f dispersal by corvids in 

pines. Considering our trea tise , all th ree  drawbacks clearly also apply to 

endozoochory o f  d ry-fru ited  plants.

Plant-disperser coevo lu tion is the re fo re  to  be considered coarse, 

between blocks o f species, and over long tim e scales, w ith  particu lar 

disperser species replacing previous ones through evo lu tionary tim e, at best 

(Herrera 1985, T iffney 2004).
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The case of legumes

In his sem inal treatise , Janzen (1984) p u t an accent on past landscapes 

(preh is to ric  to  geologic timescales), p rovid ing dia lectic reasoning on how 

grazers and d ry -fru ited  plants would  have in teracted through tim e. However, 

the re  exists som e vagueness in these sketches. Taking his ideas at heart, I 

here try  to  perfo rm  th e  exercise fo r  th e  case o f legumes.

As m en tioned  in th e  General in troduc tion , the  Paleogene (± 65-23 Mya) 

saw a gradual evo lu tion  o f  fo li- and frug ivorous mammals to  browsers and, 

eventually, grazers (Jacobs e t al. 1999). Recent in te rp re ta tions place the 

origin o f legumes in th is  same period (Doyle and Luckow 2003). In teresting ly, 

m any ex tan t legume trees possess a so-called 'm egafaunal' f ru it  syndrom e 

(Guimaräes e t al. 2008). Their large, fib rous, indéhiscent pods are strik ing ly 

un -fit fo r  present-day dispersers, though suit the  once om nipresent bu t now 

largely ex tinc t megafauna o f browsing proboscideans, g iant ground sloths, 

and m any others. Such megafaunal dispersal is ex tan t in Africa and Asia 

(involving e lephants [e.g. M ille r 1996] and rhinoceros [e.g. D inerstein 1991]), 

b u t outs ide these continents, these tra its  are to  be considered ghosts o f  past 

m utua lism s (Johnson 2009). W ell-described examples o f such anachronistic 

legumes include the  M edite rranean Anagyris  (Valtueña et al. 2008) and the  

N orth-Am erican Gymnocladus (Zaya and Howe 2009). In e ffect, th e  la tte r 

genus e ffec tive ly  dates back as fa r as 50 Mya (Doyle and Luckow 2003). The 

syndrom e can even be found much m ore w idely: Guimaräes e t al. (2008) add 

24 species from  Brazil alone, If megafauna was dispersing pods early from  

th e  h istory o f  legumes on, then  maybe the  (c lim ate-driven) evo lu tion from  

these browsers to  grazers paralle ling th a t from  w oody to  herbaceous 

legumes th ro u g h o u t th e  Paleogene, a llowed fo r a con tinua tion  o f this 

m utualism ? Then, ungulates dispersing clover-like legumes - f i r s t  seen in the  

M iocene (23-5 Mya) -  is in e ffect to  be regarded as th e  current 

representa tive  o f a long-held re la tion ! A lbe it a diffuse one...

Some householding: are plants "adapted" to endozoochory?

Janzen (1984) hypothesized tha t, fo r  a num ber o f  p lant species, several 

phenological, com positiona l and struc tu ra l tra its , both in the  vegetative parts 

and in th e  seed, have been selected fo r  th rough endozoochory. These tra its

* The legume clade including genera o f interest such as Medicago, Trifolium, Lathyrus 
and Vicia, is considered to have originated near the start o f the  Miocene, at 24.7 ± 2.3 
Mya (Lavin e t al. 2005, Ellison et al. 2006). Also most major divergences in the 
Cistaceae occurred in this epoch (Guzmán & Vargas 2009).
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include a ttrac tive  (nu tritive ) fo liage; re ten tion  o f seeds by fo liage; a 

synchronization o f  seed m atura tion  and fo liage attractiveness; and small, 

hard, d igestion-resistant seeds. Such a ttribu tes  have w ide ly  been adopted as 

re fe rring  to  "adapta tions" to  endozoochory (e.g. M alo and Suárez 1995b: 

249; Bonn 2004: 79; Cosyns and Hoffm ann 2005: 12; Couvreur et al. 2005: 

38; M ouissie e t al. 2005a: 549, 555; M ouissie e t  al. 2005b: 284, 288). 

Ironically, however, Janzen (1984) never used th is  w ord ing  himself.

Indeed, adapta tion  can be "a s lippery concept" (Reeve and Sherman 

1993), and its use the re fo re  needs careful a tte n tio n . The la tte r authors 

review ed th e  varie ty  o f  de fin itions o f adapta tion in lite ra tu re , and p inpo in ted 

the  prob lem s associated w ith  them . M ost de fin itions assume a historical 

e lem ent, which o ften  involves the  requ irem en t th a t tra its  are b u ilt by natural 

selection fo r  some role. These de fin itions are d iff icu lt to  apply, however, 

because they  confound product w ith  process (which is no t satisfactory), 

processes hard ly leave good fossil records, and bo th  tra its  and roles are 

particu la rly  elastic concepts (examples provided by th e  authors). Therefore, 

Reeve and Sherman (1993) proposed a workable, non-h istorica l de fin ition  o f 

adapta tion , as "a phenotyp ic varian t th a t results in th e  highest fitness among 

a specified set o f variants in a given environm ent".

If we assume an env ironm ent in which seeds are destined to  become 

ingested by ungulates, then an im perm eable-seeded varian t w ill have a 

h igher fitness than  a perm eable-seeded va rian t. Therefore , seed 

im perm eab ility  is an adapta tion to  endozoochory in th is  env ironm en t under 

the  d e fin itio n  o f Reeve and Sherman (1993), whereas small seed size, fo r 

instance, is n o t (Chapter 4). Real environm ents and the  fitness consequences 

th a t come w ith  endozoochory, o f course, are much m ore com plex (see 

above). As w e have no t ye t resolved the  net balance o f costs and benefits, it 

is still som ew hat precarious to  claim tra its  as "adapta tions", even under th is 

sim ple d e fin ition .

The lack o f obvious dispersal a ttribu tes  in th e  m a jo rity  o f  seeds is 

in trigu ing , and W illson (1993) review ed several a lte rna tive  hypotheses th a t 

exist fo r  th is  observation. Seeds may, fo r  instance, lack a dispersal 

mechanism  ju s t because o f various trade -o ffs  in recru itm en t (e.g. Eriksson 

and Jakobsson 1999) o r because o f selective forces o the r than  dispersal (e.g. 

dorm ancy, p redation). Here, Janzen's hypothesis has to  w iths tand  severe 

com pe tition  as some o f th e  a lte rna tive  hypotheses are clearly m ore 

parsim onious.
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Evolution on 'ecological' timescales

Part o f  th is  thesis was concerned w ith  an a tte m p t to  m eet th e  question 

o f w h e th e r endozoochory poses any m icro -evo lu tionary significance to  seeds 

from  d ry-fru ited  plants. For th is, seed w a te r-im perm eab ility  in legume seeds 

was explored. However, th is seemed to  be a dead end, since no genetic 

com ponen t was observed in th e  in s itu  varia tion  o f th is  tra it  in Trifolium  

repens, w h ich thus obstructs any po ten tia l shift.

However, as discussed in Chapter 5, several legume species are known to 

have perm eable-seeded lines, and some species are even known to  

consistently have perm eable seeds (e.g. Lupinus albus  [W erker 1997], Ebenus 

creticus  [C. Thanos, pers. com m .]). It could th e re fo re  be nonetheless 

w o rth w ile  to  study these species' occurrence patterns or a llele frequencies; 

fo r  instance, in a comparison o f h istorica lly grazed and non-grazed terrains.

Further research

Throughout th is General discussion, I have already p inpo in ted  several 

caveats in ou r understanding o f ungulate endozoochory. Here, I fu rth e r 

e laborate on these and o th e r suggestions fo r  continued research on 

endozoochorous dispersal.

As m entioned above, th e  in situ  significance o f endozoochory can be 

studied using 'backward' approaches (W ang and Smith 2002), though to  date 

they  have been applied possibly to o  little . Com plem entary to  the  population- 

genetic studies on epizoochorous species (W illerding and Poschlod 2002, 

Honnay et al. 2006), studies th a t de term ine  gene flo w  in species w ith  high 

endozochorous capacities m ight help c la rify  the  im portance o f th is dispersal 

m ode to  p lan t (m eta)popu la tion dynamics (also see Vickery e t al. 1986).

Several ecologists (including myself) have a ttem pted  to  understand the  

behaviour o f seeds w ith in  th e  ungulate vector. It is, however, clear th a t th is 

fo rm s a com plex in te raction  which is determ ined  at the  m icroscopic scale. 

Therefore, m ore thorough research on th is top ic, w ith  su ffic ient seed 

anatom ical and animal physiological detail, m ight con tribu te  to  

endozoochory research greatly.

In th a t same vein, passage th rough  ungulate guts m ust leave some sort 

o f traces on the  seed coat or surround ing structures? If such anatom ical, 

b iochem ical or m icrobiological traces o f  endozoochory could be identified 

(e.g. tissue damage, m icrobia l remains...; cf. Simao Neto e t al. 1987), 

re trieved  seeds or seed fragm ents from  near the seedling's hypocotyl could
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te ll away th e ir  m ode o f dispersal. In e ffect, dung-borne seedlings are a 

com m on sight in fa ll in grazed areas, bu t it  is very hard to  distinguish 

between seedlings th a t reached these gaps endozoochorously and those tha t 

did by w ind (or o th e r means). In general, various m ethods should be 

explored and advanced in studying endozochory (W ang and Smith 2002; 

Bullock e t al. 2006; e.g. Levey and Sargent 2000, Traveset e t al. 2008).

As discussed above, bo th  the s ta rt and the  end o f the  endozoochorous 

cycle are re lative ly ill-know n. They are nonetheless crucial to  evaluate its 

significance, as they  quantify  the  am oun t o f seeds en tering  the  cycle and the 

num ber o f seeds succesfully com ple ting  th e  cycle, respectively.

Probably, m any auto-ecological in te ractions betw een particu la r plant 

species and (particular) animal vectors rem ain to  be explored, w ith  respect to  

how  th e ir  phenological, m orphological, physiological... tra its  im pact 

endozoochorous dispersal. An in te resting  taxon in th is  respect may be Urtica. 

Despite being seemingly unpalatable, U. dioica  has been found abundantly in 

dung by several researchers (Cosyns e t al. 2005b, M ouissie e t al. 2005a, also 

in our fie ld-collected samples from  Chapter 2). Maybe, th e  p lant at firs t puts 

its trichom es in to  ba ttle  against herbivores, bu t by the  end o f the  season, 

makes th e  best o f a bad deal? This fits  in w ith  Janzen's (1984) most 

in trigu ing, bu t controversia l, hypothesis; i.e. w he the r plants adjust the ir 

vegetative parts in response to  grazers and seed dispersal provided by them  .

Legumes (Fabaceae) fo rm  a species-rich, m orpho log ica lly diverse and 

w idespread group o f grassland plants, and th e  im perm eab ility  o f th e ir  seeds 

is an easy-to-measure t ra it  which relates d irectly  to  endozoochorous 

perform ance. Therefore, they  m ight prove to  be a rew ard ing subject no t only 

fo r  auto-ecological, bu t also com parative  studies concerning th e ir  

in teractions w ith  grazers. The study area o f in te rest w ou ld  then  be the 

M editerranean, no t on ly because a high d iversity o f herbaceous legumes is 

found  here, bu t also because th is region is characterized by long-held grazing 

trad itions.

Also in a m acro-evo lu tionary con text, by com piling in fo rm a tion  on 

seeds/fru its, clim ate and po ten tia l m am m al dispersers through tim e, the  

like lihood o f a 'd iffuse  m utua lism ' in the  legume fam ily  could be 

substantia ted (cf. Eriksson e ta !. 2000).

M oreover, th e  genom e o f M edicago trunca tu la  is cu rren tly  being 

sequenced as a m odel legume (Cook 1999), and th is  may open new

’ Urtica is currently being studied in a master thesis study at Ghent University.
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perspectives fo r  advanced research on dispersal and dorm ancy in legume 

seeds (Bolingue e t al. 2010).

Due to  the  trem endous com plexity th a t is inheren t to  (many) seed 

dispersal systems, continued e ffo rts  w ill be needed to  also approach the  

costs/benefits  balance in m ore theore tica l ways. This can be perform ed 

th rough  analytica l models, o r th rough sim ula tion models in spatia lly realistic 

contexts. In th is  way, d iffe re n t vectors in dispersal can be contrasted to  each 

o ther, y ie ld ing  insights in how  they affect p lan t population dynamics and 

evo lu tion  d iffe ren tly .

The consequences o f endozoochory fo r p lan t conservation have no t been 

trea ted  exp lic itly  in th is  thesis. Due to  the  context-dependency associated 

w ith  m any aspects from  the  process, the  degree to  which particu la r p lant 

species make use o f endozoochory is subject to  substantia l va ria tion . Indeed, 

w h ile  M ouissie e t al. (2005a) found  m ainly n itroph ilous species to  be 

dispersed by cattle , Eichberg e t al. (2007) fo u nd  only rare stress-to lerant 

species to  eventua lly  establish from  sheep dung. However, grazers 

nonetheless provide seeds w ith  a natural w ay o f bridging m iddle  to  large 

distances. This gene f lo w  can be o f considerable im portance fo r  many plants 

in the  face o f  hab ita t fragm enta tion , even i f  succesful rec ru itm en t is rare 

(T rakhtenbrot e t al. 2005). Given its po ten tia l benefits, fu rth e r research 

e ffo rts  on endozoochory w ou ld  the re fo re  continue con tribu ting  to  p lan t and 

landscape conservation biology.
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C h a p te r  7  

Summary

Seeds are essential to  plants. Consisting o f an em bryon ic p lant w ith in  a 

p ro tective  layer o f m aterna l tissue, they  serve th e  con tinua tion  o f plants 

across generations.

Seed dispersal is the  process in which seeds become displaced In nature, 

th is happens in num erous ways, e ithe r ab io tica lly (through w ind or w ate r) or 

b io tica lly. Classic examples o f animals serving as dispersal vectors include 

frug ivorous birds o r mammals, and ants. Large, herb ivorous (foliage-eating) 

mammals, no tab ly  ungulates, also con tribu te  to  the  dispersal o f seeds. This is 

done e ith e r through the  adhesion o f  seeds in th e  fu r  and on legs 

(epizoochory), o r th rough  th e  ingestion and subsequent excre tion  o f seeds 

th rough  feeding (endozoochory).

A lthough the  la tte r process has been recognized fo r som e tim e  already -  

fo r  instance, because o f agronom ical concerns-, it  was granted a tten tion  by 

ecologists on ly re lative ly  recently. From deta iled  observations, several 

hundreds o f  p lant species proved to  have viable seeds in th e  excrem ents o f 

ungulates, o ften  in large numbers. However, endozoochory is inhe ren tly  very 

com plex because (am ong o th e r factors) it  is de term ined by many constituen t 

processes and patterns: seed production, seed ingestion, transfer, excretion, 

processes fo llow ing  deposition , germ ination  and establishment... The fa te  of 

these seeds is the re fo re  highly uncertain.

Also, it is unclear if  ungulate endozoochory poses a selective force on the 

concerned plants and th e ir  seeds. There have been substantiated 

suggestions which pose th a t selection has been acting to  such a degree, tha t 

grassland plants have adjusted th e ir  tra its  in response to  fac ilita te  th is means 

o f dispersal (e.g. small, inconspicuous seeds, palatable foliage,...). On the 

o th e r hand, endozoochory m ight no t be m ore than a rare and accidental fact 

w ith o u t any sign ificant result. U ntil today, th is  particu la rly  challenging 

question has hardly been examined.

This thesis studies endozoochory, no tab ly  o f herbaceous plants w ith  dry 

(not fleshy) fru its  by large grazers in tem pera te  regions. The aims o f this 

thesis are tw o -fo ld . On th e  one hand, w e w an t to  con tribu te  to  ou r ecological
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understanding o f this dispersal process. For th is, th e  focus is on previously 

unstudied patterns and processes. In addition, w e try  to  explore the  

evolutionary-ecologica l meaning o f endozoochory, by looking fo r a study 

system w ith  which its selective strength can be de term ined m ore e ffic iently.

In C hapter 2, we in tegra te  various available data on aspects th a t 

cons titu te  endozoochory, from  in s itu  seed p roduction  up to  dung 

deposition , in to  a com puter s im u la tion  m odel o f seed dispersal. In short, the 

m odel in troduces an ind iv idual anim al in to  a tw o-d im ens iona l landscape, in 

w h ich it  then  moves, and ingests, digests and defecates seeds. We 

param eterized th e  m odel fo r  th e  (actual) s itua tion  o f endoochorous seed 

dispersal o f 25 herbaceous p lant species by Highland catle  in the  W esthoek- 

South nature reserve. For th is param eterization, w e used data from  existent 

descrip tive and experim ental studies, and we collected new data (data 

concern ing the  landscape, seed ava ilab ility  in the  fie ld , p lan t ingestion, 

d igestion, excretion and animal m ovem ent). W e tested th is m odel by 

germ ina ting  dung samples collected from  the  fie ld  and counting the 

seedlings em erging from  them ; th is proved to  result in a good corre la tion  

w ith  the  seedling numbers predicted by the  model. Subsequently, we used 

th e  m odel to  pred ict the  spatial pa ttern  in which seeds become d is tribu ted  

w ith in  th e  landscape, as th is  fo rm s a key e lem en t in evaluating the  

effectiveness o f ungulates as vectors in dispersal. W e perfo rm ed th is mainly 

w ith  respect to  th e  vegeta tion  types seeds end up in (given th e ir  su itab ility  

fo r  p lant establishm ent to  particu la r species). Indeed, herbivores m ight 

displace seeds to  suitable hab ita t m ore o ften  than could be expected from  

random  dispersal, a pattern  known as 'd irected dispersal'. Our model 

po in ted ou t th a t cattle disperse seeds from  grassland plants to  suitable 

hab ita t in a directed m anner, bu t th a t th is  does no t hold fo r  plants from  

o th e r vegetations, e.g. from  scrub. S im ulations o f landscape change 

m oreover showed th a t th e  less grassland available, th e  s tronger 'd irected 

d ispersal' acts. M oreover, sim ulations o f w ind dispersal showed th a t w ind 

transfe rs seeds to  suitable hab ita t m ore d irected than  grazers do, sim ply 

because seeds are transported over much shorter distances. (M ost fo rbs and 

grasses have very lim ited w ind dispersal capacities.) Grazers dó have the  

benefit o f  transferring  seeds over longer distances, b u t apparently, th is 

comes w ith  a high cost o f seeds being deposited in unsuitable habitat.

Even i f  seeds are deposited in apparently  su itab le hab ita t, numerous 

processes a fte r deposition may act to  determ ine th e  fa te  o f  seeds
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significantly. For instance, seeds can become predated or th e y  can become 

displaced again. The la tte r is known as 'd ip lochory ' (dispersal in tw o  phases), 

and has mainly been studied fo r  large-seeded p lant species from  trop ica l 

regions. By means o f the  experim ents w h ich are discussed in C hapter 3, we 

determ ined the role o f dung beetles (coprophilous Scarabaeidae) in 

de term in ing the fa te  o f small seeds fo llow ing  endozoochorous deposition  in 

a tem pera te  grassland. In th e  main experim ent, w e m ixed seeds from  tw o  

grasses (Agrostis capillaris  and Poa pratensis) w ith  dung from  ca ttle  and 

horses, and subsequently deposited these samples on tw o  sites w ith in  the 

W esthoek-South nature  reserve. For ha lf o f these samples, the  accessibility 

to  dung beetles was prevented, which a llowed us to  de term ine  th e ir  effect 

on th e  short-te rm  establishm ent o f seedlings. This proved to  be clearly 

negative, contrary to  th e  patterns found  from  trop ica l regions. This can be 

m ainly a ttribu ted  to  the  differences in nesting behaviour among beetles. The 

displacem ent o f seeds by trop ica l dung beetles o ften  includes a horizonta l 

com ponent, th rough which seeds escape density-dependent com petition  

and predation. Seeds in our study system w ere - a t  b e s t-  buried in tunnels 

beneath the  dung pat. This hampers establishm ent, and in th is case, seeds 

appear to  be be tter o ff  w ith  one disperser instead o f  tw o .

In C hapter 4 we focus on the  fa te  o f  seeds a fte r they  have been ingested 

by grazers. Indeed, destruction  in th e  chew ing apparatus and the  a lim entary 

tra c t o f animals poses a severe bo ttleneck to  seeds. A central question in this 

respect is which seed tra its  are de te rm in ing  fo r  survival, and thus increase 

th e  chances fo r successful endozoochory. Therefore, w e perfo rm ed an 

experim ent in which we fed  seeds from  48 p lant species to  cattle . By 

collecting dung samples and a llow ing these to  germ inate, w e could calculate 

w ha t proportions o f seeds w ere lost in th e  process. A lthough such 

experim ents have been perform ed before, th is  study included th e  highest 

num ber o f p lant species so far. M oreover, these experim ents yielded 

con flic ting  results concerning the  role o f seed tra its  in the  process. This can 

be partia lly  a ttribu ted  to  a sta tistica l problem  suffered by these studies: 

because all p lant species are related to  each o the r in some degree, they 

cannot be considered independent in sta tistica l analysis. It can be shown tha t 

th is  also applies to  th e  corre la tion o f seed tra its  and m orta lity  involved in 

such studies, and we the re fo re  adopted a con tro l fo r phylogenetic a ffin ities 

instead. We found th a t ne ither the  size nor shape o f seeds account fo r 

d iffe ren tia l m orta lity . The w a te r-im perm eab ility  o f seeds appears to  hold
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be tte r exp lanatory pow er in th is  respect, a lthough a side cond ition  is th a t 

seeds should be tough enough to  resist fractures in the  seed coat. In general, 

w e expect from  th e  results o f  th is experim ent as w e ll as existing lite ra tu re , 

th a t the  im portance o f anatom ical, s tructura l, com positional and physical 

seed characteristics ou tw e igh  those o f simple m orphological tra its .

W ate r-im perm eab ility  o f seeds is a binary and easy-to-measure tra it. 

However, it  on ly occurs in a lim ited num ber o f p lant fam ilies, o f which the  

legumes (Fabaceae) and the  rockrose fam ily  (Cistaceae) are th e  most 

im p o rta n t in the  face o f endozoochorous dispersal (representatives o f both 

are abundantly  fed upon by grazers). W ate r-im perm eab ility  is a fo rm  o f 

dorm ancy in these fam ilies: the  process in which seeds postpone 

germ ina tion  in tim e  (i.e. th e  tem po ra l com plem ent o f dispersal). In o rder to  

learn m ore on th e  role o f th is so-called 'physical dorm ancy', we perform ed a 

series o f experim ents on w h ite  clover (Trifo lium  repens L., Fabaceae). These 

are discussed in C hapter 5 o f th is  thesis. In sum m er 2008, a descriptive fie ld  

study am ong six sites showed th a t the  p roportion  o f w ate r-im perm eab le  

seeds w ith in  th is  species' inflorescences (heads) varied from  0 to  100 %. In 

e ffect, th is  means th a t m othe r plants bring fo rth  both autum n-germ inating 

seeds (those th a t are perm eable or non-dorm ant) and spring-germ inating 

seeds (those th a t are im perm eable or dorm ant). The demographical 

consequences o f th is w ere investigated in m ore detail in a fie ld  experim ent. 

From this, w in te r  m orta lity  am ong autum n-germ inated plants proved to  be 

lim ited , and these the re fo re  obta ined a head s ta rt in g row th  and flow ering  

(which was m ore abundant) during th e  firs t summ er. From a greenhouse 

experim ent, the  w itnessed varia tion  in th e  p roportion  o f w ate r-im perm eab le  

seeds w ith in  fru itin g  heads appeared to  be a consequence o f th e  am bien t 

hum id ity  during riping, and n o t o f genetic consequences among individuals.

The results o f Chapters 2 and 3 acknowledge th a t endozoochory is a 

particu la rly  complex process. The degree to  which seeds reach suitable 

h ab ita t in a d irected m anner apparently  is highly dependent on the  

landscape (Chapter 2; th is  chapter nonetheless shows th a t th e  process is to  

som e degree predictable as w ell). If  tunne ling  dung beetles are present, 

these can a ffect th e  chances o f  seeds negatively, although th is is n o t equally 

p ronounced on d iffe re n t sites (Chapter 3). For the  o th e r constituen t 

processes, to o , many com plications are known. In addition, studies on 

endozoochory are com plicated by its cryptic nature: the  seeds involved are 

small and can rem ained ungerm inated fo r long. Therefore, small spatial
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scales need to  be fo llow ed  over long tim e  fram es. For these reasons, th e  fa te 

o f endozoochorous seeds remains d ifficu lt to  evaluate.

Consequently, th e  selective s trength  o f endozoochory fo r  d ry-fru ited  

plants also remains unclear. In th is  thesis, we emphasized the  positive e ffect 

o f w a te r- im perm eab ility  in endozoochory (cf. C hapter 4), and showed th a t 

th is  t ra it  varies in s itu  (Chapter 5). One could state th a t th is  satisfies tw o  

essential conditions fo r  a tra it  to  evolve under natura l selection (i.e. a fitness- 

enhancing tra it, which holds in traspecific  variation). However, w e also 

showed th a t th e  in  s itu  varia tion is no t the consequence o f genetic 

d ifferences (a th ird  essential cond ition), bu t th e  consequence o f 

environm enta l d ifferences, and th is thus stresses th is  tra it 's  use as an 

evo lu tionary-ecologica l study system. Nonetheless, th is  possib ility  is not 

en tire ly  excluded, since a genetic basis fo r  th is va ria tion  is con firm ed in 

several o th e r legumes (e.g. Lupinus, Vicia). (However, the  ex ten t o f the  in  situ  

va ria tion , and th e ir  relationships w ith  grazers, needs fu rth e r investigation.)

W h a t is considered a seemingly in tim ate  relationship between seeds and 

th e ir  dispersal vectors by many, such as th a t betw een birds and berries, 

actually concerns a ra the r 'd iffuse ' m utualism . Indeed, the  re la tionsh ip  is 

be tw een a set o f  p lan t species and a set o f vectors (not: one-to-one), and 

takes place over long evo lu tionary tim e  scales in which dispersers come and 

go. The here-studied fo rm  o f endozoochory probably should be considered 

alike. Take legumes as an example. Very probably, early legume taxa already 

had th e ir  pods dispersed by a now  extinct (mega)fauna. Gradually, 

herbaceous legumes arose on earth , paralle led by th e  rise o f modern 

herb ivorous grazers, and th is could have a llowed a continued existence o f 

th e  legum e-herb ivore  in te raction . A lbe it d iffuse.
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C h a p te r  8  

Samenvatting

Zaden zijn voor p lanten van essentieel belang. Bestaande u it em bryonale 

plantjes die door een laagje m oederweefsel w orden  beschermd, verzorgen 

zij de voo rtze tting  van p lanten overheen generaties.

Zaaddispersie, o f -ve rb re id in g  , is het proces waarin zaden ru im te lijk  

w orden verp laatst. Dit gebeurt in de na tuu r op ta lloze m anieren, zowel 

abiotisch (door w ind o f  w ate r) als b iotisch. Klassieke voorbee lden van dieren 

die ais verbre id ingsvectoren op treden, zijn vruch te tende  (frugivore) vogels o f 

zoogdieren, en m ieren. Grote, loo f-e tende (herb ivore) zoogdieren, m et name 

grazende hoefd ieren, dragen n ie ttem in  ook to t  de verbre id ing van zaden bij. 

Zij doen d it enerzijds via aanhechting van zaden in de vacht en aan poten 

(epizoöchorie), en anderzijds via opnam e en daaropvolgende uitscheiding 

van zaden m et he t voedsel (endozoöchorie).

Hoewel d it laatste proces sinds geru im e tijd  w o rd t (h)erkend, bv. vanuit 

landbouw kundige belangen, kwam he t proces slechts re la tie f recent onder 

aandacht van ecologen. U it nauwgezette obervaties blijken vele honderden 

p lan tensoorten  levensvatbare zaden te  tonen  in de u itw erpse len van deze 

d ieren, en dikw ijls in grote aantallen. Evenwel b lijk t he t proces bijzonder 

com plex van aard te zijn, onder andere om dat he t door vele deelprocessen 

en -p a tro n e n  w o rd t bepaald: zaadproductie, zaadopname, transfer, 

u itscheiding, processen na u itscheiding, kiem ing en vestiging... Het lo t van 

deze endozoöchore zaden is dan ook verre van beslist.

H iermee gepaard is he t ondu ide lijk  hoe de selectieve kracht van 

endozoöchorie door grote grazers op de be trokken planten en hun zaden 

m oe t w orden  begrepen. Er zijn onderbouw de suggesties d ie ste llen dat 

selectie zodanig sterk en algemeen is (geweest) da t graslandplanten 

kenmerken hebben verw orven ten  voorde le  van deze dispersiewijze (bv.

’ Bouman et al. (2000) argumenteren dat het gebruik van 'verbreiding' m oet worden 
vermeden om dat d it een germanisme be tre ft, en gebruiken 'verspreiding' in de plaats. 
Naar mijn mening is d it argument niet bezwarend genoeg, tem eer om dat d it laatste 
a lte rna tie f gemakkelijk kan w orden verward met het patroon  van ruim telijk 

voorkomen.
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kleine, onopvallende zaden; eetbaar loof...). Aan de andere kant zou 

endozoöchorie n ie t m eer kunnen zijn dan een zeldzaam en toevallig  gegeven 

zonder m erke lijk  gevolg. Deze bijzonder u itdagende vraagstelling is to t op 

vandaag am per onderzocht.

Dit p roe fschrift bestudeert endozoöchorie, en w el van kruidachtige 

planten m et droge (en niet: vlezige) v ruch ten  door grote grazers in 

gem atigde streken. Het doei van het p roe fsch rift is tw eeërle i. Enerzijds w illen  

we een b ijdrage leveren aan ons ecologisch begrip van d it dispersieproces. 

H iervoor w orden  patronen en processen bestudeerd die voorheen nog niet 

o f am per zijn behandeld. Daarnaast trachten we een lans te  breken voor 

evolutionair-ecologisch onderzoek naar endozoöchorie, en w el doo r op zoek 

te  gaan naar een studiesysteem  waarm ee diens selectieve kracht e ffic iën te r 

kan w orden bepaald.

In h o o fd s tu k  2 in tegreren we bestaande resulta ten o m tre n t de 

verschillende deelaspecten van zaadbeschikbaarheid to t  -depos itie , in een 

com putergestuurd  s im u la tiem ode l van endozoöchorie. Kort omschreven 

in troducee rt het m odel een ind iv idueel d ie r in een landschap, da t vervolgens 

bew eegt en zaden opneem t en afzet. W e param etriseerden d it m odel voor 

de (bestaande) situatie  van endozoöchore zaaddispersie van 25 kruidachtige 

p lantensoorten door Hooglandrunderen in he t Vlaams natuurreservaat 

'W esthoek-Zuid '. H iervoor w erd data gebru ikt u it beschrijvend en 

experim entee l onderzoek, alsook n ieuwe data verzam eld (data m .b.t. het 

landschap, zaadproductie in het veld, d iffe ren tië le  opname, vertering , 

u itscheiding & d ierbeweging). W e tes tten  d it m odel door in het veld 

m eststalen te  verzam elen en te  laten kiemen, en vonden een goede 

overeenstem m ing m et de aantallen kiem planten die doo r he t m odel werden 

voorspeld. Vervolgens gebru ik ten  we het m odel om he t ru im te lijk  patroon te 

voorspellen w aarin zaden in he t landschap w orden  verbre id , en w e l m et 

betrekking to t  de verschillende vegetatie types in he t landschap. Het is voor 

planten im mers van belang in gunstig hab ita t te  belanden, waar zij een 

verhoogde kans op vestig ing hebben. Dit staat gekend ais 'gerich te  dispersie'. 

Ons m odel wees u it da t de runderen p lanten van graslanden e ffec tie f gerich t 

naar gunstig hab ita t verplaatsen, maar da t d it voor planten van bv. struw elen 

n ie t het geval is. Gesimuleerde landschapsveranderingen toonden bovendien 

aan dat, hoe m inder grasland aanwezig, hoe sterker deze gerichte tran s fe r is. 

Simulaties van w indve rb re id ing  toonden dan w eer aan da t de w ind  zaden 

veel ge rich te r dan grazers in veronderste ld gunstig hab ita t deponeert,
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eenvoudigweg om dat zaden over veel kortere  afstanden w orden verplaatst. 

(De meeste kruidachtige p lanten hebben zeer beperkte 

w indverbre id ingscapacite iten.) Grazers bieden w él het voordeel da t zaden 

over g ro te  afstanden w orden verp laatst, maar kennelijk  kom t d it m et een 

grote kost van zaden die in ongunstig hab ita t eindigen.

Zaden mogen dan al w orden afgezet in gunstig habitat, na depositie 

kunnen ta i van processen he t lo t van zaden bepalend sturen. Zo kunnen 

zaden door dieren w orden gepredeerd o f opn ieuw  w orden verp laatst. Dit 

laatste s taat gekend ais 'd ip lochone ', en is voornam elijk  b ij grootzadige 

p lantensoorten u it trop ische regio 's bestudeerd. Aan de hand van de 

experim enten die in h oo fds tuk  3 w orden  beschreven, gingen w ij na welke rol 

mestkevers (copro fie le  Scarabaeidae) spelen in he t lo t van kleine zaden na 

endozoöchore depositie  in een gem atigd grasland. In het voornaam ste 

experim ent werden zaden van tw ee  grassen, Agrostis capillaris  en Poa 

pratensis, gemengd m et mest van runderen o f paarden, en vervolgens 

u itgestald op tw ee  sites binnen he t Vlaams natuurreservaat 'W esthoek-Zuid '. 

Toegang voo r m estkevers w erd voo r de he lft van de stalen onm ogelijk  

gemaakt, w aardoor kon w orden  nagegaan w a t hun e ffect was op de 

ko rte te rm ijnsvestig ing  van zaailingen. Deze bleek du ide lijk  negatief, 

tegengesteld aan de patronen die voo r trop ische regio 's zijn beschreven. Dit 

va lt in eerste ins tan tie  te  w ijten  aan de verschillen in nestgedrag tussen 

kevers. De verp laatsing van zaden door tropische mestkevers houdt d ikw ijls 

een horizonta le com ponent in, w aardoor zaden aan densite itsafhankelijke 

com pe titie  en p redatie  ontsnappen. In ons studiesysteem  werden zaden -  

hoogstens- in tunne ls  onder de m est ingegraven. Dit be lem m ert vestiging, 

en in d it geval b lijken zaden dus be te r a f m et één d ispersievector dan m et 

twee.

In h o o fd s tu k  4 spitsen w e ons toe  op het lo t van zaden nadat deze door 

grazers zijn opgenom en. De vern ie ling  van zaden in het kauwapparaat en de 

verte ring  in het m aagdarmstelsel s te lt zaden im mers voor een duidelijke 

bottleneck. De centra le vraagstelling h ie rb ij is welke zaadkenmerken 

bepalend zijn voo r overleving, en dus de kans op succesvolle endozoöchorie 

verhogen. W ij voerden daarom een experim ent u it w aarb ij we in to taa l 48 

p lan tensoorten  voedden aan runderen. Aan de hand van opgekiemde 

meststalen kon w o rden  berekend w elke proporties van de zaden in het 

proces verloren waren gegaan. Hoewel dergelijke experim enten al eerder 

zijn u itgevoerd, om va tte  deze studie het hoogste aantal p lantensoorten
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to tn og to e . Bovendien bleken deze experim enten tegenstrijd ige resulta ten op 

te  leveren w a t b e tre ft de ro l van zaadkenm erken in het proces, Dit kan ten 

dele w orden  verklaard door een statistisch probleem  bij dergelijke studies: 

om dat p lantensoorten steeds in m eer o f m indere m ate m et elkaar verw ant 

zijn, kunnen zij in analyses n ie t ais ona fhanke lijk  w orden beschouwd. Dit 

hee ft aantoonbaar to t fou tieve  conclusies geleid w a t b e tre ft verbanden 

tussen zaadkenmerken en overleving, en w ij maakten daarom gebru ik van 

een con tro le  voo r fylogenetische verw antschap. W ij vonden da t noch de 

g roo tte  o f h e t gew icht van zaden, noch hun vorm , verschillen in overleving 

verklaarden. Een beter verklarend kenm erk lijk t de w a te rondoordring- 

baarheid van zaden te  zijn, hoewel ais randvoorw aarde m oe t gelden dat 

zaden stevig genoeg m oeten zijn om breuken in de zaadhuid te  weerstaan. In 

h e t algemeen verm oeden w ij op basis van de resulta ten van d it experim ent 

en de bestaande lite ra tuur, dat het belang van anatom ische, s tructure le , 

com positione le  en fysieke zaadkenm erken da t van eenvoudige 

m orfo logische kenmerken overstijgt.

W aterondoordringbaarhe id  van zaden is een b inair en eenvoudig te  

m eten kenmerk. Het kom t echter slechts bij een beperkt aantal 

p lantenfam ilies voor, waarvan de vlinderb loem igen (Fabaceae) en de 

zonneroosjesfam ilie  (Cistaceae) de m eest noemenswaardige zijn in he t licht 

van endozooöchore verbre id ing (vertegenw oordigers van beiden w orden 

vee lvu ld ig  d o o r grazers gegeten). W aterondoordringbaarhe id  vo rm t bij deze 

fam ilies een vorm  van dormantie, w at het proces is waarm ee zaden kieming 

in de tijd  u its te llen  (he t tem pore le  com plem ent van dispersie). Om m eer 

over de rol van deze zogeheten 'fysieke do rm an tie ' te  w e ten  te  komen, 

voerden w ij een reeks experim enten u it op w itte  klaver (Trifo lium  repens L., 

Fabaceae). Deze w orden in hoofdstuk 5 van d it p roe fsch rift beschreven. In 

de zom er van 2008 wees een beschrijvende ve ldstudie overheen zes sites u it 

da t de p ropo rtie  van w aterondoordringbare  zaden in vruch thoo fd jes varieert 

van 0 to t  100 %. Dit be teken t concreet dat m oederp lanten zowel 

herfs tk iem ers (de doordringbare o f n ie t-do rm an te  zaden) ais lentekiem ers 

voortb rengen  (de ondoordringbare o f do rm an te  zaden). De demografische 

gevolgen hiervan w erden in een ve ldexperim ent ve rde r uitgeklaard. H ieru it 

b leek w in te rs te rfte  bij herfstkiem ers gering te zijn, w aardoor deze m et een 

groe ivoorsprong sneller en abundanter dan lentekiem ers to t  b loei kwamen 

in de eerste zomer. U it een serre-experim ent bleek dan w eer dat de 

vastgestelde variatie  in de proporties ondoordringbare  zaden in
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vruch thoo fd jes  een gevolg is van de heersende vochtighe id  tijdens 

zaadrijp ing, en n ie t van genetische verschillen tussen ind iv iduen.

De resulta ten van hoofdstukken 2 en 3 onderschrijven dat endozoöchorie 

een b ijzonder complex proces is. De m ate  w aarin zaden ge rich t in geschikt 

hab ita t te rech tkom en b lijk t sterk a f te  hangen van he t landschap (hoofdstuk 

2; u it d it hoofdstuk b lijk t echter ook da t he t proces to t  op zekere hoogte 

voorspe lbaar is). Indien tunne lgravende mestkevers aanwezig zijn, kunnen 

deze de kansen van zaden negatie f beïnvloeden, hoewel d it n ie t op elke site 

even sterk bleek te  gelden (hoofdstuk 3). Ook voo r de andere deelprocessen 

zijn vele complicaties bekend. Bovendien w orden studies naar 

endozoöchorie bem oe ilijk t doo r he t cryptische karakter ervan: de 

be tre ffende  zaden zijn klein en kunnen lang ongekiem d b lijven, w aardoor 

kle ine ru im te lijke  schalen over lange tijdsvensters m oeten w orden  gevolgd. 

H ierdoor b lijf t  de levenswandel van endozoöchoor verbre ide zaden nog 

steeds m oe ilijk  te  vatten.

H iermee gepaard, tasten w e ook w a t b e tre ft de selectieve kracht van 

endozoöchorie voor droogvruchtige p lanten nog steeds grotendeels in het 

du ister. In d it p roe fsch rift w e rd  e rop gewezen da t de 

w aterondoordringbaarhe id  van zaden endozoöchoor succes positie f 

be ïnvloedt (hoofdstuk 4), én da t d it kenm erk in situ  va riee rt (hoofdstuk 5). 

Men zou kunnen stellen da t h ierm ee tw ee  basisvoorwaarden zijn voldaan 

voor een kenmerk om te  kunnen evolueren onder na tuu rlijke  selectie (nl. 

een fitness-bepalend kenmerk, en varia tie  h ierin  tussen ind iv iduën). Echter, 

we toonden  ook aan dat deze in s itu  va ria tie  n ie t he t gevolg is van genetische 

verschillen, maar van verschillen in de omgeving, en d it zet he t gebru ik van 

d it kenm erk ais een evolutionair-ecologisch studiesysteem  dus onder druk. 

N ie ttem in  is deze m ogelijkheid niet geheel u itgesloten, aangezien een 

genetische basis voor deze variatie  bij som m ige andere v linderb loem igen wél 

is bevestigd (vb. Lupinus, Vicia ).

W at d o o r velen ais een ogenschijn lijk  in tiem e relatie  tussen zaden en hun 

verbre id ingsvectoren w o rd t aanzien, zoals da t tussen een voge lsoort en een 

boom  m et vlezige vruch ten , b e tre ft eigenlijk een eerder 'd iffuus 

m utua lism e '. De relatie  is tussen een b lok van p lantensoorten en een blok 

van vecto ren  (niet: één-één), en v in d t plaats over lange evolutionaire 

tijdsschalen waarin vectoren komen en gaan. Ook de h ier bestudeerde vorm

’ Maar de grootte van de in situ  variatie en de relaties van deze taxa met grazers moet 
nog verder worden uitgezocht.
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van endozoöchorie va lt m ogelijks zo te  begrijpen. Het heeft er alle schijn van 

dat de vroeg(st)e v linderb loem igen hun grote peulen door een nu 

grotendeels uitgestorven megafauna zagen verbre id . Door w ijzigingen in het 

k lim aat on tstonden ge le ide lijk  de kruidachtige vlinderb loem igen, en ook 

m oderne, herb ivore grazers. Endozoöchore zaadverbreiding was dus reeds 

vóó r he t ontstaan van beide groepen een fe it, en heeft w e llich t 

onophoude lijk  bestaan - z ij he t ais een d iffuse interactie .
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C h a p te r  9  

Appendices

Appendix 1 A -  Endozoochory qualified

Below, Table 1A presents a ten ta tive  list o f studies th a t have surveyed 

the  seed con ten t o f dung from  free-ranging ungulates. It is n o t in tended to  

present an exhaustive list o f all such studies; in e ffec t, many m ore could be 

added.

Given are the  sho rt references (note : these have no t been add itiona lly 

included in th e  list o f References in Chapter 10), th e  animal species involved, 

an ind ication o f the  num ber o f p lant species involved, and a b rie f hab itat 

descrip tion (w ith  tw o -d ig it country  codes).

Appendix IB  -  Endozoochory quantified

Below, Table IB  reproduces the  (scarce) estim ations from  lite ra tu re  o f 

endozoochorous seed dispersal rates, i.e. the  num ber o f seeds transfe rred  

per tim e  un it by ind ividual, free-rang ing ungulates.

Given are the  sho rt references (note : these have no t been add itiona lly 

included in th e  lis t o f References in Chapter 10), the  animal species involved, 

the  seed dispersal rate estim ates, and a b rie f hab ita t descrip tion (w ith  tw o - 

d ig it coun try  codes).

Appendix 1C -  Seed feeding experiments

Below, Table 1C presents an overv iew  o f studies in which seeds have 

experim enta lly been fed  to  ungulates. Given are the  short references (note : 

these have no t add itiona lly  been included in the  lis t o f References a t the  end 

o f th is  thesis) and a sho rt descrip tion.

Contrary to  th e  fo rm er, th is  Appendix is in tended to  provide an 

exhaustive lis t o f all such feeding experim ents. Nonetheless, some additional 

references m ight be found from  th e  lite ra tu re  study o f Bonn and Poschlod 

(1998).
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Appendix 2A -  Model overview, design 

concepts, and details

In th is Appendix, the  m odel from  Chapter 2 is described in fu ll detail 

fo llo w in g  the  ODD (O verview / Design concepts/ Details) p ro toco l fo r  agent- 

based m odels (G rim m  e t at. 2006, 2010). Given the  purpose o f th e  m odel to 

accom m odate much em pirical data from  d iffe re n t sources, th e  'In p u t data' 

paragraph is e laborated on relative ly thorough ly. Parts o f  th is ove rv iew  may 

fo u nd  to  be som ew hat redundant w ith  Chapter 2, b u t such overlap is 

unavoidable as th is  Appendix aims a t being com ple te  and fu lly  

com prehensible in itself.

A. Purpose

B. Entities, state variables and scales

C. Process overview and scheduling

D. Design concepts

1. Basic principles

2. Emergence

3. Stochasticity

4. Observation

E. Initialization

F. Input data

1. Landscape: vegetation map

2. Animal movement: lengths o f stay in cells

3. Animal movement: vegetation preference coefficients

4. Animal movement: direction preference coefficients

5. Grazing: cell probability fo r becoming grazed

6. Grazing: local seed availability

7. Grazing: plant species' forage values

8. Grazing: seed survival probabilities follow ing ingestion

9. Defecation: tim e  intervals between excretions

10. Defecation: seed excretion probabilities

G. Submodels

1. Animal movement

2. Grazing /  seed ingestion and digestion

3. Defecation /  seed excretion

150



A. Purpose

The purpose o f th is s im ula tion  m odel is to  b e tte r understand the 

quantita tive  aspects underly ing endozoochorous seed dispersal by ungulates 

in single landscapes. The m odel is exp lic itly  constructed to  accom m odate and 

in tegra te  th e  lim ited data we have on (only some of) th e  ind iv idual processes 

and patterns from  landscapes, plants and animals th a t - to g e th e r -  constitu te  

endozoochory in the  fie ld . Given th e  re lative ly large body o f  data on both the 

te rra in , vegeta tion  and grazers o f the  W esthoek-South reserve (Belgium), 

m odel param eterization p rim arily  examines th is case in particular. 

Nonetheless, th e  model could easily be adjusted to  accom m odate other, 

including m ore generic, data.

B. Entities, state variables and scales

The m odel simulates a continuously vegetated landscape in which an 

ind iv idual animal moves and disperses seeds from  various p lant species. 

M odel runs are in tended to  sim ulate periods o f several days.

The landscape is a grid o f cells, each o f  which corresponds to  1 m2 in the  

fie ld . Each cell is characterized by its grid coordinates, and one o f  six m ajor 

vegeta tion types (forest, scrub, grassland, rough grassland, dune, and 

w etland ; see Table 2-2). A grid cell can harbour a certa in am ount o f seeds 

from  each o f tw en ty -five  p lant species (see Table 2-1). The am ount o f seeds 

in a cell depends on both the  p lant species and th e  vegeta tion  type  in tha t 

cell.

The animal is characterized by several state variables. These include its 

position (grid cell coordinates), an ind ication o f how long it  is staying in tha t 

position (a countdow n tim er), and the  d irection  is was m oving in. In addition 

-a n d  o f central im portance to  th e  m o d e l- the  animal is characterized by its 

'g u t contents ', i.e. the  num ber o f  viable seeds th a t are contained in the  

animal and awaiting excretion.

C. Process overview and scheduling

A fte r having in troduced th e  anim al in to  the  landscape, th e  model 

proceeds in steps. Each step corresponds to  a reposition ing o f  th e  animal 

from  the  cell it was in to  one o f its neighbouring cells. The length o f stay in 

th e  new cell, and thus th e  tim e  in te rva l associated w ith  a m odel step, is 

th e re fo re  variab le (and in th e  o rde r o f several seconds to  m inutes). 

M ovem ent occurs through th e  in te rp lay  o f  tw o  param eters: th e  animal's 

preference to  move through th e  vegeta tion  types it  is facing, and its in ternal

151



propensity to  change d irection . Details are provided below ('Anim al 

m ovem ent' submodel).

A fte r arrival, there  is a chance fo r  th e  new cell to  become grazed. If so, 

seed am ounts fo r each o f th e  p lant species are a ttrib u te d  to  th a t cell, and 

subsequently, the  animal ingests and digests some po rtion  o f these seeds 

('Grazing /  seed ingestion and d igestion' submodel). A part from  tha t, 

defecation may occur in th e  new cell. If  so, some po rtion  o f th e  seeds from  

w ith in  the  animal becomes excreted ('Defecation /  seed excretion' 

submodel).

Steps are repeated until the  pre-set dura tion to  be sim ulated is reached. 

A b rie f summ ary o f the  main m odel variables is included in Table 2A-1.

D. Design concepts

1. Basic principles

This model trea ts endozoochory as an assembly o f  processes in which 

e ithe r landscape, animal o r p lant a ttribu tes  (or a com bina tion  thereo f) play a 

role (cf. th e  seed dispersal cycle o f Wang and Smith 2002). Some o f these 

processes have been studied in th e ir  own respect, and the  find ings o f such 

studies are th e re fo re  contained in the  m odel (as data o r parameters).

2. Emergence

Patterns o f endozoochory should then  emerge from  the  in teraction  o f 

the  ind iv idual processes and patterns im p lem ented . A m ajor ou tpu t, fo r 

instance, is the  num ber o f seeds th a t are dispersed th rough  endozoochory. 

This emerges from  the  d is tribu tion  o f vegeta tion types, the  availab ility  o f 

seeds w ith in  vegetations, animal v is ita tion  rate, p lant forage value and seed 

resistance to  digestion. Some o f  these aspects are affected by a subset o f 

a ttribu tes  themselves, e.g. an im al v is ita tion  rate emerges from  animal 

m ovem ent and landscape configura tion. The spatial pa ttern  in which seeds 

are dispersed (a m ajor focus in Chapter 2) emerges from  animal and 

landscape a ttribu tes.

3. Stochasticity

A great deal o f stochastic ity is included in th e  param eterized model. 

Firstly, values fo r m ost o f th e  m odel variables are draw n random ly from  

structures holding raw data (see Table 2A-1). Note th a t th is  approach avoids 

making assumptions on pa ram eter d is tribu tions. Secondly, several binary 

decisions in the  m odel are based on probab ilities; e.g. w he the r a new cell w ill 

be grazed or not, w h e th e r a given seed from  w ith in  th e  animal w ill be
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excreted o r not, etc. It is thus extrem ely un like ly th a t m odel runs w ill ever 

y ie ld th e  exact same results, and fo r  th is  reason, m u ltip le  m odel runs are 

pe rfo rm ed  fo r  inference.

4. Observation

A part from  th e  in te rna l state o f the  landscape and the  animal, data th a t 

can be re trieved  from  th e  m odel a t any po in t during s im ula tion  include a log 

o f  the  an im al's path, and o f the  seeds contained in all defecations.

The seed con ten t o f  sim ulated defecations is used d irectly  fo r va lidation 

w ith  independent observations (Rykiel 1996). Also, w e tested w h e th e r the 

subm odel fo r  animal m ovem ent yielded sim ulated paths which correspond 

to  in itia l observations w e ll; th is  is discussed in Appendix 2C.

If an im al path sim ulations prove to  be realistic, m odel o u tp u t can be 

con fiden tly  used fo r ecological inference on spatial patterns o f  seed 

deposition .

E. In itia liza tio n

In ou r runs, th e  animal was always in troduced on a fixed position in the  

grassland vegeta tion . Since th e  animal starts o f f  'on an em pty stom ach', each 

run includes a p repara to ry period o f five  sim ulated days th a t are considered 

irre levant.

Table 2A-1. An overview o f the model variables that needed parameterization. An 
indication is given on how they are treated in the model. See text for details 
(paragraphs F.l. to F.10.).

F.l. Vegetation map fixed matrix

Anim al m ovem ent

F.2. Length o f stay in cells (minutes) random draw from  vector

F.3. Preference coeffic ient fo r vegetation type x fixed for x

F.4. Propensity to  change direction fixed

Grazing /  seed ingestion &  digestion

F.5. Probability fo r new cell to  become grazed fixed

F.6. # seeds o f p lant sp. x in a cell o f vegetation type random draw from  vector fo r x/y-

y combination

F.7. Forage value o f plant sp. x fixed fo r x

F.8. Probability fo r a seed of plant sp. x to  survive random draw from  vector fo r x
ingestion

Defecation /  seed excretion

F.9. Time interval between tw o  excretion events random draw from  vector
(m inutes)

F.10. Probability fo r seed to  be excreted as function fixed function
o f tim e  (min)
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F. In p u t  d a ta

1. Landscape: vegeta tion map

A vegeta tion  map o f W esthoek-South was com piled by Ebrahim i (2007), 

w ho  visually in te rp re ted  aerial images o f th e  area th a t were made in 2004. 

W e adopted th is map, although some ad justm ents w ere needed. Some parts 

o f th e  area had been fenced recently, and we the re fo re  entered these in the 

map. W e also lum ped some m inor vegeta tion  types (e.g. 'w h ite ' and 'grey' 

dunes), and redefined some doubtfu l vegeta tion polygons a fte r visits in the 

fie ld . W e op ted  fo r  th e  landscape to  consist o f  th e  six vegeta tion  types 

m entioned above. Then, th e  map was converted to  a num erica l grid w ith  a 

cell size o f 1 m2.

This resulting m atrix  consisted o f 685 x l3 9 1  elem ents, o f which 559448 

represented vegetated cells accessible to  th e  animal. The in teger landscape 

is visualized in Fig. 2-1.

2. A n im a l m ovem ent: lengths o f  s tay  in cells

W e opted  fo r  the  animal's path to  be a continuous linkage of 

ne ighbouring cells, and the re fo re , w e le t a m odel step coincide w ith  a 

(spatial) ce ll-to-ce ll step o f the  animal. The tim e  in terva l associated w ith  a 

m odel step then  reflects th e  length o f stay in th a t particu la r cell o f  1 m 2.

Lamoot e t al. (2005) extensively recorded th e  behaviour o f individual 

H ighland cattle  a t the  W esthoek-South reserve in s ix-hour observation 

sessions, which included mapping its position every 15 m inutes. We 

digita lized these positions (275 in to ta l, from  13 sessions) to  de term ine  the 

anim als' speed, th rough  calculations o f  the  spatial and tem pora l intervals 

betw een successive observations. The duration fo r  which th e  animal resides 

in a cell o f 1 m 2 then  = speed-1. These values, however, need to  be weighed 

according to  th e ir  spatial com ponent (e.g. one observation o f 2 m /s 

transfo rm s in to  tw o  observations o f 0.5 s/m ). For speed observations o f 0 

m /s (i.e. when cattle  positions rem ained unchanged over successive 

observations), no tim e  expenditure  values could be calculated. Here, th e  fu ll 

du ra tion  fo r  which th e  animal stayed a t th a t position was taken instead.

These calculations resulted in 7519 tim e  in terval values. A frequency 

d is tribu tion  o f these is provided in Fig. 2A-1. The values are contained in a 

vec to r from  which the  m odel random ly draws values when needed.
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Figure 2A-1. Frequency distribution of the values for the time spent per cell (1 m2).

3. A n im a l m ovem ent: vegeta tion  preference coefficients

The same positional data from  Lamoot e t aI. (2005) was used to  calculate 

coeffic ients fo r th e  animal's preference fo r  each vegeta tion  type  (cf. the 

m odel o f Couvreur e t al. 2008). By dig ita liz ing th e ir  positions on our 

vegeta tion map, w e were able to  calculate the  num ber o f observed positions 

in each vegetation type. These numbers were then  d ivided by the  vegetation 

types ' surface areas, and subsequently rescaled by divid ing them  by the 

highest value.

The resulting vegeta tion preference coeffic ients are given in Table 2-2. 

These rem ained unchanged during sim ulation.

4. A n im a l m ovem ent: d irection preference coefficients

W hen m ovem ent is exclusively based on vegeta tion  preference 

coeffic ients, the  animal m ore or less resides near its position o f in troduction . 

In o rde r to  'fo rce ' some d irec tiona lity  in to  m ovem ent - t o  make the  animal 

explore new  parts o f the  te r ra in -  a d irec tion  coeffic ient was in troduced. This 

coe ffic ient s tim ulates th e  animal to  continue moving in the  d irection  it was in 

previously, and thus represents a propensity th a t is in terna l to  the  animal 

and independent from  the  environm ent.

5741

1659

106 12 1

11-10] 110-102l 1102-1031 1103-1041 1104-105l

Length of stay in cell (seconds)
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U nfortunate ly, such a coe ffic ient could no t be derived from  the 

positional data o f Lamoot e t al. (2005), as it  is im possible to  tease apart such 

in te rna l behaviour from  the  e ffect o f the  landscape in th is  heterogeneous 

environm ent. For th a t reason, w e used a rb itra ry  values instead. Coefficients 

w ere set to  1.0 (stra ight m ovem ents), 0.2 (slight tu rns) and 0.0 (sharp turns). 

In a homogeneous environm ent, these values result in th e  animal to  tu rn  in 

about one ou t o f th ree  steps. Their function ing  is illustra ted  ('Animal 

m ovem ent ' submodel) and evaluated in Appendix 2C.

5. Grazing: cell p rob a b ility  fo r  becom ing grazed

The probab ility  fo r  a cell to  be grazed was fixed at 0.302; th is  is the  tim e 

Highland cattle spend grazing a t W esthoek-South in sum m er (as published by 

Lamoot e t al. 2005).

6. Grazing: loca l seed ava ilab ility

To quantify  the  ava ilab ility  o f seeds at th e  scale o f  g rid  cells (1 m 2), we 

random ly located plots (1 m 2) in each o f  th e  vegeta tion types during sum m er 

2008. W e then  determ ined the  to ta l num ber o f seeds present w ith in  the 

p lot, using species-specific protocols. The pro toco l consisted o f counting the 

num ber o f infructescences per p lo t (or low er levels, e.g. fru its , if  convenient), 

and then  hierarchically sampling th e  missing levels down to  the  individual 

seeds (e.g. fru its  per infructescence, seeds per fru it...). Estimates were then 

m ade on th e  seed quantities  w ith in  each o f th e  p lots fo r  each o f the  species.

For each p lant species/vegetation type  com bination, these values were 

contained in vectors (6 vege ta tion  types x  25 p lant species, 25-34 values per 

vector). Table 2A-2 provides sum m ary statistics fo r  each o f them . The model 

random ly draws values from  these vectors when needed.
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Table 2A-2. Summary statistics fo r the resulting vectors from  the fie ld survey on 
local seed production. Per vegetation type, the number o f studied plots (1 m2) is 
indicated between brackets. Frequency (F) is the number o f plots in which the 
species was found fru iting; m inimum (N), mean (A) and maximum (X) values only 
apply to  those plots. Figures fo r the  vegetation type where we found it  most 
frequently fru iting  are given in grey.

Scrub Forest Grassland Rough
grass.

Dune Wetland

(n = 34) (n = 29) (n = 34) (n = 25) (n = 30) (n = 30)

F= 3 F= 0 F= 8 F= 0 F= 0 F=0

N= 18.5 N= 37.0
2 o.

O A= 61.7 A= 376.9

X= 92.5 X= 1258.0

Ü)
p F= 2 F= 2 F= 31 F= 3 F= 0 F= 15

& N= 261.2 N= 65.3 N= 65.3 N= 65.3 N= 65.3
_o A= 457.1 A= 261.2 A= 2826.9 A= 631.2 A= 278.6

X= 653.0 X= 457.1 X= 11493 X= 1436.6 X= 914.2

,o
Q

F= 11 F= 0 F= 0 F= 5 F= 19 F= 0

s N= 27.0 N= 53.0 N= 52 0

>3 Sí A= 217.3 A= 86.2 A= 231.5

X= 1064.0 X= 182.0 X= 728.0

F= 0 F= 0 F= 4 F= 2 F= 0 F= 0

ÿ 8 N= 119.0 N= 18.0

5 C3 A= 231.8 A= 180.0

X= 358 0 X= 342.0

F= 0 F= 0 F= 8 F= 0 F= 0 F= 0

•2 O
s
-C

N= 14.0

>3 A= 191.1

X= 795.0

F= 0 F= 0 F= 2 F= 0 F= 0 F= 0

5 c
y

N= 57.6

<S QJo A= 2563.2

X= 5068.8

F= 1 F= 0 F= 22 F= 3 F= 2 F= 0
.5 Sc; N= 21.6 N= 10 8 N= 54.0 N= 10.8

S c A= 21.6 A= 236 6 A= 205.2 A= 27.0
O 'S* X= 21.6 Xs 831.6 X= 432.0 X= 43.2

s ücu
F= 0 F= 0 F= 0 F= 0 F= 1 F= 0

«c N= 22.0

s Scu A= 22 0
Cj X= 22.0
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Table 2A-2, continued.

F= 11 F= 10 F= 0 F= 7 F= 0 F- 10
S c N= 20.0 N= 2 N= 12.0 N= 142.0
o

o

Q
a A= 477.1 A= 133.4 A= 278.6 A= 1034.4

X= 2366.0 X= 700.0 X= 784.0 X= 3614.0

F= 1 F= 1 F= 0 F= 0 F= 0 F= 1
s C n

3
N= 32.3 N= 28 N= 119.0

Ö
o

o A= 32.3 A= 28 A= 119.0

X= 32.3 X= 28 X= 119.0

F= 0 F= 0 F= 11 F= 1 F= 0 F= 3
E N= 1.3 N= 159.0 N= 1.3
o

o * 0 A= 61.6 A= 159.0 A= 3.1

X= 320.2 X= 159.0 X= 4.0

F F= 1 F= 0 F= 6 F= 1 F= 1 F= 6
E=3

3
L Í N= 105.0 N=4.6 N= 62.0 N= 66.0 N= 21.0

OO
C
.5i A= 105.0 A= 1335.7 A= 62.0 A= 66.0 A= 92.4
3 X= 105.0 X= 7855.7 X= 62.0 X= 66.0 X= 148.8

F= 1 F= 0 F= 0 F= 0 F= 0 F= 0
b S N= 20.0
CJ s A= 20.0

X= 20.0

L) F= 0 F= 0 F= 23 F= 0 F= 0 F= 0

3 _ Q N= 41.4
c . o A= 7095.0

C 3 X= 30070

C O

b

F= 0 F= 0 F= 21 F= 0 F= 0 F= 0
c o
: 3 N= 157.5
c £ A= 6675.0

X= 30330

F= 0 F= 0 F= 1 F= 2 F= 0 F= 0
c o
1 3 s N= 6498.0 N= 1314.0
Crj A= 6498.0 A= 1665.0

X= 6498.0 X= 2016.0

o
- c• 4 - J

F= 0 F= 0 F= 2 F= 0 F= 0 F= 1
S Pd= 56.0 N= 244.0

Q J
C r A= 286.0 A= 244.0

X= 516.0 X= 244.0

F= 0 F= 0 F= 11 F= 0 F= 0 F= 0
C D

R
C-.O N= 39.6

co E A= 1913.6

X= 17017

F= 0 F= 0 F= 6 F= 0 F= 0 F= 0

C J
o N= 19.4

C l co A= 433.3

X= 1280.4
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Table 2A-2, continued.

F= 1 F= 0 F= 3 F= 1 F= 0 F= 1

o S N= 31.8 N= 31.8 N= 127.2 N= 63.6
o_

S A= 31.8 A= 180.2 A= 127.2 A= 63.6
X= 31.8 X= 349 8 X= 127.2 X- 63.6
F= 4 F= 10 F= 9 F= 7 F= 0 F= 6

o 15 N= 14.6 N= 29.2 N= 14.6 N= 14.6 N= 14.6
a. >C A= 124.1 A= 178.1 A= 30.8 A= 56.3 A= 119.2

X= 248.2 X= 584.0 X= 87.6 X= 146.0 X= 350.4

p F= 0 F= 0 F= 1 F= 0 F= 0 F= 0
ioOj N= 61.0

S A= 61.0
Ö X= 61 0

F= 0 F= 0 F* 7 F= 0 F= 0 F= 0
.2 b N= 20.2
& -Q=3 A= 539.1

X= 2541.0

<bio
f,

F= 0 F= 0 F= 2 F= 0 F= 0 F= 0
.2 N= 196.2

s A= 286 6
X= 377.0

£.2
F= 1 F= 0 F= 29 F= 0 F= 0 F= 0

toC N= 53.2 N= 12.6
&
£ g A= 53.2 A= 1503.5

X= 53.2 X= 4924.9

7. Grazing: p la n t species' fo ra g e  values

N ot every species becomes ingested a t the  same rate due to  d ie t 

preferences o f the  animal, and w e th e re fo re  chose to  include the  la tte r as a 

p lant-specific  variable in the  grazing subm odel. Based on various pa la tab ility  

characteristics, Briemle e t al. (2002) defined forage values fo r  livestock fo r  a 

w ide  set o f  grassland p lant species. W e adopted these forage values 

(available from  the  Biol Flor database; Klotz e t al. 2002), assuming th a t they 

re la te  d irec tly  to  the  ingestion o f p lant m ateria l. From th e ir  ord ina l l- to -9  

scale, values w ere rescaled on a 0 - to - l in te rva l and then  squared to  stretch  

d iffe rences among species.

Table 2A-3 lists the  resulting values fo r  each o f th e  p lant species. These 

rem ained fixed  th roughou t m odel sim ulations.
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Table 2A-3. Forage values of the study species.

Agrostis capillaris 0.391 Juncus articulatus 0.016

Agrostis stolonifera 0.141 Juncus bufonius 0.016

Carex arenaria 0.016 Juncus inflexus 0.016

Carex flacca 0.250 Mentha aquatica 0.016

Carex h irta 0.063 Plantago m ajor 0.063

Carex oederi 0.063 Poa annua 0.391

Cerastium fontanum 0.141 Poa pratensis 1.000

Cerastium semidecandrum 0.141* Poa triv ialis 0.563

Galium aparine 0.016 Trifolium campestre 0.563

Galium mollugo 0.141 Trifolium dubium 0.563

Galium palustre 0.141 Trifolium pratense 0.766

Galium uliginosum 0.141 Trifolium repens 1.000

Galium verum 0.141

* The forage value for th is species was missing in the BiolFlor database. We therefore
adopted the value o f C. fon tanum  fo r it.

8. Grazing: seed surv iva l p robab ilities  fo llo w in g  ingestion

M o rta lity  o f seeds due to  chew ing o r digestion by th e  animal is a m ajor

bo ttleneck fo r seeds in endozoochory. W e have previously determ ined 

species-specific m orta lity  rates by feeding known am ounts o f seeds from  

various p lant species to  cattle (D 'hond t and Hoffm ann 2011). Twelve o f the 

species used in th a t study w ere also included in th e  model, and we there fo re  

adopted the  raw values fo r  them  (n = 7). As in tra-generic d ifferences in 

m o rta lity  rate are generally low  (D 'hond t and Hoffm ann 2011), w e lumped 

th e  raw  values from  congeneric species fo r  the  rem ain ing th irteen  species (n 

= 14).

Seed survival p robab ilities can be consulted in th e  abovem entioned 

a rtic le . Per species, these values w ere lum ped in to  a vecto r from  w hich the 

m odel random ly draws values when needed.

9. Defecation: tim e  in tervals between excretions

In th e  study o f Lamoot e t al. (2005) on Highland cattle  in W esthoek- 

South, defecations w ere included in the  behavioural m on ito ring  protocol. 

From th e ir  data, th e  tim e  th a t passed betw een tw o  consecutive defecation 

events could easily be calculated.

In to ta l, 37 tim e  in tervals w ere  ob ta ined ; a frequency d is tribu tion  o f th e ir  

values is provided in Fig. 2A-2. These tim e  in tervals w ere pu t toge the r in a
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vector, from  which the  m odel random ly draws values w hen needed. A fte r 

each defecation. A new value is drawn a fte r each defecation.

12

1

]0-1] ]1-2] ]2-3] ]3-4] ]4-5] ]5-6]

Time between successive excretions (hours)

Figure 2A-2. Frequency distribution fo r the tim e  interval between successive 
excretions.

10. Defecation: seed excretion p robab ilities

Rawsthorne e t al. (2009) advocated th a t tw o -pa ram ete r lognorm al 

d is tribu tions p rovide bo th  easy and reliable f its  to  gut passage data. In our 

feeding experim en t (D 'hond t and Hoffmann 2011), we accordingly derived 

these param eters fo r grassland p lant seeds ingested by cattle : p  = 7.45, a =

0.42. Together, these values de term ine  the  p robab ility  fo r a given seed to  be 

excreted a fte r ingestion (Fig. 2A-3). Based on ou r results, th e  excretion 

pattern  is considered the  same fo r  all species, p and a rem ained fixed 

th ro u g h o u t all s im ulations.
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Figure 2A-3. The lognormal probability density function representing the chance fo r a 
seed to  be excreted as a function o f tim e (excretion pattern ; p = 7.45, a = 0.42).

G. Submodels

All m odelling was perfo rm ed in the  array-based com puting  environm ent 

MatLab (The M athw orks 2010; also see the m odel o f  Couvreur e t al. 2008). 

The m odel source code (in M fo rm a t) is provided in Appendix 2B.

1. A n im a l m ovem ent

The anim al moves th rough  the  landscape according to  a constrained 

random  walk, from  its resident cell to  one o f the  (eight) neighbouring cells. 

The m ovem ent constra in t is based on the  com bination  o f the  animal's 

preference am ong vegeta tion  types, and its p ropensity to  change d irection . 

This is perfo rm ed  th rough  the  vegetation preference coe ffic ien ts (F.3.), and 

the  d irec tion  preference coeffic ients (F.4.), respectively. As illustra ted  in Fig. 

2A-4, bo th  coeffic ients are m u ltip lied  to  represent the overa ll p robab ility  fo r 

a neighbouring cell to  becom e accepted as the  next cell o f  residence. The 

procedure then  consists o f random ly draw ing neighbouring cells and testing 

these, u n til one o f them  gets accepted. The length o f stay in the  new arrival 

cell is draw n random ly from  th e  vector o f tim e in terva l values (F.2.).
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Figure 2A-4. An illustration o f the animal movement submodel. The closed dot 
represents the current position o f the animal on the grid, while the open dot 

represents the position o f the animal in the  previous step. Upper left: the direction 
preference coefficients fo r the neighbouring cells. Upper right: the  vegetation types 

and the ir associated vegetation preference coefficients. Both coefficients are 
m ultip lied. In this example, the choice is most strongly between straightly entering the 

scrub, or staying in the grassland through a right turn.

2. G ra z in g /se e d  ingestion and digestion

A fte r  having arrived in a new cell, the  animal may o r may no t graze th a t 

cell; th e  p robab ility  fo r  a cell to  become grazed is fixed (F.5.).

If grazed, a series o f actions is undertaken. First, seed quantities are 

assigned to  th e  new cell fo r  each o f th e  p lant species through random  draws 

from  the  respective vectors (F.6.). Then, a certain po rtion  o f those seeds 

become ingested by th e  animal. This portion  is p ropo rtiona l to  the  tim e 

spent in th e  cell on the  one hand (F.2.), and to  the  forage value o f the  species 

on th e  o th e r (F.7.). A po rtion  o f these ingested seeds m oreover become 

destroyed, representing (m om entaneous) m orta lity  because o f seed 

des truc tion /d igestion  (F.8.).

These actions (local seed p roduction, d iffe ren tia l ingestion, d igestion) are 

im p lem ented  in a single step. M athem atica lly  spoken: fo r  each species, the 

num ber o f  seeds ingested = th e  local seed availab ility  x (the tim e  spent in 

th a t cell /  the  maximum grazing tim e  spent in any cell) x  the  species' forage
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value x the  species' p robab ility  to  survive digestion. The new ly ingested 

seeds are then added to  the  'g u t' m atrix  o f th e  animal, as is illus tra ted  in Fig. 

2A-5.

«'n
i

1.5  3.0 • • 2400.0 ' 2.0  2.3  3.5  5.0 • 2402.0
0 0 5 • • 7 10 0 0 5 • • 7

136 54 23 • • 0 10 136 54 23 • • 0
0 0 0 • • 1200 0 0 0 0 • • 1200

_ 2 0 0 • • 11 0 2 0 0 • 11

Figure 2A-5. A simplified example o f the animal 'gut matrix', and its dynamics during 
grazing. Left: in this two-dimensional matrix, column headings give the tim e  tha t has 
passed since seeds were ingested (in minutes). Other m atrix elements refer to  seed 

numbers, w ith  each row corresponding to  a d iffe ren t species. Left to right: w ith  each 

model step, the elapsed tim e  is added to  the column headings. If seeds are ingested, a 
new column is added to  the left. In this example, the most recent step spanned two 

m inutes, and several new seeds have been ingested.

3. Defecation /s e e d  excretion

W hile moving through the  landscape, a countdow n tim e r keeps track  of 

th e  tim e  le ft fo r  the  next defecation to  occur. A fte r each defecation, a new 

value is d raw n from  th a t particu lar tim e  in te rva l vecto r (F.9.).

The probab ility  fo r  each seed from  w ith in  the  anim al to  be e ither 

excreted or retained a t defecation, is de term ined  by th e  tim e  th a t has passed 

since its ingestion. This re lationship is given by the cum ulative lognorm al 

p robab ility  density function  w hich is defined by pi and o  (F.10.). As is 

illus tra ted  in Fig. 2A-6, th e  re ta ined and excreted frac tion  are easily 

calculated from  the  animal 'gu t m atrix '. The excreted frac tion  then  form s the 

seed con ten t o f th e  defecation (dung pat), and is added to  an o u tp u t matrix.
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Figure 2A-6. Exemplified dynamics o f the animal 'gut' matrix during excretion. The plot 
is the cumulative version o f Fig. 2A-3. The m atrix is explained in Fig. 2A-5. For example, 

79 % of the  seeds from  the  latter column w ill be excreted at this defecation, the 
remainder w ill be retained in the animal.

0 ' .  1000 2000 \ 3 0 0 0  4000 5000

Tim e after ingestion (minutes)

165



Appendix 2B -  Model code

Below, th e  M code (fo r M atLab; The M athw orks 2010) fo r  single runs is 

given. Please refer to  specialized lite ra tu re  fo r  technical details.

% The endozoochory model. D'hondt (2011).

% LEXICON: WHZ = Westhoek-South, DUUR = Duration, FV = Forage 
% Value, RPOS = Row Position, CPOS = Column Position, VDIR =
% Vertical Direction, HDIR = Horizontal Direction, T = Time, E = 
o Time Since Last Excretion, EXCTIME = Excretion Time Intervals, 
% PAD = Path, KOE = Cow, M = Patty Matrix, NRPOS = New Row 
% Position, NCPOS = New Column Position, TRANSPROB = Transition 
0¡> Probability, PERMCOEFF = Permeability Coefficient, LOCPROD =
% Local Seed Production, RETFRAC = Retained Fraction, EXCFRAC =
% Excreted Fraction

load WHZ.mat ó Loads the vegetation map
WHZint = WHZ;
DATA MOVEMENT % Loads movement data from other script
DATA_SEEDPRODUCTION % Loads seed production data ~
DATA_SURVIVAL % Loads seed survival data ~
DATA_EXCRETION % Loads seed excretion data ~
DATA FORAGINGVALUE I Loads species forage values ~
DAYS = 3 ;  % One run simulates x days
DUUR = (DAYS+5)*24*60;% 5 days ’entrance1 are added

tic

[RPOS CPOS] = introduce(WHZ); % = Random intro (other script)

VDIR = round(3*rand-l.5);
HDIR = round(3*rand-l.5);
T = 0;
E = 0;
E_THRESHOLD = EXCTIME(ceil(rand*length(EXCTIME)));

PAD = [T E RPOS CPOS 0 ] ;
KOE = [0; zeros(26,1)];
M = [T; WHZint(RPOS,CPOS); zeros(26,1)];

MU = 7.4487; SIGMA = 0.4219;

%% %% "oT; %o MAIN LOOP start

while T <= DUUR

%% MOVEMENT PROCEDURE

NRPOS = RPOS + round(3*rand-l.5) ;
NCPOS = CPOS + round(3*rand-l.5);

switch sum([NRPOS == RPOS + VDIR , NCPOS == CPOS + HDIR]) 
case 2; TRANSPROB = 1.0; 
case 1; TRANSPROB = 0.2;
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case 0; TRANSPROB = 0.0;
end

RANDOMNUMBER = rand;

while ((NRPOS == RPOS) && (NCPOS == CPOS)) || ...
WHZ(NRPOS,NCPOS)==0 ||
RANDOMNUMBER>TRAN3PROB*PERMCOEFF(WHZint(NRPOS,NCPOS));
NRPOS = RPOS + round(3*rand-l.5);
NCPOS = CPOS + round(3*rand-l.5);
switch sum([NRPOS == RPOS + VDIR , NCPOS == CPOS + HDIR]) 

case 2; TRANSPROB = 1.0;
case 1; TRANSPROB = 0.2;
case 0; TRANSPROB = 0.0;

end
RANDOMNUMBER = rand;

% It is inevitable that KOE wil sometimes run stuck, 
if toe > 40;
disp('Run interrupted due to time-out. KOE appeared stuck.1); 

PAD=0; KOE=0; M=0; 
return;

end

end

VDIR = NRPOS - RPOS;
HDIR = NCPOS - CPOS;
RPOS = NRPOS;
CPOS = NCPOS;

%% RESIDENCE PROCEDURE

TS = TIMESPENT(ceil(rand*length(TIMESPENT)));
T = T + TS;
E = E + TS;
PAD = [PAD ; T E RPOS CPOS TS] ;
KOE (1, : ) = KOE(1, :) + TS;

switch rand < 0.302 % Grazing
case 1

MAKE_LOCPROD_AND_SURV; % Calls 'seeds' (other script) 
INGEST = (TS/10.439).*LOCPROD.*FV.*SURV;
KOE = [[TS;INGEST] KOE];

end

while sum(round(KOE(2 : end,end)))==0 && size(KOE,2)>1 
K O E (:,end)=[];

end

°o% EXCRETION PROCEDURE

if E >= E_THRESHOLD

EXCFRAC = ones(size(KOE));
RETFRAC = ones(size(KOE)); 
for i = 2:size(EXCFRAC,1)

EXCFRAC(i,:) = logncdf(KOE(1,:),MU,SIGMA);
end
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RETFRAC(2 : end, :) = 1-EXCFRAC(2 : end, :);

M = [M [T ; WHZint(RPOS,CPOS); zeros(size(M,1)-2,1)]]; 
for i = 3 : size(M,1);

M(i, end) = KOE(i-1,:)*EXCFRAC(i-1, :) '; % Matrix product
end

KOE = KOE.*RETFRAC;

E = 0;
EJTHRESHOLD = EXCTIME(ceil(rand*length(EXCTIME))); 

end

WHZ(RPOS,CPOS)=7; 

end
%% MAIN LOOP stop 
%% FINISH UP

o OPTIONAL: delete the first five days in PAD and M

while size(PAD,1) >= 1 && PAD(1,1) <= 7200;
PAD ( 1, : ) = [] ; 
end
if isempty (PAD) ;
disp('Note : no PAD constructed (path lasted <5 days).'); 
end

while size(M,2) >= 1 && M (1,1) <= 7200;
M ( :, 1 ) = []; 
end
if isempty(M);
dispf'Note: no M constructed (path lasted <5 days).'); 
end

toe
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Appendix 2C -  M ore on model validation and 

assumption

This appendix provides m ore in fo rm a tion  on th e  m odel's va lid ity  fo r 

in ferring spatia l seed deposition patterns, and on th e  assumption o f cattle 

la trine  behaviour.

A. Validaty o f animal path simulations

Since an im p o rta n t focus o f th e  artic le  is pu t on th e  spatial pa tte rn  o f 

seed deposition , a va lida tion  o f sim ulated animal paths was needed. We 

perform ed th is w ith  respect to  tw o  variables: (i) th e  relative p roportion  o f 

the  vegetation types vis ited along paths, and (¡i) th e  global bee-line distances 

covered by th e  animals.

For the  relative p roportion  o f v is ited vegetations along paths, model 

results can be corre lated back w ith  the  observed positions o f H ighland cattle 

in W esthoek-South o f Lamoot e t al. (2005). This is perform ed in Chapter 2: 

the re  appeared to  be a good corre la tion betw een observed and sim ulated 

paths, making th e  m odel suitable to  in fe r on seed deposition patterns w ith  

respect to  vegeta tion types (directed dispersal).

The bee-line distances trave lled  by animals in s im ula tion corresponded 

less satisfactorily  to  th e  observations. As can be seen from  Figs. 2B-1 and 2B- 

2, observed displacements a fte r several hours easily exceeded 100 m etres, 

w h ile  in s im ulation, th is  was rarely th e  case. Therefore, the  m odel is not 

suited fo r in fe rring  on dispersal distances. Probably, complex processes not 

taken in to  account here lie at th e  basis o f h igher distances covered by 

animals in rea lity  (e.g. social behaviour, d rink ing -w a te r access, disturbances, 

explorative behaviour...).

Nonetheless, we extracted dispersal distances from  our sim ulations fo r 

illustra tion . The resulting frequency d is tribu tion  o f bee-line seed dispersal 

distances is given in Fig. 2B-3. W hen taking in to  account th e  severe 

underestim ation o f  distances covered by the  animals, it  is clear th a t seed 

dispersal distances highly outw eigh those obtained by w ind dispersal.
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Figure 2B-1. Frequency d istribution of the spatial and tem poral components o f 
observed cattle displacements in Westhoek-South. Distances refer to  bee-line 

distances, and tim e intervals to  the tim e  needed fo r those distances to  be covered.
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Figure 2B-2. Same as in Fig. 2B-1. Now, data is based on a simulated path from  the 
integer landscape.

170



0.30

0.25 ■

0.20

0.15

0.10

0.05

0.00

Distance (m)

Figure 2B-3. Frequency distribution o f seed dispersal distances obtained from  the 
model (m ethodology according to Vellend et al. 2003). Data is from  100 six-day runs.

B. Do cattle perform latrine behaviour?

If ca ttle  have habitual la trine  sites, seeds m ight have a pronounced 

p rob a b ility  to  end up a t the  particu lar vegetations these sites are in. 

There fore , we tested fo r  random defecations among habitats according to  

Lamoot e t al. (2004), w ho  addressed th is  question fo r  free-rang ing horses. If 

a strong positive relation is found  between th e  grazing tim e  and num ber o f 

defecations w ith in  a set o f com plem entary vegeta tion  types, th is wou ld  

ind icate th a t la trine  areas are no t form ed.

W e used 192 hours o f observation, including o f grazing behaviour and 

de fecation , on Highland ca ttle  a t our site (data from  Lamoot e t al. 2005). 

Seventeen vegeta tion types w ere  distinguished.

There was a tigh t positive re lation between the  grazing tim e  and num ber 

o f defecations w ith in  th e  vegetations (Fig. 2B-4). As animals exh ib it no 

preference fo r  particu lar vegeta tion types at defecation, defecation can thus 

be m odelled  to  occur random ly along an animal's path.
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Figure 2B-4. The tim e  spent by Highland cattle to  grazing in each o f 17 distinguished 
vegetation types at Westhoek-South, and the  number o f defecation events in them. 

The regression line is shown (R2=0.92).

172



Appendix 2D -  Seedling emergence from the 

greenhouse

Table 2D. Statistics o f seedling emerge from the dung pats in the greenhouse. 
Given are the  species identity, the  frequency (out o f 33 samples), and the mean, 
standard deviation (s.d.), m inim um  (min.), maximum (max.) and to ta l number o f
seedlings observed. Only the species relevant fo r this study are listed (the: others
have been collected w ith less detail).

Species Freq. Mean S.d. M in. Max. Total

Agrostis capillaris 5 0.727 2.541 0 13 24

Agrostis stolonifera 12 5.818 22.419 0 128 192

Carex arenaria 16 1.485 2.425 0 9 49

Carex flacca 0

Carex hirta 4 0.152 0.442 0 2 5

Carex oederi 0

Cerastium fontanum 13 0.909 1.588 0 7 30

Cerastium semidecandrum 0

Galium aparine 5 0.273 0.801 0 4 9

Galium mollugo 0

Galium palustre 0

Galium uliginosum 0

Galium verum 0

Juncus articulatus 22 2.303 2.878 0 11 76

Juncus bufonius 29 25.636 55.343 0 300 846

Juncus inflexus 4 0.424 1.768 0 10 14

Juncus subnodulosus 6 0.242 0.561 0 2 8

M entha aquatica 1 0.030 0.174 0 1 1

Plantago major 1 0.030 0.174 0 1 1

Poa annua 19 2.727 4.033 0 17 90

Poa pratensis 21 1.394 1.903 0 9 46

Poa trivialis 31 31.576 25.204 0 92 1042

Trifolium campestre 0

Trifolium dubium 1 0.061 0.348 0 2 2

Trifolium pratense 0

Trifolium repens 14 1.485 2.279 0 8 49
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Appendix 3A -  Dung beetle fauna

Table 3A. Pitfall trap capture data. Given are the number o f beetles captured. The 
frequency (number o f plots) is given between square brackets.

Species M oist site Dry site Total

Horse Cattle Horse Cattle
_________________________dung [6] dung [6] dung [6] dung [6] [24]

Aphodius contaminatus 2 1 5  (6 ] 8 1  [6 ] 2 ( 2 ] 4 ( 4 ] 3 0 2  [ 1 8 ]

Aphodius fim etarius 0  [ 0 ] 2  [2 ] 0 ( 0 ] 2 ( 2 ] 4 ( 4 ]

Aphodius prodromus 1  [ D 1 ( 1 ] 0 ( 0 ] 0 ( 0 ] 2 ( 2 ]

Aphodius rufipes 2 ( 1 ] 2 ( 1 ] 4 7  [4 ] 5 ( 3 ] 5 6 ( 9 ]

Aphodius rufus 0 ( 0 ] 0 ( 0 ] 3 [2 ] 0 ( 0 ] 3 ( 2 ]

Aphodius foe tidus 0 ( 0 ] 4  [2 ] 1 3  [5 ] 4 ( 3 ] 2 1  [ 1 0 ]

Aphodius sphacelatus 0 ( 0 ] 8  [4] 0 ( 0 ] 0 ( 0 ] 8 ( 4 ]

Aphodius sticticus 0 ( 0 ] 0 ( 0 ] 2  [2 ] 0 ( 0 ] 2 ( 2 ]

Aphodius foetens 3 ( 3 ] 5 1  [6 ] 4 0  [6 ] 8 0  [6 ] 1 7 4  [ 2 1 ]

Geotrupes niger 0 ( 0 ] 0 ( 0 ] 1 ( 1 ] 0 ( 0 ] 1 ( 1 ]

Geotrupes spiniger 1 ( 1 ] 3 ( 2 ] 4 2 ( 6 ] 2 3 ( 5 ] 6 9  [ 1 4 ]

Onthophagus similis 2 ( 2 ] 1 ( 1 ] 5  [4 ] 0 ( 0 ] 8  [7 ]

174



Appendix 4A -  Seed coat thickness

Table 4A. Measurements o f 'seed' coat thickness, as performed by De Laender 
(2008). Per species, the measurements apply to  a single seed.

species_______________________________________n mean (pm)_______^d ._______ s.e.

Achillea m illefo lium 19 23.878 4.862 5.478

Achillea ptarm ica 20 20.935 5.100 4.681

Agrostis stolonifera 24 5.035 1.719 1.028

Artem isia campestris 20 19.080 4.350 4.266

Carex vulpina 20 91.796 10.702 20.526

Cerastium fon tanum 20 23.161 9.458 5.179

Chenopodium bonus-henricus 15 32.507 3.919 8.393

Galium aparine 36 20.538 11.214 3.423

Geranium molle 26 77.665 27.680 15.231

Hypericum tetrapterum 33 22.437 8.691 3.906

M entha aquatica 20 37.789 15.731 8.450

M entha pulegium 18 37.100 4.684 8.745

Myosotis arvensis 21 79.298 23.018 17.304

Pimpinella saxifraga 24 14.354 18.338 2.930

Poa annua 18 11.336 3.726 2.672

Poa pratensis 32 17.424 5.491 3.080

Potentilla tabernaemontani 20 109.710 29.199 24.532

Primula vulgaris 30 35.422 18.484 6.467

Rumex acetosa 30 29.680 12.082 5.419

Silene vulgaris 28 36.343 12.066 6.868

Viola arvensis 15 28.196 7.736 7.280
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Appendix 4B -  Specific retention curves

Frequency d is tribu tions o f the re lative  p ropo rtion  o f seeds excreted per 

tim e  in terva l, as derived from  the  feeding experim ent.

Species are abbreviated, please re fe r to  Table 4-1. Only species o f which 

viable seeds were excreted are shown. Time in terva ls are coded as fo llow s: 

(1): betw een 0 and 6 hours a fte r feeding, (2): 6-11 hours, (3): 11-24 hours, 

(4): 24-35 hours, (5): 35-48 hours, (6): 48-72 hours, (7): 72-96 hours, (8): 96- 

120 hours, (9): 120-144 hours.

Ach m i Ach pta Agrcap

1 2 3 4 5 6 7 8 9  1 2 3 4 5 6 7 8 9  1 2 3 4 5 6 7 8 9

Agrsto

h ir

Bri mea

1 2 3 4 5 6 7 8 9

Carfla

Bn mm

1 2 3 4 5 6 7 8 9  1 2 3 4 5 6 7 8 9  1 2 3 4 5 6 7 8 9

'ar vul

1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
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Cer dub Che alb Che bon

1 2 3 4 5 6 7 8 9  1 2 3 4 5 6 7 8 9  1 2 3 4 5 6 7 8 9

Gal apa

1 2 3 4 5 6 7 8 9

Hel num

Jun buf

1 2 3 4 5 6 7 8 9

M  yo arv

1 2 3 4 5 6 7 8 9

Germoi

Hyp per

1 2 3 4 5 6 7 8 9  1 2 3 4 5 6 7 8 9

1 2 3 4 5 6 7 8 9

Jun eff

M  yo seo

Ger rob

1 2 3 4 5 6 7 8 9

Hyp tet

1 2 3 4 5 6 7 8 9

Men aqu

1 2 3 4 5 6 7 8 9

Ori maj

1 2 3 4 5 6 7 8 9  1 2 3 4 5 6 7 8 9  1 2 3 4 5 6 7 8 9
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Ori vu

Poa ann

Pim sax

1 2 3 4 5 6 7 8 9  1 2 3 4 5 6 7 8 9

Poa pra

1 2 3 4 5 6 7 8 9  1 2 3 4 5 6 7 8 9

Pia Ian

1 2 3 4 5 6 7 8 9

Pot arg

1 2 3 4 5 6 7 8 9

Ran bul

1 2 3 4 5 6 7 8 9

Thy pul

Vio arv

Rum ace

Tri cam

Rum obt

1 2 3 4 5 6 7 8 9  1 2 3 4 5 6 7 8 9

Tri pra

1 2 3 4 5 6 7 8 9  1 2 3 4 5 6 7 8 9  1 2 3 4 5 6 7 8 9

1 2 3 4 5 6 7 8 9
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Appendix 4C -  Germination percentages

Table 4C. Germination rates of non-ingested seeds (control, n = 5), and survival 
rates o f ingested seeds (n = 7)

control survival rate
species name mean s.e. mean s.e.

Achillea millefolium L. 55.20 1.28 20.12 3.86

Achillea ptarmica L. 48.40 3.14 16.22 2.61

Agrostis capillaris L. 50.20 5.89 53.78 8.67

Agrostis stolonifera L. 69.40 2.36 34.67 4.75
Artemisia campestris L. 1.60 0.40 0.00 0.00
Artemisia vulgaris L. 1.60 0.51 0.00 0.00
Briza media L. 61.60 4.17 3.29 1.14

Briza minor L. 47.20 2.44 2.17 0.48

Campanula rotundifolia L. 5.40 1.36 0.00 0.00
Cardamine hirsuta L. 2.40 1.17 3.67 3.67
Cardamine pratensis L. 4.40 1.75 0.00 0.00
Carex flacca Schreb. 1.60 0.51 22.00 8.29

Carex vulpina L. 17.00 4.44 17.54 2.86
Cerastium dubium (Bast.) Guépin 11.20 0.49 39.69 7.37

Cerastium fontanum  Bau mg. 0.60 0.40 0.00 0.00
Chenopodium album L. 13.80 3.06 21.36 4.06

Chenopodium bonus-henricus L. 6.40 2.01 34.01 10.13

Galium aparine L. 7.40 1.69 6.74 4.05

Galium verum L. 3.40 0.98 0.00 0.00
Geranium molle L. 3.60 1.50 10.80 5.09

Geranium robertianum L. 22.20 4.19 3.58 0.59

Helianthemum nummularium (L.) Mill. 5.40 1.50 110.85 15.15

Hypericum perforatum  L. 5.80 1.46 21.13 5.22

Hypericum tetrapterum  Fries 17.20 2.63 26.60 6.94

Juncus bufonius L. 8.40 2.23 83.07 11.33

Juncus effusus L. 0.00 0.00 n/a* n/a*

Mentha aquatica L. 25.80 4.79 4.03 1.02
Mentha pulegium L. 1.20 0.58 0.00 0.00
Myosotis arvensis (L.) Hill 3.60 1.17 1.63 1.63

Myosotis scorpioides L. 1.80 0.49 4.77 4.77

Origanum majorana L. 0.20 0.20 11.60 11.60

Origanum vulgare L. 7.00 1.45 3.65 2.10
Pirn pinella saxifraga L. 10.40 1.99 0.18 0.18

Plantago lanceolata I. 45.60 5.41 31.64 7.53
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Table 4C, continued.

Poa annua L. 60.20 3.69 25.42 3.39

Poa pratensis L. 52.80 2.67 31.26 6.62

Potentilla argentea L. 14.40 2.87 28.50 3.58

Potentilla tabernaemontani Aschers. 0.60 0.40 0.00 0.00
Primula vulgaris Huds. 0.20 0.20 0.00 0.00
Ranunculus bulbosus L. 0.60 0.40 29.57 14.51

Rumex acetosa L. 0.20 0.20 27.19 27.19

Rumex obtusifoiius L. 65.00 2.21 21.49 3.74

Silene vulgaris (Moench) Garcke 0.20 0.20 0.00 0.00
Thymus pulegioides L. 0.20 0.20 41.56 41.56
Thymus serpyllum L. 0.40 0.24 0.00 0.00
Trifolium campestre Schreb. 17.80 1.53 85.92 8.28

Trifolium pratense L. 2.80 0.86 105.48 22.07

Viola arvensis Murray 7.20 2.15 1.36 1.36

* Since the control germination rate was equal to zero, the survival rate estimate is 
undefined for this species; however, two seedlings emerged from dung samples containing 
ingested seeds.
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Appendix 5A -  Experimental field set-up
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Figure 5A. An overview of the set-up used in the Trifolium repens field experiment.
Each square represents a plot. Orange plots make part of the experiment on 

recruitment from non-dormant (light orange) and dormant (dark orange) seeds. The 
green plots make part of the experiment on the natural tim ing of dormancy break; 
they alternate with the plots of the former experiment in order to cover the same 

grounds. The grey plots are controls (empty).
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Appendix 5B -  Clonal repeatability estimate

Table 5B. Output from the generalized linear mixed model from the genotype-by- 
humidity experiment, after omission of the interaction factor (clone x humidity). 
Compare to Table 5-3

Type-Ill tests o f fixed effects

Effect
df (num., 
den.)* F P

Humidity 2, 102 16.36 <0.0001
* with Satterthwaite correction

Covariance parameter estimates
Covariance parameter Estimate S.e.

Clone 0.298 0.298 (see below)

Residual (vc) 11.438 1.666

Test o f covariance parameter

Covariance parameter df Chi-square P
Clone 1 2.98 0.042

Estimate o f clonal repea tib ility : 0.298/(0.298+11.438) = 0.025.
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