
1 
 

Herbivore-induced expansion of Helianthemum nummularium in grassland-1 

scrub mosaic vegetation: circumstantial evidence for zoochory and indirect 2 

grazing impact 3 

Tanja Milotića,b, Harti Ningsih Suyotoa, Sam Provoostb and Maurice Hoffmanna,b 4 

 5 

a Terrestrial Ecology Unit, Department of Biology, Ghent University, Ghent, Belgium 6 

b Research Institute for Nature and Forest, Brussels, Belgium 7 

 8 

 9 

Corresponding author:  10 

Tanja Milotić 11 

Address: Kliniekstraat 25, 1070 Brussels, Belgium 12 

E-mail address: tanja.milotic@inbo.be 13 

 14 

Keywords: endozoochory, epizoochory, grazing, seed dispersal, Helianthemum nummularium  15 



2 
 

Abstract 16 

Extensive grazing often has a strong influence on the structure and composition of herbaceous plant 17 

communities with increasing population sizes for some species and decreasing presence in others. 18 

Herbivores affect plant communities directly by selective grazing of plant species, and indirectly by 19 

either epizoochory or endozoochory. Helianthemum nummularium is considered an increaser species 20 

because its distribution increased after the introduction of large, free-ranging grazers in at least two 21 

coastal dune grassland areas in Belgium. However, its seeds lack any obvious adaptations for 22 

epizoochory, and direct observations of plant/seed consumption are scarce. 23 

Through field and lab experiments, we assessed the dispersal ability of H. nummularium via 24 

endozoochory and epizoochory. In a differentiated grazer exclusion experiment, evidence was found 25 

that plants are grazed by large domestic ungulates and small wild herbivores although these 26 

incidences were rare. Direct endozoochory evidence remained scarce. No seeds were found 27 

germinating in field-collected dung, and only few seedlings emerged following a seed feeding 28 

experiment. However, once deposited, we found higher growth rates when seeds were mixed with 29 

dung, while on the other hand establishment success lowered when seeds were sown in combination 30 

with competitively superior species. Epizoochory was plausible because both fur and hooves of cattle 31 

and horses were potentially capable of contributing to the transport of H. nummularium seeds. 32 

We conclude that herbivores play a role in seed dispersal while their selective grazing behaviour 33 

most probably creates an appropriate environment for Helianthemum establishment and 34 

maintenance.  35 
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Introduction 36 

In Western Europe, species-rich, semi-natural landscapes are threatened by a multitude of causes. 37 

Human activities have resulted in habitat loss and fragmentation which disrupt large-scale ecological 38 

and geomorphological processes and inevitably cause the disappearance of many plant and animal 39 

species (Wallis De Vries 1995). Key herbivores in natural grasslands, such as aurochs, tarpan or 40 

European bison, have been extinct for centuries. More recently, the traditional and small-scale 41 

agropastoral practices, such as extensive grazing, hay making, coppicing and turf cutting, which once 42 

led to the creation of semi-natural, species-rich habitats and landscapes, have been abandoned 43 

(Eriksson et al. 2002; Pykälä 2000; Wallis De Vries 1995). In order to counteract the deterioration of 44 

these semi-natural habitats, many of these traditional agropastoral methods have been reintroduced 45 

or copied in present-day nature management, albeit often in highly fragmented, isolated, small-46 

scaled nature areas in Europe. Also coastal dunes in NW Europe can largely be considered as semi-47 

natural landscapes and went through similar changes during the past century (Provoost et al. 2011b). 48 

Free-ranging domestic herbivores, such as cattle, horses, and sheep, are commonly used in nature 49 

management in an attempt to prevent grass or shrub encroachment and to create spatial 50 

heterogeneity (Adler et al. 2001; Cosyns & Hoffmann 2005; Lamoot et al. 2005b). Apart from the 51 

selective removal of plant biomass and the creation of regeneration sites through trampling, grazers 52 

also impact the dispersal of propagules which are necessary for the restoration of plant biodiversity 53 

in these fragmented landscapes (Mouissie et al. 2005b; Olff & Ritchie 1998). In a large-scale meta-54 

analysis, Albert et al. (2015a) concluded that at least 44% of the available plant species in grazed 55 

ecosystems were potentially dispersed by ungulates. 56 

Animal-mediated dispersal implies either the external attachment of diaspores on hooves or fur 57 

(epizoochory) or the ingestion and subsequent excretion of germinable seeds (endozoochory). Both 58 

zoochorous dispersal modes can be considered complementary (Couvreur et al. 2005a) and the 59 

likelihood of being dispersed through one of these mechanisms largely depends on habitat, plant and 60 

herbivore characteristics, such as habitat openness, diaspore morphology, diaspore release height, 61 

shoulder height, hair curliness and length, body mass, diet choice and digestive system (Albert et al. 62 

2015a,b). Many cases of long-distance dispersal of propagules by animals are documented (Cain et 63 

al. 2000; Higgins et al. 2003; Nathan et al. 2008). As animals prefer certain habitats, seeds that have 64 

been picked up in these habitats are likely to be deposited in a comparable habitat type (D'hondt et 65 

al. 2012; Wenny 2001). Therefore, zoochorous dispersal could be of prime importance to maintain or 66 

restore viable plant populations in fragmented landscapes. Furthermore, dispersal mechanisms differ 67 

in effectiveness both quantitatively (number of dispersed seeds and dispersal distance) and 68 

qualitatively (dispersal environment and seed deposition site) (Schupp et al. 2010). Once viable seeds 69 

have been dispersed successfully, their ability to establish and grow into mature plants largely 70 

depends on the quality of the deposition site. Endozoochorously dispersed seeds inevitably are 71 

excreted in seed clumps with dung that reduces germination success (Milotić & Hoffmann 2016c), 72 

but potentially promotes plant growth and flowering (Milotić & Hoffmann 2016a). On the other 73 

hand, epizoochorously dispersed seeds are deposited in a more scattered pattern and are not 74 

directly affected by the presence of dung (Couvreur et al. 2005b). 75 

Introducing large herbivores often has a strong influence on the structure and composition of 76 

herbaceous plant communities with increased population sizes for many grassland plants (e.g., 77 
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Cosyns et al. (2005a), Couvreur et al. (2005a), Poschlod et al. (2011)) while other species decrease 78 

(Carmona et al. 2013). Hence, according to their response to herbivore activity, plant species can be 79 

classified as grazer increaser or grazer decreaser species (Bergelson & Crawley 1992). Whether a 80 

certain plant species increases or decreases its abundance under grazing largely depends on its 81 

ability to cope with grazing pressure, including trampling, defoliation and dung deposition (Dobarro 82 

et al. 2013; Hobbs & Huenneke 1992; Olff & Ritchie 1998). 83 

A herbivore with an unmistakable impact on vegetation composition is the rabbit. It was introduced 84 

in Western Europe in the 11th-12th century (Thompson & King 1994). Rabbits alter vegetation 85 

structure and plant species composition through grazing and digging (Delibes-Mateos et al. 2008), 86 

but they potentially also play a role in the dispersal of seeds through endozoochory (Cosyns et al. 87 

2005b; Pakeman et al. 2002; Malo & Suarez 1995). Finally, their latrines increase soil fertility and 88 

create open areas (Delibes-Mateos et al. 2008).  89 

Helianthemum nummularium (L.) Mill is an example of a grazing increaser species. Grazing affects its 90 

distribution patterns, age structure as well as mode of regeneration. The highest population densities 91 

and more vegetative propagation are found under grazing management (Poschlod et al. 2011). In 92 

coastal dune areas in Belgium, its cover and frequency of occurrence increased remarkably since the 93 

introduction of free-ranging grazers (Provoost et al. 2015; Van Landuyt et al. 2006a). H. 94 

nummularium is a hemiphanerophyte belonging to the Cistaceae family and is regionally rare to very 95 

rare with red list status in different regions of Europe (Proctor 1956; Van Landuyt et al. 2006c). The 96 

species has a sub-Mediterranean distribution ranging from the Iberian Peninsula, through central and 97 

southern Europe and northwards to Scotland, Denmark, central Sweden and southern Finland with 98 

scattered populations in the Caucasus and Russia (Volkova et al. 2016). In Flanders it is restricted to 99 

regionally rare calcium rich grassland in coastal dunes and on chalk along the river Meuse (Van 100 

Landuyt et al. 2006c). Two subspecies are distinguished in the Belgian flora: subsp. nummularium and 101 

subspecies obscurum (ČELAK.) HOLUB, which is the most common taxon in the coastal dunes 102 

(Lambinon et al. 2012). The round, smooth and rather small seeds lack any obvious morphological 103 

dispersal adaptations under dry conditions, but develop a sticky mucilage layer when wet (Baskin & 104 

Baskin 2001). Furthermore, Cistaceae species are known to have a high incidence of physical 105 

dormancy as their seed coat initially is water impermeable (Thanos et al. 1992). In some cases, 106 

germination is triggered through endozoochorous dispersal (Jaganathan et al. 2016). In our research 107 

we tried to find a link between the increase of H. nummularium in certain grassland habitats and the 108 

introduction of free-ranging livestock.  109 

More specifically, we attempt to find an answer to the following research questions: 110 

1. Is Helianthemum nummularium actively grazed by herbivores? If so, how often, which parts 111 

and by which herbivore species? 112 

2. Are H. nummularium seeds able to survive ingestion by large herbivores? 113 

3. Are the seeds of H. nummularium suited for epizoochorous dispersal? By which body parts 114 

and what is the role of environmental conditions? 115 

4. Once deposited in dung, what is the post-dispersal fate of seeds? 116 

5. Which herbivore characteristics are the most probable contributors to the expansion of H. 117 

nummularium: grazing preference, endozoochory or epizoochory?  118 
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Material and methods 119 

Study area 120 

Field experiments were conducted in the Flemish nature reserve 'De Westhoek', located along the 121 

Belgian-French border (51°4'45''N; 2°33'40''E, Fig1a). It is a young, temperate coastal sand dune area 122 

with a variety of landscape types ranging from mobile dunes to dune slacks fixed for about 400 years. 123 

Its vegetation cover is spatially heterogeneous (Tahmasebi 2008). Helianthemum nummularium 124 

typically grows in dry to moist dune grassland on slightly humic soil. At the moment of the study, the 125 

Westhoek reserve was subdivided into two spatially separated grazing areas (80 ha in the north and 126 

60 ha in the south) and a large ungrazed area (Leten et al. 2005). The vegetation in the area can be 127 

roughly classified in open sand, herbaceous vegetation, scrub and woodland (Fig1b, Provoost & 128 

Declerck subm). The largest population of H. nummularium is situated in the herbaceous vegetation 129 

in the northern part which has been grazed by a fluctuating number of free-ranging Highland cattle 130 

and Konik horses (with 4-10 cattle and 20-40 horses) since 1997. In a comparison of the distribution 131 

before the introduction of grazers (period 1982-1986) and a decade after implementing grazing 132 

management (period 2000-2010), the frequency of occurrence of H. nummularium in the Westhoek 133 

Nature Reserve has increased with 40 % (Provoost et al. 2011a) although the overall cover of H. 134 

nummularium in the entire nature area is rather low with 0.97 according to Cosyns et al. (2005a) 135 

(Fig1c). Increasing populations of H. nummularium have also been observed after introduction of 136 

large grazers in comparable coastal dune grassland (Ter Yde, Provoost et al. 2015) and inland 137 

calcareous grassland (Sint-Pietersberg; Lejeune and Verbeke 2009). 138 

Exclusion experiment 139 

Three types of exclosures were constructed in grassland containing H. nummularium in order to 140 

collect evidence for the consumption of H. nummularium by different herbivore types and estimate 141 

their impact on growth and flowering. The dimensions of the exclosures were 50 x 50 x 50 cm³ and 142 

three different sizes of wire mesh were used to exclude large, medium and small grazers. As a fourth 143 

type, a control plot without wire mesh was marked in order to assess the effects of the complete 144 

herbivore assemblage (Table 1). The three experimental and control plots were installed at five 145 

different locations in the north-western part of the study site (Fig1d). In each plot, one visually intact 146 

H. nummularium plant was selected and marked for future measurements, with a total of 5 147 

measured plants per exclosure type and 20 plants in the whole experiment. The experiment was run 148 

during the main growth and flowering period (May 22nd until October 31st, 2013). Maximal plant 149 

height was measured and the number of flower buds, flowers, fruits and dry, mature fruits were 150 

counted weekly with a total of 18 monitoring events. Grazing events were recorded in case plants 151 

missed parts compared with the previous measurements. Measurement efforts were lowered to 152 

once in every two weeks after the flowering peak from August 9th, 2013 onwards. At the final day of 153 

the experimental period, aboveground parts were harvested and separated between vegetative and 154 

reproductive parts. Fresh and dry biomass was subsequently separately measured. 155 

Endozoochory experiments 156 

In order to quantify dung seed content, samples of horse, cattle and rabbit dung were collected three 157 

times in the surroundings of the experimental plots during the fruiting period. In order to avoid cross 158 

contamination with seeds present at the soil surface, only superficial dung layers were sampled. For 159 
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each herbivore, six spatially separated fresh dung samples were taken, dried and cold stratified at 160 

10°C during three weeks. Subsequently, the samples were homogenized and crumbled manually. 161 

Subsamples were spread out on a pot containing 1: 1 sterilized sand: organic compost substrate. The 162 

pots were put in a germination chamber with an ambient temperature ranging between 15 and 25 °C 163 

and a daily light: darkness exposure of 12: 12 hours. The pots were daily watered during 23 weeks 164 

and the germination of H. nummularium was monitored on a weekly basis. 165 

In order to assess the germination success of H. nummularium seeds after gut passage, we 166 

conducted a feeding experiment using hindgut fermenters (horses) and ruminants (sheep). Three 167 

horses and three sheep were selected for the feeding experiment and were kept separately in 168 

individual pens which had been cleared from any dung traces in order to prevent contamination. 169 

Each animal was fed with a homogeneous mixture of 2500 H. nummularium seeds and pellet food. 170 

Seeds were purchased in a webshop specialised in seeds of wild plants (www.debolderik.nl). All dung 171 

from each individual was collected regularly 6, 12, 24, 48, 72 and 120 hours after feeding. The fresh 172 

mass of each dung sample was measured and dung samples were cold stratified at 10°C during three 173 

weeks. Subsequently, the germinable seed content was quantified similarly as with the dung samples 174 

collected at the study site. As a control, 50 untreated seeds were sown in pots without dung with 5 175 

replicates. 176 

Epizoochory experiment 177 

The epizoochorous dispersal potential of H. nummularium seeds was estimated in an experiment 178 

using dummy legs of cattle and horses. We coated PVC tubes (diameter 10 cm, height 100 cm) with 179 

genuine animal fur (either cattle fur with relatively long hair length or short haired horse fur) and 180 

attached feet of the respective herbivores including original shank fur and hooves at the bottom. 181 

Seeds were marked with waterproof fluorescent paint in order to increase their visibility (Lemke et 182 

al. 2009). At the start of each experimental run, 13 and 7 seeds were attached to respectively fur and 183 

hooves. During each experimental run, the dummy leg was walked over a transect of 300m with 75 184 

steps/100m. The remaining seeds were counted after travelling a distance of 100, 200 and 300m. The 185 

experiment was replicated in short grassland and shrub, and in dry and wet weather conditions. Fur 186 

and seeds were wetted before starting the experiment in rainy conditions, while seeds were 187 

attached dry in the experiment with dry weather conditions. Each experimental combination of 188 

herbivore type, vegetation type and weather condition was replicated three times using either fur or 189 

hooves as attachment medium. 190 

Post-dispersal fate 191 

The post-dispersal establishment success and growth of H. nummularium seeds were estimated using 192 

different dung treatments, seed densities and plant species combinations. Seeds were sown in cattle 193 

and horse dung simulating the deposition site after endozoochory and in a dung-free control 194 

treatment. Three different seed densities were used: low, medium and high using 50, 150 and 250 195 

seeds respectively (see Cosyns 2004). Helianthemum seeds were sown in two-species and four-196 

species combinations with Agrostis stolonifera, Trifolium pratense and Trifolium repens as 197 

accompanying species. These accompanying species were chosen according to their differences in 198 

morphology and ecological strategy with the creeping grass A. stolonifera as a species adapted to 199 

moderate levels of competition, stress and disturbances (CSR strategy), the tall forb T. pratense as a 200 

competitive species (C strategy), and the creeping forb T. repens as a CSR species while H. 201 

http://www.debolderik.nl/
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nummularium is classified as a stress tolerant competitor (CS strategy)  (Grime 1977). In two-species 202 

combinations, seeds were either sown in equal (50%: 50%) or unequal (20%: 80% or 80%: 20%) 203 

proportions, while only equal proportions were used in the four-species combination (25%: 25%: 204 

25%: 25%). All possible combinations of species mixtures, seed densities, and dung treatments were 205 

made. Round plastic plant pots (diameter: 15 cm, height: 16 cm) with drainage holes were used as 206 

planting units and filled with a 1: 1 mixture of sand and compost. Planting pots were put in an 207 

unheated greenhouse on felt fabric in order to limit evapotranspiration and to simulate the natural 208 

environment. Intact seeds were sown mixed with cattle or horse dung or on top of the substrate in 209 

the control treatment and in one of the predefined seed densities and species combinations. Each 210 

combination of dung treatments, seed densities and species mixtures was replicated five times. We 211 

used fresh dung that was collected from stabled cattle and horses in order to keep contamination 212 

with wild seeds minimal. In the dung treatments seeds were evenly mixed with the 2 cm dung layer 213 

while in the control treatment seeds were put directly on the soil. All pots were put in a completely 214 

randomized design in order to minimize the impact of the differing micro-climate. A natural day: 215 

night regime was used and plant pots were watered manually on a daily basis. The height of the 216 

tallest H. nummularium plant in each pot was measured after 50, 75, 100 and 300 days by lifting up 217 

the hanging parts of the plant. After 300 days, the experiment was stopped and all individuals were 218 

counted and harvested by species. All harvested plants were separated into below- and above-219 

ground parts and their dry biomass was measured after oven-drying the plants at 65°C during 7 days. 220 

Data analysis 221 

The fructification index (FI) and the relative reproductive allocation (RRA) were calculated for each 222 

individual plant using the formulae as proposed by Dujardin et al. (2011): 223 

𝐹𝐼𝑖 (%) =  
𝐹𝑟𝑖

𝐹𝐵𝑖
∗ 100 

𝑅𝑅𝐴𝑖 (%) =
𝑊𝑟𝑒𝑝𝑖

𝑊𝑣𝑒𝑔𝑖
∗ 100 

where Fri is the maximal fruit count per individual plant; FBi is the maximum number of flower buds 224 

and Wrepi and Wvegi are respectively the biomasses of the reproductive and vegetative parts at the 225 

end of the experiment per individual plant. 226 

Absolute germination success (AGS) was calculated for each animal in the feeding trial according to 227 

Cosyns et al. (2005b): 228 

𝐴𝐺𝑆 = (∑ 𝑛𝑖 ∗ 𝑊𝐷𝑖 ∗ 𝑊𝑆𝑆𝑖
−1 

𝑡120

𝑖=𝑡6
) ∗ 𝑁−1 

where ni is the number of seedlings emerging from the subsample, WDi is the total mass of the dung 229 

produced during time interval i, WSSi is the mass of the dung subsample used during the germination 230 

trial and N is the total number of seeds fed to the animal. 231 

In the epizoochory experiment, seed adhesivity was expressed as the percentage of the seeds 232 

remaining on the dummy. 233 
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The establishment success (AS) of seeds sown in two- or four-species combinations was calculated as 234 

follows:  235 

𝐴𝑆𝑖 =
𝑁𝑖

𝐷 ∗ 𝑃𝑖
 

where Ni is the number of individuals of species i counted at the end of the experiment, D is the 236 

density in which seeds were sown (either 50 (low), 150 (medium) or 250 (high density) seeds) and Pi 237 

is the proportion in which species i was sown (either 20%, 50% or 80% in the two-species 238 

combinations and 25% in the four-species combinations). 239 

In each census interval, relative growth rates (RGR) were derived from the height of the tallest 240 

Helianthemum plant per pot:  241 

𝑅𝐺𝑅 =
ln(𝐻𝑡) − ln (𝐻𝑡−Δt)

Δt
 

where Ht is the maximum height at time t, Ht-Δt is the height in the previous interval and Δt is the 242 

length of the time interval (Hunt 1982). 243 

Repeated measures ANOVAs were used to analyse the weekly measurements of height, ramification, 244 

flowering and fruiting traits in the exclosure experiment. Differing cage types were identified using 245 

Tukey posthoc tests. FI, RRA, and biomass data were analysed using one-way ANOVA's with exclosure 246 

type as the independent factor. RRA was arcsine square root transformed in order to meet the 247 

assumptions for parametric testing. Absolute germination success was analysed using Kruskal-Wallis 248 

tests. Seed adhesivity (arcsine square root transformation) was analysed using a repeated measures 249 

ANOVA with herbivore species, body parts, vegetation types, weather conditions and walking 250 

distance as independent variables with herbivore species: body part and vegetation type: weather 251 

condition as interactive terms. Establishment success and biomass (arcsine square root 252 

transformation) was analyzed using ANOVA's with dung type, seed density, the proportion of H. 253 

nummularium and accompanying species as independent factors and dung type: seed density and 254 

proportion: accompanying species as interaction terms. A repeated measures ANOVA was used to 255 

analyze relative growth rate of H. nummularium (log(RGR+1) transformation) with dung and seed 256 

density as independent factors and a nested proportion: accompanying species term. Standardized 257 

major axis regressions (SMA) were used to evaluate the bivariate relationships between root and 258 

shoot biomass with dung type, seed density and accompanying species as fixed factors (Warton et al. 259 

2006). Using the method of Warton et al. (2012), we first tested the data for common slopes 260 

between dung types, seed densities or accompanying species. In case no differences in slopes were 261 

found, we tested if elevations (or y-intercepts) differed between the factors as the fitted lines may 262 

both represent a shift along their common slope and/or a shift in elevation. All analyses were 263 

performed using R version 3.3.1. (R Core Team 2016).   264 
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Results 265 

Expansion in the field 266 

Since the introduction of large domestic grazers in 1996, Helianthemum nummularium showed a 267 

substantial expansion in the study area (Fig1c). The establishment of new individuals is largely 268 

restricted to the northern grazing unit, which harboured a substantial relic population. In the 269 

southern grazing unit only one new establishment was observed during the two decades following 270 

the introduction of grazers. Here the relic population consisted of only a few Helianthemum 271 

individuals.  272 

Endozoochorous dispersal potential 273 

Out of the 18 observation sessions only three grazing incidences of Helianthemum nummularium 274 

plants were recorded with two plants in the uncaged plots and one individual in the plots excluding 275 

large grazers. No visible signs of grazing have been found in the other cage types. Grazer fences did 276 

not affect flowering and fruiting, but interactions between cage types and time have been found for 277 

plant height and ramification, with significantly higher and more ramified plants in the plots with 278 

medium-mesh fences (Table 2). Fructification indices, relative reproductive allocation, and biomass 279 

were not affected by the different cage types (Table 3). 280 

After 23 weeks, no H. nummularium seedlings emerged from the cattle, horse and rabbit dung 281 

collected at the study site. Although seeds were able to germinate in the feeding experiment, the 282 

absolute germination success of ingested seeds (horses: 0.105 ± 0.105 %; sheep: 0.040 ± 0.023 %) 283 

was significantly lower compared to intact seeds (23.667 ± 4.631 %, p= 0.015). 284 

Epizoochorous dispersal potential 285 

The fur and hooves of cattle and horses were able to transport seeds in the epizoochory experiment 286 

although the distance seeds travelled greatly differed between herbivore species, body parts, 287 

vegetation types and weather conditions (Table 4). High seed numbers were able to travel long 288 

distances attached to the skin of cattle and horses when the vegetation was short, while seeds 289 

almost immediately detached from the skin in higher vegetation (Fig2). Furthermore, the weather 290 

conditions greatly affected seed adhesivity in short vegetation as seeds remained attached to the 291 

skin significantly longer under rainy conditions. Although seeds detached more easily from the 292 

hooves of cattle and horses, the effects of weather conditions and surrounding vegetation were less 293 

relevant as hooves transported more seeds through high vegetation compared with skin (Fig2). 294 

Post-dispersal fate 295 

Helianthemum nummularium grew significantly faster when grown in cattle dung compared to the 296 

control treatment (p<0.001) and horse dung (p=0.002). Furthermore, growth was enhanced by horse 297 

dung compared to the control treatment (p=0.007) while seed densities and species combinations 298 

did not alter the growth rate of plants (Fig3 and Table 5). 299 

Dung did not affect the establishment success and biomass. More plants established when seeds 300 

were sown in low densities, but the biomass of individual plants did not differ among seed densities. 301 

Also, more H. nummularium plants established and reached a higher individual biomass when sown 302 
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in combination with Agrostis stolonifera compared to the mixtures containing Trifolium pratense or 303 

Trifolium repens (Table 6 and Fig4). The root: shoot ratio differed significantly between dung types, 304 

seed densities and species combinations (Fig5). The shoot biomass was relatively higher when plants 305 

were growing in horse dung compared to the control and cattle dung treatments (p<0.001). 306 

Furthermore, Helianthemum plants invested more in shoot biomass when the seed density was low 307 

(p<0.001). Lower root: shoot ratios were found in the combinations containing the four tested 308 

species (p<0.001) and T. pratense (p= 0.031).  309 
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Discussion 310 

Although consumption of Helianthemum nummularium by large herbivores (cattle and/or horses) 311 

and by medium-sized herbivores (rabbits and/or hares) was occasionally observed in the weekly 312 

measurement of grazing damage, grazing only slightly impacted the growth phase while the 313 

reproductive phase was not affected. The high fructification index (FI) found in our research (80.4 to 314 

88.5 %) suggests that H. nummularium grows in an optimal environment with sufficient light and low 315 

competition levels. Dujardin et al. (2011) found comparable FI in a short grassland environment (86.3 316 

%) while FI lowered when H. nummularium individuals were growing in tall or scrub encroached 317 

grassland to respectively 56.1 and 49.1 %. They concluded that H. nummularium shifts the energy 318 

allocation from reproductive towards vegetative growth in stressful situations. The high investment 319 

in reproductive organs found in our research might also result in an increased probability of seed 320 

dispersal events. 321 

The magnitude of the damage caused by grazing differed among herbivore sizes. While medium-322 

sized grazers only removed some branches and inflorescences, large herbivores consumed almost 323 

the whole plant. The greater consumption by large herbivores likely increases the probability of seed 324 

ingestion, and hence endozoochorous dispersal. On the other hand, successful endozoochorous 325 

dispersal was not confirmed in the dung samples taken from cattle, horses, and rabbits. Although 326 

dung was sampled three times during the fruiting season and many seedlings of a variety of plants 327 

appeared during the six-month incubation period, no H. nummularium seedlings could be identified. 328 

Earlier, Cosyns et al. (2005a) found very low numbers of H. nummularium seeds germinating from 329 

cattle and horse dung (respectively 0.6 % and < 0.1 %) which was also confirmed by the findings of 330 

Dai (2000) in alvar limestone grassland in Sweden. In the extensive study of the diet of introduced 331 

ungulates in coastal areas, Lamoot et al. (2005a) documented only one incidence of the consumption 332 

of H. nummularium by donkeys in a nearby coastal area. Nevertheless, we should keep in mind that 333 

the species has a very low cover in the study area which can be estimated to maximum 0.08% of the 334 

total grazed area (based on the observed distribution of the species and the assumption of an 335 

average cover of 0.02 m² per Helianthemum plant). Furthermore, the forage value of H. 336 

nummularium is rather low according to the BiolFlor database (Kühn et al. 2004) and its repent 337 

growth form lowers the probability of accidental and targeted grazing behaviour. Moreover, the 338 

amount of sampled dung in the present study might not be sufficient to detect H. nummularium 339 

seeds, although the amount of dung collected during one sampling period equalled the 2.5 l of dung 340 

collected by Cosyns et al. (2005a), with an exception for rabbit dung. Furthermore, we retrieved very 341 

low numbers of germinable seeds from sheep and horse dung after feeding a known number of 342 

seeds (respectively 0.040 % and 0.105 %). The absolute germination success of ingested seeds was 343 

lower than in a previous study by Cosyns et al. (2005b) (3-6% in Cosyns et al (2005b) vs. 0.04-0.11% in 344 

our experiments) while the germinability of uningested seeds on bare soil, and hence the quality of 345 

the seed batch, was comparable with the results of Cosyns et al. (2005b) (24.0% vs. 23.7%). In 346 

contrast, D'hondt and Hoffmann (2011) recorded an increased germinability of ingested H. 347 

nummularium seeds compared to intact seeds in a similar feeding experiment using cattle. Although 348 

neither we nor Cosyns et al. (2005b) fed seeds to cattle, the survival rate of H. nummularium seeds 349 

was substantially lower in horses, sheep, donkeys and rabbits (Cosyns et al. 2005b) than with 350 

D’hondt and Hoffmann (2011). This suggests that the few seeds that remain viable after passing the 351 

intestinal tract have a high germination probability. Seeds of Cistaceae species typically have a high 352 

incidence of physical seed dormancy caused by the presence of a hard and water-impermeable seed 353 
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coat and, therefore, do not germinate easily (Baskin & Baskin 2001; Thanos et al. 1992). Mechanical 354 

scarification and thermal pre-treatment (e.g., fire) of the seeds are known practices to induce 355 

germination, but even then germination rates often remain low (Pérez-García & González-Benito 356 

2006). Cistaceae species have often been linked to endozoochorous dispersal as their hard seed 357 

coats might protect the seeds from being digested in herbivore guts and the several processes 358 

following ingestion may result in enhanced germination (Jaganathan et al. 2016; Ramos et al. 2006). 359 

On the other hand, intense chewing might completely crush seeds. In a simulated digestion 360 

experiment, Milotić and Hoffmann (2016b) found an increased germination of H. nummularium 361 

seeds after mechanical scarification with sandpaper while slower and less frequent germination was 362 

noted due to chewing with cattle denture, the chemical environment of hydrochloric acid and pepsin 363 

in the stomach and the raised temperature during the passage through the herbivore's guts. The 364 

reduced germination success of gut-passed seeds found in many studies (e.g., Cosyns et al. (2005b), 365 

Dai (2000), Pakeman and Small (2009)) suggests a high cost of this mode of dispersal. Furthermore, 366 

the different digestive systems found in herbivores (ruminants (e.g., cattle and sheep) and hindgut 367 

fermenters with (e.g., rabbits and hares) or without re-ingestion of cecotropes (e.g., horses and 368 

donkeys)) might result in different survival rates of the ingested seeds (Will & Tackenberg 2008). 369 

Cosyns et al. (2005b) indeed found a higher germination success when H. nummularium seeds were 370 

ingested by sheep compared to horses and rabbits. 371 

Previous studies already illustrated the role of cattle, horses and rabbits in the external transport of 372 

seeds (e.g., Couvreur et al. (2004), Couvreur et al. (2005a,b), Fischer et al. (1996), Mouissie et al. 373 

(2005a)), and our results clearly support the potential role of epizoochory in the dispersal of 374 

Helianthemum seeds. In our experiment, cattle fur and hooves were able to transport seeds over a 375 

longer distance than horses. Furthermore, Couvreur et al. (2005b) concluded that cattle dispersed 376 

more seeds than horses suggesting that cattle are better seed dispersers. Fur type, length, and 377 

growth angle are decisive factors in determining seed retention times (Couvreur et al. 2004; 378 

Couvreur et al. 2005b; Fischer et al. 1996). The fur of the cattle breeds that are commonly used in 379 

nature management (such as Scottish Highland cattle and Galloway cattle) generally has longer and 380 

rather undulated hairs which are implanted at a larger angle. Therefore, it has a higher capacity to 381 

attach seeds compared to horse fur with shorter, straight hairs implanted at small angles (Couvreur 382 

et al. 2005b). Our results suggest that the relevance of hooves in seed dispersal should not be 383 

neglected. Although the adhesivity is lower compared to fur, the probability that seeds of short plant 384 

species such as H. nummularium get attached to hooves could be higher compared to skin (Schulze 385 

et al. 2014). Furthermore, seeds remained longer on cattle hooves compared to horses. This could be 386 

due to the larger structural diversity found in cattle hooves with two dew-claws and two separate 387 

soles. Weather conditions greatly affected the epizoochorous dispersal capacity of Helianthemum 388 

seeds as seeds remained attached substantially longer in wet conditions. The seeds of H. 389 

nummularium have a rather smooth surface and lack any obvious adaptations to epizoochorous 390 

dispersal. Seeds of certain species in the Helianthemum genus become covered with a layer of 391 

mucilage as soon as they come in contact with a wet substrate (Baskin & Baskin 2001). This sticky 392 

layer also develops at the surface of H. nummularium seeds and could cause the better adhesivity in 393 

wet conditions. Furthermore, seeds almost immediately detached in high vegetation. Although seeds 394 

remained slightly longer on cattle and their hooves, the spatial configuration of the terrain is decisive 395 

in determining seed dispersal distances. The fact that the Westhoek reserve is a spatially 396 
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heterogeneous landscape with alternating grassland of diverse height and scrub (Ebrahimi 2007) 397 

could, therefore, constrain the epizoochorous dispersal of Helianthemum seeds. 398 

Besides animal traits and environmental conditions, plant attributes such as diaspore release height, 399 

plant abundance, and seed morphology may also affect seed adhesivity (Albert et al. 2015b). Seeds 400 

released at a low height are less probable to get attached to animal fur, unless the animal is lying 401 

down or grazing although the attachment to the head while grazing is rather unlikely (Fischer et al. 402 

1996; Mouissie et al. 2005a). Despite the fact that seeds of H. nummularium are able to disperse 403 

through both endozoochory and epizoochory, the probability of being ingested or attached is 404 

probably low since this species has a low growth form and low coverage and cattle and horses are 405 

present in low numbers in the study area. On the other hand, only a few seeds need to be 406 

transported to a suitable habitat patch to establish new populations, which is clearly illustrated by 407 

the expansion of the species in the study area. Previous research pointed out that rather than habitat 408 

patch area or population size, habitat connectivity is a critical factor in maintaining or establishing 409 

patch-occupancy for many calcareous grassland species (Rico et al. 2014). Furthermore, the use of 410 

grazing management in calcareous grasslands has been related with an increased genetic 411 

connectivity of plant populations and the establishment of genetically diverse new populations (Rico 412 

and Wagner 2016). 413 

In order to quantify the impact of each dispersal method on plant communities, we should take into 414 

account the post-dispersal fate of seeds. The environment of the deposition sites largely differs 415 

between the zoochorous dispersal methods. In the case of endozoochory, large amounts of seeds are 416 

concentrated in dung pat islands, while seeds are dropped in a much more scattered way in case of 417 

epizoochory. In our experiment, dung addition clearly enhanced the growth rate of H. nummularium 418 

seedlings compared to the dung-free control treatment, but the establishment success and plant 419 

biomass were not affected. In contrast, a germination trial in which low densities of H. nummularium 420 

seeds were sown in cattle and horse dung resulted in a lower germination success and longer 421 

germination times (Milotić & Hoffmann 2016c). The increased growth rate of H. nummularium 422 

seedlings in cattle dung found in this study is also confirmed by earlier research where H. 423 

nummularium was grown in a completely competition-free environment (1 plant per pot design, 424 

Milotić and Hoffmann (2016a)). Furthermore, in our experiment seedling establishment success was 425 

mostly affected by seed density and combination with other species while biomass was only affected 426 

by the accompanying species. Our results suggest that T. pratense is more competitive than H. 427 

nummularium as its establishment success and biomass significantly decreases when these two 428 

species are grown together. Furthermore, the lowered root: shoot ratio in the combinations 429 

including T. pratense (both in two-species as four-species combinations) suggests that H. 430 

nummularium allocates more biomass in aboveground plant parts due to competition for 431 

aboveground resources (e.g., light) (Brouwer 1962; Poorter & Nagel 2000). As dung often contains 432 

high numbers of endozoochorously dispersed seeds belonging to a wide array of species (Cosyns et 433 

al. 2005a), dung pat islands can be regarded as a medium which leads to high levels of inter- and 434 

intraspecific competition. Therefore, we can assume that the post-dispersal fate of H. nummularium, 435 

as a rather slow growing perennial, largely depends on the ecological strategy and seed densities of 436 

the other species present in the dung pat (endozoochory) or the plant composition at the deposition 437 

site (epizoochory). As trampling can create bare soil and H. nummularium germinates best in a dung-438 

free environment without competition, we could argue that hoof-epizoochory, in particular, could 439 

explain some of the observed patterns. Another strategy would be to delay germination until the 440 
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initially high competition levels following seed deposition are lowered, although germination should 441 

take place within the first year after deposition as H. nummularium generally has transient seeds 442 

(Thompson et al. 1997). 443 

Other non-dispersal related factors might contribute to the increasing appearance of H. 444 

nummularium as well. The species is known from open chalk grassland-scrub mosaics. Grazing is 445 

expected to create and/or maintain such mosaic structures (e.g., Ebrahimi et al. (2007)) and likely 446 

facilitated the extension of the species since the introduction of large herbivores. The beneficial 447 

effects of extensive grazing on the biodiversity and structural diversity of dune grasslands are widely 448 

recognized (e.g., Kooijman and de Haan (1995), ten Harkel and van der Meulen (1996)). According to 449 

Proctor (1956), H. nummularium resists moderate levels of trampling and grazing but hardly persists 450 

in thick ungrazed turf. On the other hand, Pittarello et al. (2016) found a decrease of H. 451 

nummularium after installing temporary night camp areas and mineral mix supplements that attract 452 

cattle and locally increase trampling and grazing. Therefore, the extensive grazing management in 453 

our study area might be appropriate to reduce the cover with perennial grasses and to create a 454 

suitable environment for the establishment of H. nummularium.  455 



15 
 

Conclusion 456 

We conclude that the increased presence and coverage of H. nummularium after the introduction of 457 

large domestic herbivores is the result of the interplay between various ecological processes. 458 

Herbivores can play a role in the dispersal of H. nummularium seeds via internal (endozoochory) and 459 

external ways (epizoochory) while their selective grazing behaviour might create appropriate habitats 460 

for plant establishment and maintenance. The presence of dung does not seem to affect the 461 

establishment success of Helianthemum plants and even enhances the growth rate, hence not 462 

excluding endozoochory. Furthermore, epizoochorous dispersal, especially by hooves, should also be 463 

considered as one of the plausible dispersal mechanisms.  464 
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Tables 657 

Table 1 – Active herbivores (i.e. those whose activity was not prevented) in the different experimental fencing treatment 658 
levels. These levels were: control (no fence), large fence (10 cm  7.5 cm), medium fence (4.5 cm  2 cm) and small fence 659 
(1.3 cm  1.3 cm). 660 

Herbivores Control Large Medium Small 

Highland cattle  
   

Konik horses  
   

Rabbits   
  

Hares   
  

Mice    
 

Voles    
 

 661 

 662 

Table 2 - Results of the repeated measures ANOVA with cage and time as independent factors and respectively height, 663 
ramification and flower bud, flower, fruit and mature fruit counts as dependent variables. 664 

Dependent variable Effect df F p 

Height cage 3 0.922 0.453 

 
time 1 60.4 <0.001 

 cage  time 3 4.09 0.007 

Ramification cage 3 0.568 0.644 

 
time 1 250.38 <0.001 

 cage  time 3 12.78 <0.001 

Flower buds cage 3 0.359 0.783 

 
time 1 152.233 <0.001 

 cage  time 3 1.262 0.287 

Flowers cage 3 0.354 0.787 

 
time 1 28.053 <0.001 

 cage  time 3 0.553 0.646 

Fruits cage 3 0.104 0.956 

 
time 1 9.025 0.003 

 cage  time 3 0.211 0.889 

Mature fruits cage 3 0.149 0.929 

 
time 1 52.121 <0.001 

  cage  time 3 0.169 0.917 

 665 

Table 3 - Average values and standard errors for fructification index, relative reproductive allocation and aboveground 666 
biomass by exclosure type and p-values resulting from the ANOVA analysis. 667 

measured variable control large medium small p 

fructification index (%) 80.42 ± 5.90 88.52 ± 2.02 82.01 ± 4.59 84.14 ± 5.19 0.644 

relative reproductive allocation (%) 2.97 ± 2.53 3.36 ± 3.06 1.69 ± 1.02 4.95 ± 4.43 0.989 

biomass (g) 0.67 ± 0.21 0.77 ± 0.53 2.14 ± 0.87 0.71 ± 0.27 0.197 

 668 
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Table 4 - Results of the ANOVA analysis of seed adhesivity during the epizoochory experiment using herbivore species 669 
(cattle or horses), body part (skin or hooves), vegetation (short or high) and distance (as a continuous variable) as 670 
independent factors. 671 

factor df F p 

herbivore 1 6.294 0.021 

body part 1 8.209 0.005 

herbivore: body part 1 2.152 0.144 

vegetation 1 100.808 <0.001 

weather 1 21.334 <0.001 

vegetation: weather 1 7.415 0.014 

distance 1 166.563 <0.001 

 672 

Table 5 - Repeated measures ANOVA results evaluating the effect of dung (cattle or horse), differing seed densities (low, 673 
medium or high), accompanying species (Agrostis stolonifera, Trifolium pratense or Trifolium repens) and seed proportions 674 
(20%, 50% or 80% seeds of Helianthemum nummularium in the seed mixture) on the relative growth rate (RGR) of H. 675 
nummularium plants over time. 676 

factor df F p 

dung 2 23.322 <0.001 

seed density 2 0.383 0.682 

time 1 83.096 <0.001 

accompanying species 3 1.171 0.321 

H. nummularium proportion 6 0.830 0.547 

dung: seed density 4 0.892 0.469 

dung: time 2 1.901 0.151 

seed density: time 2 0.025 0.975 

 677 

Table 6 - Results of the ANOVA analysis of the establishment success and individual biomass of Helianthemum 678 
nummularium with dung types, seed densities, the proportion of H. nummularium and accompanying species as 679 
independent factors. 680 

measured variable factor df F value p 

establishment success dung 2 0.340 0.712 

 
seed density 2 4.642 0.010 

 
H. nummularium proportion 1 24.965 <0.001 

 
accompanying species 2 38.798 <0.001 

 
dung: seed density 4 0.684 0.603 

 H. nummularium proportion: accompanying species 2 0.242 0.785 

biomass dung 2 1.319 0.271 

 
seed density 2 1.028 0.361 

 
H. nummularium proportion 1 1.846 0.177 

 
accompanying species 2 4.495 0.013 

 
dung: seed density 4 0.305 0.874 

  H. nummularium proportion: accompanying species 2 0.703 0.497 

  681 
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Figure captions 682 

Fig1 - (a) Location of the Westhoek nature reserve where the study took place within Belgium, (b) the 683 

distribution of main vegetation types, (c) the location of the relic population of Helianthemum 684 

nummularium before grazing started and the present distribution, and (d) the extent of the grazing 685 

areas, the positioning of the experimental locations and the distribution of H. nummularium in the 686 

study area during the experiments. The vegetation map and plant distribution data were adapted 687 

from Provoost & Declerck (submitted), Provoost et al. (2015) and Van Landuyt et al. (2006b). 688 

Fig2 - Seed adhesivity during the epizoochory experiment by herbivore type, body part, vegetation 689 

and weather conditions. See Table 4 for full ANOVA results. 690 

Fig3 - Average relative growth rate (RGR) of Helianthemum nummularium plants by dung type during 691 

the establishment experiment 692 

Fig4 - Establishment success of Helianthemum nummularium growing in two-species combinations 693 

with Agrostis stolonifera, Trifolium pratense, and Trifolium repens in different seed densities and 694 

species mixtures. 695 

Fig5 - Bivariate plots of standardized major axis regressions (SMA) between root and shoot biomass 696 

of Helianthemum nummularium plants across dung treatments (cattle, horse or no dung), seed 697 

densities (low, medium or high) and in different species combinations (in either two-species 698 

combinations with Agrostis stolonifera, Trifolium pratense or Trifolium repens, or in a four-species 699 

combination with all before mentioned species). 'Slope' indicates differences in SMA slopes and 700 

'Elevation' indicates differences in SMA elevations (i.e. y-axis intercept). Significant differences in 701 

slopes and elevations are marked with asterisks with ***: p < 0.001, **: 0.001 < p < 0.010, *: 0.010 < 702 

p < 0.050 and ns: p > 0.050. 703 
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 705 

Fig 1a 706 
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 708 

Fig1b 709 
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 711 

Fig1c 712 
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 714 

Fig1d 715 
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 717 

Fig2 718 
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 720 

Fig3 721 
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Fig4 724 
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Fig5 727 


