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Abstract 
The number of people on our planet is projected to rise to between 9.4 and 10 billion by 

2050. Some estimates suggest that current levels of food production will need to double 

to feed this population. Increasing the intensity of food production on existing 

agricultural land will be a crucial element in meeting this goal, but practices associated 

with intensive management can cause biodiversity declines and erode the ecosystem 

functions that underpin production. My work explores agricultural intensification within 

the context of pasture-based cattle production. I focus on a variety of ecosystem 

functions supported by dung beetles (Coleoptera: Scarabaeoidea) and other dung-

associated invertebrates. I investigate how variations in diversity, and chemical 

perturbations of veterinary anthelmintics affect the delivery of multiple ecosystem 

functions. I show that maintaining species-rich dung beetle assemblages has 

inconsistent benefits in providing multiple ecosystem functions. While dung beetles play 

an important role in supporting functioning in the short term, my work also reveals that 

their contributions may be less evident when considered over longer periods. Chemical 

perturbations caused by anthelmintic residues represent a significant threat to some 

invertebrate groups, but my experiments show that exposure does not always translate 

into an immediate reduction in ecosystem functioning. While use of anthelmintic 

products with relatively low toxicological risk did not cause obvious reductions in 

function, my work shows exposure can have significant consequences for the 

conservation of sensitive species. Overall, my work highlights the need for 

multigenerational studies, mathematical modelling, and careful consideration of 

sublethal effects to assess fully the risks of anthelmintic residues in the pasture 

environment. Furthermore, the emphasis on dung beetles (rather than other dung-

associated invertebrates) in the existing literature neglects potentially important 

functional benefits provided by other taxa, such as earthworms. As the global human 

population continues to expand, it is important that we find sustainable ways to produce 

food while simultaneously conserving biodiversity. As loss of biodiversity in agricultural 

ecosystems does not always have functional consequences, it is important that wider 

justifications for conservation remain integrated into agricultural policy and practice. 
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Chapter 1: General Introduction 

 

A growing human population and the future of farming 

Our capacity to feed the world sustainably will be faced with numerous challenges in the 

coming decades. By the year 2050, the global human population is projected to reach 

between 9.4 and 10 billion people (United Nations, 2015). Simultaneously, the daily 

average per capita caloric intake is predicted to reach 3130 kcal, representing an 

increase of 12% relative to 2001 levels (Alexandratos and Bruinsma, 2012). To fulfil 

these demands, some estimates suggest that current food production must be doubled 

by 2050 (Godfray et al., 2010). 

 

An obvious solution to this problem would be to increase the area of land under 

agricultural production. However, expanding agriculture into natural habitats comes at a 

significant cost to the environment (Tilman, 1999) often characterised by a loss of 

biodiversity: the variability within species, between species, and amongst ecosystems. 

For example, deforestation associated with agricultural production is one of the most 

significant threats to global biodiversity (Gibbs et al., 2010). Converting natural 

ecosystems to agricultural land use will have both local costs to biodiversity (Wright and 

Muller-Landau, 2006), and cause significant emissions of greenhouse gases into the 

atmosphere (Stern et al., 2006).  

 

Two principal strategies have been suggested to balance the need to conserve 

biodiversity and produce food: land sharing and land sparing (Green et al., 2005). Land 

sharing is a strategy that aims to use sensitive agricultural practices to simultaneously 

maintain conservation and production within the same land area (Kleijn et al., 2006). 
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Such practices include low chemical inputs (Geiger et al., 2010), and maintaining high 

proportions of non-crop habitat (Bhagwat et al., 2008), allowing natural communities to 

thrive alongside agricultural production (Phalan et al., 2011). A prominent example of 

land-sharing is the use of agri-environment schemes within the European Union, which 

have had varying levels of success in meeting conservation targets (Kleijn et al., 2006).  

 

In contrast, land sparing is the process by which land used for agriculture and land used 

for conserving biodiversity are decoupled (Phalan et al., 2011). This is achieved by 

managing homogeneous areas of farmland at high intensity thus maintaining high 

yields, and limiting agricultural expansion into natural ecosystems. This acts to ‘spare’ 

natural ecosystems from human disturbance associated with production practices 

(Green et al., 2005). While also showing promise, land that is set aside during planning 

must be adequately protected for this strategy to succeed (Fischer et al., 2011). As 

large remote areas managed for wildlife are difficult to monitor (Rauset et al., 2016), 

ensuring adequate protection of spared land remains a significant challenge in 

conserving biodiversity.   

 

While these strategies in approaching the complex challenge of conserving biodiversity 

and agricultural production appear at odds, their relative benefits are closely associated 

with the specifics of the particular taxa or taxon of interest, and the wider environmental 

and social contexts (Egan and Mortensen, 2012).  In the challenge of feeding a growing 

human population, it is likely that both land sharing (e.g. Clough et al., 2011) and land 

sparing (e.g. Egan and Mortensen, 2012) will play important roles in conserving 

biodiversity.  

 

Regardless of whether biodiversity will benefit most from land-sharing or land-sparing, 
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intensification of production will undoubtedly play an important role in meeting human 

needs in the future, just as it has in the past. For example, in the last four decades of 

the 20th Century, the global human population has more than doubled, and yet per 

capita cereal consumption grew by 20%, with only a 7% increase in the area of land 

devoted to cereal production (Byerlee et al., 2014). This was achieved through 

technological advances such as higher-yielding crop varieties (Evenson and Gollin, 

2003), pesticides (Carvalho, 2006) and mineral fertilisers (Cordell et al., 2009). 

Inevitably, these advances in yields and productivity have not been achieved without 

significant detrimental consequences for the environment (Tilman et al., 2001). 

 

Environmental impacts of intensive agriculture 

The consequences of agricultural intensification might best be exemplified by the use of 

mineral nitrogen fertilisers. Nitrogen is typically the most limiting nutrient across 

terrestrial ecosystems (LeBauer and Treseder, 2008) and the development of mineral 

fertilisers has been one of the most significant drivers underpinning improvements in 

agricultural productivity (Keeler et al., 2016). Use of these fertilisers however has, 

however, resulted in current measures of reactive nitrogen in the environment reaching 

more than double pre-industrial levels (Galloway et al., 2008). While instrumental in 

achieving yield targets, additional nitrogen in the environment has been linked to a 

number of environmental problems including algal blooms (Anderson et al., 2002) and 

steep increases in greenhouse gas emissions (Matson et al., 1997). 

 

Although the impacts of intensification on biodiversity are perhaps not as stark as 

changes associated with agricultural expansion, a number of practices associated with 

routine agricultural management contribute to biodiversity loss (Bengtsson et al., 2005). 
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Though the exact drivers of biodiversity loss are difficult to tease apart, more intensive 

management has been linked to a mean 40% decline in the species richness of taxa 

living in agricultural landscapes (Tuck et al., 2014). While the simplification of ecological 

communities living in agroecosystems is first and foremost an issue of conservation, a 

growing body of evidence suggests that declining biodiversity can also erode levels of 

ecosystem functioning (Allan et al., 2015). 

 

Ecosystem functions support agricultural production 

Ecosystem functions are defined as biological, physical and geochemical processes 

which give ecosystems capacity to provide goods and services that directly or indirectly 

satisfy human needs (de Groot, 1992). In agricultural systems, these include functions 

that have important roles in underpinning production, for instance: pollination (Kremen 

et al., 2002), and pest control (Snyder et al., 2006).  

 

Loss of functioning caused by declines in biodiversity may be counteracted by human 

intervention (i.e. chemical or energetic inputs) to compensate for insufficient delivery of 

ecosystem functions. From an ecological perspective, these interventions may act as 

perturbations with the potential ability to further disrupt biodiversity-ecosystem 

functioning relationships. Perturbations that impair or reduce biodiversity can have 

short-term consequences for functioning (Beynon et al., 2012a) and, when repeated 

over time and grouped with additional perturbations, may cause chronic negative effects 

for biodiversity (Hutton and Giller, 2003; Tuck et al., 2014). Loss of functioning 

associated with biodiversity declines, and compensation of lost function provided by 

inputs, may create a positive feedback loop where the economic and environmental 

sustainability of agricultural production are gradually eroded. 
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Livestock production and waste management 

Land used for grazing livestock covers more than two billion hectares, representing 

almost 80% of global agricultural land use (Steinfeld et al., 2006). Predicted dietary 

trends favouring more frequent meat and dairy consumption in developing countries will 

undoubtedly lead to a continued increase in the global number of cattle (Steinfeld et al., 

2006): where over the past 50 years the number of cattle has grown by approximately 

150% (Godfray et al., 2010). 

 

Cattle produce significant quantities of dung. A single cow can produce enough dung to 

cover an area of 0.8 m2 each day (Floate, 2011). If the dung produced by 20 cattle over 

a five month grazing season was not decomposed, roughly 0.25 hectares of land would 

be covered in dung during the grazing season. As dung represents a relatively nutrient-

rich resource (Holter, 2016), it is colonised quickly by a diverse community of 

invertebrates which consume, bury, and fragment the dung (Kaartinen et al., 2013). This 

collective activity facilitates microbial decomposition, and is known as dung removal 

(MacQueen, 1973). Alongside the direct action of removing dung from the pasture 

surface, invertebrate activity supports a number of related functions which include 

reducing greenhouse gas fluxes from dung (Slade et al., 2016), promoting higher forage 

productivity (Chapter 3) limiting the spread of faecal pathogens (Jones et al., 2015), 

reducing the abundance of dung-developing pest flies (Wallace and Tyndale-Biscoe, 

1983), promoting higher biological activity in soils (Chapter 2), and improving the 

hydrological properties of soil (Brown et al., 2010).  
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Dung-associated invertebrates. 

In temperate coprophagous invertebrate communities, most functioning is associated 

with feeding activity, which is varied both within (Doube, 1990) and amongst (Holter, 

2016) taxa. The dominant invertebrate groups which support functioning in the dung 

environment are flies, dung beetles, and earthworms (Skidmore, 1991; O’Hea et al., 

2010a).  

 

Flies (Diptera) are typically the first invertebrates to colonise cow dung (Skidmore, 

1991). Some larvae found within dung (e.g. Muscina spp. (Hanski and Cambefort, 

1991)) are predatory, although the majority are coprophagous with the details of their 

feeding behaviours poorly understood (Holter, 2016). Although fly larvae are often the 

most abundant invertebrates developing in cattle dung (Floate, 1998), their importance 

for ecosystem functioning is rarely considered (but see O’Hea et al. (2010)). Some flies 

which develop in dung, including the face fly (Musca autumnalis L.) and the horn fly 

(Haematobia irritans L.), are haematophagous as adults, and are significant pests of 

cattle and other livestock (McLintock et al., 1954; Pickens and Miller, 1980).  

 

A number of different families of beetles are found in cattle dung (Skidmore, 1991). 

Dung beetles (Coleoptera: Scarabaeoidea) feed on dung throughout their lives: adults 

feed on the liquid fraction of the dung pats, while bulk-feeding larvae feed 

indiscriminately on the undigested plant material and liquid components (Holter, 2016). 

In temperate systems, beetles that dwell and feed within the dung pat (known as 

endocoprids) are typically the most abundant (Hutton and Giller, 2003). Tunnelling dung 

beetles (known as paracoprids) often contribute disproportionately to measures of dung 

removal by partitioning dung into subterranean tunnels (Kaartinen et al., 2013). Rolling 
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beetles (known as telecoprids) pack dung into spheres and bury the dung in the soil 

some distance away from the dung pat. These latter strategies allow larvae to develop 

under less competitive conditions, and are more commonly observed in highly 

competitive environments (Hanski and Cambefort, 1991). Cattle dung also supports a 

number of water beetle species (Coleoptera: Hydrophilidae) which are coprophagous as 

adults and predatory as larvae. Rove (Coleoptera: Staphylinidae) and hister 

(Coleoptera: Histeridae) beetles are also frequently present in cow dung, and are 

predatory both as larva and adults (Skidmore, 1991).  

 

Earthworms are the final dominant group which are involved with dung removal and 

associated functions. Earthworms tend to colonise cattle dung later in succession and 

can contribute significantly to dung removal (Holter, 1979a). They provide numerous 

beneficial roles in improving the physical (Shipitalo and Le Bayon, 2004) and chemical 

(Cortez et al., 2000) properties of soil. After feeding on dung, vertical movements of 

earthworms through the soil have been shown to increase pasture productivity by 

translocating dung to plant roots at lower horizons (Zhao et al., 2013). 

 

The relative importance of these invertebrate groups in providing functioning will depend 

on environmental factors (Wu et al., 2011), the composition of local invertebrate 

assemblages (Roslin and Koivunen, 2001; Zhao et al., 2013) and the particular 

function(s) under consideration (Slade and Roslin, 2016). Although dung-associated 

invertebrates are well established to support numerous ecosystem functions (Nichols et 

al., 2008), little research has considered their simultaneous delivery – a concept known 

as ecosystem multifunctionality (Hector and Bagchi, 2007). As pasture-based systems 

rely heavily on the simultaneous delivery of multiple functions to underpin production, 



9 
 

understanding the particular benefits which various invertebrate groups provide is 

important in informing management to effectively capitalise on ecosystem functioning.  

 

Dung-associated invertebrates and perturbation 

Invertebrates supporting ecosystem functioning in dung are sensitive to a number of 

perturbations associated with intensive management of cattle raised on pasture. For 

instance, removing hedgerows to accommodate larger field sizes can lead to local 

extinctions of shade-loving species (Horgan, 2002), and soil cultivation associated with 

ley-based systems negatively affects both scarab larvae (Huiting et al., 2006) and 

earthworms (Curry et al., 2002). A perturbation of particular concern in pasture-based 

production systems is the presence of veterinary anthelmintic residues in cattle dung 

(Wall and Beynon, 2012). 

 

Cattle suffer from a variety of internal and external parasites which, alongside being a 

welfare issue (Sutherland and Leathwick, 2011), can cause significant declines in farm 

productivity by limiting weight gain (Soutello et al., 2007) and milk yield (Gross et al., 

1999). A number of formulations (parasiticides) are available to treat parasites of 

livestock, with the most commonly used class being the macrocyclic lactones (MLs) 

(Boxall et al., 2007; Sutherland and Leathwick, 2011). This class of treatment works by 

preventing the transmission of electrical activity in nervous tissue of parasites by 

enhancing the efficacy of the neurotransmitter glutamate at glutamate-gated ion 

channels (Bloomquist, 1996). This causes nervous cells to undergo hyperpolarisation 

which leads to paralysis or death of the parasite (Wolstenholme, 2012). Macrocyclic 

lactones are administered to cattle through a number of different formulations which 

include topical applications, subcutaneous injections, and inter-ruminal boluses (Boxall 
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et al., 2007). Regardless of administration route, MLs undergo little metabolism 

(González Canga et al., 2009), and more than 95% of active compounds are passed in 

the faeces (Steel, 1998). The same mechanism which is effective in controlling 

parasites also acts on beneficial insects colonising and feeding on dung, causing a 

range of lethal (Lumaret et al., 2012) and sublethal effects which include impaired 

chemoreception (Verdú et al., 2015), lower fecundity (Pérez-Cogollo et al., 2015), 

reduced muscle strength (Verdú et al., 2015), and prolonged development (Krüger and 

Scholtz, 1997).  

 

Macrocyclic lactones can reduce levels of ecosystem functioning provided by dung 

insects via direct short-term impairment (Wall and Strong, 1987), or by longer-term 

chronic depletion of population diversity and abundance (Hutton and Giller, 2003). While 

experimental evidence shows that loss of functionally dominant groups (Kaartinen et al., 

2013), and exposure to anthelmintics (Beynon et al., 2012a) can limit dung removal, it is 

unlikely that dung removal is in all cases positively correlated with other beneficial 

functions. For instance, while dung beetles translocating dung deep into subterranean 

tunnels can provide significant reductions in the abundance of infective parasite larvae 

(Gregory et al., 2015), the functional benefits of dwelling dung beetles are less clear-cut 

(Sands and Wall, 2016). Furthermore, earthworms are common within livestock 

production systems and exhibit little sensitivity to MLs (Kaneda et al., 2006).  

 

Thesis plan and outline 

In this thesis, I use field and semi-field experiments to explore the ways that declining 

insect diversity, and perturbations associated with macrocyclic lactone use, affect 

various ecosystem functions associated with dung removal. My work aims to 
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demonstrate the consequences that continued intensification might have for ecosystem 

functioning. 

 

In Chapter 2, using three dung beetle species, I consider how the presence of different 

functional groups affects the delivery of three functions which underpin productive 

pastures. I find that different functional groups are better suited to support particular 

functions over others, and that a three-species assemblage performs well across 

multiple functions.  

 

Building on this evidence that higher dung beetle species richness could provide 

multiple ecosystem functions, in Chapter 3, I use four common dung beetle species to 

test whether higher species richness affects four individual functions and 

multifunctionality both in the presence, and absence, of a chemical perturbation. I find 

weak evidence of enhanced species richness supporting individual functions, and some 

evidence suggesting chemical perturbation negatively affects functioning. I find no 

compelling evidence to suggest higher levels of species richness is a strong driver of 

multifunctionality. However, I suggest that ecosystem multifunctionality may decline 

under chemical perturbation. 

 

In Chapter 4, I consider how exposing a single species to a chemical perturbation 

influences the concurrent and eventual delivery of individual ecosystem functions and 

multifunctionality. I find one individual function was negatively impacted by concurrent 

chemical perturbation, but no evidence that other functions were affected by concurrent 

or persistent exposure. I find no evidence that chemical perturbations affect ecosystem 

multifunctionality.  
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In Chapter 5, I ask how impairing coprophagous insects through a potent chemical 

perturbation affects pasture productivity, both directly and indirectly (by facilitating weed 

establishment). I find that weed establishment was erratic, and did not allow for a 

meaningful comparison amongst treatments. Additionally, I find that while the presence 

of dung significantly increases forage growth in the long-term, the presence of a 

chemical perturbation has no effect. Earthworm casts were abundant on site, 

suggesting that earthworm activity might compensate for insect impairment.  

 

Given that parasiticide use is unlikely to wain under conventional production practices, 

in Chapter 6, I investigate how an ML with relatively low non-target toxicity affects 

survival and functioning of two dung beetle species. Each species exhibits contrasting 

sensitivity to agricultural intensification. I find that exposure to residues has a strong 

lethal effect on the species sensitive to intensification, and the non-sensitive species is 

unaffected. In the short-term, the two species have equal importance in supporting 

functioning. Over the long-term, available evidence suggests again that earthworm 

activity may compensate for insect impairment.  

 

In Chapter 7, I explore a fundamental question about the biology of a common dung 

beetle species (Aphodius fossor L.). Individuals are normally found in male-female pairs 

in cattle dung, but how individuals find one another at low densities in patchy 

environments is unknown. Using a simple olfactometer experiment, I show that the sex 

of previously colonising beetles can influence successive colonisation patterns.    

 

Finally, in Chapter 8, I discuss my findings more generally and offer recommendations 

for future research. I summarise that conserving invertebrate diversity in pasture may 

offer some benefit for ecosystem functioning and subsequent agricultural productivity. I 
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suggest that while MLs pose a serious risk to coprophagous insects, exposure does not 

always translate into loss of ecosystem functioning. I emphasise the need for ML 

toxicological research to appreciate the effects of sublethal exposure, particularly as it 

relates to insect dispersal. Lastly, I recommend that future research could benefit by 

considering a wider range of invertebrate diversity associated with dung, and its role in 

supporting ecosystem multifunctionality in pasture.  
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Chapter Status: Published  
Manning, P., Slade, E.M., Beynon, S.A. and Lewis, O.T. (2016) Functionally rich dung 
beetle assemblages are required to provide multiple ecosystem services. Agriculture, 
Ecosystems and Environment, 218, 87–94. 

 

Abstract: 

Dung beetles mediate a variety of important ecosystem services in both natural and human-

modified habitats. These services are associated with the exploitation of dung by beetles for 

breeding and feeding, with different functional groups using dung in different ways. While many 

studies have considered how individual ecosystem functions and services (primarily dung 

removal and seed dispersal) are affected by changes in dung beetle diversity, fewer studies 

have considered the consequences for multiple functions and services. We used manipulative 

experiments to evaluate the functional efficiency of three species of dung beetles, each 

representing one of the three functional groups present in temperate Europe. Standardising 

beetle biomass, we compared single-species treatments to a three-species mixture containing 

each of the species in equal biomass. We then measured three ecosystem services relevant in 

supporting pasture-based livestock production systems: dung removal, soil fauna activity, and 

soil aeration. The presence of dung beetles significantly elevated all three ecosystem services. 

However, delivery of each service peaked under different treatments, indicating that no single-

species assemblage can provide maximum functioning across multiple services. For all three 

services, the three-species polyculture provided a level of functioning indistinguishable from the 

most efficient single-species treatment. Our results highlight the importance of considering 

multiple functions and services when assessing the relationship between biodiversity and 

ecosystem functioning, and suggest that the conservation of functional richness within dung 

beetle communities could play an important role in securing the delivery of multiple ecosystem 

services. 
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Introduction 

 

Rapid changes in land use, driven largely by the intensification of agriculture over the 

past century, have resulted in widespread declines in species associated with 

agricultural landscapes (Butler et al., 2007). Many of these species help maintain 

agricultural productivity by providing ecosystem services: biological, physical, and 

geochemical processes occurring within an ecosystem that benefit humankind (de 

Groot et al., 2002). These services may become diminished or lost as beneficial 

populations decline, threatening capacity for sustainable food production (Kremen et al., 

2002; Menalled et al., 2007). While individual functions and services can be maximised 

at relatively low levels of diversity (Perkins et al., 2014), the full importance of species-

rich ecological communities in delivery of ecosystem services may become more 

apparent when multiple ecosystem functions are considered simultaneously (Lefcheck 

et al., 2015). This is the concept of ecosystem multifunctionality (Hector and Bagchi, 

2007). 

 

Pasture-based livestock production systems represent a large proportion of global 

agricultural land use, corresponding to more than 64% of the United Kingdom’s 

agricultural area (DEFRA, 2013). In these systems, dung beetles play an important role 

in mediating the ecosystem service of dung decomposition through direct consumption, 

by incorporating dung into the soil, and by aerating the dung via tunnelling (Hanski and 

Cambefort, 1991). While the action of removing dung from the pasture surface has the 

direct benefit of allowing continued growth of the pasture sward, supporting services 

linked to dung removal have far-reaching benefits for the sustainability of 
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agroecosystems (Nichols et al., 2008; Beynon et al., 2015). These include increased 

mineralisation of organic nitrogen contained in dung (Gillard, 1967; Yokoyama et al., 

1991); enhanced hydrological properties of soils (Brown et al., 2010); reduced 

transmission of gastrointestinal parasites (Gregory et al., 2015); and reduced 

greenhouse gas fluxes (Penttilä et al., 2013). Dung removal (the rate at which dung is 

cleared from the pasture surface) is often used as the sole measure of dung beetle-

mediated functioning (Beynon et al., 2012; Kaartinen et al., 2013). The wide variety of 

reproductive and behavioural strategies used by dung beetles does, however, mean 

that dung removal rates may not adequately reflect other functions and services. The 

effects of dung beetle functional diversity on multiple ecosystem services have not been 

explored previously for temperate species.  

 

Dung beetles are an excellent model system to explore biodiversity-ecosystem 

functioning relationships, as they exploit discrete and ephemeral resources, and their 

diversity can be manipulated experimentally at a relevant spatial scale (Beynon et al., 

2012; Lähteenmäki et al., 2015; Slade et al., 2007). To gain a better understanding of 

how the functional identity of dung beetles influences the provision of multiple 

ecosystem services, we manipulated dung beetle assemblages experimentally, holding 

beetle biomass constant, while varying species richness and functional diversity. In 

addition to the widely-studied service of dung removal, we focus on two additional 

ecosystem services: soil surface aeration and feeding activity by soil fauna leading to 

plant litter decomposition. Pasture soils are compacted by livestock and agricultural 

machinery, which may limit pasture productivity (Martıńez and Zinck, 2004). 

Compaction may also lead to off-site impacts, where rainfall cannot percolate into the 
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soil, and runoff may enter nearby watercourses (Alderfer and Robinson, 1947). Plant 

litter decomposition is a critical component of nutrient cycling (Swift et al., 1979), 

mediated by microbes, but accelerated by soil invertebrates (Hättenschwiler et al., 

2005). Although dung is a rich source of nutrients, it is a hypoxic environment (Holter 

and Spangenberg, 1997): dung persisting on the pasture surface may cause hypoxia  in 

the underlying soil, a condition known to limit the activity of soil fauna (Qualls and 

Richardson, 2000). Through the action of dung beetles aerating the dung, and 

incorporating nutrient-rich material into the soil, soil invertebrate functioning could be 

enhanced by the presence of dung, when subject to dung beetle activity.  

 

We predict that variation in feeding behaviour will result in certain functional groups 

being better suited to provide individual ecosystem services over others. Thus, while a 

single species may provide high levels of a single ecosystem service, it may trade-off 

with the provision of other services. We predict that a combination of multiple functional 

groups may be more effective in simultaneously supporting multiple ecosystem services 

(ecosystem multifunctionality).  

 

Materials and Methods 

Study site 

The experiment was conducted on an improved pasture at Dr Beynon’s Bug Farm,  

St. David’s, Pembrokeshire, UK (51°53′22″, 5°14′06″). The dominant plant species was 

perennial rye grass Lolium perenne L., which was sown in 2006, with white clover 

Trifolium repens L. The underlying soil is part of the Moore Gate series; a well-drained, 

humose gritty loam in the England and Wales Soil Survey Classification (Clayden and 

Hollis, 1985). The field is managed under a rotational system, with land use over the 
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past 10 years including potatoes, spring barley and short-term (~4-6 year) Lolium 

perenne-based grazing leys. At the time of the experiment, a flock of 40 Welsh 

Mountain ewes and their lambs grazed the field in rotation with other fields on the farm. 

Immediately before the experiment, the sward in the immediate experimental area was 

cut to a length of c. 1 cm and cuttings were removed by hand. Sheep were excluded 

from the immediate experimental area with electric fencing.  

 

Experimental enclosures and treatments 

To manipulate dung beetle assemblages, enclosures were constructed using 14 L,  

35 cm diameter black buckets with the bases removed, sunk into the soil to a depth of  

c. 4 cm (Figure 2.1a). Enclosures were arranged in a 5 m × 5 m grid, spaced at 1 m. 

One of four dung beetle assemblage treatments (three single-species treatments and 

one multi-species treatment) or two control treatments (beetle-free dung, and 

enclosures without dung or beetles) was assigned at random to each enclosure. 
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Figure 2.1 Experimental setup. (a) enclosure, with emergence bottle attached. Soil fauna are 

able to colonise naturally from surrounding soil. (b) Placement of bait lamina strips through a 

dung pat. Strips are inserted to same depth in dung free controls. 

 

British dung beetles can be classified into three principal functional groups, based on 

their mode of exploiting dung (Doube, 1990). Dung-ovipositing endocoprids feed and lay 

eggs within dung, and larvae feed within dung or underlying soil. Soil-ovipositing 

endocoprids also feed within dung, but move to the dung-soil interface to lay their eggs, 

with larvae typically dispersing into the dung to feed. Paracoprid dung beetles dig 

tunnels in the soil below dung, creating brood chambers provisioned with dung, where 

eggs are laid and larvae feed. Each of the three functional groups was represented by a 

single species in monoculture: Aphodius ater De Geer (dung-ovipositing endocoprid), 

Aphodius fossor L. (soil-ovipositing endocoprid) and Onthophagus joannae Goljan 

(paracoprid). Live dung beetles were collected at various sites in western UK during 

June 2014 and identified using Jessop (1986). The fourth assemblage was a 

polyculture, with each of the three species contributing equally to overall dry biomass. 
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Logistical constraints prevented us from testing two-species combinations. In all 

treatments and replicates (except the controls), beetle biomass was standardised at a 

target mass of 156 mg (Table 2.1), following Beynon et al. (2012) and reflecting the 

natural biomass of beetles typically processing a single dung pat. As the sex of  

A. fossor is readily determined, we used equal numbers of males and females within 

enclosures to encourage natural dung-exploitation behaviours associated with breeding. 

We were unable to sex Aphodius ater and O. joannae, but treatments always included 

six or more individuals per species, making it highly likely that both sexes would be 

present in each replicate (Beynon et al. 2012). Each treatment and control was 

replicated six times, giving a total of 36 enclosures.  

 

Table 2.1. Composition of dung beetle assemblages used within semi-field enclosures. Dung 

beetle dry biomass is approximately 156.10 mg in each treatment, based on biomass values 

from the literature. M1–M3 represent the three monocultures, while P represents the 

polyculture. Integer values represent the abundance of each species included within the 

experimental assemblages.  

 

The experiment ran for fifty-two days from June 18th 2014, corresponding to the six 

week period of egg-to-pupa development for the two endocoprid species included 

  Individual Beetle treatment 
Species Functional group Dry mass (mg) M1 M2 M3 P 

Aphodius ater  
(De Geer) 

Dung-ovipositing 
endocoprid 

5.43a 29 — — 10 

Aphodius 
fossor (L.) 

Soil-ovipositing 
endocoprid 

26.10a — 6 — 2 

Onthophagus 
joannae (Goljan) 

Paracoprid 9.47b — — 16 6 

a Biomass values from Gittings and Giller (1997) 
b Biomass values from  Beynon et al. (2012) 

 

 

 

b Biomass values from  Beynon et al. (2012) 
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(Stevenson and Dindal, 1985). Fresh (<6 h old) dung for the enclosures was collected 

from cattle grazing on a rye grass and white clover pasture at a neighbouring farm. 

These cattle had not been treated with anthelmintics or ectoparasiticides during the 

previous three months. Dung was frozen at -20 °C for >1 week, then thawed for 48 h 

before the start of the experiment. This procedure kills any invertebrates contaminating 

the dung, but does not affect dung beetle reproduction (Yamashita and Hayakawa, 

1991). Dung was homogenised with a mortar mixer and 550 g pats were placed within 

the enclosures (except for the dung-free treatments), shaped using an 18 cm diameter 

circular mould and placed on a 2 cm aperture wire grid. Enclosures were covered with a 

fine (0.8 mm aperture diameter) nylon mesh, secured with elastic, following Beynon et 

al. (2012). Beetles were added six hours after placing the dung within enclosures. 

Corresponding to a typical period of beetles being resident in a dung pat, emergence 

traps (clear plastic bottles connected to the enclosures by clear plastic, 2 cm diameter 

tubes) were fitted to the enclosures at Day 14 (Figure 2.1a). A porcelain tile was placed 

on top of each enclosure. When enclosures were darkened by the tile, beetles moved 

towards the light and were subsequently captured in the emergence trap. This allowed 

beetles to disperse from the dung while preventing further colonisation by other 

invertebrates (Beynon et al. 2012). 

 

Measuring ecosystem services 

Dung removal was measured at Day 42 by carefully lifting the dung from the soil surface 

using the wire grid, weighing the combined components on a portable balance accurate 

to 1 g, and subtracting the pre-recorded mass of the grid. The dung pat was 

immediately returned to its original position to allow measurements of other functions. 
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Soil fauna feeding activity was measured in the underlying soil over a 10-day period, 

starting at Day 42, using bait lamina (Terra Protecta GMbH, Berlin, Germany). Bait 

lamina are PVC strips (1 mm x 6 mm x 120 mm), with 16, 1.5 mm diameter perforations 

at 5 mm intervals, filled with a standardised bait of cellulose powder, ground wheat bran 

and activated charcoal (70:27:3). Strips are inserted vertically into the soil at a 

standardised depth, for a given period, and when removed, the activity of soil fauna is 

assessed by viewing strips against a light source. The status of each bait-filled 

perforation is classified as being either ‘consumed’ or ‘intact’ depending on whether light 

penetrates through the hole (Kratz, 1998). At the start of the experiment, six bait lamina 

strips were inserted through each dung pat and into the soil in a hexagonal pattern so 

that the top hole was positioned just below the soil surface (Figure 2.1b). Laboratory 

tests have shown that feeding activity is predominately driven by soil invertebrates, with 

limited contributions by microbes (Helling et al., 1998).  In dung-free controls, the bait 

lamina strip was inserted to an identical depth directly into the soil. One of the six strips 

served as an indicator to determine an appropriate exposure period (in this case 10 

days, corresponding to 30-60 % consumption across treatments). The five remaining 

bait lamina strips per replicate were carefully removed from the soil at Day 52 and 

feeding activity was assessed immediately. 

 

Also at Day 52, we took a measure of surface soil penetrability as a surrogate measure 

of surface soil compaction. We took five measures under the dung pat using a handheld 

penetrometer (Humboldt Manufacturing: Model G-118-H-4200), by placing a numbered 

grid where each dung pat had been positioned, and using a random number generator 

to select sampling points. The penetrometer was inserted to a depth of 7 mm, and the 
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mean of five measurements was used in analysis. To measure soil moisture, which has 

been demonstrated to influence the activity of soil fauna (Simpson et al., 2012), a  

2.5 cm diameter × 8 cm deep soil core was taken from under the dung in each 

enclosure. Samples were graded through a 1 mm sieve; 5.00 g was then weighed in an 

aluminium crucible, and samples were dried at 105 °C for 24 hours, and re-weighed to 

determine soil moisture gravimetrically.  

 

Analysis 

Measures of dung removal (mass of dung remaining), feeding activity (proportion of bait 

units consumed), and soil compaction (surface penetrability) were compared across 

treatments using analysis of variance. Histograms of model residuals and plots of 

residuals against fitted values demonstrated that assumptions of parametric tests were 

met, so in all cases data were left untransformed. Significant overall effects of treatment 

were further explored using a post hoc Tukey test.  

 

To better understand how dung beetle treatments influenced feeding activity of soil 

fauna, we used smoothers derived from generalised additive models to describe 

changes in soil fauna feeding activity as a function of soil depth, following Simpson et al. 

(2012). Smoothers are approximating functions, that attempt to capture important 

patterns in the data. To create smoothers, treatment was modelled as a fixed factor, 

and treatment levels showing a similar relationship between feeding activity and depth 

were combined to create a simpler model. Models were compared using Akaike’s 

Information Criterion (AIC): a widely-used metric that estimates the quality of a 

statistical model, relative to a second. A smaller AIC value indicates the model has 

lower residual error (i.e. a better fit) relative to second. Including additional predictor 
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variables penalises the AIC score, which helps balance explanatory power and 

parsimony. Through comparing AIC values, we selected our model based on an a priori 

threshold of two AIC units: if the difference was less than two, the simpler model (i.e. 

the model with fewer predictors) was preferred.  

 

The statistical package R 3.1.1 (R Core Team, 2014) was used for all analyses, with the 

lme4 (Bates et al., 2014), and gamm4 (Wood and Scheipl, 2014) packages used  to 

visualise patterns in soil fauna feeding activity. 

 

Results 

 

Dung removal (measured as the mass of dung remaining at 42 days) differed 

significantly among treatments (F4,25, = 5.97, P<0.001; Figure 2.2). Post hoc 

comparisons showed that final dung mass was significantly lower in enclosures 

containing monocultures of the soil ovipositing endocoprid (A. fossor) (79.00 ± 2.16 g; 

mean ± SE) and the three-species polyculture (81.67 ± 3.05 g) compared to the beetle-

free controls (90.83 ± 3.05 g). Dung mass remaining in the dung ovipositing endocoprid 

(A. ater) (86.67 ± 1.22 g), and the paracoprid (O. joannae) (87.00 ± 1.46 g) 

monocultures did not differ significantly from the beetle free controls, or from either of 

the other monocultures.  
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Figure 2.2. Effect of dung beetle assemblage on dung mass (g) remaining at six weeks. Bars 

are estimated means with standard error. X-axis labels refer to beetle-free dung, dung-

ovipositing endocoprid (A. ater), soil-ovipositing endocoprid (A. fossor), paracoprid (O. joannae), 

and the polyculture. 

 

Feeding activity of soil fauna differed significantly among treatments (F5,30 = 6.61, 

P<0.001; Figure 2.3). Feeding activity was highest in enclosures containing the 

paracoprid (O. joannae) (51.45 ± 3.10% mean ± SE), and this was significantly greater 

than feeding activity in the dung-free (21.25 ± 4.04%), beetle-free (30.25 ± 5.43%), and 

dung ovipositing endocoprid (A. ater) (26.88 ± 4.06%) enclosures. Feeding activity in 

the polyculture (40.63 ± 2.67%) was higher than that of dung-free controls, but did not 



26 
 

differ significantly from any other treatments. Variations in soil moisture across all 

treatments were small (81.4± 2.7%; mean ± SE) and non-significant (F5,30 =0.984, 

P=0.44). 

 

Figure 2.3. Effect of dung beetle assemblage on soil fauna feeding activity. Bars are estimated 

means with standard error. X-axis labels refer to dung-free control, beetle-free dung, dung-

ovipositing endocoprid (A. ater), soil-ovipositing endocoprid (A. fossor), paracoprid (O. joannae), 

and the polyculture. 

 

Through use of additive mixed models, we found that treatment significantly influenced 

feeding activity. Using model simplification, and comparison of AIC we found that the 

optimal model used four smoothers to relate soil feeding activity with depth (Table 2.1). 
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Three were represented by individual factor levels: dung free control; paracoprid (O. 

joannae) and polyculture. A fourth smoother combined three levels: dung ovipositing 

endocoprid (A. ater), soil ovipositing endocoprid (A. fossor) and beetle-free dung. 

 

Table 2.1. Comparison of four different models used to explain variation in soil fauna feeding 

activity as a function of dung beetle treatment. Models were selected by plotting each treatment 

level independently, and combining treatments showing similar trends. The optimal model (d) 

combined the dung and soil ovipositing endocoprids, alongside beetle-free dung. Dung-free 

controls, the paracoprid, and the polyculture were represented as individual factor levels.   

Model 
AIC 
Value 

a) Dung-free + Beetle-free + D.o endocop + S.o endocop + Paracoprid + Polyculture 3441.9 

b) Dung-free + Beetle-free + (D.o endocop + S.o endocop) + Paracoprid + Polyculture 3436.9 

c) Dung-free + (D.o endocop + S.o endocop + Beetle-free) + (Paracoprid + Polyculture) 3429.2 

d) Dung-free + (D.o endocop + S.o endocop + Beetle-free) + Paracoprid + Polyculture 3426.7 

 

We demonstrated that feeding activity was highest near the soil surface and declined 

with depth (Figure 2.4). In most cases, these relationships were nonlinear (Table 2.2.). 

The two treatments containing the paracoprid dung beetle O. joannae (monoculture and 

polyculture) stimulated soil fauna feeding activity deeper in the soil. The introduction of 

dung stimulated higher soil fauna feeding activity at the soil surface (Figure 2.4).  

 

Table 2.2. Optimal generalised additive mixed model: feeding as a function of beetle community 

and depth. Degrees of freedom increase as smoothers move further from linear relationships. 

Explanatory variable df F P 

Assemblage 3 31.11 < 0.001 

Smoother Control 2.42 10.542 0.00895 

Smoother Endocoprids+ Dung 2.72 120.22 < 0.001 

Smoother Paracoprid 1 6.528 0.01062 

Smother Polyculture 2.3 6.839 0.04418 
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A 
Figure 2.4. Effect of dung beetle assemblage on feeding activity across soil depth. Proportion of 

bait removed is the total number of holes perforated at each depth, averaged across replicates. 

Smoothers are derived from a generalised additive mixed model and are a continuous 

prediction explaining feeding activity as a function of soil depth. The model validation showed 

that monoculture communities of the soil ovipositing endocoprid (A. fossor) and the dung 

ovipositing endocoprid (A. ater) could be combined with the beetle free control and described 

using a single smoother (dashed line). 

Based on our measures of surface penetrability, we found soil compaction under dung 

pats differed significantly amongst treatments (F5,30 = 9.38, P<0.001; Figure 2.5). Post 

hoc comparisons revealed that surface soil compaction was reduced significantly by the 
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soil ovipositing endocoprid (A. fossor) (0.98 ± 0.35 kg/cm2) when compared to the dung 

free control (3.02 ± 0.32 kg/cm2), and the beetle-free dung (2.59 ± 0.33 kg/cm2). Surface 

soil compaction was significantly lower for the dung ovipositing endocoprid (A. ater) 

(1.40 ± 0.35 kg/cm2) and the polyculture (1.68 ± 0.30 kg/cm2) when compared to the 

dung-free controls, and was not significantly different from other treatments (including 

the A. fossor monoculture). 

 

Figure 2.5. Effect of dung beetle assemblage on surface soil compaction. Bars are estimated 

means with standard error. X-axis labels refer to dung-free control, beetle-free dung, dung-

ovipositing endocoprid (A. ater), soil-ovipositing endocoprid (A. fossor), paracoprid (O. joannae), 

and the polyculture. 
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Discussion 

Multifunctionality 

Our results reveal that the functional importance of a dung beetle species (representing 

a particular functional group) depends on the function or service measured. No single-

species assemblage was the most efficient for all services measured, suggesting that 

low-diversity assemblages are unlikely to maximise functioning across a range of 

ecosystem functions and services. Importantly, for each of the services considered 

here, the multi-species treatment (where three species were present, each at one-third 

of the biomass present in monocultures) performed as well as the most functionally 

efficient monoculture. This adds to evidence demonstrating that the importance of 

diversity to ecosystem functions and services may become more apparent when 

multiple ecosystem functions or services are considered (Hector and Bagchi, 2007; 

Byrnes et al., 2014).  

 

Although these results highlight the importance of functional group diversity in 

supporting multiple ecosystem services, it is worth noting that using a single species to 

represent an entire functional group might not be fully representative of a functional 

group’s more general importance. This is due to significant variation in functioning 

amongst species within a functional group. For example, large-bodied paracoprid dung 

beetles (Scarabaeoidea: Geotrupidae) are often the most important in terms of 

functioning in temperate European ecosystems (Rosenlew and Roslin, 2008; Kaartinen 

et al., 2013). While the benefits of functionally diverse assemblages are evident from 

our data, our experimental design confounds functional identity with species-specific 

attributes. Repeating this experiment with a greater number of species (including those 
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which are functionally dominant), would be a useful next step to better understand the 

importance of functionally diverse dung beetle communities in providing multiple 

ecosystem services. 

 

Dung removal 

Evaporation of water from dung pats played a strong role in explaining changes in dung 

mass (Figure 2.2), where levels of dung removal by the beetles were modest and only 

the A. fossor monoculture removed significantly more dung than the beetle-free control. 

The 6-week period of the experiment was atypically warm (mean high daily temperature 

 22 °C) and dry (42 mm of precipitation), which may have reduced dung beetle activity. 

Aphodius fossor is sensitive to exposed and dry conditions (Vessby, 2001) and it is 

likely that other closely related species will have similar responses. Furthermore, as 

enclosures were open-bottomed, dung beetle mediated dung removal may have been 

masked by earthworms, which are known to contribute to the service of dung removal 

but can interact with dung beetles to reduce net dung removal (O’Hea et al. 2010). The 

more pronounced treatment effects observed for the other functions suggests that dung 

removal, although the most easily and widely-utilised metric of dung beetle functioning, 

may not be the most sensitive or representative measure. 

 

Positive effects of dung beetles on soil feeding activity 

While dung is an important source of plant nutrients, it is a hypoxic environment (Holter 

and Spangenberg, 1997) which may influence soil invertebrate activity. To our 

knowledge, only one other study (Tixier et al., 2015) has examined the link between 

dung beetles and plant litter decomposition. We found that the presence of dung 

stimulated soil fauna feeding activity, particularly in the upper soil horizon, suggesting 
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that any detrimental effects on soil fauna, (e.g. hypoxia), are outweighed by positive 

effects (e.g. additional resources). Higher rates of feeding activity could result from 

increased soil moisture under dung pats, as soil moistures has been shown to correlate 

with higher feeding activity (Simpson et al., 2012). However, no significant differences in 

soil moisture were detected among treatments (F5,30 =0.984, P=0.44). Instead, higher 

feeding activity may have been stimulated by increased recruitment of soil fauna from 

surrounding soil, perhaps via olfactory cues. The endogeic earthworm species 

Allolobophora chlorotica Savigny and Lumbricus rubellus Hoffmeister were regularly 

found feeding on bait lamina strips. Both species are known to congregate under cattle 

dung to feed and reproduce (Hendriksen, 1991). Microbial biomass leaching from the 

dung pat into the soil is a possible alternative explanation for enhanced feeding activity, 

although this is unlikely, as a laboratory study found that soil mesofauna removed twice 

as much bait as microbes alone, and that a significantly longer period of exposure was 

required for appreciable bait removal by microbes (Helling et al., 1998).  

 

At depths of 6-8cm, feeding activity in assemblages containing O. joannae was double 

that observed in other treatments (Figure 2.4), further supporting that paracoprid dung 

beetles may play an important role in stimulating nutrient cycling (Tixier et al., 2015). 

We hypothesise the increase of feeding activity at lower soil horizons (Figure 2.4) is 

caused by localised moisture, which prompts invertebrates from the surrounding soil to 

aggregate.  Despite having a positive influence on soil fauna feeding activity,  small-

bodied paracoprid species contribute relatively little to dung removal in comparison to 

endocoprid dung beetles (Beynon et al., 2012; Nervo et al., 2014). Again, our results 

suggest that measures of dung removal may not adequately reflect species 
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contributions to other important ecosystem functions and services. Small-bodied 

paracoprid species have become locally and regionally extinct in parts of Europe in 

response to landscape fragmentation and agricultural intensification (Bistrom et al., 

1991; Roslin et al., 2009). They also occur at low levels of abundance and richness and 

have are highly sensitive to the non-target effects of veterinary medicines (Beynon et 

al., 2012). Furthermore, the toxic effects of these veterinary medicines persist for longer 

in the absence of sunlight (Dubroca et al., 2003), and paracoprid larvae feeding on 

buried dung may be exposed to particularly high concentrations of these chemicals. 

Thus, it is possible that an important ecosystem service provided by this component of 

the dung invertebrate community could be reduced or lost via agricultural intensification. 

 

Reduction of surface soil compaction 

Through measuring soil penetrability, we found that the soil ovipositing endocoprid A. 

fossor significantly reduced surface soil compaction in comparison to all treatments 

except the three species polyculture, and the monoculture of A. ater. While penetrability 

will vary widely amongst different soil types and management, our enclosures were 

placed within a small spatial scale. Therefore, the use of penetrability as a surrogate 

measure for compaction provides an insight into how the action of dung beetles may 

alleviate soil compaction. The efficacy of A. fossor in reducing soil compaction likely 

stems from the activity of both adult and larval beetles, which consume dung at the soil 

surface (Owen et al., 2006). As A. fossor is an abundant and widespread species 

across unimproved and intensively-managed pastures (Hutton and Giller, 2003), soil 

aeration provided by A. fossor is likely an ecosystem service provided across many 

agricultural landscapes.  
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We found that O. joannae did not significantly reduce soil compaction when compared 

to a beetle-free control. This is consistent with previous work by Bang et al. (2005), who 

found that while larger bodied paracoprid beetles significantly improved soil 

permeability, smaller paracoprid beetles did not. The species of dung beetles we 

included are active only at shallow soil depths, where compaction tends to be quickly 

remediated by activity of soil fauna. However, we found the levels of functioning 

provided by A fossor to be greater than the contributions by background levels of 

colonising soil fauna (Figure 2.5), suggesting that dung beetles could play an important 

supplementary role in improving surface soil permeability. As the association between 

compacted soil and reduced forage yield is well established (e.g., Douglas and 

Crawford, 1991; O’Neil and Carrow, 1983), benefits of alleviated soil compaction 

mediated by dung-beetles merit further study. Furthermore, as large-bodied paracoprid 

dung beetles (e.g. Scarabaeoidea: Geotrupidae) excavate tunnels which may extend to 

depths reaching metres, these dung beetles may also play an important role in 

remediating compaction at lower horizons, where mechanical interventions are 

ineffective (Håkansson and Reeder, 1994). 

 

Due to logistical constraints associated with our experimental design (e.g. destructive 

soil sampling and anticipated conflict with livestock), we were unable to determine the 

number of larvae within each enclosure. As endocoprid larvae provide a significant 

service of dung removal, and presumably other associated functions (Hanski and 

Cambefort, 1991), any species-specific variation in the number of eggs laid, and 

energetic requirements to develop from larva to pupa, may have complicated our efforts 
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to standardise dung beetle biomass across enclosures. Body size is also likely to be an 

important predictor of functioning. For example, in our experiment, smaller-bodied 

species such as O. joannae may not have been physically large enough to influence soil 

parameters, whereas larger bodied species, such as A. fossor, would potentially have 

been physically large enough to influence soil parameters and additionally have 

required greater energetic intake (increased dung removal) for development. Size 

differences are therefore likely to affect functioning at both larval and adult life-stages, 

and approaches which take this into consideration (e.g., Kaartinen et al., 2013, Nervo et 

al., 2014) are a useful step in achieving a better understanding of how functional identity 

influences ecosystem services provided by dung beetles. 

 

Finally, we suggest that the entire suite of ecosystem services provided by invertebrate 

communities should be further recognised and valued as a complement to farm 

management. For example, while various mechanised solutions have been proposed to 

reduce soil compaction, benefits from these interventions are often short-lived (Curran 

Cournane et al., 2011) highlighting the importance of regular biogenic aeration provided 

by dung beetles and other soil fauna.  The role of enhanced nutrient cycling by soil 

communities will become increasingly important in pasture systems as the price of 

nitrogen fertiliser continues to rise (Van Grinsven et al., 2013), and farming in many 

areas shifts towards organic production (Paull, 2011). However, farm management 

could also have the unintentional consequence of undermining ecosystem services 

provided by invertebrates. For example, chain harrowing pasture to speed the physical 

degradation of cattle dung (Weeda, 1967) seems likely to further compact soil, and 

physical disturbance of dung pats could have unintended negative effects on dung 
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beetle populations, compromising dung removal services. Experimental approaches 

that consider the multiple roles invertebrates play in providing ecosystem services are 

an important step towards recognising the value of invertebrate diversity in supporting 

productive and sustainable agricultural systems.  
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Abstract:  

The relationship between biodiversity and ecosystem functioning is typically positive but 

saturating, suggesting functional redundancy often exists within ecological communities. 

However, theory predicts that perceived redundancy may be reduced or removed when systems 

are perturbed, or when multifunctionality (the simultaneous delivery of multiple functions) is 

considered. We investigated four ecosystem functions mediated by dung beetles with applied 

relevance for pasture-based livestock production: dung removal, primary productivity, soil faunal 

feeding activity, and reductions in soil bulk density. We used manipulative experiments to test 

whether higher levels of dung beetle species richness enhanced individual functions and 

multifunctionality, and whether these relationships were influenced by perturbation (in this case, 

non-target exposure to the veterinary anthelmintic ivermectin). For individual functions, 

perturbation had limited effects on functioning, with only dung removal significantly (negatively) 

affected. Species richness did not, on its own, explain variation in the delivery of individual 

functions. However, in the case of primary productivity, there was a significant interaction 

between richness and perturbation. At high species richness forage growth was enhanced in the 

control compared to the perturbed treatment. Using a composite ‘multifunctionality index’, we 

found that while species-rich dung beetle communities delivered marginally higher levels of 

multifunctionality in unperturbed conditions, this benefit was lost under perturbation. However, 

using a recently developed, robust method of assessing diversity-multifunctionality relationships 

across a range of thresholds, we found no significant benefit for higher species richness in 

underpinning multifunctionality. Our work provides some evidence that conserving species-rich 

dung beetle assemblages can support marginal benefits for ecosystem functioning, and 

suggests that benefits may be lost when systems are perturbed. 
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Introduction 

 

Human activities alter the composition of communities by causing extinctions at local, 

regional, and global scales. These extinctions can have consequences for ecosystem 

functions; the biological, geochemical, and physical processes occurring within an 

ecosystem (de Groot et al., 2002). Concern about these losses has prompted a wealth 

of research exploring the relationship between biodiversity and ecosystem functioning, 

with widespread evidence suggesting that more diverse communities deliver greater 

levels of ecosystem functioning when compared to less diverse communities (Hooper et 

al., 2005). However, benefits of higher biodiversity are frequently saturating: Maximal 

functioning can be supported by a small proportion of the overall community (Perkins et 

al., 2010). This suggests that from a purely functional perspective, some species within 

ecosystems can be considered ‘functionally redundant’.  

 

This notion of functional redundancy becomes weaker when approached from an 

applied perspective. Species exhibit differing sensitivities and responses to disturbance, 

meaning that the value of higher biodiversity in maintaining functioning may become 

more apparent when systems are perturbed (Hooper et al., 2005). This phenomenon 

has been demonstrated experimentally in a wide variety of contexts, including chemical 

perturbation of decomposition facilitated by dung beetles (Beynon et al., 2012), 

temperature perturbation of processes mediated by benthic invertebrates (Perkins et al., 

2014), and salinity and temperature perturbations of biomass production in algal 

communities (Steudel et al., 2012). 
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Perceptions of widespread functional redundancy are further questioned when one 

considers that ecosystems typically provide numerous beneficial functions. When 

biodiversity-ecosystem functioning studies focus on single functional measures, the true 

value of biodiversity may be underestimated or even overlooked (Lefcheck et al., 2015). 

We can build a stronger understanding of the importance of biodiversity using 

approaches that consider the simultaneous delivery of multiple ecosystem functions, a 

concept known as ecosystem multifunctionality (Hector and Bagchi, 2007). 

 

While the value of biodiversity may become more evident when systems are perturbed, 

or when multifunctionality is considered, few studies have examined these questions 

simultaneously (but see Perkins et al., 2014). Understanding the consequences of 

species loss and perturbation for ecosystem multifunctionality is important in the context 

of rising extinction rates (Barnosky et al., 2011), intensifying land use (Foley et al., 

2005), and a changing climate (Meehl and Tebaldi, 2004). 

 

Biodiversity-multifunctionality relationships have particular applied relevance within 

agroecosystems.  Agriculture represents approximately half of global land use (Lambin 

and Meyfroidt, 2011) and widespread intensification during the last century has resulted 

in considerable losses of farmland biodiversity (Robinson and Sutherland, 2002). Many 

taxa in decline play roles in providing functions which underpin agricultural production. 

For example, farmland birds (Donald et al., 2001) and wild bees (Ollerton et al., 2014) 

can support pest control and pollination, respectively. From an ecological perspective, 

elements of agricultural management (e.g. intensive soil cultivation, application of an 

insecticide, or the use of a synthetic fertiliser) can be considered as perturbations with 

the potential to disrupt biodiversity-multifunctionality relationships. 
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Dung beetles (Coleoptera: Scarabaeiodea) occurring in pastures provide an excellent 

model system for understanding how perturbation influences biodiversity-

multifunctionality relationships within agroecosystems. Most dung beetle species feed 

on animal dung as larvae and adults, and play a key role in mediating dung removal 

(Menéndez et al., 2016) through burying, directly consuming, and fragmenting livestock 

dung (Doube, 1990). Alongside the direct benefit of reducing fouling of pasture 

surfaces, dung beetle activity has numerous benefits for agroecosystems including: 

enhancing nutrient cycling (Yokoyama et al., 1991), improving soil hydrological 

properties (Brown et al., 2010), stimulating litter decomposition (Tixier et al., 2015; 

Chapter 2), and reducing greenhouse gas emissions (Slade et al., 2016). Dung beetles 

occurring in agricultural landscapes are sensitive to changes in land use intensity (Lobo, 

2001; Hutton and Giller, 2003), with a perturbation of particular concern being the non-

target consequences of veterinary anthelmintics entering the environment via livestock 

dung (Floate et al., 2005). Many of these chemicals, which are used to control internal 

parasites of livestock, can have lethal and sublethal effects on dung beetles (O’Hea et 

al., 2010b; Beynon et al., 2012a; Verdú et al., 2015), and some have been shown to 

impede dung decomposition (Wall and Strong, 1987). 

 

Here, we investigate how perturbations influence biodiversity-ecosystem functioning 

relationships using manipulative experiments of dung beetle species richness in 

combination with a perturbation of ivermectin, a widely used veterinary anthelmintic. We 

measured four functions with applied relevance for pasture ecosystems: dung removal, 

primary productivity, feeding activity of soil fauna, and reduction of soil compaction. We 

predicted that increased biodiversity (higher species richness) would enhance individual 
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functions and ecosystem multifunctionality. As ivermectin has well-documented and 

species-specific negative effects on dung beetle survival and functioning (Beynon et al., 

2012a), we predicted that beetle survival, individual functions, and multifunctionality 

would be reduced by exposing dung beetles to ivermectin. 

 

 Methods 

 

Experimental design 

To manipulate dung beetle communities, we introduced known combinations of dung 

beetles into enclosures constructed by digging 14 L, baseless, black, plastic buckets 

(N=72) into the ground to a depth of 8 cm as described previously (Chapter 2). The 

experiment was conducted on a grassy margin in a courtyard at the John Krebs Field 

Station, Wytham, Oxfordshire, UK. Enclosures were separated by 1 m, and arranged 

into three parallel rows of 24, each row separated by c. 1 m. Enclosures were covered 

by a fine (2 mm aperture) mesh and secured with elastic.  

We collected dung on June 30th 2015 from beef cattle under organic management at 

Wytham Farm, adjacent to the experimental site. Dung was collected immediately 

following defecation before invertebrates could colonise, and was thoroughly 

homogenised in a large container using a trowel. A standardised quantity of dung  

(550 g wet mass), which was within the size range of pats observed in the field, was 

used to form a pat within each enclosure. As livestock-administered ivermectin 

undergoes negligible metabolism (González Canga et al., 2009), and we aimed to 

minimise differences in dung quality among replicates, ivermectin was added directly to 

dung using a standardised protocol described by Römbke et al. (2009). For the 

perturbation treatment, a 1.00 mL aliquot of a 275 ppm solution of ivermectin (5mg / mL 
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Molemec pour-on, Mole Valley Farmers, South Molton, Devon EX36 3LH, UK) in 

acetone was added to each dung pat. This resulted in a final ivermectin concentration of 

0.5 ppm (wet weight), consistent with peak faecal concentrations following 

subcutaneous injection, and c. 50% of peak faecal concentrations following use of pour 

on formulations (Sommer et al., 1992). In ivermectin-free controls, we used 1 mL 

aliquots of pure acetone in the place of the ivermectin solution (Römbke et al., 2009). 

Each aliquot was thoroughly mixed through the dung, and dung pats were formed using 

a 12 cm diameter circular mould on a 2 cm aperture wire mesh which later facilitated 

separation of the dung pat from underlying herbage and soil. The experiment began 

when beetles were added 24 hours later, after allowing for evaporation of the acetone 

solvent (Römbke et al., 2009).  

Four native dung beetle species from the genus Aphodius were used in the experiment. 

Beetles were hand-collected from organically managed pastures in the vicinity of 

Oxford. All species had been observed in the pastures several weeks before collection, 

and were assumed to be sexually mature upon collection. Beetles were stored in a well-

ventilated shed, separated into single-species, mixed-sex terraria and were fed 

anthelmintic-free cattle dung prior to beginning the experiment.  

Beetle communities were standardised using dry mass (Beynon et al., 2012a), where a 

target mass of 102 ± 0.5 mg of dung beetles was added to each dung pat (Table 2.1). 

All possible combinations of the four species were included, to generate Species 

Richness Levels (SRL) ranging from 1 to 4 (Table 3.1). Functioning observed during the 

experiment was mediated both by beetles introduced to the enclosures, any offspring 

they produced, and background levels of functioning provided by soil fauna. Because 
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our protocol for standardising communities was based on mass, our two heaviest 

species (Aphodius fossor L. and Aphodius rufipes L.) were each represented by a single 

individual at species richness levels 3 and 4. Since female beetles are likely to 

contribute more to functioning than males through the activity of their offspring, we used 

female A. fossor and A. rufipes in the SRL3 treatment, and males in the SRL4 

treatment, to ensure that our tests of the effects of species richness on levels of 

functioning were conservative. 

Table 3.1. Composition of beetle communities used within the experiment. All possible 

combinations of four species were used. Integer table values are the abundance of individuals 

of the corresponding species included within each replicate. Beetle communities are 

standardised based on mass. Shaded columns are used to separate the different assemblages 

based on their Species Richness Levels (SRL), which range from 1 to 4. Composition of 

assemblages can be determined by taking the sum of a column.  

 

Each combination of species was replicated twice, with the exception of the four-

species community (Table 3.1, SRL4), which was replicated four times to generate a 

more balanced number of replicates at each level of species richness. For comparison, 

beetle-free controls (n = 4) were included to determine background levels of functioning 

provided by soil fauna. As the experiment was conducted under perturbed (dung 
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containing ivermectin) and control (dung without ivermectin) conditions, there was a 

grand total of 72 enclosures, 64 of which included dung beetles.  

To estimate dung mass loss due to evaporation, we formed six additional reference 

dung pats from which all invertebrates were excluded: three with ivermectin and three 

without ivermectin, using the methods described above. These were placed on 2 cm 

aperture wire mesh, within 5 L plastic buckets (with the bottoms intact), filled with 20 cm 

of sandy loam soil. Buckets were covered with a 2 mm aperture mesh, as before, and 

placed adjacent to the main experiment.  

The species included in our experiment spend varying periods in dung pats as adults 

(Holter, 1982), thus we monitored enclosures daily, attaching emergence traps when 

adult beetles were first observed walking or flying within enclosures during the day, 

night or crepuscular periods (Day 14). While the period that enclosures were sealed 

was longer than the periods reported in the literature for similar experiments (Holter, 

1982), we assumed that our observations of above-ground beetle activity corresponded 

to the time when beetles would naturally emigrate to new dung pats. We fitted 

emergence traps to each enclosure using a short length of 2 cm clear plastic tubing. 

Emergence traps consisted of 750 mL translucent plastic containers filled with a 2 cm 

layer of sieved soil, and 50 g of fresh cattle dung. On Day 18, we added another 100 g 

of fresh cattle dung to each emergence trap to enhance attractiveness. On Day 21, the 

soil and dung in each emergence trap were hand-searched for beetles, before 

submerging the trap contents in water to remove additional beetles by flotation. Any 

beetles that did not emerge were assumed to have died in the enclosure, and we used 

the number of emigrated beetles as a proxy for adult survival. The experiment continued 
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uninterrupted until Day 42 (August 13th, 2015). At this point, beetle larvae were 

assumed to have pupated, concluding their feeding within the dung pat (Stevenson and 

Dindal, 1985).  

Measurement of ecosystem functions 

To measure feeding activity of soil invertebrates, we used the bait lamina test (Terra 

Protecta GMbH, Berlin, Germany). Bait lamina are PVC strips (1 mm x 6 mm x 120 mm) 

with 16 perforations (1.5 mm diameter) at 5 mm intervals. These perforations were filled 

with a standardised bait of cellulose powder, ground wheat bran, and activated charcoal 

(70:27:3). Following previous methods (Chapter 2), on Day 42, we inserted five bait 

lamina through each dung pat to a consistent depth so that the uppermost hole was 

located immediately below the soil surface. Test strips were placed alongside the 

experiment and a subset was checked daily until appreciable (30 - 50 %) feeding 

activity was observed. In our experiment, this occurred at seven days of exposure. Bait 

lamina were therefore removed from the ground on Day 49 (after seven days of 

exposure) and feeding activity was assessed by viewing strips against a light source, 

where each bait was classified as being ‘consumed’ or ‘intact’ depending on whether 

light penetrated through it or not (Kratz, 1998). 

 

Remaining functions were measured on Day 50 (August 21st 2015). We removed dung 

pats and underlying wire mesh from the enclosures and took soil measures from the 

area directly under the former location of the dung pat. We measured soil compaction 

by taking a measure of bulk density. We hammered a segment of 5.5 cm diameter PVC 

pipe into the soil to a depth of 5 cm and carefully removed the intact sample with a 

trowel. Soil and dung samples were dried for 48 hours at 80°C. Dung removal (dry 
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mass) was measured to the nearest gram. Measurements were corrected by 

subtracting this figure from the mean dry mass of reference dung pats from which dung 

beetles and other soil fauna had been excluded. Soil bulk density (g / cm3) was 

calculated as the dry mass of soil solids divided by the core volume.  

We measured primary productivity by planting ryegrass (Lolium perenne L.) seeds into 

soils sampled from experimental enclosures (Slade and Roslin, 2016). Two additional 

5.5 cm diameter x 5 cm deep soil samples were taken from the area beneath each dung 

pat. The soil samples were homogenised and sieved. A 185 mL sample of the soil from 

each enclosure was added to a 250 mL capacity plant pot and 1 mL of tetraploid 

perennial ryegrass seed (Cotswold Seeds, Moreton-in-Marsh, Gloucestershire, GL56 

0JQ, UK) was scattered evenly across the pots surface. Seeds were then covered with 

an evenly-spread 15 mL soil sample from the same enclosure. All pots were placed in 

an unheated greenhouse, and watered regularly. After three weeks, we harvested all 

aboveground biomass by trimming the grass at the soil surface. We dried samples at  

75 ºC for 48 hours (Zhao et al., 2013) and weighed above ground biomass with a 

balance accurate to 0.01 g.  

Analysis 

We used linear models with Gaussian error structures (ANCOVA) to investigate the 

effects of species richness and perturbation for each ecosystem function. Examination 

of diagnostic plots demonstrated that residuals were homogenous and normally 

distributed, and thus all values were left untransformed. We fitted maximal models and 

dropped interactions until the minimum adequate model was obtained, selecting the 
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model with the smallest Akaike’s Information Criterion (AIC) value: a measure of the 

quality of a statistical model, relative to a second. 

To explore relationships between species richness and multifunctionality, we first 

employed the averaging approach to multifunctionality (Hooper and Vitousek, 1998). 

The averaging approach creates a ‘multifunctional index’ for each experimental unit by 

taking a mean estimate of all functions after standardising to a common scale. To 

standardise functions, the ‘desirable’ direction of each function must be consistent 

across measures. We considered higher values of dung removal, soil fauna feeding 

activity, and primary productivity to be beneficial, and hence desirable. As compact soils 

are known to limit plant growth, we also considered a lower bulk density to be more 

desirable. We reflected our values for soil bulk density (multiplied each observation by -

1), and added the un-reflected maximum to each observation so that the lowest level of 

soil compaction was 0. We then standardised our functions to a common scale by 

expressing each function as a proportion of the maximum. Each maximum was defined 

using a mean of the three highest observations from all enclosures containing beetles. 

The multifunctionality index value was calculated by taking the mean of the four 

standardised functions. We used a linear ANCOVA model, as described above, for 

single functions in order to investigate the effects of perturbation and species richness 

on average multifunctionality. 

While the averaging approach to multifunctionality is readily interpreted, a limitation of 

this method is that variability in responses amongst functions is not discernible (Byrnes 

et al., 2014). For example, a strong negative relationship between biodiversity and 

functioning for a single process could obscure modest benefits of greater levels of 
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biodiversity in supporting all other functions. Thus, we also used the ‘Exceeding 

Thresholds Approach’ (Byrnes et al., 2014) to explore how perturbation influences the 

relationship between species richness and ecosystem multifunctionality. 

The Exceeding Thresholds Approach works by estimating a linear relationship between 

species richness, and the number of processes performing at or above a given 

threshold. The value of each threshold is calculated as a proportion of the function’s 

maximum (as above, defined as the mean of the three highest observations). For 

example, if each function had a maximum value equal to 1, at a given threshold (e.g. 

65%), we then determined how many of the measured functions (0 – 4) were equal to or 

exceeded the corresponding threshold value (0.65) for each replicate. As species 

richness within enclosures was experimentally manipulated, we could fit a linear model 

with a quasi-binomial error structure to estimate the relationship between species 

richness (1 – 4) and the number of functions (0 – 4) exceeding each threshold. For each 

threshold, the slope estimate represents the number of functions supported by the 

addition of a single species. This slope was calculated for all possible thresholds, in our 

case whole number increments between 1 % and 72 %. Above this upper threshold our 

models would not converge. 

 

To visualise the relationship between species richness and multifunctionality, these 

slopes and their 95 % confidence intervals were plotted across a range of thresholds. 

Four metrics derived from these curves have been identified as being particularly 

informative in making comparisons amongst  treatments (Byrnes et al., 2014): 1) The 

minimum threshold (Tmin), where multifunctionality is first significantly influenced by a 

change in species richness; 2) The maximum threshold (Tmax), beyond which the 
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relationship between species richness and functioning first declines to be non-

significantly different from zero; 3) The threshold of maximum diversity effect (Tmde), the 

threshold where species richness has its strongest positive or negative effect on 

functioning; and 4) The realised maximum effect of diversity (Rmde ), the slope at 

Tmde which indicates the maximum observed effect of species richness on the number of 

functions surpassing the threshold. Low values of Tmin and high values of Tmax, Tmde, 

and Rmde indicate that species richness is a strong driver of multifunctionality (Byrnes et 

al., 2014). 

 

Finally, we tested the influence of ivermectin on beetle emigration (a proxy of survival) 

using generalised linear models with binomial errors. Emigration was calculated as the 

proportion of adult beetles entering the emergence traps. Where data were over-

dispersed, a quasi-binomial error structure was used.  

The statistical computing environment R 3.1.1(R Core Team, 2014) was used for all 

analyses. The multifunc package (Byrnes et al., 2014) was used for analysis of 

multifunctionality data. Figures were created using the ggplot2 package (Wickham, 

2009). 

Results 

Effects of species richness and perturbation on single functions and dung beetle 

survival 

Perturbation significantly reduced dung removal (Figure 3.1a, Table 3.2) by 

approximately 17 % (Perturbed 27.5 ± 1.8 g, Control 32.1 ± 0.9 g, mean ± se). Species 

richness did not have a significant effect on dung removal (Table 3.2). 
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Figure 3.1. Individual ecosystem functions in response to perturbation and species richness 

levels: dung removal (a), forage growth (b), soil fauna feeding activity (c), soil bulk density (d). 

Shaded areas indicate 95% confidence intervals for the slopes. The dotted line represents the 

mean of beetle-free controls (enclosures solely containing dung), that show background levels 

of functioning provided by soil fauna.  
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Table 3.2. Results of analyses testing the effects of perturbation and species richness on 

individual functions and multifunctionality. 

Term F P 

a) Dung removal   

Perturbation F1,61=5.161 0.027 

Species richness F1,61=0.643 0.426 

b) Soil fauna activity   

Perturbation  F1,61=2.857 0.357 

Species richness F1,61=0.860 0.096 

c) Bulk density   

Perturbation F1,61=1.430 0.237 

Species richness F1,61=0.152 0.698 

d) Primary productivity   

Perturbation F1,60=0.063 0.802 

Species richness F1,60=1.649 0.204 

Perturbation*Species richness F1,60=4.008 0.050 

e) Multifunctionality   

Perturbation F1,60=5.688 0.021 

Species richness F1,60=0.259 0.613 

Perturbation*Species richness F1,60=3.849 0.054 

 

For primary productivity, we found a marginally significant interaction between 

perturbation and species richness (Figure 3.1b, Table 3.2). In the absence of 

perturbation, primary productivity tended to be higher in more species-rich 

assemblages. Neither soil fauna feeding activity (Figure 3.1c), nor soil bulk density 

(Figure 3.1d) were significantly influenced by the presence of a perturbation or by 

species richness (Table 3.2). 
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Ivermectin significantly reduced adult emigration (a proxy for survival) for all four 

species (Figure 3.2), lowering the mean emigration of A. ater by approximately 15%, A. 

erraticus L. by 49%, A. fossor by 60%, and A. rufipes by 13%, relative to unperturbed 

controls. 

 

 

Figure 3.2. Estimated survival of different species in response to perturbation from ivermectin, 

based on recovery of adult beetles. Bars show means with standard errors. No A. rufipes were 

recovered in ivermectin treatment. Comparisons made between perturbation levels within 

species, with asterisks representing statistically significant differences in recovery.   

* P≤0.05, ***P≤0.001 

 

Effects of species richness and perturbation on average multifunctionality 

We found weak evidence of an interaction between perturbation and species richness 

(Table 3.2) indicating that species rich communities tend to provide higher levels of 

average multifunctionality than species poor communities, but only under unperturbed 
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conditions (Figure 3.3). Although non-significant at conventional levels of statistical 

significance, the interaction was retained within our model because the main effects on 

their own explained little variation in average multifunctionality. At the lowest levels of 

species richness, perturbation with ivermectin did not affect average multifunctionality 

(Perturbed 0.57 ± 0.03, Control 0.57 ± 0.01, mean ± se). However, average 

multifunctionality was c. 30 % higher in control systems than in perturbed systems at the 

highest level of species richness (Perturbed = 0.49 ± 0.03, Control 0.64 ± 0.04). While 

perturbation significantly affected average multifunctionality (Table 3.2), effects were 

small when considering perturbation in isolation: Control systems had a mean 

multifunctionality index c. 10 % greater than perturbed systems (Perturbed 0.533 ± 

0.016, Control 0.590 ± 0.018, mean ± se). We found no significant main effect of 

species richness on average multifunctionality (Table 3.2). 
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Figure 3.3. Average multifunctionality as a function of species richness and perturbation level. 

Shaded areas indicate 95% confidence intervals for the slopes. The dotted line is the mean of 

beetle-free controls.  

 

Exceeding thresholds approach 

When using the exceeding thresholds approach to test the effect of species richness in 

supporting multifunctionality across a range of thresholds, we found that, in the controls, 

species rich communities seemed to support higher levels of functioning than species-

poor communities, but the benefits were not statistically significant (Figure 3.4a). 

Conversely, we found a generally negative (but never significantly so) relationship 
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between species richness and ecosystem multifunctionality in perturbed communities 

when moving from lower to higher thresholds (Figure 3.4b). As our model estimates 

were at no point significantly different from zero, no meaningful indices could be derived 

and hence are not reported.  

 

Figure 3.4. Relationships between species richness and multifunctionality in control (a) and 

perturbed (b) systems at thresholds from 1-72% of observed maxima. Confidence intervals 

(95%) around the estimated slopes (filled data points) indicate whether the intervals contain 

zero, providing a test of the threshold values at which diversity has no effect on 

multifunctionality.  

 

Discussion 

Higher levels of species richness may support multifunctionality, but benefits are 

context dependent 

 

We found weak evidence that species rich dung beetle assemblages supported slightly 

higher levels of ecosystem multifunctionality than species poor communities (Figures 

3.3, 3.4a). This means that taking measures to enhance the number of dung beetle 

species in agroecosystems could a role in supporting more productive pasture-based 

livestock production. However, these modest benefits were lost when the system was 
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perturbed with ivermectin (Figures 3.3, 3.4b). This suggests the benefits of maintaining 

dung beetle diversity, can be lost to routine management practices.  

 

In the absence of perturbation, a positive correlation between ecosystem 

multifunctionality and species richness is expected based on both theory (Hooper et al., 

2005) and experimental evidence (Maestre et al., 2012; Perkins et al., 2014). As 

particular feeding traits seem to be closely affiliated with the delivery of specific 

ecosystem functions (Chapter 2), greater diversity in feeding traits (Table 3.1) is likely 

driving the increase in multifunctionality at higher species richness levels in the absence 

of chemical perturbation (Figures 3.3, 3.4a).  

 

The benefit of maintaining high species richness in unperturbed conditions may have 

been relatively weak due to the fully factorial nature of this experiment. Under the 

constraints of this design, if a single species showed a disproportionately high role in 

supporting multiple functions this would undermine the importance of species richness 

in supporting multifunctionality. Past evidence suggesting the benefit of dung beetle 

species richness in explaining higher levels of dung removal (Beynon et al., 2012a), 

could be explained by sampling effects, where functionally dominant species are more 

likely to be included in assemblages with higher species richness (Wardle, 1999). 

 

A second possibility that explains why higher species richness provided only modest 

benefits to multifunctionality, stems from the limited range in functional trait diversity 

within our experiment. While the assemblages used represented a typical dung beetle 

community in our study area (P. Manning, pers. obs), higher trait variability may be 

present in less disturbed landscapes (Slade et al., 2011). Where greater variety in 
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feeding  trait diversity is observed (e.g. Palestrini et al., 1998), the relationship between 

dung beetle species richness and multifunctionality is likely to be stronger than what we 

observed here (Figures 3.3, 3.4a).   

 

We found the multifunctional benefits of increased species richness seemed to be lost 

under perturbation (Figures 3.3, 3.4b). The most parsimonious explanation is that the 

strength of the chemical perturbation pushed the system beyond the buffering capacity 

provided by higher species richness levels (Steudel et al., 2012; Hofer et al., 2016). 

Dung beetles in our experiment were exposed to an ivermectin concentration of 500 

ppb (wet weight). Sublethal effects of ivermectin exposure have been detected at 

concentrations as low as 1 ppb (Verdú et al., 2015). A combination of lethal and 

sublethal effects resulting from ivermectin exposure are the simplest explanation for 

observed losses of multifunctionality. 

 

The influence of species richness and perturbation for individual functions 

 

While dung removal was significantly reduced by ivermectin, the size of this effect was 

small (Figure 3.1a). Our results suggest that, despite its prevalence as a proxy for 

overall functioning  (Rosenlew and Roslin, 2008; Beynon et al., 2012a; Kaartinen et al., 

2013), this measure may not be sufficiently sensitive to detect more subtle changes in 

ecosystem functioning. As earthworms and dung beetles may introduce soil into dung 

(Owen et al., 2006), removal rates may have been underestimated. Measuring organic 

matter loss (Holter, 1979a) may provide a better understanding of how species richness 

and perturbation influence dung removal.  
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We found a significant interaction between species richness and perturbation in 

explaining primary productivity (Figure 3.1b, Table 3.2).  Under control conditions, 

species rich dung beetle assemblages contributed to higher ryegrass biomass than in 

low richness communities (Figure 3.1b). A similar benefit of higher species richness was 

found by Slade and Roslin (2016) who reported that higher levels of species richness 

supported enhanced primary productivity in experimentally warmed enclosures.  

We found no significant effect of perturbation or dung beetle species richness on rates 

of feeding activity in soil underlying dung pats (Figure 3.1c). The influence of dung 

beetles on feeding activity or plant litter decomposition might be more strongly affected 

by tunnelling species (Tixier et al., 2015). While our experiment included two tunnelling 

(paracoprid) species (A. erraticus, and A. rufipes), these species excavate relatively 

shallow burrows, and in the case of A. rufipes, show plasticity in reproductive strategies 

(Table 3.1). The activity of these dung beetles might not therefore sufficiently stimulate 

soil processes to the same extent as other larger bodied species (Tixier et al., 2015), or 

deeper tunnelling species (Chapter 2). While we did not find any significant relationships 

between feeding activity and either species richness or perturbation of the system, the 

presence of dung beetles appeared to enhance feeding activity relative to beetle-free 

controls (Figure 3.1c), which may be caused by dung beetles promoting rapid 

aggregation of earthworms beneath dung pats, as reported by Holter (1979). 

 

We found no significant effect of species richness, or perturbation, on soil bulk density 

(Figure 3.1d). Soils at our site were highly permeable and the importance of dung 

beetles in improving soil structure may be greater where soils are more compacted. 

Few studies have explored the benefits of dung beetles in improving the physical 
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properties of soils, but available data suggest tunnelling activity can improve soil 

porosity (Bang et al., 2005; Brown et al., 2010). The same tunnelling activity may also 

increase the quantities of soil in runoff, which may contribute to local soil erosion (Brown 

et al., 2010). The species included in our experiment do not tunnel to the same extent 

as many larger-bodied species, and may thus be less likely to influence physical 

parameters of soil. Nevertheless, A. fossor has been shown to improve soil surface 

penetrability (Chapter 2).   

Limitations of our experimental design 

While adults of each species included in this experiment were affected by ivermectin 

exposure, we were unable to determine when beetles died, or to measure how our 

experimental perturbation influenced the development and survival of dung beetle 

larvae. Larvae play a key role in providing dung removal (Holter, 2016), and are more 

sensitive to perturbation than adult beetles (Beynon et al., 2012a), so it is likely that our 

estimates of beetle survival did not fully capture the magnitude of the perturbation. A 

further inevitable limitation of our experiment is that we were able to measure only a 

subset of possible ecosystem functions. The relatively small benefits of enhanced 

species richness in supporting multifunctionality may be greater when considering 

different subsets of candidate ecosystem functions associated with dung beetle activity, 

which include: parasite suppression (Gregory et al., 2015), and soil microbial respiration 

(Menéndez et al., 2016).  

Because survival in our experiment was variable amongst species, assemblages 

dominated by species that did not perform well in experimental enclosures (e.g. A. ater, 

A. rufipes) may have added further noise to our data. The benefit of species richness in 
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underpinning multifunctionality, may therefore be more evident if higher survival was 

found in the absence of perturbation.  

Colonisation by soil fauna may have partly masked the benefits that species rich dung 

beetle assemblages provide in supporting ecosystem multifunctionality. While dung 

beetles have been described as key ecosystem providers of ecosystem functions 

(Nichols et al., 2008), other soil invertebrates have a functional role comparable to dung 

beetles in supporting dung removal rates (O’Hea et al., 2010a; Kaartinen et al., 2013). 

Furthermore, when moving beyond dung removal to consider other functions that 

support production, benefits derived by conserving diversity of a single taxon may be 

limited in the context of a complex ecosystem.    

 

Implications for agroecosystems and management 

Intensive agricultural practices have been linked widely to biodiversity losses in taxa 

which provide ecosystem functions, including include bees (Holzschuh et al., 2007) and 

dung beetles (Hutton and Giller, 2003). Efforts to stop, or reverse, these trends have 

been addressed through the use of agri-environment schemes, with varying levels of 

success (Wilson et al., 2007; Perkins et al., 2011). While the primary goal of agri-

environment schemes is biodiversity conservation, ecosystem functions may also be 

provided as a further benefit. Our results suggest that maintaining species-rich dung 

beetle assemblages could have marginal benefits in this second regard.  

 

The four species included in this experiment are widespread and common throughout 

Europe (Menéndez and Gutiérrez, 1996; Roslin and Koivunen, 2001; Beynon et al., 

2012a) and across a range of farming intensities (Hutton and Giller, 2003). This 

suggests that farms operating with markedly different management strategies could 
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experience a similar loss of function due to the non-target impacts of livestock parasite 

control chemicals. Furthermore, when the mid- and long-term consequences for dung 

beetles are considered (e.g. lower abundances (Hutton and Giller, 2003) and sublethal 

effects (Verdú et al., 2015)), impacts may be even greater than those we report here, 

particularly when taking multifunctionality into consideration.  

 

Despite the environmental risks associated with veterinary anthelmintic use, these 

products remain an important tool for optimising yield and livestock health under many 

current farming systems (Sanchez et al., 2004; Charlier et al., 2009). Nevertheless, 

there is scope for reducing non-target effects of anthelmintics on dung beetles through a 

number of practical management changes which can be promoted via knowledge 

transfer. For example, selectively treating livestock with known parasite burdens 

(Vercruysse and Claerebout, 2001), choosing anthelmintic groups that are less toxic to 

dung beetles (Floate et al., 2005), and selecting products with more targeted 

administration routes (Laffont et al., 2001) are simple ways of reducing eco-toxicological 

impacts of anthelmintic use. As dung beetles have been shown to respond to 

management at a farm scale (Hutton and Giller, 2003), communicating to farmers the 

functional benefits which can be achieved through sustainable parasite control could 

play an important role in encouraging more environmentally-sound livestock production. 
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Abstract: 

 

Dung beetles (Coleoptera: Scaraboidea) support a number of important ecosystem functions in 

pasture based livestock production systems. Exposure to veterinary anthelmintics in livestock 

dung can have lethal and sublethal effects on dung beetles, and can reduce rates of dung 

removal. However, the consequences for other dung beetle mediated functions have rarely 

been studied. We investigated how anthelmintic exposure affected survival in the dung beetle 

Aphodius fossor, and its delivery of four ecosystems functions that underpin pasture production: 

dung removal, soil fauna feeding activity, primary productivity, and reductions of soil 

compaction. We tested whether anthelmintic exposure had immediate, or delayed effects on 

these functions individually, and simultaneously (i.e. ecosystem multifunctionality). There was 

no evidence that ivermectin residues had a lethal effect on adult beetles. High levels of 

ivermectin exposure concurrent with measures of functioning, significantly reduced the amount 

of dung removed by beetles, but none of the other ecosystem functions investigated were 

significantly affected.  For dung removal, we found a significant interaction between exposure-

timing and functioning. While dung removal was impaired by concurrent exposure to high levels 

of ivermectin, functioning was unaffected when beetles that had been exposed previously to the 

same concentration of anthelmintic later interacted with untreated dung. There was no evidence 

to suggest any persistent impact of anthelmintic exposure on ecosystem multifunctionality. 

While anthelmintic residues remain a significant threat to dung beetle populations, for adult 

beetles we found no evidence that residues posed any functional consequences beyond the 

immediate point of exposure. Approaches that consider multiple generations of a diverse 

coprophagous insect community would be useful to better understand the demographic and 

functional consequences of anthelmintic residues in livestock dung.  
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Introduction 

Globally, more than 80% of agricultural land is used for grazing livestock (Steinfeld et 

al., 2006), a production method which depends heavily upon a number of ecosystem 

functions. While forage production (primary productivity) is the most directly relevant 

function in pasture ecosystems, it is underpinned by a number of supporting functions 

(e.g. nutrient cycling, improved physical properties of soil, and the control of herbivorous 

pests).  

A number of ecosystem functions in pastures are supported by soil invertebrates, 

especially dung beetles (Coleoptera: Scarabaeoidea) (Rosenlew and Roslin, 2008; 

Kaartinen et al., 2013). Dung beetles feed on livestock dung both as larvae and adults 

(Hanski and Cambefort, 1991), and bury dung in the soil (Sowig, 1995). This action 

limits the spread of gastrointestinal parasites (Bryan, 1973), improves soil permeability 

(Bang et al., 2005), and stimulates more rapid decomposition of plant litter (Tixier et al., 

2015; Chapter 2). 

Despite the functional importance of dung beetles within pasture ecosystems, functions 

they support can be readily lost due to environmental perturbations. For example, soft-

bodied scarab larvae living in the soil are highly unlikely to survive cultivation practices 

associated with short-term ley production systems (Huiting et al., 2006), and removal of 

hedgerows can lead to local extinctions of species with narrow thermal niches (Hutton 

and Giller, 2003).  
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A perturbation of particular concern is exposure to veterinary anthelmintic residues in 

livestock dung (Floate et al., 2005; Sutherland and Leathwick, 2011). The most widely 

used class of anthelmintics is the macrocyclic lactones. After passing through the 

animal in dung, residues cause a suite of lethal (Beynon et al., 2012a; Blanckenhorn et 

al., 2013) and sublethal effects on dung beetles. These include reduced fecundity 

(Pérez-Cogollo et al., 2015), lower muscle strength (Verdú et al., 2015), and prolonged 

development (Pérez-Cogollo et al., 2015). 

These lethal and sublethal effects can also act to influence functioning: anthelmintic 

residues in dung have been linked repeatedly to lower dung removal rates (Wall and 

Strong, 1987; Beynon et al., 2012a). Despite this, little is known about the effects of 

exposure on other dung beetle-mediated ecosystem functions in pastures. 

Understanding how anthelmintic residues affect both individual functions and 

multifunctionality (the simultaneous delivery of multiple functions - (Hector and Bagchi, 

2007), would allow a better appreciation of the functional losses associated with 

anthelmintic use.  

 

A second knowledge gap associated with anthelmintic residues, is that the impact of 

exposure on ecosystem functioning occurring after exposure (herein, ‘successive 

functioning’) has not been fully appreciated. Published literature on the effect of 

anthelmintic exposure on functioning considers impacts only at the source of exposure 

(the dung pat containing anthelmintic residues). However, beetles will typically disperse 

between multiple dung pats as adults (Roslin, 2000), and may encounter varying levels 

of exposure amongst movements. Understanding how prior exposure to anthelmintics 
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affects successive functioning, would be useful in better realising the functional 

consequences of anthelmintic use. 

Given that anthelmintic residues often have lethal, and various sublethal consequences 

for dung beetles, we hypothesised that the negative impacts of anthelmintic residues 

would persist even when dung beetles later interacted with anthelmintic-free dung. 

Here, we investigate how exposure to residues of ivermectin (a widely used ML 

anthelmintic) affects four ecosystem functions mediated by the dung beetle Aphodius 

fossor  L., a species known to play a key role in promoting multiple ecosystem functions 

(Slade and Roslin, 2016). In addition to quantifying the concurrent effect of residue 

exposure on functioning, our experiment allows us to investigate the delayed, 

cumulative lethal and sublethal effects of anthelmintic exposure on ecosystem 

functioning for two field-relevant exposures. We ask: i) Does exposure to anthelmintic 

residues have lethal effects on A. fossor? ii) Does exposure to anthelmintic residues 

affect the ability of A. fossor to support individual functions concurrently with exposure? 

iii) Does measuring functioning solely at the source of exposure underestimate or 

overestimate functional impairment associated with anthelmintic use? and iv) Do 

anthelmintic residues cause persistent declines in ecosystem multifunctionality beyond 

the source of initial exposure?  

Methods 

Overview 

We conducted our experiment between June 7th and September 5th, 2016 in a grassy 

field at the John Krebs Field Station (Wytham, Oxfordshire, OX2 8QJ, UK). Our design 

was based on systematically moving groups of dung beetles through a series of three 
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enclosures over a three-week period. Adult dung beetles were allowed to feed in each 

enclosure for one week, with each enclosure being deemed a ‘Phase’. During one of the 

three Phases, dung beetles were exposed to dung containing: high anthelmintic  

(500 ppb ivermectin) residues, low anthelmintic (125 ppb ivermectin) residues, or 

anthelmintic-free controls. The high concentration corresponds to peak faecal 

concentration of ivermectin following cattle treatment with injectable formulations, and 

the low concentration corresponds to concentrations observed 10 days after treatment, 

when anthelmintic exposure is thought to have limited toxicological risk to dung beetles.  

Staggering the Phase when beetles were exposed (Figure 4.1), allowed us to compare 

the effect of anthelmintic residues on beetles exposed either two weeks before (Figure 

4.1A), one week before (Figure 4.1B), or alongside our measures of functioning (Figure 

4.1C). This delay between exposure and measures of functioning is herein referred to 

as ‘exposure-delay’.  Each of the treatment combinations (3 exposure-delays x 3 

residue concentrations) was replicated 8 times, giving 72 replicates in total.  
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Figure 4.1. Schematic of the experimental design. All dung beetles used within the experiment 

were moved through a series of three enclosures, spending one week in each Phase. Black 

dung indicates the period of the experiment when the anthelmintic was added (or not added in 

the controls) to dung. All ecosystem functions were measured during the final part of the 

experiment (Phase 3). To manipulate the time between exposure and measurement of 

functioning, beetles were exposed to ivermectin (except in the controls) during either Phase 1, 

Phase 2, or Phase 3, which corresponded to ‘exposure-delays’ of two-weeks prior to (A), one-

week prior to (B), or concurrently alongside (C) the enclosure where functions were measured 

(Phase 3). The experiment was replicated with: high anthelmintic residues (500 ppb ivermectin), 

low anthelmintic residues (125 ppb ivermectin), or anthelmintic-free controls. Enclosures used 

for Phase 1 and Phase 2 were fully sealed, while enclosures used for Phase 3 were open at the 

bottom, and dug into the soil to allow free colonisation by soil invertebrates.  

 



68 
 

Enclosure Design 

Enclosures used for the Phases 1 and 2 of the experiment consisted of 5 L plastic 

buckets, filled with 5 cm of builders sand, and with six 3 mm holes cut in the bottom for 

drainage. Enclosures used for Phase 3 were 12 L black plastic buckets with the bottoms 

removed and dug into the ground to a depth of 8 cm (Chapters 2, 3). This allowed us to 

measure functions delivered by dung beetles and other soil fauna, which could colonise 

from the underlying soil.  

We collected dung for the enclosures from organically managed beef cattle, raised on 

site at the Farm Animal Initiative (Wytham Farm, Oxfordshire, OX2 8QJ, UK). Cattle 

were grazing on semi-improved pasture dominated by perennial ryegrass (Lolium 

perenne L.) and white clover (Trifolium repens L.). All dung was collected fresh (within 3 

hours of defecation), frozen at -20°C for at least 48 hours, and thawed before use. Dung 

was homogenised for several minutes, so that dung pat consistency was standardised 

amongst enclosures.  

To expose dung beetles to anthelmintic residues, we spiked dung with ivermectin. 

Following Römbke et al. (2009), we prepared dilute solutions of ivermectin (5mg/mL 

Molemec pour-on, Mole Valley Farmers, South Molton, Devon EX36 3LH, UK) in 

acetone at three concentrations: 275 ppm solution (high), 68.75 ppm solution (low), and 

a solution of pure acetone (control).  A third party coded the solutions by randomly 

allocating a unique colour to each, which blinded researchers to treatment levels for the 

duration of the experiment.  

Each pat was formed after homogenising a 1-mL aliquot of the anthelmintic solution into 

550 g of dung for 60 seconds. Addition of the high and low concentration solutions to 
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dung resulted in final ivermectin concentrations of c. 500 and 125 ppb (wet dung 

weight), respectively. Enclosures not subject to treatment with anthelmintic residues in a 

given week were treated with 1 mL of pure acetone as a control.   

We formed dung pats within the enclosures using a 12 cm diameter circular frame. 

Dung pats were placed on a 2 cm wire grid. Each enclosure was then covered by 2-mm 

white fine mesh to prevent additional insect colonisation, and a 1-mm blue mesh to 

provide shade. In all cases, we postponed the addition of beetles to enclosures for three 

days following dung pat formation, allowing time for acetone to volatise (Römbke et al., 

2009), and for dung to reach a more favourable condition for A. fossor, which prefers 

older dung (Holter, 1982). 

Dung beetles used in the experiment were collected from two pastures close to the 

experimental site where organically managed beef cattle were grazing semi-improved 

pasture at low stocking densities. Beetles were hand collected from dung, stored in 

mixed-sexed terraria, and fed anthelmintic-free cattle dung before being used in the 

experiment. 

We determined the sex of each beetle, and added two males and two females to each 

enclosure. The experiment began on June 7th, 2016 (Day 1) by adding beetles to the 

first enclosures (Figure 4.1, Phase 1). We allowed beetles to feed for 7 days before 

removing beetles through a combination of hand-sorting and flotation (submerging dung 

pats in water, and capturing beetles which floated to the surface). The numbers of live 

and dead beetles were recorded, and all living beetles were immediately transferred into 

the corresponding enclosure (Figure 4.1, Phase 2). Seven days later, on Day 14, the 
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beetles were removed as before and added to the final enclosure (Figure 4.1, Phase 3) 

where functions were measured six weeks later (Day 56). 

Removing beetles using flotation during this phase, would have prevented our 

measurement of ecosystem functioning. Thus to estimate beetle survival from Phase 3, 

we attached a dung-baited emergence trap to each enclosure on Day 21. Emergence 

traps consisted of translucent 750-mL plastic containers attached to each of the 

enclosures with a short length of clear 2 cm plastic tubing (Figure 4.1). Each trap was 

filled with approximately 1 cm of builders sand and baited with 150 g of previously 

frozen and thawed cattle dung from the same source as the dung that was used in the 

experiment. An additional 50 g of dung was added one week later, and baits were 

refreshed by disturbing the dung’s crust with a knife. As beetles move between multiple 

dung pats as adults, olfactory cues emanating from the fresh dung encouraged 

movement from the enclosure into the emergence trap. As presence of A. fossor 

individuals in dung has been shown to influence A. fossor aggregation (Chapter 7), 

beetles were removed from the traps every two to three days for two weeks until three 

consecutive evaluations of emergence yielded no additional beetles.  

Response variables  

We measured five response variables during the experiment: beetle survival, feeding 

activity of soil invertebrates, dung removal, soil compaction, and primary productivity. 

Beetle survival was calculated as the total number of adult beetles collected from 

emergence traps between Days 21—34.  

We measured the feeding activity of soil invertebrates (herein, feeding activity) using the 

bait lamina test (Terra Protecta GMbH, Berlin, Germany). Six weeks after introducing 
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beetles to Phase 3 (day 56) we inserted five bait lamina strips through each dung pat 

(Chapter 2). Each strip was positioned so that the uppermost hole was located 

immediately beneath the soil surface. Thirty-six strips were placed alongside the 

experiment and a subset was checked every two days until between 30-50% feeding 

activity was observed. In our experiment, this occurred after 12 days of exposure. Bait 

lamina were removed from the ground on Day 68 (August 13th, 2016) and feeding 

activity was assessed by scoring each bait as ‘consumed’ or ‘intact’ by viewing the 

strips against a light source.   

Immediately after removing bait lamina on Day 68 we began measuring all remaining 

functions. We measured dung removal by lifting dung pats from the enclosures using 

the wire grid. All dung was immediately placed in an aluminium weigh boat and dried for 

48 hours at 80°C. Dung removal was calculated as the mass (g) of dung remaining, 

subtracted from the mean dry mass (91 g) of 550 g dung pats with all invertebrates 

excluded (n=3). 

We assessed soil compaction using a measure of bulk density. Under the initial location 

of the dung pat, we hammered a segment of 5.5 cm diameter PVC pipe into the soil to a 

depth of 5 cm. We removed the intact sample within the pipe using a trowel, and placed 

it into an aluminium weigh boat, drying the sample for 48 hours at 80°C. Soil bulk 

density (g·cm-3) was calculated as the dry mass of soil solids, divided by the core 

volume.  

We measured primary productivity by planting perennial ryegrass seeds into soil 

sampled from the enclosures. Two soil cores were removed from the area beneath each 

dung pat using the same cores, and methods described above. Soil samples were 
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homogenised, and a 185 mL subsample was added to a 250 mL plant pot. One mL of 

tetraploid perennial ryegrass (Cotswold Seeds, Moreton-in-Marsh, Gloucestershire, 

GL56 0JQ, UK) was scattered on the soil surface, and was covered with 15 mL of soil 

from the same sample. We placed the pots in an unheated greenhouse and watered all 

pots regularly and equally. Three weeks after planting, we harvested aboveground 

biomass by clipping plants at the soil surface and drying at 75°C for 48 hours (Zhao et 

al., 2013). Dried biomass was weighed to the nearest 0.1 g.  

Analysis 

i) Does exposure to anthelmintic residues have lethal effects on A. fossor? 

For each ‘exposure-delay’, we tested how exposure to ivermectin residues influenced 

dung beetle mortality by modelling emergence (proportion emerged) as a function of 

ivermectin concentration (high, low, control) using analysis of variance. Model residuals 

met assumptions of homogeneity and normality and thus raw values were left 

untransformed. 

ii) Does exposure to anthelmintic residues affect the ability of A. fossor to support 

individual functions concurrently with exposure?  

We tested whether anthelmintic residues at the site of exposure affected the delivery of 

individual functions using the subset of our data where exposure occurred concurrently 

alongside measures of functioning (exposure-delay = 0 weeks, Figure 4.1C). We 

modelled each individual measure as a function of anthelmintic dose (high, low, control) 

using analysis of variance (ANOVA). Model residuals met assumptions of homogeneity 

and normality, and thus raw values were left untransformed. When a significant effect of 

treatment was found, treatment level means were compared using Tukey’s Honestly 
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Significant Differences (Tukey’s HSD), and effect sizes were estimated using  

Cohen’s D.  

iii) Does measuring functioning solely at the source of exposure underestimate or 

overestimate functional impairment associated with anthelmintic use? 

We tested whether solely considering the immediate effect of anthelmintic residues 

underestimates or overestimates functional losses associated with exposure, using 

analysis of covariance. We modelled individual functional measures as a function of 

anthelmintic concentration (high, low, control), exposure-delay (0 weeks, 1 week, 2 

weeks), and the interaction between anthelmintic concentration and exposure-delay. 

iv) Does anthelmintic exposure cause persistent declines in ecosystem 

multifunctionality beyond the source of initial exposure? 

We tested whether the effect of ivermectin exposure on multifunctionality acted mainly 

at the source of exposure, or whether continued lethal and sublethal effects resulted in 

loss of multifunctionality using the ‘exceeding thresholds approach’ (Byrnes et al., 

2014). This method, developed originally to describe the relationship between diversity 

and multifunctionality, works by estimating a linear relationship between a continuous 

independent variable (exposure-delay ranging from 0-2 weeks), and the number of 

ecosystem functions occurring at or above a given threshold (0-4 functions). Estimates 

were achieved using a linear model with a quasi-binomial error structure.  

We described the relationship between exposure-delay and multifunctionality for each of 

the three exposure levels (high, low, control), to the full threshold limits under which our 

models would converge (10-87%). To visualise the relationship between exposure-delay 
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and multifunctionality, all slopes and their 95% confidence intervals were plotted across 

this full range.  

If exposure to anthelmintic residues cause a delayed impact on functioning, we would 

expect to see a negative relationship between exposure-delay and the number of 

functions surpassing thresholds in both the low and high residue treatments. We would 

not expect to see any significant relationship between exposure-delay and 

multifunctionality under control conditions. When differences are found (i.e. the 

confidence intervals do not overlap with y=0), a number of metrics can be derived from 

the curve to facilitate comparisons of multifunctionality amongst treatments (e.g. Perkins 

et al., 2014).  

The statistical package R 3.1.1(R Core Team, 2014) was used for all analyses. The 

exceeding thresholds approach to assessing multifunctionality was analysed using the 

multifunc package (Byrnes et al., 2014). All figures were created using the ggplot2 

package (Wickham, 2009). Methodology and code were pre-registered on the Open 

Science Framework before beginning the experiment (Manning and Lewis, 2016), and 

are available online.  

Results  

i) Does exposure to anthelmintic residues have lethal effects on A. fossor? 

Beetle survival was not significantly affected by anthelmintic residues two weeks after 

(F2,21 = 1.07, P= 0.36), one week after (F2,21 = 1.64, P= 0.21), or concurrently alongside 

(F2,21 = 2.39, P= 0.11) exposure (Figure 4.2).  
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a 

Figure 4.2. Survival as a function of anthelmintic exposure. In no case was survival significantly 

affected by anthelmintic exposure. Means (bars) are calculated using the number of adult 

Aphodius fossor dung beetles entering emergence traps at the end of the experiment (Phase 3). 

Means are grouped based on the exposure-delay. Bars represent treatment means with 

standard errors. 

ii) Does exposure to anthelmintic residues affect the ability of A. fossor to support 

individual functions concurrently with exposure? 

For concurrent exposure, dung removal was significantly affected by anthelmintic 

residue level (F2,21 = 6.13, P < 0.01), with approximately twice the level of dung removed 

from controls relative to dung with high levels of anthelmintic residues (Control: 42.0 ± 

4.1 g, High exposure: 21.6 ± 2.95 mean ± se, Cohen’s D = -2.00, Figure 4.3A). The 
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relationship between concurrent anthelmintic exposure and functioning was non-

significant in the case of primary productivity (F2,21 = 0.55, P = 0.59), feeding activity  

(F2,21 = 1.11, P = 0.35), and soil bulk density (F2,21 = 0.10, P =0.91). 

 

Figure 4.3. The effect of concurrent ivermectin exposure on four ecosystem functions supported 

by the dung beetle Aphodius fossor:  dung removal (A), primary productivity (B), feeding activity 

(C), soil compaction (D). Bars represent treatment means with standard errors. In panel A, 

sharing of lowercase letter labels indicate that differences between treatment means are non-

significant.  

iii) Does measuring functioning solely at the source of exposure underestimate or 

overestimate functional impairment associated with anthelmintic use? 
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For dung removal, we found a significant interaction between exposure-delay and level 

of anthelmintic residues (Table 4.1). Differences in dung removal for past exposure 

(Phases 1 and 2) were negligible amongst residue levels, but for concurrent exposure 

(Phase 3) dung removal was significantly lower at high anthelmintic exposure in 

comparison to controls (Figure 4.4A). Neither exposure-delay, exposure levels, or their 

interaction significantly explained any variation in the other three ecosystem functions 

considered.  

Table 4.1. Summary of linear models describing the relationship between exposure-delay 

(Delay), and the concentration of anthelmintic residues (Residues) in cattle dung.  

 F P-value 

Dung removal   

Residues F2,66 = 0.60 0.55 
Delay F1,66=0.65 0.01 

Residues*Delay F2,66=0.25 0.05 

Primary productivity   

Residues F2,66 = 0.55 0.57 
Delay F1,66=1.02 0.31 
Residues*Delay  F2,66=0.81 0.45 

Bait Lamina   

Residues F2,66 = 0.81 0.45 
Delay F1,66=0.17 0.68 
Residues*Delay F2,66=0.40 0.67 

Bulk Density   
Residues F2,66 = 0.10 0.91 
Delay F1,66= 0.67 0.42 
Residues*Delay F2,66= 0.66 0.52 
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Figure 4.4. The interacting effects of anthelmintic residues and exposure-delay on four 

ecosystem functions supported by dung beetles. The four functions are: dung removal (A), 

primary productivity (B), feeding activity (C) and soil compaction (D). Relationships between 

each function and the timing of exposure are plotted along with 95% confidence intervals at 

each level of anthelmintic exposure. Light-grey-filled circles with unbroken lines represent 

anthelmintic-free controls, grey-filled circles with dotted trend lines represent low exposure  

(125 ppm), dark-grey-filled circles with dashed trend lines represent high exposure (500 ppm).  

iv) Does anthelmintic exposure cause persistent declines in ecosystem 

multifunctionality beyond the source of initial exposure? 

Using our approach to assessing ecosystem multifunctionality, we found that exposure-

delay did not have a marked effect on multifunctionality. In the absence of any 
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anthelmintic residues, exposure-delay briefly had a positive influence on 

multifunctionality when thresholds reached 80% of their maxima (Figure 4.5A), although 

this almost certainly represents a false-positive from random noise.  In the case of low 

exposure levels (Figure 4.5B) and high exposure levels (Figure 4.5C), the number of 

functions pushed above or below the corresponding thresholds was never significantly 

different from zero.  
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Figure 4.5. Relationships between exposure timing and multifunctionality at control (A), low (B) 

and high (C) levels of anthelmintic exposure. Thresholds span between 10-87% of the observed 

maxima. Confidence Intervals (95%) surrounding the slope estimates indicate whether the 

intervals contain zero. In no case did we find any evidence of a strong loss or gain of 

multifunctionality associated with anthelmintic exposure. 
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Discussion 

 

Overall, we found little immediate impact of anthelmintic exposure in directly reducing 

survival (Figure 4.2), or functioning (with the exception of dung removal) provided by  

A. fossor (Figure 4.3). We found no evidence to suggest that past exposure had any 

effect on future delivery of individual functions (Figure 4.4, Table 4.1) or for ecosystem 

multifunctionality (Figure 4.5). This suggests that considering functioning solely at the 

site of exposure (Figure 4.3) might overestimate the direct losses caused by 

anthelmintic residues on adult dung beetle functioning, particularly when mortality is 

low.  

 

Although recent research has demonstrated that low dose ivermectin exposure causes 

a number of sublethal effects in the dung beetle Scarabaeus cicatricosus Lucas (Verdú 

et al., 2015), exposure was prolonged, as adult beetles were continually supplied with 

spiked dung. Such prolonged exposure does not reflect typical field conditions, unless 

anthelmintics are administered through sustained-release boluses (Errouissi et al., 

2001), or beetles move amongst groups of livestock treated at different times. Under 

typical parasite management strategies, not all livestock are simultaneously treated at a 

farm scale (Boxall et al., 2007). If anthelmintic residues have little impact on dung 

beetles beyond the site of exposure, ensuring the availability of anthelmintic-free dung 

through selective or split-treatment of herds could be useful in limiting the non-target 

impacts of anthelmintic residues on dung dwelling insects. This adds to the benefit of 

selective treatment in providing genetic refugia which limits the development of 

anthelmintic resistance in parasite populations (Sissay et al., 2006). 
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However, for dung beetles to provide any level of functioning they first must disperse to 

the new patch (dung pat) through flight, and/or walking. Since we moved beetles to their 

new habitat patch in our experiment, rather than requiring them to disperse we may 

have underestimated functional consequences of impairment associated with exposure 

to anthelmintics (Verdú et al., 2015). Research exploring how anthelmintic exposure 

affects dispersal would be a useful next step in better understanding the risks of 

anthelmintic use.   

 

In the case of individual functions, we found that dung removal was significantly 

impaired by anthelmintic residues at high concentrations (Figure 4.4A), consistent with 

previous studies (Madsen et al., 1990; Beynon et al., 2012a), and is most likely 

explained by larvae having greater sensitivity to anthelmintic residues than adults 

(Beynon et al., 2012a). Adult beetles filter out large particles and consume the liquid 

fraction of dung, whereas bulk-feeding larvae tend to drive dung removal by 

indiscriminately consuming undigested plant matter and microbial biomass (Holter, 

2016).  As we estimated dung removal through a measure of dry mass, we likely 

considered larva feeding only. All other functions considered were not impacted by 

either high or low levels of anthelmintic residues in dung, which is broadly consistent 

with previous results (Chapter 3). While dung removal is a useful measure in estimating 

baseline levels of ecosystem functioning (Kaartinen et al., 2013), it seems to be poorly 

correlated with other functions of interest, and may not reflect loss of related functions, 

or ecosystem multifunctionality (Chapter 2).  

 

We found no significant effect of anthelmintic exposure in affecting survival of adult 

beetles at any point during the experiment (Figure 4.2). This is consistent with Beynon 
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et al. (2012), but differs from the results reported in Chapter 3, where survival of A. 

fossor was significantly reduced by ivermectin concentrations identical to those used in 

the ‘high’ treatment here. Discrepancies between adult survival may have been due to 

high temperature, which might interact with anthelmintic exposure to cause higher 

mortality. Considering the fate of developing larvae (e.g. Floate, 1998; Dadour et al., 

2000; Errouissi et al., 2001) would reflect more fully the non-target risk anthelmintics 

pose to dung beetles and other insects.  

 

While the importance of dung beetles in providing dung-associated ecosystem functions 

within managed and natural systems has attracted significant attention, dung beetles 

represent only a small portion of the diverse ecological community present in a dung pat 

(Hanski and Cambefort, 1991; Skidmore, 1991). Coprophagous flies are typically the 

most abundant taxa in livestock dung (Skidmore, 1991), and have higher sensitivity to 

chemical residues than dung beetles (Floate, 1998). However, despite their prevalence 

and known sensitivity to chemical perturbations, with the exception of O’Hea et al. 

(2010) little attention has been given to the ecosystem functioning they support. 

Furthermore, as our experiments considered only a single species (albeit a functionally 

important one: Slade and Roslin (2016)) our results, which fail to demonstrate any 

functional loss, may be different when more sensitive species are considered (Beynon, 

2012). Aphodius fossor is often common at sites managed intensively (Hutton and 

Giller, 2003), suggesting that it may have lower sensitivity to perturbations such as 

anthelmintics, relative to other dung beetle species.  

 

Because we allowed earthworms and other invertebrates to colonise dung from the 

underlying soil in Phase 3, loss of dung beetle functioning associated with anthelmintic 



84 
 

exposure may have been masked or buffered by soil fauna (Kaartinen et al., 2013). 

Closed mesocosms, as described by Beynon et al. (2012), would allow effects on dung 

removal by dung beetles to be estimated more precisely, but would not allow other 

important functions to be measured, as we measured them here. This trade-off between 

precision and perspective is inevitable, however we believe that our enclosure design 

allowed for more conservative estimates of functional losses and gives context to the 

relative importance of dung beetles compared to other taxa in underpinning ecosystem 

functioning in pastures. 

 

Perhaps the biggest challenge we are faced with in understanding the non-target 

consequences of livestock parasite control is the difficulty of conducting experiments 

over multiple generations. Our approach, which considered the functional losses 

associated with past exposure to anthelmintic residues, goes beyond the typical direct 

effects but does not consider multi-generational impacts of regular, or occasional use of 

anthelmintics. Additionally, under intensive systems, dung beetles may be exposed to 

anthelmintic residues for longer periods, and at higher concentrations than those we 

considered here. Achieving a better understanding of patterns of anthelmintic use, and 

chemical sensitivity of common species to anthelmintics (e.g. Beynon, 2012) would be 

useful in informing models which predict losses of ecosystem functioning caused by the 

non-target impacts of livestock parasite control.   
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Abstract: 

Dung produced by grazing livestock represents a pulse of nutrients which can benefit growth of 

desirable plant species, but may also allow the establishment or proliferation of weeds. As a 

result, dung may either increase or decrease pasture productivity. A diverse community of 

coprophagous invertebrates (predominately beetles, flies, and earthworms) consumes, 

fragments and buries the dung of livestock in a process known collectively as dung removal. 

This action clears the pasture surface allowing plant growth, while also helping nutrients 

contained in dung become available to pasture plants. Many invertebrates involved in dung 

removal are sensitive to perturbations in agricultural landscapes, where a particular concern 

involves exposure to unmetabolised veterinary anthelmintics (chemicals used to control internal 

parasites) in livestock dung.  Although earthworms are typically unaffected, anthelmintic 

residues can kill or impair colonising insects which can threaten the delivery of associated 

ecosystem functions. In a field experiment, we explored how cattle dung affected both pasture 

productivity and establishment of the perennial pasture weed, broad-leaved dock (Rumex 

obtusifolius) from seed sown under each dung pat. By adding the potent anthelmintic 

doramectin, we were also able to test whether impairing coprophagous insects affected these 

functions. Despite high seed viability, we found that broad-leafed dock establishment was 

negligible (7 out of 1440 seeds), so meaningful comparisons amongst treatments were not 

possible. Pasture productivity (harvested plant biomass) was significantly higher (by 40%) in 

treatments with dung than without dung, irrespective of whether coprophagous insects were 

impaired by anthelmintic residues. An attempt to estimate dung removal through non-destructive 

image analysis showed no detectable effect of impairing insects on rates of dung removal 

during the first eight weeks. However, irrespective of insect impairment, dung was fully 

degraded by the following year. Anthelmintic residues in dung have been shown repeatedly to 

have lethal and sublethal effects on coprophagous insects, and threaten insect diversity in 

agricultural ecosystems. However, our data show that consequences for ecosystem functions 

are not inevitable. In highly improved pasture systems, earthworm activity may buffer against 

functional losses associated with impairment or death of coprophagous insects.   
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Introduction 

Livestock dung is rich in nutrients (Kirchmann and Witter, 1992) and when incorporated 

into the soil can improve forage quantity (Bang et al., 2005), and nutritional quality 

(Fincher, 1981). However, in temperate climates where decomposition is prolonged, this 

flux of nutrients is paired with fouled pasture which can directly impede forage growth 

(Anderson et al., 1984), and lower pasture productivity.  

 

Aside from the direct losses associated with pasture fouling, dung on pasture may also 

limit productivity through indirect pathways. Where dung patches are nutrient rich and 

generally provide some level of disturbance, livestock dung has been shown to 

influence the composition of plant communities in pasture. This is achieved through a 

variety of different mechanisms including direct introduction of propagules (Malo and 

Suárez, 1995), creating gaps that allow seeds to germinate from the seed bank (Dai, 

2000), and allowing rapid vegetative spread of adjacent plants (Welch, 1985). In the 

context of pasture management, a variety of perennial and annual plants are considered 

weedy species, causing direct losses of desirable forage growth by competing with the 

sward for light and nutrients (Seefeldt et al., 2005). Weedy species that are unpalatable 

can proliferate in landscapes under intensive grazing pressure (Callaway et al., 2000), 

and some can be toxic when ingested in high quantities (Gorder, 2000).  

The speed at which dung decomposes and is ultimately removed from the pasture 

surface is likely to influence whether the effect of livestock dung on pasture productivity 

is positive or negative. While decomposition is a microbial process, it is supported by a 

diverse group of coprophagous invertebrates, particularly flies, worms, and beetles, 

which use dung for feeding, breeding and shelter (Hanski and Cambefort, 1991). Direct 
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consumption (O’Hea et al., 2010a; Kaartinen et al., 2013), enhanced microbial 

decomposition (Yokoyama et al., 1991) and relocation of dung to lower soil horizons 

(Sowig, 1995) all increase the rate at which dung disappears from the pasture surface 

(Kaartinen et al., 2013), a function known as dung removal. Alongside the benefits of 

reducing pasture fouling, dung removal supports a number of ecosystem functions in 

pastures, including lowering rates of parasite transmission (Gregory et al., 2015), 

stimulating forage growth (Bang et al., 2005), improving soil structure (Brown et al., 

2010), and reducing greenhouse gas emissions (Slade et al., 2016). 

Invertebrate groups that support dung removal are sensitive to perturbations associated 

with agricultural management, and populations may decline or be lost under intensive 

practices (Hutton and Giller, 2003). For instance, dung beetles with narrow thermal 

tolerances may become locally extinct when shading features like hedgerows or trees 

are removed from agricultural landscapes (Horgan, 2002; Hutton and Giller, 2003), and 

regular soil cultivation associated with short-term ley grazing systems leads to lower 

earthworm densities (Gerard and Hay, 1979). A perturbation of particular concern for 

dung invertebrates involves the use of veterinary anthelmintics (Floate, 2007). While 

highly efficacious against enteric parasites and exhibiting negligible toxicity to mammals 

(Geary, 2005), unmetabolised anthelmintic residues may enter the environment through 

dung and have been shown to kill colonising invertebrates or reduce their fitness (Verdú 

et al., 2015).  

The non-target ecological consequences of anthelmintic use for coprophagous insects 

has received considerable attention (e.g. reviewed by Floate et al., 2005). While the 

majority of work has explored the lethal effects, sublethal effects associated with low 
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dose exposure are becoming more widely recognised, with exposure linked to lower 

fecundity (Pérez-Cogollo et al., 2015), impaired chemoreception (Verdú et al., 2015), 

reductions in egg hatch success (Mann et al., 2015), and shorter lifespan (Verdú et al., 

2015). As insects represent a considerable proportion of coprophagous invertebrate 

communities, these lethal and sublethal effects may also pose a threat for the delivery 

of related ecosystem functions (Wall and Strong, 1987; Madsen et al., 1990; Beynon et 

al., 2012a). However, in many temperate systems earthworms also play a key role in 

promoting dung decomposition (Holter, 1979a; O’Hea et al., 2010a; Kaartinen et al., 

2013) and, in contrast to insects, show little or no sensitivity to veterinary anthelmintic 

residues (Svendsen et al., 2002; Kolar et al., 2008). 

To understand how impaired dung decomposition might affect weed emergence and 

pasture productivity, we conducted a field experiment which involved placing dung pats 

in an improved pasture on plots manually seeded with a pasture weed. We selected the 

broad-leaved dock (Rumex obtusifolius L.) as a focal weed species. This perennial 

weed has a widespread distribution on nutrient-rich soils (Holm et al., 1977) and is a 

noxious and highly competitive weed in many permanent pastures, with high densities 

leading to declines in pasture productivity and forage quality (Pino et al., 1995, Zaller, 

2004). We manipulated insect activity by spiking dung with doramectin, a potent 

veterinary anthelmintic. We investigated (1) whether the addition of cattle dung 

influenced pasture productivity and weed emergence, and (2) whether pasture 

productivity and weed emergence were affected by reduced insect activity.  

 



89 
 

Methods 

Experimental Rationale and Design 

Our experiment was conducted within an improved sheep-grazed pasture at Dr 

Beynon’s Bug Farm, St. David’s, Pembrokeshire, UK (51°53′22″, 5°14′06″). The site is 

dominated by perennial ryegrass (Lolium perenne L.) and white clover (Trifolium repens 

L.), with other low growing herbaceous plants (primarily Stellaria media L., Ranunculus 

spp., Plantago lanceolata L.) interspersed through the sward and accounting for less 

than 5% of the overall cover. The experiment took place within a 14 m × 14 m pasture 

section surrounded by an electric fence to exclude sheep. The day before we began the 

experiment (June 3rd 2015), we mowed the sward to a height of c. 2 cm, and removed 

grass clippings by hand.  

We divided the experimental area into a 1 × 1 m grid of 160 points. Each point was 

marked with a steel tent peg, which specified the bottom right hand corner of each plot. 

Each of these plots measured 15 × 15 cm, which corresponded to the initial size of the 

dung pats. Plots were randomly assigned one of four treatments (Figure 4.1), with 40 

replicates per treatment. On the same day, we collected achenes (dried fruit capsules 

containing seed) from Rumex obtusifolius growing in the margins of a nearby pasture. 

We began the experiment on June 4th 2015 by adding achenes to each plot. The 

location of the achenes was standardised using a plastic reference frame measuring  

15 cm × 15 cm. At the innermost 9 cm × 9 cm, we drilled 9 holes spaced equally along a  

3 × 3 cm grid. The frame was placed at the reference post, and a single achene was 

passed through each hole, ensuring each made contact with the underlying soil. 
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The first two treatments (Figure 4.1a, 1b) involved the adding fresh dung (<6 hours old) 

collected from Welsh Black cattle grazing an onsite paddock of marshy, and semi-

improved dry grassland. The cattle had not been treated within the last 12 months with 

any anthelmintics known to impact dung invertebrates. All collected dung was combined 

into a large container, homogenised for several minutes with a mortar mixer, and 

covered to prevent invertebrate colonisation before beginning the experiment.  

Using a factorial design, we tested how the presence of dung (with or without 

anthelmintic addition) affected the broadleaf dock establishment and pasture 

productivity relative to control areas without dung (with or without anthelmintic addition). 

We formed 40 anthelmintic-free pats (control dung, Figure 5.1a) by measuring 600 g 

batches of dung into a bowl and forming each mass into a dung pat using a 15 x 15 cm 

square plastic frame. The frame was placed so that it was directly overlaying the dock 

seeds placed within each plot several hours earlier. Each dung pat was smoothed and 

edges neatened using a spatula.  
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Figure 5.1. Depiction of treatments included in the experiment. a) Untreated dung, b) Treated 

dung, c) Untreated control, d) Treated control.  

 

To lower insect activity, doramectin (Dectomax Injectable Livestock Wormer – Zoetis) 

was added to each dung pat in the ‘treated dung’ (Figure 4.1b). In lowering insect 

activity, we chose doramectin  over more widely used anthelmintics due to its 

persistence (Suárez et al., 2009), broad-spectrum toxicity to a range of dung insects 

(Floate et al., 2008), and because it does not exhibit the widespread insect-attractant 

effects which have been reported for other more widely used anthelmintics (Floate, 

2007). We added 0.01 mL of doramectin (Dectomax Injectable Livestock Wormer – 

Zoetis) to each 600 g dung pat, resulting in a final concentration of c. 1,000 ng/g of 

doramectin in dry dung, a concentration comparable to but below the known peak of c. 
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1,300 ng/g (Suárez et al., 2009). Doramectin was homogenised within the dung for 60 

seconds, before forming 40 dung pats (treated dung) as described above.  

To test whether the presence of dung affects dock germination, the remaining 80 plots 

were used as controls, divided equally into a negative control (untreated control, Figure 

5.1c, n=40), and a positive control (treated control, Figure 5.1d, n=40). The untreated 

control consisted of 500 mL water sprinkled on the plot, which corresponded to the 

approximate volume of water within the dung. The treated control was treated by 

sprinkling 500mL of water and 0.01 mL doramectin over the plot.  

Pasture Productivity and Weed Germination 

Pasture productivity was assessed the following year, on May 26th, 2016. At each 

sampling point, a 15 × 15 cm quadrat was placed at the location of the initial plot as 

demarcated by the steel peg. Any germinating dock plants falling within the quadrat 

were first noted, and all aboveground forage within the quadrat was harvested, 

separating the sample into broad-leaved dock and non-broad-leaved dock vegetation.  

We measured the fresh mass of each sample a day following the sample collection. 

Due to logistical constraints, we were unable to dry all samples and thus dried a 

stratified random sample of ten samples per treatment. Samples were oven dried at 

60°C for 48 hours. Both fresh mass and dry mass of the forage samples were recorded 

to the nearest 0.1 g.  

Dung Decomposition 

To measure the disappearance of dung pats, we used a non-destructive, image based 

approach. The day after beginning our field experiment (June 5th, 2015), plots 
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containing dung (untreated dung, treated dung) were photographed from a height of 50 

cm, with a measuring tape for scale. Photographs were taken on a biweekly basis for 

eight weeks, at which point grass obscured the edges of the dung pats beyond a point 

where edges could be reliably discerned. Thus, each dung pat has five non-

independent measures taken over a period of eight weeks.  

The area of dung within each photograph was calculated using ImageJ (Schneider et 

al., 2012). The measurer was blind to the treatment, and calculated the area twice for 

each dung pat. If two areas calculated for the same photograph differed by more than 

2%, a third estimate was taken. In all cases, this was within 2% of one of the initial 

estimates, and a mean of the two most similar estimates for each photograph was then 

used as the measure of dung removal rates.  

Analysis 

We used two-way analysis of variance to test how the presence of dung and doramectin 

influenced the mass and the moisture content of the forage samples. In both cases, 

assumptions of normality and homogenous variation of residuals were met, and values 

were left untransformed. All analyses were completed using R (R Core Team, 2014), 

and figures were drawn using ggplot (Wickham, 2009).  

Preliminary examination of the dung decomposition data revealed that mean dung pat 

area decreased 38% between week zero and week two (Figure 5.3). This change in 

area seemed to be caused by a contraction of the dung as it dried, as no external 

weathering or feeding evidence on the dung pat edges were observed. As observations 

following the initial two-week period were indicative of feeding (localised weathering on 

dung pat edges), we used photographs taken between Week 2 to 8 to determine 
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whether decomposition rates were affected by impaired insect activity. We used linear 

models to describe changes in dung pat area occurring over this six-week period, and 

used the slope estimates to test (using a two sample t-test) whether changes in area 

over time (cm2 week-1), were influenced by impairing insects.  

Results 

Only c. 0.5% of dock seeds (7 out of the 1440 seeds sown) established as seedlings 

within the sward, and no meaningful statistical analysis could be used to compare 

treatments. In all cases, these plants were small (three or four leaves, 0-15 cm h) and 

were unlikely to cause any immediate direct loss to pasture productivity.  

Moisture content did not differ significantly among treatments (Table 5.1), with 70.7 ± 

1.2 % (mean ± se) forage moisture content found across all samples.  

Table 5.1. Results of analyses testing the effect of dung and doramectin on the quantity and 

moisture content of harvested biomass. 

Term F P 
a) Fresh biomass   
Dung F1,156 = 28.49  < 0.001 
Doramectin F1,156 = 0.09 0.76 
Dung*Doramectin F1,156 = 1.96 0.16 

b) Moisture content   
Dung F1,36=0.001 0.98 
Doramectin F1,36=0.860 0.32 
Dung*Doramectin F1,36=0.357 0.55 

 

Regardless of whether insects were impaired, the addition of dung significantly 

increased the quantity of forage harvested from the pasture the following year (Table 

5.1). Plots with dung had c. 40% higher levels of forage growth than plots without dung 

(Figure 5.2).  
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Figure 5.2. Treatments containing dung promote higher forage growth relative to dung free 

controls.  Impairing insect activity does not influence this relationship. Bars are treatment means 

with standard errors.  

There was no significant influence of insect impairment on dung removal rates  

(t= 0.177, df=78, P = 0.86). In both treatments, dung pats lost an average of c. 8 cm2 

area per week between weeks 2 and 8 (Figure 5.3).  
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Figure 5.3. Area of dung pats as a function of insect-impairment (addition of doramectin) and 

time. There was no significant effect of treatment: dung area declined irrespective of the 

presence of doramectin. Data points have been jittered along the x-axis for clarity.  

Discussion  

Pasture productivity  

We found that harvested plant biomass was higher in the presence of dung regardless 

of whether the dung was treated with doramectin (Figure 5.2). This suggests that dung 

deposition promotes pasture productivity, and that this benefit occurs even in the 

absence of insect-mediated dung decomposition. Research on the effect of 

coprophagous insects on plant productivity suggests that considerable amount of 

nutrients leach into the soil even in the absence of dung beetles (Bang et al., 2005; 

Bertone et al., 2006). This is most likely due to a combination of feeding by earthworms, 

microbial decomposition, and abiotic weathering of the dung pat. 
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While a number of studies have shown that dung beetles can support higher levels of 

forage growth (Bornemissza et al., 1970; Borghesio et al., 1999; Bang et al., 2005), no 

such effects were evident in our experiment.  Most such experiments have taken place 

over relatively short time periods. The increase in forage mass but consistency in water 

content observed in our experiment suggest that the improved grassland where this 

experiment was conducted might be relatively nutrient limited. However, nutrients 

contained within the dung seemed to become available to the plants the following year, 

regardless of whether coprophagous insects were impaired.  

Although the presence of dung enhanced grass biomass production, our measure does 

not take into the account the pasture area under dung which would have been 

unavailable for grazing until sufficient decomposition occurred (Fincher, 1981). This 

would likely negate the positive growth associated with the presence of dung in the 

short-term. Conversely, it is possible that nutrients from decomposed dung provide 

longer-term benefits, if yield increases from dung incorporation continue past the first 

round of grazing (e.g. Bang et al., 2005). Considering the long-term impacts of 

livestock-dropped dung on pasture productivity, would merit further investigation. 

Weed Establishment 

Despite using highly viable seed (a germination test conducted mid-August showed 

95% viability), it is likely the environmental conditions required for successful 

germination and establishment of R. obtusifolius were not met during our experiment. 

While dock is readily observed growing in disturbed, nutrient-rich soil, successful 

establishment is dependent on a number of environmental factors. Humphreys et al. 

(1997) found just 1.8% seedling establishment under heavy slurry application and 1.7% 
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establishment under intensive physical disturbance of the soil, even with highly viable 

seed (85.0%). The same study found R. obtusifolius were unable to establish from seed 

in the absence of a physical disturbance or addition of nutrients, which is consistent with 

our findings. 

As our experiment occurred in the absence of grazing livestock, we may have removed 

an element of disturbance key to the establishment of broad-leafed dock in pasture 

systems. While mature broad-leaved docks can quickly spread vegetatively and out-

compete the sward, seedlings are poorly competitive in dense vegetation (Cavers and 

Harper, 1967), and survival is negatively correlated with grass root density (Martinkova 

et al., 2009). The improved ryegrass-clover sward at our study site may not have 

provided adequate gaps for establishment. Experiments which consider the interaction 

between high nutrient availability (dung and urine patches), and frequent soil 

disturbances (often associated with gates, feeding areas and shelter) could better 

explain how broad-leafed dock establishes in permanent pastures.   

While we found little evidence to support cattle dung (with or without insect impairment) 

serving as an appreciable microhabitat for broad-leaved docks to establish in pasture, 

our design considered only a single route to germination and establishment. Broad-

leaved docks can establish in grazed pastures through a number of different paths 

including germination after being passed in livestock dung (Dai, 2000; Harrington et al., 

2011), or recruitment from the seed bank following soil disturbance (Van Assche and 

Vanlerberghe, 1989).  
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Estimation of dung removal 

Our ancillary estimate of dung removal suggested that our attempt to impair 

coprophagous insects had no influence on dung removal rates, as estimated through 

changes in area (Figure 5.3). While we did not complement our design with insect 

emergence data, a large body of scientific literature has demonstrated lethal 

consequences of doramectin to dung insects at concentrations far lower than we tested 

(e.g. Dadour et al., 2000; Floate et al., 2001; Suárez et al., 2009). 

Assuming that our experimental manipulation did in fact kill or impair colonising insects, 

it is possible our methodology was not sensitive enough to detect any appreciable 

effect. The vast majority of decomposition mediated by insect feeding activity occurs 

within the confines of the dung pat (Owen et al., 2006) and may not be reflected by 

assessing the exterior. Measuring changes in dung mass (Beynon et al., 2012a; 

Kaartinen et al., 2013), or organic matter loss (Holter, 1979b) would provide a better 

understanding of how anthelmintic residues influence invertebrate-mediated dung 

decomposition and related functions. Our non-destructive method may be more 

informative when tested under more heavily controlled experimental conditions, such as 

the mesocosms described by Beynon et al. (2012). Under such conditions the 

underlying heterogeneity in soil conditions across replicates will be greatly reduced, 

allowing finer treatment effects to be detected. 

Our study was conducted in an improved pasture historically under intensive 

management, where coprophagous insect populations may have been relatively low 

(Hutton and Giller, 2003), perhaps contributing to the absence of a significant effect of 

insect impairment. Additionally, large-bodied tunnelling dung beetles (Coleoptera: 
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Geotrupidae), were largely absent from the study site during the period of our 

experiment when dung would have been attractive to coprophagous insects. Species 

from this group have been widely shown to be an important contributor to dung removal 

in agricultural landscapes (Kaartinen et al., 2013). 

Despite low rates of dung removal, no dung remained on the experimental plots in the 

spring of 2016.  This was likely due to the activity of earthworms, with high densities of 

casts observed within the plots. A soil invertebrate survey conducted every three 

months at an adjacent improved pasture under similar management found a high 

annual mean density of 314 ± 58 individuals/m2 (mean ± se) (P.Manning, unpublished 

data). Earthworms have been repeatedly shown to play a significant role in dung 

decomposition (Holter, 1979; Kaartinen et al., 2013; O’Hea et al., 2010b; Zhao et al., 

2013), and are not affected by the presence of doramectin or other avermectin-based 

anthelmintics (Kaneda et al., 2006). Because earthworms tend to colonise dung later 

during succession (Holter, 1979a), and many studies of dung decomposition are 

relatively short-term, it is likely the significant contribution of earthworms to dung 

removal is often underestimated. As earthworm activity is limited by low soil moisture 

levels (Zaller and Arnone, 1999) and populations are heavily reduced by cultivation 

(Rothwell et al., 2011), dung removal and related functions mediated by earthworms 

may be at risk under ley-based grazing systems.  

Despite the wealth of non-target consequences associated with use of veterinary 

anthelmintics for dung invertebrates and for the wider environment (Floate et al., 2005), 

our data suggest minimal consequences of insect impairment for the functions we 

considered. However, as we relied on natural colonisation by a community with 
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relatively low abundance and diversity, we are likely underestimating the functional 

benefits delivered by a more complex community. Emergence data (e.g. Floate et al., 

2002) would be a useful addition to future experiments of this sort, allowing assessment 

of the efficacy of insect-impairment manipulations, and revealing the composition of the 

dung insect community interacting with the experiment. Given the likelihood that the 

invertebrate community involved in our study was relatively depauperate (Hutton and 

Giller, 2003), the absence of any impact of insect-impairment is consistent with previous 

studies (Borghesio et al., 1999). 
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Abstract: 

 

Macrocyclic Lactones (MLs) are a class of chemicals widely administered to livestock to control 

parasites. While highly effective, ML residues in dung can cause a range of lethal and sublethal 

effects on colonising insects. One group of insects affected by ML residues are dung beetles, 

where lethal and sublethal exposure can cause both demographic, and functional declines. 

Moxidectin has been shown to be less toxic to dung beetles than other MLs, which has led to 

this compound being marketed as ‘dung beetle friendly’. Although evidence from studies of 

related MLs reveals substantial variation in sensitivity amongst species, and such claims are 

likely oversimplified. By selecting two species of dung beetle with differing sensitivities to 

agricultural intensification, we asked whether exposure to moxidectin residues influenced: 

survival, reproductive output, and functioning (short and long term estimates of dung removal). 

The species sensitive to agricultural intensification (Geotrupes spiniger) experienced a 43% 

reduction in survival relative to the control. In contrast, the non-sensitive species (Aphodius 

rufipes) was unaffected by moxidectin residues. We were unable to determine how exposure 

affected reproductive output of either species. A short-term assessment of dung removal found 

equivalent levels of dung removal were supported by the two species, with mean remaining 

dung weighing 58% of controls for G. spiniger, and 36% in A. rufipes. Long-term measures of 

dung removal were not possible to assess, as dung was fully decomposed regardless of 

exposure to moxidectin residues, or the addition of dung beetles. While the functional 

consequences of moxidectin residues seem relatively small, exposure has significant lethal 

effect on a sensitive species shown to provide high levels of functioning. Fully appreciating the 

functional losses moxidectin may have for non-target fauna would need to consider any 

persistent, multi-generational declines caused by repeated exposure.  
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Introduction 

The Macrocyclic Lactones (MLs) are chemicals with broad applications in controlling 

internal and external parasites of livestock. As MLs are highly efficacious, have 

negligible toxicity to mammals, and can be conveniently applied thorough a variety of 

formulations (Boxall et al., 2007), they have become a widely used tool for optimising 

livestock health.  

 

Despite their popularity and efficacy, there is growing evidence that frequent use of MLs 

can have non-target impacts in pasture-based production systems (Lumaret et al., 

2012). Macrocyclic lactones are poorly metabolised, with active ingredients passed 

relatively unchanged in dung and urine (González Canga et al., 2009). Invertebrates 

that colonise the dung for food and shelter come into direct exposure with toxic residues 

with lethal (Beynon et al., 2012a) and sublethal (Verdú et al., 2015) consequences for 

some taxa. One sensitive group are the dung beetles (Coleoptera: Scarabaeoidea), 

which play a key role in mediating dung decomposition (Nichols et al., 2008). 

Death or impairment of dung beetles and other insects can slow rates of dung 

decomposition, which in turn may lead to other detrimental consequences for 

ecosystem functioning in pastures. For instance, dung remaining unincorporated into 

the soil acts as a direct impediment to primary productivity (Fincher, 1981) and delayed 

decomposition is also thought to impair a number of economically important ecosystem 

functions (Beynon et al., 2015). These negative effects of delayed decomposition 

include: nitrogen loss through volatilisation (Nichols et al., 2008), increased probability 

of parasite reinfection (Gregory et al., 2015), and spread of faecal pathogens (Jones et 
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al., 2015). Despite these difficulties, relative to other anthelmintic classes ML parasite-

resistance is less widespread (Boxall et al., 2003), and MLs are likely to remain an 

important tool under current production systems for optimising animal health. Finding 

ways to limit the non-target impacts of ML use on beneficial fauna, and the functions 

they provide is an important step in improving the environmental sustainability of 

livestock production.  

 

Limiting the non-target impacts anthelmintics pose in the environment can be achieved 

through management decisions which are predominately practiced to slow parasite 

resistance to anthelmintics. For instance, the selective treatment of livestock with high 

intestinal burdens (van Wyk et al., 2006) reduces exposure on a population level by 

providing sources of dung free from anthelmintic residues. Additional action can be 

taken under conventional management by housing animals during peak faecal excretion 

(Lumaret et al., 2005). While these management practices show potential in minimising 

exposure risk, they may be difficult to implement at scale. Development and 

identification of active ingredients and formulations which exhibit lower toxicity to non-

target taxa remains an important goal (Floate et al., 2002; Beynon et al., 2012b).    

In this last regard, moxidectin is a ML that has shown particular promise. Moxidectin is 

effective in controlling a wide variety of livestock parasites (Losson and Lonneux, 1996) 

but has greatly reduced impacts on non-target species (Lumaret et al., 2012). For 

instance, Doherty et al. (1994) found that moxidectin was required at 64 times greater 

concentration than abamectin (a related ML) to induce comparable LC50 mortalities in 

the dung beetle Onthophagus taurus Schreber. The low mortality of non-target taxa 

exposed to moxidectin relative to other MLs has been confirmed by numerous studies 
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(e.g. Blanckenhorn et al., 2013; Floate et al., 2005; Lumaret et al., 2012; Wardhaugh et 

al., 2001).  

 

While moxidectin is a useful alternative to more toxic MLs, the assumption that this 

compound poses negligible toxicological risk to all dung beetle species is likely to be an 

oversimplification. Dung beetles exhibit significant interspecific differences in 

anthelmintic sensitivity (Beynon et al., 2012a), and failing to consider impacts on the 

more sensitive species could underestimate the non-target effects of anthelmintic 

treatment on community structure and functioning. In particular, large tunnelling beetles 

tend to be more sensitive to anthelmintic residues than beetles from other functional 

groups (Beynon, 2012), potentially due to limited photodegradation of anthelmintics 

buried in soil (Halley et al., 1989). As large tunnelers play a key role in promoting dung 

decomposition (Roslin and Koivunen, 2001; Kaartinen et al., 2013), leading to concern 

that the functions they support may be lost to anthelmintic exposure. 

 

Here, we compare how moxidectin residues affect the functioning, survival, and 

reproductive output of two representative dung beetle species: a large-bodied tunnelling 

species (Geotrupes spiniger Marsham), and a smaller-bodied species with a variable 

feeding strategy (Aphodius rufipes L.). These two species occur commonly during late 

summer throughout the Palearctic and have differing sensitivities to agricultural 

intensification (Hutton and Giller, 2003). However, their demographic and functional 

sensitivity to moxidectin have not previously been quantified and compared. We used 

manipulative experiments to investigate the influence of moxidectin residues on 

survival, reproductive output, and short-term and long-term dung removal. 
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Methods 

 

The experiment was conducted on an improved pasture at Dr Beynon’s Bug Farm, St. 

David’s, Pembrokeshire, UK (51°53′22″, 5°14′06″). The pasture was in long-term 

rotation, converted from arable (barley) production to pasture in 2006. The vegetation 

consisted of a mixture of perennial ryegrass (Lolium perenne L.) and white clover 

(Trifolium repens L.). At the time of the experiment, the field was grazed by a flock of 40 

Welsh Mountain ewes and their lambs. Prior to beginning the experiment, we cut a 

 7×7 m area sward to a height of c.1cm. Sheep were excluded from the immediate 

experimental area with electric fencing. 

Beetles were contained in 14 L enclosures (N=36), made from black plastic buckets with 

the bases removed. Each enclosure was dug into the soil to a depth of 8 cm which 

allowed colonisation by soil invertebrates, which often play an important role in 

supporting dung removal (Kaartinen et al., 2013).  Enclosures were randomly assigned 

to one of three beetle treatments (G. spiniger added, A. rufipes added, or no beetles 

added). Each beetle treatment was replicated in two dung treatments (dung containing 

moxidectin residues, or untreated dung), giving a total of six treatments with equal 

replication (n=6 replicates of each of the six treatments). 

Dung was collected from a herd of Simmental cattle from a pasture adjacent to the 

experimental site (Upper Harglodd Farm, 51°53′23″, 5°14′07″). The cattle had not been 

treated with any veterinary medications for the past four months. The experiment 

coincided with a scheduled treatment of a moxidectin product (Cydectin pour-on 

solution, 0.5% w/v moxidectin) at the recommended dose of 1mL/10kg body weight. 

Fresh (<10 minutes old) dung was collected prior to anthelmintic treatment (control 
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dung), and again nine and ten days following treatment (moxidectin dung), a period 

known to correspond to peak faecal concentration of moxidectin following pour-on 

application (Steel, 1998). All dung was frozen immediately after collection for a 

minimum of seven days to kill any insects that might have colonised. 

Dung beetles used in the experiment were collected onsite through a combination of 

hand-searching cattle dung, and dung-baited pitfall trapping. Prior to the experiment, all 

beetles were stored in mixed-sex terraria containing cattle dung and sterilised compost-

based potting soil, and housed in a cool, well-ventilated shed. 

The experiment began on August 23rd 2014 when G. spiniger, and A. rufipes were 

commonly observed flying at the farm. Dung was thawed and homogenised, with control 

(Day 0) and treated (a mixture of 50:50 Days 9 and 10) dung kept separated. We 

measured 600g batches of dung with a kitchen balance accurate to 1g and, using a 

circular 12cm diameter plastic mould, formed dung pats using the methods of Beynon et 

al. (2012). Dung pats were placed on a 2 cm aperture wire mesh, so that they could be 

lifted from the pasture surface allowing non-destructive dung removal estimates in the 

field. To allow more meaningful comparisons among treatments we standardised dung 

beetle biomass for all replicates using dry biomass (Table 6.1), following Beynon et al. 

(2012). Immediately after forming the dung pats, beetles were added to the enclosures 

and contained using a fine (2 mm aperture) plastic mesh.  
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Table 1. Dung beetle assemblages used within enclosures. Dung beetle dry biomass was 

approximately 1550mg in each treatment 

Species Functional group Individual dry 
mass (mg) 

Quantity Overall  
mass (mg) 

Aphodius rufipes (L.) Soil-ovipositing 
endocoprid / 
kleptoparasite / 
paracoprid 

29.9 52 1555 
 

Geotrupes spiniger 
(Marsham) 

Paracoprid 387.0 4 1548 

aDry mass values from Gittings and Giller (1997), b Dry mass values from Beynon et al. (2012) 
 

 

Enclosures were monitored four to five times per day for beetle activity. When beetle 

activity was first observed (Day 14), we covered each enclosure with a ceramic tile and 

fitted an emergence trap: a 500 mL clear plastic bottle attached using a short length of  

2 cm diameter clear plastic tubing (Chapter 2), so that beetles would move towards the 

light to exit the enclosure and enter the trap. Enclosures were checked for emerging 

beetles three times a day for ten days (Days 14–24), until a four-day period without any 

additional emergence occurred (Days 20–24). At this point, we assumed no further 

beetles would emerge, removed the covers from all enclosures and replaced them with 

mesh coverings.  

We estimated dung removal, by measuring the remaining dung mass on Day 42, 

corresponding to a period when larval A. rufipes would have completed development 

within the dung pat and pupated in the soil (Stevenson and Dindal, 1985).  As previous 

work has shown the benefits of beetles in supporting dung removal may become more 

apparent during the next grazing season (Beynon et al., 2012a), we took a second 

measure of dung removal early in the next grazing season (May 14th, 2015). Enclosures 

were covered, and emergence traps were reattached on August 6th 2015 to estimate 
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impacts of moxidectin residues on larval development, as assessed by emergence of 

the next generation of adult beetles. Traps remained attached until September 30th, 

2015, at which point we assumed that all adult beetles would have emerged.  

Analysis 

The proportion of beetles added that exited the enclosure into the emergence traps was 

used to estimate beetle survival. The effect of moxidectin on adult survival was tested 

for each species by comparing the proportion emerged between the moxidectin residue 

treatment and the untreated-dung control using a two-sample t-test.  

Dung removal was modelled as a function of dung beetle treatment (G. spiniger,  

A. rufipes, or beetles absent) and the presence, or absence, of moxidectin using a  

two-way analysis of variance (ANOVA). Model residuals met assumptions of 

homogeneity and normality and thus raw values were left untransformed. Post hoc 

comparisons amongst means were made using Tukey’s HSD test. All analyses used R 

3.1.1 (R Core Team, 2014), and figures were drawn using the ggplot2 package 

(Wickham, 2009).  

Results 

 

Survival of A. rufipes was low in both dung types (control 0.66±0.06, treated 0.54 ± 

0.07, mean ± se) and was not significantly affected by the presence of moxidectin 

residues (t = 1.29, df = 9.87, P = 0.23, Figure 6.1). However, survival of G. spiniger was 

significantly affected by the presence of moxidectin residues (t = 4.77, df = 7.71 ,  

P = 0.002, Figure 6.1), being reduced by approximately 43% in treated dung (0.54 ±  
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0.07) relative to the control (0.96 ± 0.04). No beetles from the F1 generation were 

captured in emergence traps from either control or moxidectin residue dung. 

 

Figure 6.1. The proportion of surviving individuals captured in emergence traps, in response to 

moxidectin residues. Aphodius rufipes was not significantly affected. Geotrupes spiniger 

emergence was reduced by approximately 43% relative to controls. Bars are estimated means 

with standard errors. 

For short-term dung removal, the interaction between dung type and beetle treatment 

was non-significant (F2,30 = 2.79, P=0.078). There was a significant main effect of the 

beetle treatment (F2,32 = 10.98, P<0.001) with significantly more dung removed when 

beetles were present compared to when beetles were absent. The presence of 
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moxidectin residues did not significantly affect dung removal for either species 

 (F1,32 = 0.37, P = 0.55).  Aphodius rufipes provided the highest level of dung removal 

(Figure 6.2), with the quantity of dung remaining in enclosures (56.5 ± 5.8 g) weighing  

c. 36% of dung pats without beetles added (154.2 ± 18.1 g). The addition of G. spiniger 

resulted in intermediate levels of dung removal, with a mean remaining dung mass 

(89.5 ± 19.3 g) weighing c. 58% of dung pats without beetles added, although there 

were no significant differences in functional efficiency between the two species  

(Figure 6.2). 

 

Figure 6.2. Mass of dung remaining (g) after six weeks as a function of the presence of dung 

beetles and moxidectin residues. Bars are estimated means with standard errors. Groups within 

beetle treatments sharing the same letter are non-significantly different from one another, as 

tested using Tukey’s HSD.  
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It was not possible to estimate the effect of that the beetle treatment, and moxidectin 

residues had in explaining long-term functioning (dung removal at the beginning of the 

next grazing season). This was due to dung being fully decomposed in all treatments, 

almost certainly due to earthworms; where we observed high densities of earthworm 

casts in all enclosures. 

Discussion 

 

Overall we found little evidence that moxidectin impaired functioning both in the short- 

and long-term, but found that survival of one species (Geotrupes spiniger) was severely 

reduced by exposure to residues. In contrast to G. spiniger, Aphodius rufipes appeared 

to be unaffected by moxidectin residues (Figure 6.1). This species tends to perform 

relatively poorly in enclosures (Chapter 3), perhaps because of its susceptibility to heat 

stress as a nocturnal species (Jessop, 1986). 

 

In dung beetles, larvae are typically more sensitive to anthelmintic residues than adults 

(Beynon et al., 2012a). We attempted to test how moxidectin residues affected larval 

development by quantifying emergence in the year following the experiment, however 

we captured no beetles from the F1 generation. As we observed significant amounts of 

larval activity by A. rufipes, and evidence of brood ball partitioning by G. spiniger when 

estimating functioning in the short-term (Figure 6.2), it is unlikely that no beetles 

developed. It is more likely that our failure to recover any offspring in our experiment 

was a consequence of horizontal movement in the soil, with the subsequent generation 

emerging outside of the enclosures. Deeper enclosures (e.g. Rosenlew and Roslin, 

2008), which limit horizontal movement in the soil, or larger enclosures to facilitate such 

movement, might be more appropriate for future experiments. An additional explanation 
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for the absence of emerging beetles in the second generation is the failure of beetles to 

develop within the timeframe of the experiment. While Palaearctic dung beetles are 

well-studied, detailed ecological and natural history information on the development of 

species in field conditions is relatively scarce for most species (but see: Floate et al., 

2014; Vessby, 2001; Vessby and Wiktelius, 2003). Understanding the environmental 

factors which limit the development of dung beetles would be useful for future work.  

 

While we found no significant effect of moxidectin on short-term measures of dung 

removal (Figure 6.2), this was likely due to high heterogeneity in the moisture content of 

dung, combined with a tendency for water content (as indicated by mass) to differ 

initially between the dung treatments. In the absence of beetles, the mass of dung 

containing moxidectin residues (120 ± 13 g) was on average 37% lower than control 

dung (188 ± 28 g) although a comparison using a two sample t-test found no significant 

difference attributable to the presence of moxidectin (t=-2.18, df =7.04, P = 0.065). A 

small sample size, and variability in remaining dung mass (likely caused by the 

colonisation of soil fauna) meant that we could not make any meaningful post hoc 

corrections for differences in dung quality. More precise estimates of dung removal, 

including use of dry mass (Chapter 3), or loss-on-ignition (Menéndez et al., 2016), might 

permit better estimates of whether dung decomposition is impaired by anthelmintic 

residues. Despite variability in initial dung conditions, our long-term estimate of dung 

removal revealed that these differences may not have appreciable applied relevance. 

We found that dung was fully degraded the following spring, regardless of the addition 

of beetles, or the presence of moxidectin residues. This was likely due to the activity of 

earthworms, which are highly effective in removing dung from pastures (O’Hea et al., 
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2010a), and have little sensitivity to moxidectin (Svendsen et al., 2002), and other 

veterinary anthelmintics (Kolar et al., 2008).  

In the short-term, we found that A. rufipes provided levels of dung removal equivalent to 

a similar total biomass of G. spiniger. Large tunnelling dung beetles like G. spiniger are 

often considered to be the most important guild in supporting ecosystem functioning 

(Slade et al., 2007; Kaartinen et al., 2013; Nervo et al., 2014). However, our results do 

show that high densities of a small-bodied dung beetle (with similar total mass) can 

support equivalent levels of functioning in the short term. As differences in dung 

removal do not always correspond to differences in other beneficial functions in pasture 

(Chapter 2), studies that consider other relevant functions while maintaining dung beetle 

biomass constant, or using models that integrate body size (Nervo et al., 2014) might be 

useful in understanding how high abundance of a small-bodied species could 

compensate for absence of a large-bodied species known to contribute 

disproportionately to functioning.   

While dung beetles are important in supporting ecosystem functions that underpin 

pasture production, they represent only a small proportion of the diverse invertebrate 

assemblage associated with livestock dung in temperate agroecosystems (Skidmore, 

1991). For instance, improved pasture in the UK can support dozens of earthworm 

(King et al., 2008) and coprophagous fly species (Skidmore, 1991). Both groups can 

provide considerable benefit in supporting dung removal. The earthworm Eisenia fetida 

Savigny, the fly Scathophaga stercoraria L., and two species of Aphodius dung beetle 

larvae were all found to make similar contributions to dung decomposition (O’Hea et al., 

2010a). Research focusing on the importance of these alternative groups is limited to a 
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small handful of published studies (Hendriksen, 1991; O’Hea et al., 2010a; Kaartinen et 

al., 2013), and their wider importance in supporting associated ecosystem functions 

have not been explored.  While economic models show that conserving dung beetles in 

agroecosystems may have considerable benefits to farmers (Losey and Vaughan, 2006; 

Beynon et al., 2015), these estimates do not take into account the role other 

invertebrates play in supporting dung removal. If earthworm activity fully removes dung 

even in the presence of anthelmintic residues, high earthworm activity could 

compensate, in the longer-term, for losses caused by the impairment of more sensitive 

taxa. 

 

Our findings suggest that while anthelmintic residues pose a threat to dung beetles in 

agroecosystems, death or impairment of these species may not always have marked 

functional consequences. For measures of short-term functioning (in the case of dung 

removal), high densities of a common, non-sensitive species may compensate for the 

absence of a more functionally important but sensitive species. Additionally, when the 

same function is considered over the long-term, a combination of earthworm activity and 

abiotic weathering apparently compensates for the absence of dung beetles entirely.  

A more comprehensive assessment of functional impacts associated with treating 

livestock with moxidectin would need to consider multiple ecosystem functions 

(Chapters 2, 3). In addition, any persistent, multi-generational declines in dung beetles 

caused by repeated exposure to moxidectin should be investigated to fully appreciate 

the non-target risks of use of this anthelmintic in the livestock industry.  
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Abstract: 

In temperate climates, dung is often colonised by several species of endocoprid (dwelling) dung 
beetles which use pats for feeding, shelter, and reproduction. Endocoprid beetles aggregate 
even when offered patches (dung pats) of consistent age, size, and origin, suggesting that 
beetles themselves might influence the attractiveness of patches to members of their own 
species. Both pheromones, and physical changes to the structure of dung pats caused by 
colonising beetles have been suggested as mechanisms facilitating intraspecific aggregation, 
but neither of these hypotheses have been empirically tested. Using a common European dung 
beetle (Aphodius fossor L.), we conducted a simple choice experiment designed to test whether 
(i) earlier colonisation by conspecifics could alter dung attractiveness and (ii) whether attraction 
was influenced by sex-specific signals. We found that female beetles are repelled by dung 
colonised by conspecific females and are attracted to dung colonised by conspecific males. 
Male beetles show no evidence of attraction or repellence for dung colonised by either sex. 
Neither in females nor males was uncolonised dung found to be significantly more or less 
attractive than predicted by non-preference. Our results suggest that for A. fossor male-
produced signals may support mate finding in patchy environments, and that female-produced 
signals may serve to discourage subsequent colonisation by additional females. 
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Introduction 

 

Dung beetles (Coleoptera: Scaraboidea) are a popular model taxon for testing 

ecological theory, including biodiversity-ecosystem functioning relationships (Beynon et 

al., 2012a), metapopulation dynamics (Roslin, 2000; Roslin and Koivunen, 2001) and 

species-area relationships (Lobo and Martín-Piera, 1999). The spatial ecology of these 

beetles has been studied extensively, as habitat patches (dung pats) are easily 

delimited and species distributions can be studied readily over a wide range of scales 

(e.g. Finn et al., 1998). In contrast to the intense competition experienced in tropical 

dung beetle communities (Hanski and Cambefort, 1991), in temperate ecosystems 

competition is relatively weak and dung monopolisation rarely occurs (for review see 

Finn and Gittings (2003)). Instead, dung beetle communities tend to be characterised by 

dwelling species, with density and diversity showing an aggregated distribution across 

habitat patches (Palestrini et al., 1998). 

 

An important element that influences dung beetle aggregation within a localised patch is 

dung attractiveness. This can be influenced by a variety of factors including time of day 

at which the dung was produced (Holter, 1979b), exposure of the dung pat (Landin, 

1961), weather during dispersal (Finn et al., 1998), age of the dung (Landin, 1961) and 

the presence of veterinary pharmaceutical residues (Floate, 2007). However, highly 

variable beetle aggregation is observed even when using dung from a homogenous 

source with patches having both an identical size and age (Hanski and Cambefort, 

1991; Palestrini et al., 1998). This suggests additional unidentified mechanisms may be 

acting to promote aggregation. 
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A study exploring the spatial distribution of temperate dung beetles (Palestrini et al., 

1998) found both inter- and intraspecific aggregation. They proposed that the activity of 

early colonising beetles might increase attractiveness and habitability of dung for 

potential future colonisers. A second hypothesis offered in discussion within the same 

paper suggested pheromones might be contributing to intraspecific aggregation.  

 

We conducted a preliminary investigation of these hypotheses with a choice experiment 

using the widely-distributed temperate dung beetle Aphodius fossor L. We offered male 

and female beetles a choice of three dung pats which were either: uncolonised, or 

manipulated to contain either four conspecific males or four conspecific females. By 

comparing observed frequencies with expectations of non-preference, we were able to 

test whether colonisation patterns supported aggregations promoted by (i) enhanced 

attractiveness as a result of the activity of colonised beetles; or (ii) sex-specific 

responses. 

 

Methods 

Collection of dung beetles 

Adult A. fossor were hand-collected from cattle dung at Dr Beynon's Bug Farm, St. 

David’s, Pembrokeshire, U.K. (51°53′20″, 5°14′09″) on 30 May 2015. Adults were 

separated by sex into well-ventilated 4 L plastic tubs containing damp builders sand and 

500 ml of fresh cattle dung. All beetles were stored in a cool, dark shed before 

beginning the experiment. 

 

Experimental set-up 

Dung was collected on site from a herd of Welsh Black cattle immediately following 

defecation - before any insect colonisation could occur. The dung was homogenised 
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and formed into nine 250 mL dung pats. Each dung pat was placed into a well-

ventilated, 5 L rectangular tub (22 × 15 × 15 cm), on top of 8 cm of moist, washed 

builders sand. Either four female (n = 3) or four male (n = 3) beetles were randomly 

assigned to tubs. The three remaining dung pats were left uncolonised to serve as 

controls. Tubs were stored for 48 h in a cool, dark shed to allow beetles to acclimatise 

before beginning the experiment. 

 

Three arenas were constructed using circular, 30 cm diameter, 14 litre black plastic 

plant pots filled to 10 cm with moist, washed builders sand (Figure 7.1). Three circular 

holes measuring 2 cm in diameter were drilled at intervals of 120°, with the bottom of 

the hole sitting flush with the sand surface. A 4 cm length of clear plastic tubing (2 cm 

diameter) was used to join the larger arena to the tubs containing the dung pats. One 

end of the tubing was placed flush against the side of the arena with the other end 

extended into the smaller tubs (Figure 7.1). 

 

 

 

Figure 7.1. Dung choice experiment apparatus. Opaque tubs and arena are shown as 

transparent for clarity. Beetles are placed in the centre of the central arena, and move into one 

of the three surrounding tubs.  
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Dung choice tests 

On June 1st at 19.00 hours, 2 h before the experiment began, the tubs containing dung 

pats were attached to the larger arena. The first round of the experiment began at 21.00 

hours when A. fossor becomes most active (P. Manning, pers. obs.). A total of 90 males 

and 90 females were run through the experiment for a total of 18 separate rounds 

(occurring in six successive periods). Sand was re-moistened with water between 

rounds, using a spray bottle. The experiment was conducted indoors, under fluorescent 

light. Arenas and tubs were rotated 120° after each round to account for any differences 

caused by variation in ambient light. We ran male beetles through the experiment first, 

replacing the top c. 3 cm of sand within the arena before testing female beetles. 

 

Three arenas were run simultaneously. As pilot trials found that beetles frequently took 

longer than 20 min to select a dung pat, beetles were run in groups of 10. In each 

round, the 10 beetles of a single sex were added to the middle of each arena and were 

initially confined to the innermost area of the arena using a circular, steel tea strainer (8 

cm diameter). Beetles were kept in place for 120 s before the tea strainer was lifted and 

beetles were able to move towards a dung pat in one of the surrounding tubs. Each 

round of the experiment continued until either all beetles had reached a tub (each beetle 

being promptly captured and removed from the experiment before it could enter the 

dung) or after 25 min when the round was terminated. 

 

Statistical analysis 

Data for male and female beetles were analysed separately using a goodness-of-fit test 

for discrete multivariate data, comparing observations to null expectations of non-

preference. When observed counts were found to be significantly different from null 
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expectations (P < 0.05), a post hoc test was performed, testing each category of 

observation against its expected frequency (McDonald, 2009) using a Bonferroni 

corrected significance threshold (α = 0.0167). Analyses were carried out using the 

‘EMT’ package (Menzel, 2013) for R 3.1.1 (R Core Team, 2014). 

 

Results and Discussion 

Of the 90 females tested, 67 reached the dung within the allotted 25 min. The 

distribution of observed counts of females attempting to colonise dung differed 

significantly from expectation (χ2 = 11.32, df = 2, P = 0.002). Post hoc testing suggested 

that female beetles avoided dung colonised by other females (χ2 = 10.024, df = 1,  

P = 0.001) while preferentially selecting dung colonised by males (χ2 = 6.52, 

 df = 1, P = 0.013) (Figure 7.2a). Of the 90 males tested, 62 reached the dung within the 

allotted 25 min. The majority of male beetles were attracted to dung colonised by 

females (Figure 7.2b), but the observed values were not significantly different from 

expectations of indiscriminate choice (χ2 = 4.004, df = 2, P = 0.146). In neither case did 

we find uncolonised dung was selected more or less frequently than predicted by non-

preference, suggesting there was no significant influence of beetle colonisation on dung 

attractiveness. 

http://onlinelibrary.wiley.com/doi/10.1111/een.12319/full#een12319-fig-0002
http://onlinelibrary.wiley.com/doi/10.1111/een.12319/full#een12319-fig-0002


122 
 

Figure 7.2. Preference of (a) female and (b) male Aphodius fossor in selecting dung which is 

uncolonised, or colonised by either male or female conspecifics. The dashed line marks the 

expected number of individual selections based on non-preference. Stars indicate frequencies 

which are significantly different from expectations of non-preference, values (*P < 0.05,  

***P < 0.001). 

The most striking result of our experiment was the avoidance of female-colonised dung 

by newly colonising female beetles. We suggest this might be attributable to deterrent 

pheromones produced by females, which serve to repel other females, many being 

classified as ‘anti-aggregation’ or ‘oviposition deterring’ pheromones. These signals 

discourage crowding and egg laying, thus reducing potential competition for offspring. 

The production of deterrent pheromones is known from many insects (e.g. tephritid flies 

(Prokopy, 1975), bark beetles (Njihia et al., 2014) and green lacewings (Růžička, 

2013)). We suggest that upon receiving a signal indicating the presence of a female 

beetle, the dispersing female selects an alternative resource where her offspring are 

less likely to experience density-dependent mortality.  
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A comprehensive literature review suggests that endocoprid dung beetle larvae can be 

space-limited within small dung pats (Finn and Gittings, 2003). As A. fossor is one of the 

largest species of endocoprid dung beetle in Europe (Jessop, 1986), low-cost strategies 

(production and reception of chemical signals) could play an important role in reducing 

density-dependent mortality. 

 

The preference of male-colonised dung by female beetles could be supported by a 

male-produced attraction pheromone, a phenomenon documented in other 

Scarabaeoidea (e.g. Tribe, 1975; Edwards and Aschenborn, 1988; Larsson et al., 

2003). The timing of our study occurred approximately 2 weeks after teneral adults 

began emerging, corresponding to when A. fossor females reach reproductive maturity 

(Gittings and Giller, 1997), and would be receptive to mating. Aphodius fossor is found 

almost exclusively in coupled pairs, although densities may exceed six pairs within a 

dung pat (P. Manning, pers. obs.). Males of the temperate species Typhaeus typhoeus 

L. (Geotrupidae) have been observed burrowing part-way into dung where they 

defecate on the dung surface — a behaviour thought to represent simultaneous 

pheromone release (Brussaard, 1983). During our experiment, we observed both males 

and females entering part-way into the dung where they remained for several minutes 

with their abdomen partially exposed: while we did not observe defecation, this stance 

could have potentially facilitated pheromone release. 

 

Alternatively, sex-specific chemical signals influencing dung beetle aggregation may not 

be pheromone based. The activity of endocoprid dung beetles alters the composition of 

gases fluxing from cow dung (Penttilä et al., 2013) which might act to modify its 

attractiveness to colonising beetles. If male or female beetles behave differently within 
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the dung pat (e.g. higher activity), this could potentially induce different gas fluxes. As 

we have no mechanistic evidence for the sex-specific responses, non-pheromone-

based chemical cues should not be discounted. 

 

Furthermore, sex-specific signals in dung beetles may not be chemical: acoustic signals 

have been shown to play a role in aggregation in other Aphodius species (Hirschberger, 

2001; Kasper and Hirschberger, 2005). Acoustic signals are unlikely to have contributed 

to dung choice in this experiment as they are effective only at close range, being 

received mechanically from within the dung pat (Hirschberger, 2001). 

 

As this experiment was conducted only 48 h after dung was first produced, these data 

are not fully representative of the entirety that beetles remain resident within a dung pat. 

Adult A. fossor often inhabit older dung and it is likely that beetle activity could play a 

more influential role in altering attractiveness as dung ages and desiccates.  

 

While our experimental design necessitated running beetles in groups of 10 as a 

consequence of logistical constraints, we recognise that individuals may have been 

influenced by odours released, and/or signals displayed by other beetles in the group. 

However, we observed that beetles frequently stopped when reaching the tunnel end, 

with their head suspended into the airspace above the dung. After a brief (15–30 s) 

period of antennal movement, beetles would either turn, walking back into the arena, or 

walk forward – dropping into the tub. This observation suggested that beetles were 

responding to cues emanating from the dung pat itself, rather than solely following 

chemical trails laid by other beetles in the group. 
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Although our data show female patch choice is influenced by the sex of earlier 

colonisers, it is less clear how this might lead to dung beetle aggregations observed in 

nature. Female preference for male-colonised patches can explain observations of mate 

pairing, but female–female avoidance likely acts to limit aggregation size. One 

explanation could be that when both males and females occupy the same pat, female 

attraction to males outweighs female–female repellence. A second explanation could be 

that the female–female repellence observed in our experiment was induced by high 

densities (four beetles per 250-ml dung pat), and the effect we observed may not persist 

when beetles occupy larger patches. 

 

Our results with A. fossor demonstrate that sex-specific attraction and repellence could 

have a strong influence in explaining intraspecific dung beetle aggregations. We also 

suggest that alongside more refined methodologies, simple olfactometer studies could 

play an important role in achieving a better understanding of the underlying 

mechanisms that influence the spatial distribution of dung beetles. 
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Chapter 8: General Discussion 

 

The value of biodiversity for ecosystem functioning in pasture production 

Diverse communities generally deliver greater functional benefits than species-poor 

communities (Cardinale et al., 2012). Intensive agricultural practices often lead to the 

loss of biodiversity (Tuck et al., 2014), and in some cases these losses can have 

negative implications for functions which support production (Snyder et al., 2006; 

Beynon et al., 2012a). For agricultural production to continue in the wake of declining 

biodiversity, it may become necessary to supplement (Collier and Van Steenwyk, 2004) 

or replace (Partap and Ya, 2012) freely delivered ecosystem functions with costly 

inputs.  

Despite the inherent appeal of biodiversity conservation directly benefitting agricultural 

productivity, functional arguments may provide insufficient justification to support these 

efforts (Norgaard, 2010). For instance, a mere 2% of the bee species found in 

agricultural ecosystems provide 80% of all crop pollination (Kleijn et al., 2015). In the 

case of dung beetles in pastures ecosystems, the value of biodiversity in underpinning 

functioning appears uncertain. While in Chapter 2, we found evidence to suggest that 

species rich dung beetle assemblages offered considerable promise in supporting 

multiple functions, these results were not in agreement with our findings in Chapter 3.  

An important caveat of our diversity-manipulation experiments (Chapters 2 and 3), was 

that the highest level of dung beetle species richness considered was four species. 

While this is representative of a typical assemblage within the study area, the functional 

benefits of species richness may be stronger when a larger species pool is considered 
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(e.g. Palestrini et al., 1998). A second important caveat is that we only manipulated the 

richness of a single taxon (dung beetles). This group represents a relatively small 

component of the dung-associated invertebrate community (Skidmore, 1991), and its 

contribution to functioning may be negligible over longer time-scales when and where 

earthworms are present (Chapters 5 and 6).    

 

Selecting from a larger species pool for diversity manipulations (Rosenlew and Roslin, 

2008; Beynon, 2012), or conducting natural colonisation experiments which selectively 

exclude particular taxa (Slade et al., 2007; Kaartinen et al., 2013) may help to provide a 

better understanding of the roles invertebrate diversity plays in supporting ecosystem 

functions in pasture.  

 

Is invertebrate abundance more important than diversity in supporting 

functioning? 

While the functional benefits of maintaining species-rich dung beetle assemblages were 

not fully clear, we found the addition of dung beetles supported higher levels of 

functioning than what was supported by soil invertebrates alone (Chapters 2 and 3). 

Assuming that the relationship between dung beetle biomass and functioning is 

relatively linear (Yamada et al., 2007), reductions in abundance and biomass 

associated with agricultural intensification (Hutton and Giller, 2003) may have greater 

negative implications for ecosystem functioning than loss of diversity. Approaches that 

manipulate both diversity and abundance of multiple invertebrate groups either through 

field experiments, or with mathematical models (Sherratt et al., 1998; Vale and Grant, 

2002) would be useful in understanding how these factors interact to shape ecosystem 

functioning in pastures.  



128 
 

Sensitivity to perturbation, and resilience, of dung associated invertebrates  

Chemical perturbations associated with macrocyclic lactone (ML) residues in dung were 

a consistent theme throughout this body of work (Chapters 3–6). While these 

perturbations represent a significant threat to sensitive invertebrates (Chapters 3 and 6) 

not all species in pasture communities are similarly affected (Kaneda et al., 2006; 

Beynon et al., 2012a).  

In Chapter 6, we showed that in the short-term a small-bodied species (Aphodius 

rufipes L.) provided equivalent levels of functioning to a large-bodied species 

(Geotrupes spiniger Marsham) with known functional importance (Rosenlew and Roslin, 

2008; Kaartinen et al., 2013) and high sensitivity to MLs (Beynon, 2012). We also 

showed that, despite significant benefits of dung beetles in providing short-term 

functioning (Chapter 6), their absence may be compensated for by earthworm activity 

when considered over a longer timescale.  

Expanding scope to consider the role of associated taxa  

While dung beetles clearly play an important role in promoting a number of important 

ecosystem functions (Nichols et al., 2008), there is an apparent bias in the literature 

favouring dung beetles over other dung-associated taxa. Dung beetles constitute only a 

small part of the diversity found within dung invertebrate communities, and the role of 

other invertebrate taxa should be more critically evaluated.  

Several lines of evidence within this study suggest that earthworms may have a 

significant role in supporting dung removal in pasture ecosystems (Chapters 5 and 6). 

Earthworms show little sensitivity to ML residues in dung (Svendsen et al., 2002; 

Kaneda et al., 2006; Kolar et al., 2008), and are long-established ecosystem engineers 
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that improve the physical (Blanchart et al., 1999; Shipitalo and Le Bayon, 2004) and 

chemical (Cortez et al., 2000) qualities of agricultural soils. Earthworm populations tend 

to show positive responses to applications of organic (Timmerman et al., 2006), and 

mineral fertilisers (Curry et al., 2008), but populations are severely reduced by 

cultivation (Rothwell et al., 2011). Given these associations, management practices 

undertaken to increase earthworm populations could play an important role in ensuring 

the delivery of ecosystem functions, particularly in the presence of chemical 

perturbations. 

A limitation of our findings is that we did not test how dung removal supported by 

earthworms affects the delivery of associated functions. Developing a greater 

understanding of the role which earthworms play in providing related functions 

associated with dung removal (e.g. regulating greenhouse gas fluxes (Penttilä et al., 

2013), limiting parasite transmission (Gregory et al., 2015), or preventing spread of 

faecal pathogens (Jones et al., 2015)) warrants further study.  

Another group whose contribution to dung removal has been largely ignored is the 

community of flies associated with dung. In many cases, flies are the most abundant  

(Skidmore, 1991; Floate, 1998; Braga et al., 2012) and diverse (Skidmore, 1991) order 

of invertebrates associated with livestock dung.  The majority of work which considers 

the interaction between dung and coprophagous flies, involves testing the susceptibility 

of laboratory populations of Neomyia cornicina L., and Scathophaga stercoraria L. to 

anthelmintic residues (Lumaret et al., 2005; Römbke et al., 2009). The other notable 

consideration of coprophagous flies in the literature is how populations of veterinary 

livestock pests (predominately Musca autumnalis De Geer and Haematobia irritans L. 
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might be reduced by dung beetles (Bornemissza, 1970; Hughes et al., 1978; Wallace 

and Tyndale-Biscoe, 1983). With the exception of O’Hea et al., (2010) contributions of 

flies in facilitating dung decomposition have largely gone unquantified, and 

underappreciated.  

 

A final component of the dung invertebrate community which has not been fully 

explored is the role of invertebrate predators. Rove beetles (Coleoptera: Staphylinidae), 

water beetles (Coleoptera: Hydrophilidae), and hister beetles (Coleoptera: Histeridae) 

represent some of the common invertebrate predators found in dung (Skidmore, 1991); 

however their role in affecting decomposition and related functions is poorly understood. 

Work by Zhao et al. (2013) has shown that the presence of predators can alter 

earthworm behaviour, causing individuals to move to lower soil horizons which prompts 

higher levels of forage productivity. Additionally, while the direct role of predatory rove 

beetles and water beetles in dung pats is well known (Valiela, 1974; Walsh and Posse, 

2003), little work has considered the role of these groups in controlling pest fly 

populations (but see, Fay and Doube, 1987). 

Fixating on a sole component of diversity (Chapters 2 and 3), and even categorising 

entire insect orders, such as Diptera, as pests (Braga et al., 2012), makes it difficult to 

tease apart the functional importance which different taxa play in underpinning 

ecosystem functioning. A more comprehensive understanding of how ecosystem 

functions in pasture are affected by agricultural intensification could be achieved using 

experiments that consider: a diversity of invertebrate taxa (e.g. O’Hea et al., 2010), their 

specific sensitivities (e.g. Floate, 1998), and their functional significance (e.g. Beynon, 

2012) in supporting multiple functions (e.g. Chapters 2–4).  
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Sublethal effects of chemical perturbations 

A comprehensive body of evidence has documented the lethal effects of anthelmintic 

exposure on insects developing in livestock dung (reviewed by Lumaret et al., 2012; 

Wall and Beynon, 2012). However, relatively little work has concentrated on the 

sublethal impacts of exposure.  

Available evidence suggests the impacts of sublethal exposure are varied and 

significant. Exposure to ML residues can cause impaired chemoreception (Verdú et al., 

2015), atypical morphological characteristics (Strong and James, 1992), prolonged 

larval development (Pérez-Cogollo et al., 2015), reduced muscle strength (Verdú et al., 

2015), and lower fecundity (McGarry, 1986). While in Chapter 4, we found that previous 

exposure to MLs did not affect subsequent functioning, beetles were physically 

transported between enclosures, removing dispersal from the equation. Given the 

indispensable importance of successful dispersal in supporting survival, reproduction, 

and therefore functioning, experiments which explore how sublethal exposure affects 

dispersal would be invaluable in achieving a more nuanced picture of how ML residues 

affect the delivery of ecosystem functions.  

Wider environmental ramifications of intensive pasture management 

Given the dominance of pastures within the global landscape (Steinfeld et al., 2006), 

intensification of these systems will have ecological ramifications extending beyond the 

communities they directly support. For example, aerial insectivores are in general 

decline (Ambrosini et al., 2012) and often forage over pastures where flying insect 

density may be twice as high as on arable land (Evans et al., 2007). Loss of 

invertebrate biomass has also been attributed as a factor in the decline of other 
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insectivorous birds with close associations to agricultural landscapes, including corn 

bunting Milaria calandra L. (Brickle et al., 2000) and yellowhammer Emberiza citronella 

L. (Morris et al., 2005). 

The intensive management of pastures can also have costs for ecosystems off-site. 

Poor nutrient management planning can spread water-borne pathogens (Ferguson et 

al., 2003) and lead to eutrophication which has numerous adverse outcomes for 

freshwater (Anderson et al., 2002) and marine (Howarth and Marino, 2006) ecosystems. 

Additionally, as the production and application of mineral nitrogen fertilisers acts as a 

significant source of greenhouse gas emissions (Erisman et al., 2008), intensification of 

pasture production has considerable potential to undermine the role of pastures as net 

sinks for carbon sequestration (Slade et al., 2016). 

An important final consideration is that pasture management is practiced over a wide 

continuum of intensity (Steinfeld et al., 2006). While intensification may allow for 

considerable productivity benefits in some areas of the world, other may not be well 

suited due to geographic, climatic or economic constraints. In many of these cases, 

management aligned more closely to a land-sharing philosophy may be a more feasible 

option in producing animal products, offering additional value for biodiversity 

conservation, ecosystem functions (Silver et al., 2000), and the associated economic 

benefits.   

Conclusion 

While addressing only a small component of the vast multidisciplinary challenge of 

simultaneously feeding the world while conserving biodiversity, our findings offer some 

insight into how intensive pasture management affects biodiversity and ecosystem 
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functioning. We show that the functional benefits of maintaining dung beetle diversity 

are not always consistent (Chapters 2 and 3). We show that resilient taxa may support 

the delivery of ecosystem functions even when communities come under chemical 

perturbation (Chapters 5 and 6). While these perturbations may not always result in 

appreciable functional consequences (Chapters 4–6), we show they remain a significant 

threat to the conservation of sensitive groups (Chapters 3 and 6).  

As the global population continues to expand (United Nations, 2015) and the developing 

world begins to incorporate more livestock products into their diet (Godfray et al., 2010), 

it is important that we find sustainable ways to meet this demand while simultaneously 

conserving biodiversity. As loss of biodiversity does not always translate into loss of 

ecosystem functioning, it is important that wider justifications for conservation remain 

integrated into agricultural policy and practice. 
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