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Abstract

This study examined the spatial and temporal variability of dung beetle assemblages

across a variety of scales e.g. from the between-pad scale (examining the effects of

dung size and type) to larger spatial scales encompassing southern Ireland.

Dung beetle assemblage structure as sampled by dung pad cohort samples and dung

baited pitfall trapping were compared. Generally, the rank order of abundance of dung

beetle species was significantly correlated between pitfall catches and cohort pad

samples. Across different dung sizes, in both pitfall catches and cohort pad samples,

the relative abundance of species was frequently significantly different, but the rank

order of abundance of dung beetle species was usually significantly correlated.

Considerable variations in pitfall catches at temporal scales of a few days appeared to

be closely related to weather conditions and rotational grazing. However, despite

considerable variation in absolute abundances between consecutive days of sampling,

assemblage structure typically remained very similar.

The relationship between dung Pad size and dung beetle colonisation was investigated.

In field experiments in which pads of different sizes (0.25 L, 0.5 L, 1.0 L and 1.5 L)

were artificially deposited, there was a positive relationship between pad size and both

biomass and number of beetles colonising dung Pads and pitfall traps. In addition,

with one exception, the field experiments indicated a general positive relationship

between dung Pad size and biomass density (dung beetle biomass per unit dung

volume). A laboratory experiment indicated that pat residence times of A. rUfipes were

significantly correlated with dung pad size. Investigation of naturally-deposited cow

dung pads in the field also indicated that both larval numbers and densities were

significantly correlated with dung Pad size. These results were discussed in the

context of theory related to aggregation and coexistence of species, and resource

utilisation by organisms in ephemeral, Patchy resources.

The colonisation by dung beetles of dung types from native herbivores (sheep, horse

and cow) was investigated in field experiments. There were significant differences

between the dung tyPeS in the chemical parameters measured, and there were

significant differences in abundances of dung beetles colonising the dung tyPes.

Sheep dung was typically the preferred dung type. Data from these field experiments,

and from published literature, indicated that dung beetle species can display dung type

preferences, in terms of comparisons of both absolute and relative abundances. In

addition, data from laboratory experiments indicated that both Aphodius larval
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production and pat residence times tended to be higher in those dung types which

were preferred by adult Aphodius in the colonisation experiments.

Data from dung-baited pitfall trapping (from this and another study) at several sites

(up to 180 Ian distant) and over a number of years (between 1991 and 1996) were

used to investigate spatial and temporal variation in dung beetle assemblage structure

and composition (Aphodius, Sphaeridium and Geotrupes) across a range of scales in

southern Ireland. Species richness levels, species composition and rank order of

abundances were very similar between the assemblages. The temporal variability

between seasons within any year exceeded temporal variability between years. DCA

ordinations indicated that there was a similar level of variability between assemblage

structure from the between-field (-1 kIn) to regional (-180 kIn) spatial scales, and

between year (6 years) temporal scales. At the biogeographical spatial scale, analysis

of data from the literature indicated that there was considerable variability at this scale,

largely due to species turnover.
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Introduction

Introduction

Dung pads from large herbivores are examples of ephemeral, spatially delimited,

patchily distributed resources and thus provide an experimental system with relative

ease of replication and manipulation of samples. In addition, the discrete nature of

dung facilitates extraction of the dung fauna without the arbitrariness in spatio

temporal extent of the sample which is often associated with other ecological sampling.

Dung pads generally support large populations of invertebrates, as well as a

considerable number of species and taxonomic groups. The majority of these

invertebrates are beetles, particularly the Scarabaeidae, Hydrophilidae, Staphylinidae

and Histeridae, and flies such as the Muscidae, Calliphoridae and Sarcophagidae

(Hanski, 1991a, b).

The subfamily Scarabaeinae are more diverse and abundant in lower latitudes and are

considered to be the true dung beetles, consisting of a number of functional groups

based on different modes of sequestering dung (Doube, 1990). Scarabaeine dung

beetles are notorious for their ability to completely remove large amounts of dung in

short periods of time, giving rise to intense competitive interactions (Doube, Giller and

Moola, 1988; Hanski and Cambefort, 1991ab)

In north temperate regions, assemblages of coprophagous beetles are dominated by

Aphodius species (family Scarabaeidae) ( Hanski, 1991b). However, the dung beetle

community in northern Europe also regularly consists of a few species of Geotrupes

(family Geotrupidae) in addition to Sphaeridium and Cercyon species (family

Hydrophilidae). Unless otherwise indicated, I shall restrict further discussion to

studies from north temperate coprophagous communities.

There are over 1000 Aphodius species found globally, and around 130 species in

Europe (Balthasar, 1963), although only a fraction of this number are found at anyone

site. Aphodius species are typically endocoprid (the larvae living and feeding within

the pad) and the adults are relatively small, the elytrallength generally being less than

15 mm in length (over 40 mg dry weight). With the aid of highly developed antennae,

they fly in search of suitable dung. Adults feed on the liquid content of dung, and,

depending on thespecies, lay either single or clutches of eggs in the pad or at the

pad/soil interface. Upon hatching, the larvae undergo three larval stages and a

metamorphic pupal stage from which an adult emerges.
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Geotrupes beetles are much larger than Aphodius species (around 300 mg dry weight).

They are paracoprid (the larvae develop in brood masses of dung buried underneath

the dung pad) and can bury substantial proportions of single pads. They are usually of

relatively low abundance. Sphaeridium and Cercyon species are members of the

largely aquatic Hydrophilidae which have become secondarily adapted to the dung

environment. Cercyon species are no more than a few millimetres in length and

because of their small contribution to biomass are not considered any further in this

study, although they can occur in large abundances in dung samples. Sphaeridium

species are approximately 8 mm in length (around 12 mg dry weight) and can occur in

considerable abundances in pads. The adults are coprophagous, whereas the larvae are

carnivorous within the pad.

Doube (1987) notes that most studies of dung beetle communities have been

descriptive in nature and would fall into one of three categories. The first includes

studies of species composition and successional processes for guilds. The second

involves studies of the seasonal and habitat associations and behaviour of species from

guilds, to which one could add studies on dung preference. The third category would

include studies of the feeding and reproductive biology of coprophages. To these, I

would add a fourth category which includes studies dealing with other ecological

patterns/processes such as competition, aggregation, and predator/prey interactions.

The following subsections provide a brief overview of the main themes in these four

categories.

Studies of species composition and successional processes

Dung Pads are considered to change rapidly in physical and chemical quality over time,

and there have been a large number of studies documenting the successional changes

in the corresponding composition of adult dung beetles over time (Mohr, 1943;

Rainio, 1966; Kessler and Balsbaugh, 1972; Valiela, 1974; Wingo et al., 1974;

Hanski and Koskela, 1977; Koskela and Hanski, 1977; Denholm-Young, 1978,

Hanski, 1980b; Holter, 1982; Desiere, 1987; Yasuda, 1987a; Horgan, 1989; Gittings,

1994; Hirschberger and Bauer, 1994).

Seasonal and habitat associations of north temperate dung beetle

communities.

Many studies have investigated seasonal Patterns of occurrence (White, 1960; Rainio,

1966; BreYmeyer, 1974; Wingo et al., 1974; Hanski, 1980 a, d; Holter, 1982;

Desiere, 1983; De Graef and Desiere, 1984; Yasuda, 1984; Yoshida and Katakura,

1985; Hirschberger and Bauer, 1994; Sowig and Wassmer, 1994; Palmer, 1995;

Gittings and Giller, 1997). Generally, particular species tend to display consistent
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phenological patterns between studies, although Hanski (1980 c, d) has investigated

between-field variation in sPeCies phenology. Studies on diel flight activity have also

been published (Landin, 1967~ Landin, 1968; Koskela, 1979). Studies on

macrohabitat preferences (e.g. between pastures and forests) indicate that most

Aphodius species can occur in different habitat types, but even amongst these species,

preferences for one macrohabitat type over another do exist (Landin, 1961; Hanski and

Koskela, 1977, 1979; Koskela and Hanski, 1977). Microhabitat preferences have

been documented (Denholm-Young, 1978; Chisholm, 1978) and investigations on

spatial distribution of dung beetles within dung pats have been caried out (Finne and

Desiere, 1971; Holter, 1982; Desiere, 1983). For example, Holter (1982)

demonstrated that adult Aphodius species can show within-pad spatial preferences, in

terms of whether they preferred the top, bottom or periperal regions of a pad. Desiere

(1983) found that at the scale of the dung pad, dung beetle species displayed

preferences in occurrence between the pad and the underlying soil. However, data in

Desiere (1983) may have been confounded by the separation of the pad and underlYing

soil not occurring until after the samples had been transported to the laboratory.

Several studies have also looked at colonisation of, and preferences for, various dung

types (Landin, 1961; Rainio, 1966; Kessler et al., 1974; Breymeyer and Zaehariev

Stoilova, 1975; Desiere and Thome, IgrJ; Hanski and Kuusela, 1983; Heijerman,

1990) and in addition, Gittings and Giller (1998) have related chemical parameters of

dung with colonisation preferences and species reproductive performance in different

dung types. Colonisation and preferences for dung pads of different sizes have also

been demonstrated (Landin, 1961; Olechowicz, 1974; Chisholm, 1978; Denholm

Young, 1978).

Studies of feeding and reproductive biology

Studies have investigated the role of diet in nutrition (Madle, 1934; Charpentier, 1968;

Holter, 1974, 1975, 1977) and the subject has been reviewed by Hanski (1987). Other

studies have detailed kleptoparasitism (Klemperer, 1980), and the effect of dung

quality on reproduction (Gittings, 1994).

Other patterns and processes

Attempts to explain the high species richness of the coprophagous community in

patches have contributed to developments in aggregation theory, and studies have

examined the spatial cooccurrence of Aphodius species between pads (Chisholm,

1978; Holter, 1982; Hanski, 1986; Hirschberger, 1996). Such theories depend on the

presence of competition, evidence of which has been relatively limited in Aphodius

dung beetles. However, Landin (1961) demonstrated that at high densities of adults
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and larvae, interference competition for space can occur, and Chisholm (1978)

investigated intra- and interspecific effects of different dung beetle densities on

immigration and emigration rates. Holter (1982) demonstrated that an assemblage of

adult Aphodius species utilised only a very small fraction (less than 1%) of the total

energy in the dung pad, yet density-dependent oviposition has been demonstrated

(Holter, 1979; Yasuda, 1987b, 1990). Recently, Hirschberger (1996) has

demonstrated competition between the dung fly Scatophaga stercoraria and A. aIer, as

well as density-dependent intraspecific competition between larvae of A. aIer.

Questions addressed in the present work

Until recently, dung beetle assemblages in Ireland have received very little attention

(but see Gittings, 1994; Gittings et al., 1994; Gittings and Giller, 1997, 1998).

However, these and other studies of north temperate dung beetles have indicated

relevant areas of research in which data is required, and I have attempted to direct my

studies towards some of these areas. To date, many studies have been descriptive in

nature and have lacked an experimental perspective to test directly certain hypotheses

suggested by the observational data (but see above). Thus, few studies conclusively

identify the role of natural variability in dung pads and associated factors in affecting

assemblage dynamics. Examples of such variability may include changes in short-term

weather conditions, movement of cattle herds, differences in dung Pad size, between

pad differences in dung quality (within one dung tYPe) and availability of different

dung types. I have conducted a combination of field experiments to investigate in more

detail the influence on dung beetle assemblages of dung pad tYPe and size as sources

of natural variability.

Gittings (1994) used pitfall trapping to intensively sample from two locations in

southern Ireland. One of the locations had seven different sites, and trapping was

conducted for three years (Gittings and Giller, 1997). I have analysed combined data

from my own pitfall trapping and that from Gittings (1994), to examine and compare

assemblages from five different locations in southern Ireland (Chapter 2). Data were

available for more than one year at some of the sites, and this allowed for both

temporal and spatial comparisons of assemblages. In an appendix to Chapter 2, more

detailed information on individual species phenologies' and tibial wear is presented,

along with assemblage characteristics and weather data. Gittings (1994) drew attention

to the limitations of, and problems associated with, pitfall trapping, in comparison

with cohort pad sampling. In Chapter 1, I present analyses of data from field

experiments which compare the trapping efficiency of dung pad cohorts and dung

baited pitfall trapping, as well as data on the effects of short term weather fluctuations

and cattle movements on dung beetle flight activity as measured by pitfall captures.
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Comparing studies in the literature, there is a large variation in the dung sizes

employed in various experiments, with only scant knowledge of the effects of

differences in dung pad size on coprophage ecology (Landin, 1961; Olechowicz,

1974; Denholm-Young, 1978; Chisholm, 1978). In addition, variability in patch size

is a potentially important dimension to patch theory which has been largely ignored

(but see Sevenster, 1996; Sevenster and van Alphen, 1996). Chapter 3 reports on an

assessment of variability in dung pad size in the field as well as field experiments

conducted to investigate patterns of colonisation and development by dung beetle

assemblages in relation to dung pad sizes.

Gittings (1994) stated that 'little is known about what aspects of dung quality affect

dung beetle's ability to utilise the resource'. This is despite the changes in the

availability and quality of the dung resource that has occurred across much of Europe

as the intensification of agriculture dominated more of the landscape, and the suspected

role of this agricultural intensification in extinctions of European dung beetle species

(Vaisanen and Rassi, 1990; Bistrom et al., 1991; Hanski, 1991b). In addition,

Lumaretet ale (1992) have shown distinct changes in a dung beetle assemblage when

the available dung resource changed from that of sheep dung to cow dung. Gittings

and Giller (1998) used CCA ordinations to relate chemical parameters of dung with

colonisation preferences, which in tum were related to species reproductive

performance in different dung types (Gittings, 1994). Dung types used in that study

were largely derived from exotic herbivores from a nearby wildlife park. Chapter 4

describes how I employed dung from large mammalian herbivores traditionally found

in most areas in northern Europe (cow, sheep and horse) to relate dung quality

parameters and colonisation of the dung beetle species. I also compare colonisation by

dung beetle species of cow dung of different quality, derived from cattle fed on

different diets.

The role of scale in affecting the interpretation of observed Patterns and processes is

being increasingly recognised in many disciplines of ecology (Levin 1992; Giller and

Doube; 1994; Nisbet et al., 1997). The nature of the ecology of dung fauna makes it

suitable to investigate the influence of scale on various community parameters in dung

beetle assemblages. Chapter 5 presents a synthesis of some of the results from this

study, which examines varibility in north temperate European dung beetle assemblage

structure across a range of spatio-temporal scales, from the effects of weather at the

between-day temporal scale, to the species turnover observed at biogeographical

spatial scales.
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Finally, some of the implications of the results of this study are discussed in a

concluding chapter, focussing on how variability in pad size and dung quality may

affect SPecies coexistence, as well as on the importance of a consideration of sampling

and scale in ecological investigations of coprophagous dung beetle assemblages.
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Chapter 1

An Investigation of some Factors Affecting the
Sampling of Dung Beetle Assemblages

Abstract

1. The description of dung beetle assemblage structure was compared between dung

pad cohort samples and dung-baited pitfall trap samples. Data from different dung

tyPes and sizes were employed.

2. The rank: order of abundance of dung beetle SPeCies was usually significantly

correlated between pitfall catches and cohort pad samples. The relative abundance of

Spluzeridium was typically significantly lower in pitfall catches than in pad samples.

3. Although the relative abundance of SPecies was frequently significantly different

across different dung sizes, the rank order of abundance of dung beetle SPecies was

usually significantly correlated between different dung sizes, in both pitfall catches and

cohort pad samples.

4. Variations in pitfall catches appeared to be closely related to weather conditions and

rotational grazing at temporal scales of a few days.

5. Dung-baited pitfall trapping would apPeM to be an unreliable method for providing

detailed descriptions of absolute and relative abundance of SPeCies. Pitfall trapping is

probably most reliable for use in investigations of species richness and community

composition, seasonal patterns of occurrence and the rank: order of species.
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Introduction

A variety of methods have been employed to sample dung beetles, including dung

baited pitfall trapping (Hanski, 1980ab; Lumaret and Kirk, 1987; Heijerman, 1990;

Lumaret et al., 1992; Gittings, 1994), cohort pad sampling (Hanski and Koskela,

1977; Holter, 1982; Desiere, 1983; Yasuda, 1984; Gittings, 1994; Hirschberger and

Bauer, 1994), baited suction sampling (Koskela, 1979) and quadrat pad sampling

(White, 1960), as well as other non-quantitative methods such as light trapping

(Koskela, 1979).

Of these methods, dung-baited pitfall trapping and cohort pad sampling are the most

widely used. Dung-baited pitfall trapping allows quantitative data on dung beetle flight

activity to be collected, and provides a pooled catch over a sampling period of known

duration. The method samples over a successional range which is related to the ageing

of the bait, and samples may be retrieved and processed relatively quickly. However,

pitfall trap baits may not age in precisely the same manner as dung pads, the possibility

of emigration (an important process in actual dung pads) is excluded and pitfall data is

therefore not very useful for obtaining data on density values of beetles per pad.

Cohort Pad sampling typically involves the use of replicated, standardised dung pads,

a proportion of which are sampled at a number of known intervals after deposition.

The method is relatively time-consuming; a range of successional ages must be

sampled as on any day of sampling only those beetles present in the pad are sampled,

and one must extract beetles from the pads. In successional studies, cohort pad

sampling is susceptible to problems due to double-counting, which will occur when

pat residence times of species are greater than the duration between sampling occasions

(and see below). However, the use of cohort pad samples allows sampling of beetles

that only colonise and remain in the pad, incorporating the effects of interactions and

the balance between immigration and emigration. Cohort pad sampling also allows the

determination of actual density values of beetles in pads.

Gittings (1994) made the point that, with the exception of Doube and Giller (1990),

'little consideration has been given to the adequacy of pitfall trapping in describing and

comparing dung beetle assemblages.' Gittings (1994) provides one of the few

investigations of the efficiency of dung baited pitfall trapping in northern European

dung beetles and this present study explores the problem further. To have confidence

in descriptions of assemblage structure, two important caveats should be considered

(Gittings, 1994); is the method equally effective at sampling all relevant species and is
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there a reasonably constant relationship between captures and the population being

sampled?

In pitfall trapping, the use of a dung bait which attracts insects may largely exclude

those problems associated with the passive sampling otherwise involved in pitfall

trapping (e.g. Topping and Sunderland, 1992), provided all species are equally

attracted. Interspecific differences in behaviour within arthropod groups have been

shown to affect the efficiency of pitfall traps (Halsall and Wratten, 1988) and it is

possible that interspecific differences may affect the efficiency of pitfall trapping of

dung beetles. For example, in comparisons of captures from pitfall traps and cohort

pad samples, Gittings (1994) demonstrated that Spho.eridium spp were consistently

found with lower relative abundances in the former, which was possibly due to a

behavioural difference. Dung beetle flight activity has previously been shown to be

affected by rainfall and temperature, and a model presented in Gittings (1994) also.

suggests that dung beetle flight activity may be affected by successional parameters

and dung pad availability. In addition, the literature reveals that there have been a wide

variety of dung sizes employed between studies (cf. Holter, 1982; Peck and Forsyth,

1982; Kohlman and Sanchez Colon, 1984; Peck and Howden, 1984; Gittings, 1994;

Hirschberger, 1994; see Chapter 3).

The model of Gittings (1994) indicated that beetle captures in both pitfall traps and

cohort pad samples would be inversely related to the number of available dung Pads. A

field example of the situation where the number of dung pads changes over time

occurs in the case of rotational grazing, which involves cattle being rotated through a

series of pastures over a period of up to 20-30 days. Therefore, in anyone pasture of

the rotational grazing regime, fresh dung will be available for only a few days each

month and it may be that beetle populations, and early successional ones in particular,

will follow cattle movements through the rotation. Thus, this will cause short term

variability in abundances (from pitfall traps or cohort Pad samples) in anyone field,

despite there not necessarily being any change in the actual population size of the

beetles. Here, I present data from an experiment investigating the effect of rotational

grazing (and, thus, changing dung availability) on pitfall captures.

I am not aware of any study which compares sampling efficiency across a range of

dung sizes, and data from field experiments (Chapter 3) were used to assess how the

use of different dung sizes in both pitfall and cohort pad sampling affects assemblage

structure. Field experiments were also used to provide further data (particularly on

Spho.eridium spp.) that suggested that dung beetle flight activity is affected by rainfall

and temperature, as well as being affected by dung Pad availability in a rotational
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* * * * * * * *
* * * * * * * *
* * * * * * * *
* * * * * * * *
* * * * * * * *
* * * * * * * *

* * * *
* * * *
* * * *

Fig. 1. Example of the stratified randomised design used in the field experiments. There were five
blocks and each block consisted of a grid of replicate standardiseddung pads and pitfall trap baits (both
represented by asterisks) of the various dung types/sizes.with each row of dung pds/pitfall traps a
similar interval (Sm) apart.

grazing regime. The objectives of the present study were, therefore, to compare dung

beetle assemblage structure as sampled by cohort pad sampling and dung baited pitfall

trapping. The influence of dung size on sampling dung beetles was investigated

through comParisons of dung beetle assemblage structure across different dung sizes,

using both cohort pad samples and pitfall trapping. In addition, pitfall trapping was

used to explore the effects on dung beetle captures of short-term variability in weather

conditions, and rotational grazing.

Methods

Comparison of pitfall trap and dung pad samples from dung of different

types and sizes.

Field eXPeriments investigating Patterns of dung beetle colonisation on dung of different

types and sizes were used to provide data for comParisons between pitfall trap and cohort

Pad sampling. The underlying design of these eXPeriments consisted of replicate

standardised dung Pads and pitfall trap baits of the various dung tyPes/sizes, placed in a grid

of replicate randomised blocks (n = 5) with each row and each dung padlpitfall trap a similar

interval (5m) aPart. There were five blocks, each with a single pitfall trap baited with each

dung type/size and a number of dung Pads of each dung tyPe/size. The pitfall trap design

was based on that of TYndale-Biscoe et al. (1981); for further details see Gittings (1994).

Baits consisted of dung of a known size wrapPed in one thickness of muslin. 5% chloral

hydrate was used as a preservative in the pitfall traps. Pitfall traps were baited at the start of

the eXPeriment with the same dung (and sizes) used to form pads. Dung tyPes used in

eXPerimetns C l-C3 were cow, horse and sheep dung, and two tyPes of horse dung were

used in eXPeriment Cl. EXPeriments 51-53 used cow dung. When the contents of the pitfall

traps were collected, the baits were not changed; thus, these pitfall traps provide a measure
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of dung beetle immigration to aging dung of different types or sizes ("findability").

Experiments C1-C3 employed pads of one litre (L) volume and diameter 16 cm. Pad sizes in

experiments Sl-S3 were composed of 0.25, 0.5, 1.0 or 1.5 L of fresh homogenised dung

and deposited in plastic formers of 8, 12, 16 and 22 cm diameter, respectively. On each

sampling day, one pitfall trap dung pad of each type/size was emptied and one dung pad of

each type/size and the underlying soil were sampled from each block. Dung pad samples

were immediately transported to the laboratory and stored at 4 °C before using Tullgren

funnels to extract beetles from both the dung pat sample and underlying soil. Deposition and

collection of the Pads and pitfall trap contents were conducted between 09.00 and 13.3Q.

Field experiments were carried out at Fota, County Cork, in southern Ireland.

Comparisons of the species composition of the pitfall captures and the cohort pad

samples were conducted after pooling the captures of each species across the sampling

days. The rank order of abundance of species was compared between the sum totals of

the pitfall and Pad data using Spearman's rank correlation analysis. X2 analysis was

used to compare the relative abundance of the component species of both the Aphodius

and Sphaeridium taxocenes, as well as to compare the relative abundance of the total

number of Aphodius and Sphaeridium individuals. In addition to looking at the effect

of sampling type (pitfall or cohort pad sampling) on species composition, I similarly

compared the effect of dung size on species composition of dung beetles. The analyses

were conducted seperately for data from pitfall traps and cohort Pad samples.

Flight activity, weather conditions and rotational grazing

The relation between dung beetle flight activity, weather conditions and the influence

of rotational grazing on dung availability was investigated by conducting intensive

pitfall trapping during a short period of 10-15 days. There were three experiments in

which the dung beetle assemblage was sampled over a period of up to 17 days,

employing dung-baited pitfall traps. As part of experiment C2 (19 June to 29 June), an

additional set of flight activity pitfall traps (n =5) was employed. Every 48 hours, the

contents of the pitfall traps were collected, and the pitfall traps rebaited with fresh

dung. Experiment CT was similarly conducted from 3 July to 20 July. Contents of the

pitfall traps were collected after a period of 48 hours and the pitfall traps rebaited with

fresh dung at the time of collection.

Experiment BF commenced on 1 August and finished on 9 August and involved a set

of pitfall traps located in each of three different pastures which were no less than 300

m apart. Contents of pitfall traps were collected every 24 hours, and the old baits

replaced with fresh ones. One herd of 25-30 cattle were present within at least 50 m of

pitfall trapping site 1 from 3 days before the experiment until day 5. On day 6, the herd
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moved into the field containing site 3, and then moved into the adjacent field on day 8.

Another smaller herd of about 15 cattle was also present in the rotational grazing

regime at Fota at this time. This second herd was located in those pastures between the

road and wildlife park (Fig. 3) until day 6. On day 7, this herd moved into the pasture

containing site 2 and moved into the adjacent pasture on day 8. For clarity, I have

indicated in Fig. 2 (c) the Periods during which cattle were present in, or immediately

adjacent to, a field containing pitfall traps.

In each of the three experiments, there were five replicate traps (five replicate traps per

site in experiment BF), with each replicate located at 5m intervals along a transect.

Weather data were available from a nearby weather station at Cork County Airport.

Abundances of dung beetles over the duration of the eXPeriments were compared with

weather data and, in experiment BF, with the location of cattle herds.

Results

Comparison of pad and pitfall sampling.

Results of the comparisons of rank order of abundances of species and relative

abundance of SPeCies are presented in Table 1. In eXPeriments CI-C3, and 51- 53, the

rank order of abundance of SPecies in pad and pitfall samples of different dung tyPeS

and sizes were typically significantly and positively correlated (18 out of 24

comparisons). Experiment 53, however, was anomalous as the rank order of

abundance of SPecies in Pad and pitfall samples was not significantly correlated in any

of the four dung sizes (see Discussion). In 21 out of the overall 24 comparisons, the

relative abundance of Sphaeridium was significantly lower in captures from pitfall

traps than in captures from pad samples. The relative abundance of the component

species of the Sphaeridium taxocene was significantly, or nearly significantly,

different in 10 out of 22 comparisons between the two sampling types. The relative

abundance of the Aphodius SPeCies was significantly different in 22 out of 24

comparisons.

Table 2 presents the results of comparisons of assemblage structure between different

dung sizes. Within both the pitfall and Pad sampling data, significant differences were

frequently found in the relative abundance of the constituent species within both the

Aphodius and Sphaeridium taxocenes. Correlations of rank abundance of the SPeCies

in Pads of different sizes were almost always significant, and correlation coefficients

were usually higher in the pitfall trap data than in data from cohort Pad samples.
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Table 1. Comparison of assemblage structure in cohort pad samples and dung baited pitfall traps in
experiments C1 - C3 and S1 - S3. Data represent the sum of five replicates on each of a number of sampling
days. '1.2 analysis was used to compare the relative abundance of component species of both the Aphodius and
Sphaeridium taxocenes, as well as to compare the relative abundance of the total number of Aphodius and
Sphaeridium individuals. Species rank order of abundances are compared by Spearman rank correlation. There
were two types of horse dung used in experiment C1 ~ horse (imp) was collected from improved pastures.
whereas horse (rgh) was collected from rough pastures (see Chapter 4). Significances of the values are
indicated as follows: os p> O.L t p < O.L * P < 0.05~ ** p < O.OL *** p < 0.001.

(a) Experiment Cl: May 1996

sheep horse (imp) CDN horse (rough)

pat pit pat pit pat pit pat pit

A. ater 51 49 2 8 6 18 1 3
A. depressus 75 111 1 68 35 52 0 1
A. erraticus 10 34 0 38 20 64 1 0
A. fimetarius 4 0 0 0 2 0 8 7
A. fossor 37 9 7 0 11 1 0 3
A. prodromus 653 904 703 1861 248 594 27 71
A. rufipes 10 46 1 7 1 8 0 2
A. sphacelatus 2 5 24 64 0 4 0 2
Total Aphodius 842 1158 738 2046 323 741 37 89

S. bipustulatum 1 0 0 0 0 0 0 0
S. lunatum 323 156 42 27 261 31 1 1
S. scarabaeoides 192 71 205 48 274 21 0 1
Total Sphaeridium 516 227 247 75 535 52 1 2

rs 0.945** 0.561 t 0.724* 0.518 ns

'1.2:
Aphoclus 57.5*** 57.5*** 35.6*** 10.1 ns
Sphaeridium 2.9ns 12.3*** 2.2ns 0.75ns
Aphodius vs 162.1*** 336*** 560*** 0.02ns
Sphaeridium

(b) Experiment C2: June 1996

dung type sheep CON horse sheep

size 1.0 1.0 1.0 0.25

pat pit pat pit pat pit pat pit

A. ater 399 293 68 60 45 108 178 132
A. depressus 101 81 22 47 12 15 26 28
A. erraticus 8 24 2 22 0 4 10 3
A. fimetarius 50 16 18 2 22 15 9 2
A. fossor 180 94 32 4 73 40 17 16
A. granarius 0 0 0 1 0 0 0 0
A. prodromus 4 2 7 16 0 1 2 1
A. rufipes 65 39 24 8 2 18 4 6
Total Aphocius 807 549 173 160 154 201 246 188

S. bipustulatum 2 1 1 0 1 0 1 0
S. lunatum 238 98 47 41 27 10 40 21
S. scarabaeoides 60 7 132 166 31 19 13 4
Total Sphaeridium 300 106 180 207 59 29 54 25

rs 0.952** 0.745** 0.855** 0.915**

'1.2:
Aphocius 30.1 *** 72.9*** 49.7*** 8.3ns
Sphaeridium 10.2** 3.4ns 1.7ns 1.2ns
Aphodus vs 27.7*** 2.1 ns 15.8*** 3.75t
Sphaeridium
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(c) Experiment C3: August 1996

dung type sheep CON horse sheep

size 1.0 1.0 1.0 0.25

pat pit pat pit pat pit pat pit

A. ater 0 1 2 1 0 0 2 0
A. depressus 71 56 1 1 19 2 0 22 17
A. erraticus 28 27 1 5 0 1 2 6
A. fimetarius 49 13 30 20 17 1 19 2
A. fossor 4 3 1 1 5 0 3 0 0
A. rufipes 296 438 69 243 18 12 32 52
A. rufus 84 34 28 21 1 0 4 4
Total Aphocfus 532 572 152 314 38 17 81 81

G. spiniger 0 0 0 0 0 0

S. bipustulatum 7 2 1 1 0 0 0 0
S. lunatum 2264 1042 197 233 5 0 217 69
S. scarabaeoides 403 190 120 38 3 0 27 12
Total Sphaeridium 2674 1234 318 272 8 0 244 81

rs 0.955** 0.912** 0.238ns 0.92**

X2:
Aphocfus 71.1 *** 58.1 *** 16.86** 23.2***
Sphaeridium 0.43ns 42.7*** 0.81 ns
Aphodius vs 152.9*** 47.7*** 3.38t 30.6***
Sphaeridium

(d) Experiment S1: August 1995

dung size 0.25 0.5 1.0 1.5

pat pit pat pit pat pit pat pit

A. depressus 1 0 5.25 0 3 0 1 4
A. erraticus 0 0 0 0 1 0 0 0
A. fimetarius 7 0 21.75 3.75 33 11.75 44 13
A. rufipes 9 21 50.75 96.25 143 249.5 334 497
A. rufus 0 0 1.25 0 18 4.75 23 14
Total Aphoclus 17 21 79 100 198 266 402 528

G. spiniger 0 0 0 0 5 4

S. bipustulatum 0 0 0 0 4 0 4 0
S. lunatum 1 1 10 55.75 18.75 249 107.5 275 144
S. scarabaeoides 17 1 1 64.75 46.25 243 142.5 193 208
Total Sphaeridium 28 21 120.5 65 492 250 468 352

rs 0.73* 0.88** 0.81* 0.92**

X2:
Aphodus 12.5** 30.2*** 40.9*** 36.4***
Sphaeridium 0.34ns 5.1* 5.8t 28.7***
Aphoaus vs 1.32ns 16.1*** 65.1 *** 33.4***
Sphaeridium

Two replIcates (from dIfferent SIZes) were accidentally destroyed 10 expenment S1. In the above
presentation. average abundances on the day on which the replicates were missing (n=4) were
multiplied by five and rounded to the nearest integar for analyses.
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(e) Experiment S2: May 1996

dung size 0.25 0.5 1.0 1.5

pat pit pat pit pat pit pat pit

A. ater 9 87 27 158 46 254 30 355
A. depressus 17 11 14 58 43 101 68 184
A. erraticus 1 2 1 3 3 10 7 17
A. fimetarius 1 1 3 1 1 0 5 0
A. fossor 1 1 10 12 35 23 64 32
A. prodromus 791 2077 1020 4075 3270 6247 3709 9572
A. sphacelatus 12 29 12 34 17 72 20 65
Total Aphodius 832 2208 1087 4341 3415 6707 3903 10225

S. bipustulatum 1 0 0 0 1 1 4 1
S. lunatum 71 21 120 111 307 169 672 257
S. scarabaeoides 38 10 22 35 137 65 297 69
Total Sphaeridium 110 31 142 146 445 235 973 327

r5 0.81 ** 0.95** 0.909** 0.864**

X2:
Aphodius 32.5*** 20.9*** 77.6*** 163.4***
Sphaeridium 0.36n5 3.26t 0.91 n5 10.9**
Aphodius V5 165.8*** 138.9*** 278.9*** 1227***
Sphaeridium

(f) Experiment S3: July 1996

dung size 0.25 0.5 1.0 1.5

pat pit pat pit pat pit pat pit

A. ater 2 38 12 78 26 129 19 146
A. depressus 6 7 14 9 26 9 23 35
A. erraticus 3 0 2 1 1 1 1 1
A. fimetarius 0 0 1 0 5 2 7 10
A. fossor 2 8 1 17 11 40 23 34
A. rufipes 0 3 0 12 14 31 14 40
A. rufus 0 0 0 1 6 1 6 0
Total Aphodus 13 56 30 118 89 213 93 266

S. bipustulatum 0 0 0 0 2 0 2 0
S. lunatum 14 1 27 2 145 4 228 40
S. scarabaeoides 13 0 63 0 274 0 450 2
Total Sphaeridium 27 1 90 2 421 4 680 42

r5 0.26n5 0.07ns 0.28ns 0.54 ns

X2:
Aphodius 24.8*** 39.78*** 64.4*** 49.5***
Sphaeridium 0.9n5 7.5* 64.5***
Aphodius V5 49.5*** 136.5*** 408.3*** 548***
Sphaeridium
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Table 2. Comparison of assemblage structure between dung samples of different

sizes. with separate analyses for cohort pad samples and dung baited pitfall traps.

Data represent the sum of five replicates on each sampling day. See Table 1 for

original data. Species frequencies are compared using X2 tests~ species rank order

of abundances are compared by Spearman rank correlation. In some experiments,

the number of Aphodius species included in the analysis is indicated where some

species had to be excluded due to violation of the assumptions of the X2 test. In

experiments S1-53, the number of significant pairwise correlations between all

four dung sizes is indicated. Significances of p-values are indicated as follows: os p

> 0.1~ t p < 0.1~ * P < 0.05~ ** P < 0.01~ *** P < 0.001.

Expt. Pads Pitfall traps

51 X2: Aphodius (n=2) 25.6*** 3.2ns

Sphaeridium 11.6** 4.5ns

Aphodius vs 49.9*** 4.5ns

Sphaeridium

Correlation: rs 6 out of6 60utof6

52 X2: Aphodius 56.1*** 44.2***

Sphaeridium 15.8** 4.4fis

Aphodius vs 146.7*** 24.3**

Sphaeridium

Correlation: rs 60utof6 6outof6

53 X2: Aphodius (n=5) 20.3** (3 sizes) 30.5**

Sphaeridium 4.8ns

Aphodius vs 25.5*** 37.5***

Sphaeridium

Correlation: rs 5 out of6 60utof6

C2 X2: Aphodius 67.4*** 22.4**

Sphaeridium 0.53ns 2.27ns

Aphodius vs 10.38** 2.48ns

Sphaeridium

Correlation: fS 0.867** 0.900**

C3 X2: Aphodius (n=5) 32.4*** 10.5*

Sphaeridium 2.9t 0.02ns

Aphodius vs 14.3*** 22.5***

Sphaeridium

Correlation: rs 0.883** 0.958**
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Flight activity

Weatherconditions and the mean abundance of the dominant dung beetle groups and

species in each of the three experiments are presented in Fig. 2. In experiment BF,

only the mean values of the totals of Sphaeridium and Aphodius individuals captured

at each of the three sites are presented. All three experiments were numerically

dominated by Sphaeridium spp.

In experiment C2, the most obvious extreme in weather conditions was the rainfall on

day 7, which coincided with a marked decrease in flight activity of both S. lunatum

and S. scarabaeoides. There was no marked decrease in the flight activity of Aphodius

individuals on day 7, but overall low captures of Aphodius probably did not facilitate

between-day comparisons.

In experiment CT, days 1-4 were the only days during which rainfall occurred.

Temperatures were relatively low on days 1-4 (averaging 11- 13°C), and showed an

overall increase to about 18°C on day 12. After a slight drop on day 13, temperatures

remained at an average of about 15°C. Mean numbers of pitfall captures of Aphodius

were relatively low, and differed little over the duration of the experiment. Note that

captures of A. rufipes were lowest on day 3, which coincided with the sampling

interval when night-time temperatures were lowest and rainfall occurred. There was no

general trend of an increase in either Aphodius or Sphaeridium with the increase in

temperature over days 4-12. Note that neither the drastic increase in abundance of

Sphaeridium on day 12 nor the decrease in numbers of Sphaeridium and Aphodius on

day 13 coincided with a change in weather conditions. Note, however, that a herd of

cattle in a rotational grazing regime were moving through fields adjacent to the pitfall

traps on days 9-14 (see below).
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Fig. 2. Comparisons of dung beetle pitfall captures with weather conditions [Fig. 1 (a-c)] and
cattle movements [Fig. 1 (c»). For experiments C2, cr and BF (a, b, and e, respectively) the
top graph shows daily mean temperature and rainfall during the experiment. The other graphs
show the mean number of pitfall captures (± s.e., n =5) of total Aphodius and Sphaeridium,
and of the most common of the species within these taxocenes. For clarity, some of the lines
are horizontally displaced. Note that in Fig. 1 (c) the middle graph indicates the time period
during which a herd of cattle were in, or immediately adjacent to, a field containing pitfall
traps.
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Fig. 2 (b)
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Fig. 2 (c). Note that the middle graph indicates the time period during which a herd of cattle
were in, or immediately adjacent to, a field containing pitfall traps.
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Fig. 3. The location of study pastures at Fota Island (from Gittings, 1994). Pasture

1 is permanently grazed by a variety of exotic herbivores. Pastures 2-14 are

rotationally grazed cattle pastures. Sites 1-3 indicate the location of the flight

activity pitfall traps.
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Table 3. Location of cattle herds in pastures (indicated by numbers) during the

rotational grazing regime at Fota over the duration of experiment BF. Pasture numbers

correspond with those in Fig. 3.

Day Herd 1 Herd 2

1 12 6

2 12 6

3 12 7

4 12 7

5 12 8

6 5 9

7 5 10

8 4 11

Experiment BF compared the flight activity of dung beetles in three different pastures

(Sites 1-3, Fig. 2). Table 3 indicates the location of the two herds of cattle during the

eight days of experiment BF. In contrast to experiments C2 and cr, there were large

differences between days in the number individuals captured at any site. Mean

temperatures varied little until day 6 and then decreased by about 2.5 °C before

increasing again by about 2.5°C over days 7 and 8. There was some light rainfall on

days 4 and 7, moderate rainfall on day 8 and heavy rainfall on day 5. In association

with rainfall on days 5 and 8, pitfall captures on days 5 and 8 decreased markedly in

those sites which had high captures on the previous day [Fig. 2 (c)]. At site 1, mean

pitfall captures of all beetles were very low « 10 beetles per trap) during the period

when cattle were present. During the same period, weather conditions on days 1-4

were conducive to beetle activity, and the other sites had mean pitfall captures of over

100 individuals [Fig. 2 (c)]. Pitfall captures at site 3 were almost negligible in the

presence of cattle on days 6, 7 and 8. At site 2, the presence of the second (smaller)

herd of cattle did not seem to have any appreciable effect on pitfall captures [Fig. 2

(c»).
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Discussion

Comparisons of assemblage structure

Looking at the comparisons of assemblage structure between trapping methods, the

rank order of abundance in cohort pad samples and pitfall traps were usually correlated

(18 out of 20 comparisons, excluding the apparently anomalous results from

experiment S3). Nevertheless, y} analyses generally demonstrated that species'

relative frequencies between the two methods were significantly different. There was a

marked lower relative frequency of Sphaeridium species in the pitfall catches than in

the cohort pad samples, which is in agreement with Gittings (1994). Hydrophilid

species may locate dung pads visually (Schwind, 1991), and it may be that the

wrapping of the dung bait in muslin alters some visual cues that Sphaeridium beetles

use to locate dung. In both pitfall trapping and cohort pad sampling, the rank order of

abundance of species between dung samples of different sizes was typically highly

correlated. However, significant differences in the relative frequencies of species often

occurred, and occurred more often between cohort pad samples of different sizes,

compared to pitfall trapping with baits of different sizes.

The interpretation of these comparisons of assemblage structure is possibly

confounded when sample sizes of species are low. This was particularly so in

experiment S3, when there were low abundances of Aphodius species. In such a

situation, small changes (n ::::: 10) in the captures of species could drastically alter the

rank order of abundance. Krebs (1989) suggests that correlation coefficients are most

suitable in low diversity assemblages with 'reasonably large' sample sizes.

x2 analysis of species frequencies may have to be interpreted with caution. The

significance of a difference in species frequencies (X2 analysis) between pitfall traps

and pads may be unreliable when one has low sample sizes of species, e.g. some

comparisons between 0.25 L pitfall trap and pad samples. In addition, in some

instances where there were large sample sizes, X2 analysis of species frequencies gave

statistically significant differences, even though the relative abundances (e.g. based on

percentages) of species were very similar. This was particularly so when the total

abundance of captured beetles was very large, and the captures were dominated by one

or two species, e.g. experiments S2 and Cl. Thus, it appears that a more robust

analytical method is needed that overcomes these problems using X2 analysis, and yet

is more sensitive to changes in species frequencies than correlation of rank

abundances.
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Gittings (1994) provides a thorough discussion on the limitations of dung-baited pitfall

trapping. His model (see above) considers factors affecting the number of beetles

collected from a pitfall trap over a sampling interval or collected from a single cohort of

pad samples. Assumptions of the model include that sampling occurs throughout the

entire successional Period, beetles are evenly distributed across suitable dung ages,

pitfall traps are equally efficient at catching all beetles, cohort pad samples are collected

daily and a negligible proportion of the overall beetle population is sampled. A number

of parameters are defined as follows:

n= number of fresh dung pads deposited Per day

fi = Pat residence time (PRT) of population on day i

t'i = PRT of beetles colonising dung pads on day i

di= successional duration of colonisation (SOC) of population on day i

D = SDC of population over sampling Period

Pi = total population on day i

Thus, according to this model, on each day Pi/ti beetles are flying, and di*n pads are

available for colonisation. Gittings (1994) produced the following predictive equations

for pitfall captures:

total pitfall captures on day i (PCi) = (Pi/ti)/(di*n)

total pitfall captures (PC)

i=l

D

= 1:(Pi/(fi*di*n)

i=l

The number of beetles collected from cohort pad samples (CP) is:

CP = number colonising pad * Pad residence time

D

CP = 1:(PCi*t'i)

i=l

D

= 1:«Pi*t'i)/(ti*di*n»

i=l

Most importantly, the model indicates that differences in Pat residence times of beetles

will affect the relationship between pitfall captures of beetles and the actual size of the

beetle population. Pat residence times may be affected by adverse weather conditions

(Landin, 1968; Gittings, 1994), as well as the suitability of the dung pad, either due to

variation in dung quality (Gittings and Giller, 1998) andlordung pad size (Chapter 3).

Interspecific differences in the response of dung beetles to weather conditions (e.g.

Landin, 1968; Gittings, 1994) may produce further intersPecific variation in the

relation between weather conditions and flight activity and, hence, pitfall captures. In

addition, the model indicates that both pitfall and cohort pad captures will be expected

to be inversely related to dung availability. Using the framework provided by this
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model, the role of weather and dung pad availability in affecting dung beetle sampling

is considered further.

Weather conditions and pitfall captures

Previous studies have generally investigated relationships between the initiation of

flight by dung beetles and various weather parameters (eg Landin, 1967; Landin, 1968

and Koskela, 1979). The approach employed here differs in allowing one to monitor

the effects of day-to-day changes in weather conditions on the sampled dung beetle

population. From pitfall trapping in the field, Gittings (1994) provided convincing

evidence that Aphodius dung beetle flight activity is reduced by both rainfall and lower

temperatures. Laboratory experiments in Gittings (1994) also confirmed that pat

residence times of A. rufus and A. rujipes were greater at colder temperatures. In the

present study, data in a series of short-term experiments suggest that rainfall affects

dung beetle flight activity, particularly Spho.eridium, but the data did not provide clear

evidence that dung beetle flight activity is affected by temperature. The present study

has not considered the influence of other weather conditions, such as wind speed,

awind direction, humidity levels etc.

Dung pad availability

The above model predicts that both pitfall and cohort pad captures are expected to be

inversely related to dung availability. There are very few studies which examine the

effect of resource density in ephemeral patches. However, in a study investigating

mycophagous diptera, Heard (1998) found an increase in larval aggregation (as

opposed to abundance) when inter-patch spacing in grids increased from 5 to 200 cm.

Heard considered this was attributed to increased aggregation of ovipositing females

or, more likely, to increased clutch sizes of ovipositing females. Likewise, in a field

experiment, Gittings (1994) constructed two adjacent grids of pitfall traps; one grid

had pitfall traps spaced 1.55 m apart, whereas the other grid had pitfall traps spaced 5

m apart. Average captures of A. rujipes were significantly higher in the grid in which

Pitfall traps were located 5 m apart

One can exploit agricultural rotational grazing regimes as larger scale natural

experiments in which dung pad availability (resource density) is varied. Rotational

grazing will be expected to cause short term variability in beetle captures (from either

pitfall traps or cohort pad samples) in anyone field, despite there being no change in

the actual population size. Apart from one example (see Chapter 1, Gittings, 1994), I

am aware of no other published studies with empirical data in support of this scenario.

The data presented in [Fig. 2 (c)] indicate that pitfall captures can be quickly affected

by the presence of cattle, with abundances dropping to very low levels over a period of
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1 or 2 days (in the case of site 3, heavy rainfall confounds the interpretation). In

addition, when cattle moved from site 1 to a pasture about 400m away, beetle

abundances recovered to high levels over a period of about 2 days. Also, note that the

presence of the smaller herd of cattle at a distance of about 200m from site 2 over days

3-4 had no apparent effect on pitfall captures at that site. These results suggest that

changes in dung availability due to rotational grazing can result in severe fluctuations

in pitfall captures of dung beetles at relatively small spatial and temporal scales.

In summary, it appears that dung-baited pitfall trapping is more appropriate for some

research objectives than others. For example, it will usually provide a reliable

representation of species richness and seasonal patterns of occurrence, as well as the

rank order of abundance of species. However, pitfall trapping does not give accurate

estimates of density per pad, and hence cannot provide much information on species

interactions, density-dependent processes or immigration/emigration dynamics.

Gittings and Giller (1998) conducted tibial wear age-grading of Aphodius species from

pitfall captures, and this revealed life history details such as the emergence and

senescence of different generations of multivoltine species. Pitfall trapping may be an

acceptable compromise (which must often occur) between scientific exactitude and

logistical considerations/time constraints. Nevertheless, it is important to be aware that

dung beetle flight activity and hence pitfall captures are strongly related to weather

conditions and that this confounding factor may be exaggerated when extended

portions of a sampling period undergo contrasting weather conditions. In addition, at

emporal scales of several days, rotational grazing may influence pitfall captures of

dung beetles, presumably without any change occurring in actual abundances of beetle

populations.
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Chapter 2

Spatial and temporal variation in species composition
of dung beetle assemblages in southern Ireland

Abstract. 1. This study attempts to identify the main community characteristics that

contribute to variability in dung beetle assemblage composition and structure across a

range of spatial and temporal scales.

2. Dung beetle assemblages (Aphodius, Sphaeridium, and Geotrupes species)

were monitored by dung-baited pitfall trapping at 10-day intervals during the

seasonally active Period at eleven sites in southern Ireland. Three of the sites were

monitored over at least 2 years between 1991 and 1996.

3. Whilst the species composition of the above taxonomic groups was

comparable among sites and years, relative abundances of component species varied

considerably. Detrended Correspondence Analysis ordinations indicated a similar level

of variability in dung beetle assemblage structure among years, and among sites -- 1

Ian - 180 Ian apart

4. Processes that may contribute to spatio-temporal variability in dung beetle

assemblages are discussed, and strategies for future research are suggested.

Key words. Aphodius, assemblage composition, dung beetle, scarabaeoidea, spatial

and temporal variability.
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Introduction
One of the ultimate aims of community ecology is to understand the processes

that regulate the composition, structure, and, ultimately, diversity of communities.

Such an aspiration, however, is dependent to a great extent on an adequate knowledge

of the variation in the abundance and distribution of the species assemblages of a

particular community in space and time. It also depends on the ability to delimit the

community itself and the spatial scale on which population dynamics are controlled.

Dung beetle communities offer a very tractable study system, given their clearly

defined boundaries, restricted temporal activity period, delimited resource supply and

well studied taxonomy.

North European temperate coprophagous dung beetle assemblages are typically

dominated by Aphodius species, complemented by some Geotrupes species, members

of the Hydrophilidae (Sphaeridium and Cercyon species) and a few genera of

Staphylinidae in the subfamily Oxytelinae. Aphodius dung beetles are typically small to

medium sized (4-20 mm elytrallength) beetles, more commonly known as dwellers,

that lay their eggs within (or under) the dung Pad. Geotrupes spp. are larger (-30 mm

elytral length) beetles of the tunneller functional group, sequestering dung in nests

beneath the dung pad. The adults are fluid feeders, whereas the larvae feed on dung

fibres. The Sphaeridium species, S. lunatum and S. scarabaeoides, are approximately

10 mm in elytrallength. The adults are dung-feeders, whereas the larvae are predatory

within the dung pad. Cercyon species are much smaller (~ 1.5 mm elytrallength) and

are not considered here.

Studies of north European dung beetle assemblages have concentrated largely

on the colonisation and succession of Aphodius beetles in dung Pads, habitat

preferences and seasonal activity patterns (for a review, see Hanski, 1991).

Understandably, most of these studies are set on small spatial and temporal scales, as

is necessitated by intensive fieldwork associated either with monitoring programmes or

reductionist experimentation. For example, many studies are confined to a single plot

or field and are conducted for sufficient time to sample adequately the succession of

beetles colonising dung (10-30 days). They can suffer from a lack of replication within

seasons, among seasons, and among years, as well as lacking replication in space.

Similarly, studies at several sites that incofPOrate a measure of variation on a spatial

scale are often temporally restricted or lacking in temporal replication.

Dung-baited pitfall trapping was conducted at 10-day intervals during the active

season to monitor the composition and structure of dung beetle assemblages in open
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pastures at a range of sites over a number of years in southern Ireland. This study

provides a comprehensive data set on dung beetle assemblage composition, in terms of

the temporal and spatial range considered (up to 6 years and -180 kIn), whilst still

maintaining a relatively high degree of temporal resolution (10 day intervals). In

addition, data is provided on dung beetle assemblages at scales of study which are

acknowleged to be lacking (Hanski, 1986; Doube, 1987). Utilising this approach, the

study attempts to identify the main community characteristics that contribute to

variability in dung beetle assemblage composition and structure at the above spatial and

temporal meso-scales. Suggestions are offered on how future research strategies for

dung beetle research may be designed to improve and overcome problems in the

interpretation of community patterns and processes that are associated with spatial and

temporal variation in assemblage structure.

Methods
Sampling sites

Dung baited pitfall trapping was conducted at a range of sites in S. Ireland from

1991 and 1996 (Fig. 1). Seven sites were sampled at Fermoy, Co. Cork in 1991; two

lowland (40-50 m a.s.l.) within-farm pairs (0.6 kIn apart) at Moorepark (MA/MB) and

Ballyderown (BA/BB), (approximately 2 kIn apart); and three upland (190-230 m

a.s.l.) sites, Coolnakilla (C), Aagstaff (F) and the privately-owned Hawes (H). C and

H were 1 kIn apart and approximately 14 kIn from F. The upland and lowland sites

were 6-11 kIn apart. Sampling at Fota Island, Co. Cork (50 kIn from Fermoy) was

carried out during 1991, 1992, 1995 and 1996 (F91, F92, F95 and F96; 10 m a.s.l.)

and at a site near Killarney in 1995 and 1996 (K95 and K96; 75 m a.s.!). Three other

sites were sampled similarly in 1996; near Carrigaline, Co. Cork (C96; 75 m a.s.l.),

Moorepark near Fermoy, Co. Cork (MP96), and Johnstown Castle, Co. Wexford

(W96; 45 m a.s.l.). The site MP96 was located on the same farm as sites MA and MB.

The two most distant sites, Killarney and Wexford, were approximately 180 kIn apart.

See Fig. 1 for relative locations and distances among other sites.

There are a number of habitats at Fota including woodland copses, a wildlife

park and cattle pastures, the latter being grazed rotationally by one or two herds of

cattle. The soils of Fota wildlife park and adjacent pastures are glacial tills and gravels

(Kiely et aI., 1984). The Killarney site was located in pastures where low numbers of

sheep (n ~ 15) and cattle (n s 10) were grazing. The site in Carrigaline was on a

gleyed clay loam soil, and was grazed by about 15 cattle. The Ballyderown,

Moorepark, and Wexford sites were Teagasc agricultural research stations which are

managed intensively in a rotational grazing regime with several herds of cattle. The

Wexford site was located on a complex of soil types. The Fermoy lowland plots had
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Fig. 1. Map of Ireland indicating the distances between the regionally separated

sites. The lower map is a magnified representation of the sites near Fermoy. The

regional sites are Killarney (K), Carrigaline (C), Fota (F), Moorepark (M) and

Wexford (W). See text for details of other sites.
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acid brown earth soils, the upland plots had stony loam soils. The Ferrnoy upland

plots were cattle-grazed, and adjoined extensive areas of sheep-grazed pastures.

Pitfall traps were located in open pastures at all sites. While several sites had

woodlands in close proximity, none of these woodlands had large mammals grazing in

them. All sites were surrounded by a wider landscape of intensively grazed pastures.

During any year of sampling, pitfall traps remained in fixed positions at all but two

sites; at Moorepark, the pitfall traps were relocated in 1996 due to interference by cattle

and proximity to a road (see below), and the traps in the Killarney site were not more

than 50 m apart between the two years. At all sites, Pitfall trapping covered at least the

period extending from mid-April to mid-October.

Trapping methods

The pitfall trap design was based on that of Tyndale-Biscoe et ale (1981). A set

of traps consisted of five replicate traps per site, each replicate located at 5 m intervals

along a transect. Trapping at Fota and at the Ferrnoy sites in 1991 consisted of two sets

of traps, one set of traps being baited 10 days after the other. The contents were

collected every 10 days and baits replaced with fresh dung baits after 20 days. At all

other sites, one set of traps was used, which had the contents collected and the dung

baits replaced every 10 days as far as was practicable. Generally, heavy rainfall or

logistical problems delayed rebaiting of the pitfall traps by only 1-3 days. At each site,

1 1 of fresh homogenised cow dung was employed for baits. Baits were usually

wrapped in one thickness of muslin, although two thicknesses were used occasionally,

depending on the consistency of the dung. Five per cent chloral hydrate was used as

preservative in the pitfall traps.

DaJaAnalysis

To compare assemblages and constituent species, the variation among sites and

years was described by parameters that include species richness, seasonal and

subannual changes in assemblage biomass, composition and diversity, and analyses of

assemblage variability.

All individuals captured were identified and counted. Aphodius species were

divided into non-breeding and breeding groups. The non-breeding group included

immature and mature beetles of species with exclusively saprophagous larvae (A.

prodromus (Brahm) and A. sphacelatus (Panz.» and the immature f2 generations of

dung-breeding species. Calculations of biomass are based on dry weights of species

(Gittings, 1994). For calculation of total catches of f1 and f2 generations in Aphodius

species in which these generations overlapped, individuals caught during the overlap

42
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period were assigned to one of the two generations on the basis of their tibial wear

(Gittings & Giller, 1997).

The problems involved in the interpretation of pitfall trapping data (see

Discussion) complicate the extent and type of analysis that is appropriate (see Gittings

& Giller, 1997; Finn et al., 1998). Therefore, four periods (spring, early and late

summer, and autumn) were identified during which Aphodius species composition

was relatively constant, and between which distinct breaks in species composition may

be identified. The definition of these periods was generally conservative so as to

exclude transitional periods. The start of the spring period was set by the availability of

data from Fermoy, where trapping started on 19 April 1991. The break: between spring

and early summer was identified by the end of large abundances of A. prodromus/A.

sphacelatus. The end of the early summer period was identified by the earliest dates

when very large numbers of A. rujipes (L.)/A. rufus (Moll) occurred, or when all

early summer species (A. ater (De Geer), A. depressus (Kugel.), A. e"aticus (L.»

disappeared in a majority of the data sets. The start of the late summer period was

recognised as the latest date when large numbers of A. rujipes first appeared in any of

the data sets. The end of the late summer period was identified by the earliest date

when large numbers of A. prodromus appeared, or large numbers of A. rujipes

disappeared, in any of the data sets. The autumn period began when A. rujipes was

virtually absent and large numbers of A. prodromus or A. sphacelatus were present.

The time periods were therefore identified as follows (dates indicate when pitfall traps

were initially baited): spring - c. 20 April - c. 20 May (4 trapping intervals; 3 only in

Moorepark 1996); early summer - c. 30 May - c. 8 July (5 trapping intervals; 3 only in

Killarney 1995); late summer - c. 28 July - c. 6 September (5 trapping intervals; 3 only

in Wexford 1996); autumn - c. 28 September- c. 5 November (4 trapping intervals; 3

only in Fota, 1992, Wexford 1996, Carrigaline 1996, and MoorePark 1996).

The abundance data for each of these time periods were obtained by summing

the mean number of captured beetles per trapping interval across the time period. To

examine the relative assemblage similarity across the various sites and years, a

detrended correspondence analysis (DCA) was conducted on log transformed

abundance data from each of the first three time periods of the annual assemblage, and

rare species were down-weighted. In addition, another DCA analysis of the data -sets

was conducted that excluded species of Sphaeridium and Geotrupes.

Simpson's index was used to assess diversity as this gives less weight to rare

species. The Aphodius species were the only sizeable group of ecologically similar

species and diversity was calculated for this group only. Generally, there were both

43



Chapter 2: Spatio-temporal variation in dung beetle assemblages

low abundances and numbers of species in the autumn period, so the autumn period

was not included in the graphs of taxonomic group composition, Sphaeridium

composition, or in the DCA analyses.

Results
Species richness

A total of 13 Aphodius species, 3 Sphaeridium, and 1 Geotrupes species was

found in the data sets. Of the Aphodius species, only single specimens of A.

contaminatus (Herbst) and A. lapponum Gyllen were recorded, while A. merdarius

(Fabr.) was always rare and A. granarius (L.) was generally rare. Most Aphodius

species occurred at most sites; eight species were shared among all sixteen data sets. At

Fota, eleven species of Aphodius were captured in 1991, ten in 1992, and nine in both

1995 and 1996. Eight species were found in Killarney in 1995, and seven in 1996.

The lowland sites at Moorepark yielded ten or eleven species, while eight or nine

species were found at the upland sites. A total of nine species was found at Carrigaline

and ten species at Wexford. Sphaeridium lunatum Fabr. and S. scarabaeoides (L.)

were the commonest Sphaeridium species found, whereas S. bipustulatum Fabr. was

rare and was found only at Fota. Sphaeridium bipustulatum was not distinguished

from S. marginatum Fabr. (Van Berge Henegouwen, 1989). Geotrupes spiniger

(Marsh.) was the only non-aphodid scarabaeid to be captured and was found at all

sites.

Seasonal changes in biomass

Seasonal patterns of the changes in biomass of the breeding and non-breeding

Aphodius, Sphaeridium, and Geotrupes taxonomic groups are clearly illustrated from

the Fota data (Fig. 2). Generally, biomass of breeding Aphodius peaked in late

summer, mostly due to high numbers of A. rufipes. Biomass of other breeding

Aphodius species contributed relatively little in the late summer period. Non-breeding

Aphodius biomass usually peaked in spring and autumn, due to the activity of A.

prodromus and A. sphacelatus.

Although G. spiniger is by far the largest of the dung beetles found in Ireland,

it only rarely occurred in sufficient numbers to contribute considerably to overall

biomass in those trapping intervals in which it occurred e.g. Fota, late summer 1991;

Wexford, late summer 1996. Usually, Sphaeridium species did not contribute a lot to

the overall biomass. However, at Fota in 1996, there were persistent and exceptionally

high abundances of Sphaeridium species in mid summer. A summary of the total

annual biomass of the taxonomic groups captured is presented in Table 1. Note that, in

Table 1, although the number of samples varied somewhat between sites and years,
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Fig. 2. Seasonal changes in dung beetle biomass captured in baited pitfall traps at
Fota in 1991-1992 and 1995-1996. Key to taxonomic groups: breeding Aphodius
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Table 1. Total annual biomass (g dry weight) of dung beetle taxonomic groups captured at several sites and in different

years in southern Ireland. Totals represent the sum of the average biomass Per sampling interval. The seasonal duration

of sampling and number of sampling events are indicated. Aphodius species are divided into breeding and non-breeding

Aphodius (see text).

f
~

Duration of Sphaeridium Total
...

Sites Number of Breeding Non-breeding Geotrupes ~

sampling samples (n) Aphodius Aphodius
---------------~~- t

18.21 429.99
5'

Fota 1991 23/4 - 21/11 22 336.90 26.42 48.47 I

~

Fota 1992 20/3 - 20/10 22 77.82 12.45 10.41 4.84 105.53 iFota 1995 10/3 - 8/11 25 154.41 25.54 9.43 19.12 208.5
Fota 1996 25/3 - 6/11 23 38.63 19.77 13.66 47.47 119.54 ~

~ Killarney 1995 26/3 - 9/9 14 48.48 1.13 0.00 0.65 50.26 ~
Killarney 1996 16/4 - 24/10 19 103.72 4.17 0.33 4.75 112.97 g'
Moorepark 1996 12/4 - 8/11 20 14.99 12.08 7.16 3.70 37.929 g'
Carrigaline 1996 1/4-8/11 23 98.43 12.42 2.28 16.62 129.75 s·
Wexford 1996 26/4 - 24110 15 44.26 5.26 12.36 2.53 64.414 i
Ballyderown A 19/4 - 15/11 22 132.00 12.15 9.43 8.53 162.11

OQ

e::t'

Ballyderown B 19/4 - 15/11 22 92.60 10.98 9.43 0.54 113.56 ~....
MooreparkA 19/4 - 15/11 22 84.78 4.80 9.76 1.24 100.58 C\'"

MooreparkB 19/4 - 15/11 22 203.63 9.52 9.76 2.59 225.51 ~
Coolnakilla 19/4 - 15/11 22 83.22 1.86 0.98 2.24 88.292 ~
Aagstaff 19/4 - 15/11 22 102.06 1.72 0.98 2.83 107.59 l
Hawes 19/4 - 15/11 22 186.46 6.63 4.23 4.46 201.78 ~
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additional samples were derived from the beginning or end of the sampling season

when dung beetle biomass was typically quite low.

Sub-annual panerns of assemblage composition

There was no obvious pattern in diversity between the spring and early summer

periods, but diversity was generally lowest in the late summer and autumn periods

(Table 2). This is to be expected given the dominance of A. rufipes and A.

prodromus/sphacelatus in the catch during the latter periods, respectively. Species

richness was typically highest in the early summer, intermediate in spring and late

summer, and lowest in the autumn. During all periods, most sites possessed a majority

of the species present in the regional pool (Table 2). It is possible that comparisons of

species richness may be biased by the different sample sizes among sites. However,

within the spring, early summer, and late summer time periods, correlations of sample

size and species richness across the data sets were not significant.

The Aphodius genus was numerically dominant in the assemblage throughout

the year (Fig. 3). Non-breeding Aphodius species (mostly A. prodromus and A.

sphacelatus) contributed considerably to the assemblage in spring and autumn.

Generally, fewer individuals of the f1 generation of any species were captured, but the

relative contribution of the f1 and f1 generations of both A. sphacelatus and A.

prodromus differed from year to year as well as from site to site within anyone year.

The greatest abundances of Sphaeridium, though not necessarily their greatest

proportional contribution to the assemblage, were in the summer periods. The Fota

1996 data set displayed a remarkably high proportion of Sphaeridium in the late

summer period. Geotrupes spiniger was found in low abundances in the late

summer/autumn periods only.

The percentage contribution of each species to the total Aphodius abundance in

the four identified periods is presented in Fig. 4. In the spring period, distinct

differences occurred both among years and among sites. GeneralIy, A. prodromus

was the most abundant species, however, in 1996 A. sphacelatus was most abundant

in the Killarney and Wexford data sets. Aphodius granarius was most abundant in

Moorepark in this time period in 1996. High relative abundances of A. ater and A.

depressus occurred in the upland Fermoy sites. In the early summer period, A. rufipes

was often the most abundant species, followed by A. ater and A. depressus. Aphodius

granarius was rare, apart from being abundant in Moorepark in 1996, and occurring in

small numbers in the Fota 1991, Fota 1992 and Wexford 1996 data sets. The Wexford

early summer data set was comparatively unusual in being dominated by A. ater. In late

summer, Aphodius rufipes dominated all sites, contributing more than 80% of the
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Table 2. Characteristics ofAphodius assemblages at several sites and in different years in southern Ireland. In each time period, columns indicate the sum (n)

of the mean number of beetles trapped in the trapping intervals, Simpson's index of diversity and the number ofAphodius species captured. The last row

indicates the number of species found across all the sites in each time period.

Spring Early summer Lateswnmer AutWlUl ~
~

Sites n Diversity Species n Diversity Species n Diversity Species n Diversity Species l\.,
richness richness richness richness ~

Fota 1991 340 1.70 10 415 1.81 9 2359 1.35 7 531 1.10 5 f.Fota 1992 174 3.39 9 495 3.01 10 151 1.26 7 79 1.75 6 I

Fota 1995 180 1.47 7 217 3.52 9 849 1.09 7 649 1.23 5 iFota 1996 333 1.97 8 353 4.64 9 493 1.52 8 151 1.19 5
Killarney 1995 25 4.28 7 68 3.23 8 296 1.20 5 - - - a

&
Killarney 1996 135 1.72 6 232 3.29 7 594 1.15 7 13 2.95 5

I:Moorepark 1996 93 2.59 5 167 4.65 8 75 1.39 8 231 1.34 6
Carrigaline 1996 436 3.21 6 407 3.67 7 441 1.20 9 23 1.83 4
Wexford 1996 256 3.17 8 270 2.40 10 231 1.45 7 68 1.75 5 =s
Ballyderown A 330 1.73 9 268 1.86 9 751 1.29 7 10 1.08 2 s·
Ballyderown B 328 1.84 9 156 1.73 9 440 1.23 7 22 1.06 2 !MooreparkA 128 2.12 10 139 2.24 8 442 1.20 8 23 1.07 2
MooreparkB 205 2.14 8 331 1.53 8 1031 1.11 8 74 1.10 2 [
Coolnakilla 69 5.02 7 357 2.69 8 258 1.31 6 3 1.90 2 l\"
Aagstaff 332 1.96 8 266 3.11 6 494 1.36 6 10 1.41 5 GHawes 213 3.43 7 476 2.88 8 946 1.32 7 3 2.09 4 a
Total 10 11 9 6 ~

~
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Fig. 4. Proportional contribution of abundances of Aphodius species in the spring (a), early
summer (b), late summer (c) and autumn time (e) periods. Also indicated is the proportional
contribution of Aphodius species to the late summer period with the exclusion of the
dominant A. rufipes (d). Numbers above columns indicate the sum of the mean numbers of
beetles in each trapping interval.
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abundances. Considerable differences in the relative abundances of the remaining late

summer species amongst sites can be seen when the A. rufipes data are removed (Fig.

4<1). However, most of these species were either immatures from f" generations or

species at the beginning or end of their flight period, and this explains a lot of the

variation. The differences in A. rufus are more notable as this is its main flight period.

The autumn period is typically dominated by A. prodromus and/or A. sphacelatus.

The relative abundances of the two main Sphaeridium species, S. lunatum and

S. scarabaeoides, were variable and the rare S. bipustulatum was captured in pitfall

traps in the late summer period only (Fig. 5), although high numbers of S bipustulatum

were recorded in other samples taken from Fota in June 1992 (Gittings, 1994).

Generally, data sets had comparable relative abundances of Sphaeridium species among

time periods. However, at Fota, S. lunatum was usually dominant in the three time

periods across the 4 years of sampling. Sphaeridium lunatum was conspicuously

dominant at C96, where it accounted for approximately 90% of the abundances in all

time periods, while at MP96, W96 and some of the Fermoy sites, S. scarabaeoides

was dominant.

In summary, species composition across the data sets was fairly consistent

within any time period, as were the changes among time periods. Within time periods,

the relative contributions of the three taxonomic groups appeared to vary most in the

spring period, although there was an unusually high proportion of Sphaeridium

species in the late summer of F96 (Fig. 3). The greatest variability in assemblage

structure appeared to be derived from differences in the relative abundances of the

component species of the Aphodius and Sphaeridium genera (cf. Figs 3, 4, and 5).

The following section deals more specifically with the examples of among-year

changes in the dung beetle assemblage.

Inter-annualcomparisons

Assemblage comparisons among years were available from comParisons of data from

Moorepark (1991 and 1996), Fota (1991, 1992, 1995, and 1996) and Killarney (1995

and 1996). Species composition among years, and at all the sites, was similar, with a

mean (±S.D.) proportion of 0.86 (± 0.08) species shared between assemblages.

Pairwise correlations of rank abundance (of annual totals of species) among the years

at Fota were typically significant (five of six comparisons), and a correlation of rank

abundance was also significant between the two years at Killarney. However, at

Moorepark, similar rank abundance correlations between the two years were not

significant. A more detailed consideration of differences in the relative abundance of

species is presented below.
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Fig. 5. Proportional contribution of Sphaeridium species in the spring,
early summer and late summer time periods. Indicated above each
column is the sum of the mean numbers of Sphaeridium in each
tr~ping interval for the time period. Key to species; D S. lunatum,

I(J S. scarabaeoides.
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Very low abundances of A. granarius occurred at Moorepark in 1991 (one

individual at MA), while 5 years later it was the most abundant sPecies in the spring

and early summer. This was accompanied by a decrease in the relative abundance of A.

prodromus. Comparing 1991 and 1996, in 1996 there was a higher combined

Percentage contribution of A. rufus and A. erraticus at Moorepark as well as a

significant increase in the proportion of S. scarabaeoides relative to S. lunatum (cf.

MP96, MA, MB), particularly in early summer, when highest abundances occurred

(e.g. comparing Sphaeridium species frequencies for MP96 and MB in early summer,

X2 = 164.7, d.f. = 1, P < 0.001).

In comparison, at Fota, A. granarius decreased from modest numbers in 1991

and 1992 to being absent in 1995 and 1996. In the early summer Period at Fota, there

was a pronounced decrease in the relative abundance of A. rujipes and A. rufus from

1991 to 1996, accompanied by increases in the relative abundances of A. aler, A.

depressus, and A. prodromus. The SPecies frequencies of S. lunatum and S.

scarabaeoides at Fota in 1991 and 1996 were significantly different within all three time

Periods (spring, X2 = 12.97, P < 0.001; early summer, X2 = 5.485, P < 0.05; late

summer, X2 = 18.57, P < 0.001; all dJ. = 1).

There was a change between the two years in the spring Period at Killarney,

mainly due to the increase in the relative abundance of A. sphacelatus and a decrease in

the relative abundance of A. prodromus and A. rujipes. Comparing the early and late

summer Periods between the two years at Killarney, there was less of a change than

that observed in the spring period, but in 1996 there was an increase in the percentage

contribution of A. sphacelatus and A. depressus, apparently at the eXPense of A.

prodromus. Significant differences in Sphaeridium species frequencies occurred

between 1995 and 1996 at Killarney (sufficient data for late summer Period only; X2 =
9.409, d.f. = 1, P < 0.01).

Despite such statistical differences in species frequencies, the biological

significance or persistence of any such changes are unknown.

Analyses ofassemblage variability

The ordinations of both the species and site sample scores of the three subsets

of the annual Aphodius assemblage are presented in Fig. 6. In the interpretation of the

DCA analyses, the closer the data sets are to each other, the more similar the

assemblage structures are. The relative simHarity of the assemblages changes across the

seasons.
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In the spring ordination, some separation occurred on axis 2, but ~ost sites

tended to cluster along axis 1, with the Moorepark 1996 and Fota 1991 and 1992 data

sets forming outliers, largely due to the occurrence of A. granarius in these outlying

samples. In the early summer period, most sites formed a well-grouped cluster, with

Killarney 1996, Wexford 1996 and Moorepark 1996 data sets as outliers. The species

ordinations suggest strongly that this is due to the high abundances in Killarney and

Wexford of A. sphacelatus, and high abundances of A. granarius in Moorepark 1996.

In both the early and late summer ordinations, the upland (C, F, and H) and lowland

(MA, MB, BA, and BB) Fermoy sites separate consistently. This may be related to

environmental differences amongst sites influencing the fauna (e.g. temperature). The

Killarney site tended to cluster with the Fermoy upland sites, particularly along axis 1.

Depending upon the season, some or all of the Fota data sets show affinity with the

Fermoy lowland sites. This is most evident in the early and late summer periods. Axis

2 tends to separate sites within these clusters.

In the species ordinations, the Sphaeridium species are generally located

amongst the main group of Aphodius species, particularly in the spring and early

summer ordinations. The ordinations of the combined Aphodius, Sphaeridium, and

Geotrupes species were qualitatively very similar to those obtained when analysing

Aphodius species only, and the latter ordinations are not presented here.

Fig. 6. (Overleaf) Detrended Correspondence Analysis ordinations of dung beetle

assemblages in southern Ireland from various sites and years. Analyses are presented

for the spring, early summer, and late summer time periods (see text). Arrows indicate

the magnitude and direction of comparisons of inter-annual changes (see text). The

sums of the eigenvalues for each analysis were 0.402 (spring), 0.333 (early summer)

and 0.277 (late summer). For each time period, species ordinations are presented on

the left and sample (sites and year) ordinations are presented on the right. [J Fota, 0

Killarney, 0 Fermoy lowlands, fIt. Fermoy uplands, EB Carrigaline, • Wexford. Key

to species codes: ater =Aphodius ater, bip =Sphaeridium bipustulatum, dep =A.

depressus, errat =A. erraticus, fim =A. fimetarius, foss =A. fossor, gran =A.

granarius, lapp =A. lapponum, lun =S. lunatum, merd =A. merdarius, prod =A.

prodromus, rufip =A. rufipes, rufus =A. rufus, scar =s. scarabaeoides, sphac =A.

sphacelatus, spin = Geotrupes spiniger.
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Overall, the ordinations of the sites indicate that the variability in assemblage

structure at the regional scale between Killarney 1995 (and sometimes Killarney 1996)

and the Fermoy upland sites is similar to that at the local scale within the Fermoy

upland sites. Moreover, in each ordination, the variability between at least one of the

Fota and Fermoy lowland data sets is similar to the between-field variability in the

Fermoy lowland sites. The between-year temporal variability at Fota, Fermoy, and

Killarney is of the same order as the spatial variability between Fota, Carrigaline,

Fermoy, Killarney, and Wexford. To summarise, these ordinations indicate that

variability in dung beetle assemblage structure among these study sites in southern

Ireland is generally of a similar order of magnitude between sites and between years (as

measured by their separation in the ordination biplots), although there is some

indication that the greatest variability may occur among the more distant sites.

Discussion
This study was entirely based on data collected by pitfall trapping. There are

some problems involved in the interpretation of data collected by pitfall trapping (see

Gittings, 1994). In particular, weather conditions and cattle movements in rotationally

grazed pastures may change the relationship between pitfall captures and absolute

population size, while Sphaeridium species are less efficiently sampled by pitfall

trapping, in comparison with cohort pat samples. Despite these problems, pitfall

trapping is a relatively efficient method of sampling, in logistical terms. More

importantly, while there may be significant differences in comparisons of absolute

abundances and species frequencies from pitfall traps and cohort pat samples, the rank:

orders of abundance are usually highly correlated (Doube & Giller, 1990; Gittings,

1994). In this study, the use of subannual assemblages for analyses of assemblage

variation was deliberately chosen to overcome some of the biases arising from pitfall

trapping (see Finn et d., 1998).

The effect of habitat heterogeneity was largely obviated by locating all pitfall

traps in oPen pastures. However, the location of pitfall traps in near proximity to a dirt

road (-- 1.5 m distant) at Moorepark in 1996 was strongly suspected to have led to a

reduced catch of dung beetles. In another study, significantly lower abundances of

Staphylinidae were captured nearer a road than in the middle of a pasture (Barth et d. ,

1994). However, low numbers of Hydrophilidea and Scarabaeidea probably did not

facilitate comparisons in that study.
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Temporal and spatial variability in dung beetle assemblages

There was little difference either in species richness or species composition

among the sites and years, and rank orders of abundance of species annual totals were

usually highly correlated; out of 120 pairwise comparisons, correlations of rank

abundance ranged from 0.368 to 0.978 (mean rs = 0.771; s.e. = 0.0098; mean d.f. =
16), with only three correlations with rs < 0.5. Despite the variability in absolute

measures of biomass among data sets, overall there was remarkable predictability in

seasonal patterns of biomass of the various taxonomic groups. This is a direct

consequence of the fidelity of the phenology of the constituent species in the

assemblages, both between years and sites. For example, if the flight activity Period of

a SPecies is defined as that Period within which 90% of the total annual catch of a

SPecies was captured, there was only infrequently a difference of more than

approximately 10 days between the beginning or the end of the flight activity Periods

of a SPecies among the data sets (where sufficient numbers were captured to allow

comparisons) (Gittings & Giller, 1997; Finn, unpublished data). It is this phenological

consistency that gives rise to SPecies turnover within a year, which in tum accounts for

a lot of the variation in SPecies richness among the different time Periods at any site.

The present study and data from other recent studies (Sowig & Wassmer, 1994;

Palmer, 1995) support the contention of Finn et ale (1998) that Aphodius assemblages

are more appropriately studied in terms of their seasonal sub-assemblages (the time

Periods considered here) rather than as annual assemblages.

Whilst there is clear similarity in species composition, the relative contributions

of the genera and the relative abundances of component SPecies of these genera varied

considerably. It appears that the latter provided greatest differences among

assemblages. In addition, ordinations indicated an overall equivalent contribution of

both space and time (at the studied scales) in promoting assemblage variability.

Temporal scale

There are few examples indicating the time scales at which populations of north

temPerate dung beetles may change. In this present study, abundances of A. granarius

were far smaller at the Moorepark site in 1991 than in 1996, and numbers of A. ruftpes

and A. rufus declined at Fota from 1991 to 1996. Other temporal comparisons of

assemblages from consecutive years are present in the literature (White, 1960; Rainio,

1966; Kessler and Balsbaugh, 1972; Breymeyer, 1974; Finn et al., 1998). On· the

basis of the overall evidence, however, assemblages usually apPear quite similar at the

scale of 1 to 5 years, and indicate relatively little difference due to turnover in species,

and greater differences in relative abundance of the SPecies present.
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There are also few examples of comparisons of assemblages from the same site

at the scale of about 10 years. A re-analysis of Belgian data in De Graef and Desiere

(1984) indicates a low correlation of the rank order of abundances of the eight

commonest species between 1972 and 1982-83 (rs =-0.5), in contrast to the usual

strong positive correlations of data sets from consecutive years (see above; Finn et al.,

1998). Comparison of data sets from two periods of sampling from 1972-1977 and

1978-1980 in Denmark (Holter, 1982) showed a relatively low correlation of rank:

order of abundance of Aphodius species (rs = 0.28, n = 13). Comparisons of regional

data sets at temporal scales of -60 years reveal apparent changes in abundance and

some turnover of species (usually a loss of species, in the data sets available; Johnson,

1962; Bistrom et al., 1991).

Spatial scale

Data on Aphodius assemblages from different geographical regions in northern

Europe indicate that major changes in Aphodius assemblage structure occur at large

spatial scales of > 300 kIn (Finn et al., 1998). Such changes in species composition

and relative abundance will be expected on the basis of biogeographical processes that

generally operate on such large spatial and temporal scales, e.g. geographical barriers,

climatic differences, and historical factors. While a more in-depth consideration is

beyond the scope of this paper, the importance of such processes in determining

assemblage composition within the meso-scales considered here is greatly diminished.

Indeed, compared to changes in assemblage composition at the geographical scale, the

variability in assemblage composition documented here is almost negligible.

The present data indicated that the greatest variability in assemblage structure

occurred in the late summer, with equivalent variability among sites. In spring and

early summer, while overall variability was less, the degree of variability among sites

was more dissimilar. This was particularly so in early summer among three regionally

separated sites (-100 - 180 kIn). At this scale, there was some relatively low turnover

of species richness. Typically, differences between assemblages were due to

differences in the relative abundances of several species that were common to most

sites, whereas in a few examples the greatest assemblage variability was derived from

an extreme change in the relative abundance of a single species (Fig. 6). Indeed,

assemblage variability was not necessarily related to the actual distance seperating

sites. At the local spatial scale (1 to 15 kIn), assemblages examined around Fermoy in

1991 revealed differences between the upland and lowland sites in the relative

abundance of a few shared species, most likely due to differences in altitude, weather,

and soil type, or a combination of these.
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Processes potentially involved in assemblage structure atmeso-scales

So, what processes may be important in regulating community structure at the

regional scale? Habitat preferences may be important at the macrohabitat scale (e.g.

forests vs. pastures). However, in the present study sampling was essentially

restricted to one macrohabitat (open pastures). Factors which may be important in

affecting assemblage variation within one macrohabitat type include altitude (Key,

1982; Finn et al., 1998), soil type (Sowig, 1995), and pasture quality (through its

effect on dung quality, which is known to influence colonisation and reproductive

performance in Aphodius beetles; Gittings, 1994; Gittings and Giller, 1998). Species

with saprophagous larvae (e.g. A. prodromus and A. sphacelatus) may be particularly

affected by pasture quality and soil type. Landscape-scale features, such as the

amounts and distribution of pastures and woodlands, may also be important if

metapopulation theories are applicable to these assemblages.

However, while it is tempting to try and explain assemblage variation in the

context of environmental variation, the similarity in the extent of assemblage variation

at the inter-annual and loca-regional scales suggests an alternative approach. This

similarity indicates that any factors which may affect assemblage variation among sites

have no greater influence on assemblages than those factors which affect assemblage

variation among years at anyone site. Assemblage variation among years is the

product of annual variation in individual species populations, which in tum may be

affected by site-specific and/or chance events. Therefore, it may be reasonable to

suppose that inter-annual Patterns of assemblage variation may not be synchronous

between sites. This supposition is supported by comparisons of the magnitude and

direction of change in assemblage variation (Fig. 6) between MA&1B - MP96

compared to F91 - F96, and between K95 - K96 compared to F95 - F96. In this

context, asynchronous Patterns of inter-annual variation among sites could explain a lot

of the apparent spatial variation at the local - regional scale.

Suggestions for future research

There is a rich literature that attempts to explain the distribution and abundance

of species in comparable communities at the regional scale (e.g. Hanski, 1982; Brown,

1984, 1995). Most of this is theoretical and there have been difficulties in translating

theory-derived hypotheses to experimentation in the field. There is no single correct

scale at which to study the factors affecting populations or communities (Wiens, 1989;

Levin, 1992) and it is important to match the scale of predictive models to that of

processes occurring in natural ecosystems (Nisbet et al., 1997). One of the problems

has therefore been to determine the appropriate scale for studies, e.g. metapopulation

studies rely on delimiting distinct populations in space, and there are few data on
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turnover rates of, or changes in, species populations either at the landscaPe level or in

time. The data from this study may thus provide some indications of the spatio

temporal scales at which sPeCies composition and relative abundance vary, and at

which studies of Aphodius assemblage stability may be more profitably conducted.

On the basis of the results presented here, the following suggestions are offered for the

design of future investigations into the organisation of dung beetle species

assemblages. Any suggestions, however, are based on data from southern Ireland, and

may not be applicable without modification to dung beetle assemblages at other

Northern EuroPeafi sites. Following Finn et ale (1998), while dePendence on a single

sampling site at a local scale may not provide an adequate description of the

community, once the local assemblage has been defined (from a number of sites), this

may be representative up to the regional scale. This is useful, considering that most

studies, and experimental studies in particular, are conducted at small spatial scales.

Small-scale temporal replication within the sub-annual assemblages is required for the

pUfPQses of generality and to overcome the biases of changes in weather conditions

(Finn et al., 1998). Sites located ~ 50 kIn apart are more likely to incorporate species

turnover at the regional level. There is a need for consistency in the sampling

methodology among studies to allow better collation of data. Most importantly, long

term continuous monitoring and experimental studies of dung beetle assemblages will

greatly enhance knowledge of the extent, and significance, of changes in the relative

composition of taxonomic groups as well as SPecies composition and relative

abundance within these groups. Given the recent apparent declines and extinctions in

dung beetle species (Vaisanen & Rassi, 1990; Bistrom et al., 1991) in tandem with

changes in farming practices, studies documenting and analysing patterns of

assemblage variation are urgently required.
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Appendix 1 : Supplementary data on species abundances,
tibial wear and weather patterns.

The data and analyses presented in Chapter 2 are derived from an extensive data set of

dung beetle captures from dung baited pitfall trapping that was conducted at several

sites and over several years in southern Ireland (see Chapter 2). The value of these

data is in the extent of the spatial and temporal ranges considered (up to 6 years to and

-180 Ian), the temporal resolution of the data (sampled at 10-day intervals) and the

lack of data on dung beetle assemblage structure at these spatio-temporal scales.

Chapter 2 provides comparisons between sites and years, after pooling data within

each of the identified annual subsets of the dung beetle assemblage, i.e. spring, early

summer, late summer and autumn (Chapter 2).

Here, I provide more detailed data of pitfall captures from the 10-day trapping

intervals, upon which Chapter 2 is based. More detailed information on the Fermoy

and Fota sites sampled prior to 1993 are presented in Chapter 2 of Gittings (1994).

However, the seasonal patterns of dung beetle biomass at each of the Fermoy sites

sampled in 1991 are presented (Fig. 2). For each of the sites at Fota (1995 and 1996),

Killarney (1995 and 1996), Carrigaline, Wexford and Moorepark, data is provided on

the seasonal changes in various assemblage characteristics e.g. seasonal changes in

biomass (Fig. 2), Aphodius species richness (Fig. 3), dung beetle flight activity

periods (Table 2), seasonal patterns of pitfall captures of dung beetles (Figs. 4 - 10)

and seasonal changes in the age composition of Aphodius dung beetles (Figs. 11 

19), the latter based on patterns of tibial wear. In addition, weather conditions during

the trapping period at each of the sites during the period are presented (Fig. 20).

Tibial wear age-grading was conducted according to the criteria of Gittings (1994),

which was based upon the method of Tyndale-Biscoe (1978). All Aphodius and

Geotrupes beetles in the Fota (1995 and 1996), Killarney (1995 and 1996),

Carrigaline, Moorepark and Wexford data sets. Age-grading was conducted by

assigning beetles to various classes (N, 8 1, 82, M and H) based on the degree of wear

on the foretibia Thus, class N represented unworn tibia; class 8 1 indicated beetles

with slightly worn tibia, but with no reduction in tibial length; class 82 referred to

slightly worn tibia with 2/3- 1/2 reduction in tibial length; class M referred to

moderately worn tibia and class H indicated heavily worn tibia (see Gittings [1994] for

details and diagrams). For Aphodius species in which f1 and f2 generations

overlapped, individuals were assigned to generations as in Gittings (1994).
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Weather data were obtained from weather stations located on both the Teagasc farms at

Moore Park and Wexford, and from a weather station located within several miles of

the Killarney trapping site. Weather data for both the Carrigaline and Fota trapping

sites were obtained from the weather station located at Cork Airport.

For detailed comparisons of assemblage structure among a number of sites and years

in southern Ireland, see Chapter 2. Aphodius sPeCies richness typically peaked around

mid May, and declined over the following two or three months. Distinct troughs in

both species richness and abundances of beetles coincided with relatively heavy

rainfall e.g. Moorepark, late July, 1996 and Killarney, mid August, 1996. The flight

activity Period of various dung beetle species was generally quite consistent among the

various sites and years, and were similar to those in Gittings (1994).
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Table 1. Total annual pitfall captures over various sites and years in southern Ireland. Indicated are the first and last dates when pitfall trapping was

conducted, as well as the number of trapping intervals. Where appropriate, totals for the fl and f2 generations are given seperately. The data from Fota

1991 and 1992 are from Gittings (1994).

Fota 1991 Fota 1992 Fota 1995 Fota 1996 Killarney Killarney Moorepark Wexford CarrlgaHne
1995 1996 1996 1996 1996

Duration 20/3-11/12 20/3-20/10 10/3- 8/11 25/3 - 6/11 26/3· 9/9 16/4 -24/10 12/4· 8/11 26/4 -24/10 1/4 - 8/11

No. of intervals 27 22 25 23 14 19 20 15 23

A. ater (De Geer) 224 650 230 S48 52 237 185 1145 888
~A. depressus (Kugel.) f1 120 357 137 354 134 564 45 52 870

f2 30 169 22 31 67 54 4 6 61 "t:i

A. erraticus (L) f1 16 125 19 30 2 - 13 5 1 ~
N

f2 6 35 7 11 - - 25 1 3 '.

'" A. fimetarius (L) fl 29 47 1152 45 16 41 33 201 226 ~\0 f2 34 13 39 68 - 68 61 34 58 ~

A. fossor (L.) 36 62 39 74 37 SO 20 203 151 ~
A. granarius (L.) 27 34 - - - - 427 6
A. merdarius (Fabr.) 2
A. prodromus (Brahm)fl 1433 696 3250 1821 53 6S 596 215 1633

f2 2615 853 487 804 0 31 1043 55 115
A. rufipes (L.) 10754 2242 4676 979 1527 3171 375 998 2620
A. rufus (Moll) 1845 42 65 27 - - 19 129 59
A. sphacela tus( Paoz.) fl 138 18 126 420 24 585 127 565 26

f2 102 87 162 102 0 26 89 243 7

G. spiniger (Marsh.) 149 32 29 42 - 1 22 38 7

S. bipusrulatum Fabr. 1 - 2
S. lunatum Fabr. 1045 287 888 2132 30 240 66 46 1347
S. scarabaeoides (L.) 575 131 965 2486 33 216 315 214 145
unidentified Sph. 91 34
M. carbonarius (Hliger) 780 1307 - 389 - 110 13 114 280



Table 2. Right activity periods of dung beetles from various sites and years in southern Ireland.
Right activity periods indicate the beginning of those trapping intervals in which 90% of the annual catch of each species was captured in cow dung-baited
pitfalilrapping. Seperale ranges are given for those species with fl and f2 generations. Right activity periods were not calculated for species or generations
with less than 10 individuals captured. Note that the interruption of trapping in Wexford around September will affect calculations of the activity period of
the late summer summer species at this site.

Fota Fota Killarney killarney canigaIine Moore Park WeXford
1995 1996 1995 1996 1996 1996 1996

A.alu 1014 - 12rl 9/4 - 1817 1514 - 16/7 2814 - 2817 21/4 - IOn 2214 - 6/7 2614 - 19n

A. depressus fl 30/4 - 12rl 29/4 - 1817 1515 - 518 1815 - 1817 1215 - 1017 2214-26/7 27/5 - 19n

n 12rl - 20110 1817 - 29n 518 - 19/9 2817 - 619 3017 - 1819 - 19n - 1618

A. erralicus f1 301S-2rl 29/4 - 29n - - - 2215 - 16/7 - l
n 1118-2118 29n -719 - - - 26n - 518 - ~

t-.J
A. fimelarius f1 1014 - 12rl 3013-817 5/4 - 6/7 1814 - 1817 1/4 - 21/6 214 - 26/7 2614 - 27/6 ..

.....,J

~0 n 21n - 2919 29n - 2719 2817 - 2718 1017 - 8110 419 -7/10 IOn - 14/10- ~

A·fossor 3015 - 1118 19/5 - 1817 SIS - 518 2815 - 2718 1215 - 29/8 616 - 16/7 27/5 - 19n ~
A. granarius - - - - - 215-2616

A. prodromus fl 31/3 - 2015 3013 - 2915 1514 - 2515 1814-2815 1/4 - 2215 214 - 2215 1614 - 27/5

n 29/9 - 29/10 1719 - 27110 - 619 - 24110 819 - 29/10 17/9 - 29/10 3110 - 14/10

A. rufipes 29/6 - 20110 9/6 - 1719 6/7 - 1919 817 - 619 21/6 - 1819 2616 - 419 IOn - 1618

A. rufus 1/8 - 20/10 817 - 2719 - - 2017 - 819 518 - 29/10 1017 - 1618

A. sphacelatus f1 1013 - 1914 1513 - 29/4 514 - ISIS 1014-2815 1/4 - 21/4 214 - 2214 1614 - 27/5

n 2919 - 29/10 18110 - 27/10 - 2718 - 24110 1918 - 29/8 7110 - 29/10 3110 - 24110

G. spiniger 11/8 - 19/10 1818 - 18110 - . . 1518 - 17/10 618 - 27/8

S. lunatum 2015 - 19/10 19/5 - 1719 2615 - 1718 2815·718 21/4 - 819 616 -7/10 2614 - 14110

S. scara~oides 30/5 - 9/10 9/6 - 2818 2615 - 29n 1815 -7/8 114 - 1819 616 - 15/8 17/5 - 1618
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Fig. 3. Seasonal changes in Aphodius
species richness at various sites in
southern Ireland during 1995 and 1996.
Seperate lines are shown for the total
number of species (solid line) and the
number of breeding Aphodius (dashed line).
The latter excludes species which do not
breed in dung and second generations of
dung-breeding species.
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Fig. 4. Seasonal patterns of pitfall captures of dung beetle species at Fota
during 1995 (mean ± s.e.).
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worn (dass H). See text for details. Histograms represent age
composition when 2: 10 individuals were available. Arrows indicate where
data for one (one arrow) or two (two arrows) trapping intervals were

combined.
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Fig. 13. Seasonal changes in the age composition of A. fimetarius at
several sites in southern Ireland. Insufficient data was available from the
Killarney' 995 data set. Beetles were aged by the degree of tibial wear
on their foretibia, which varied from no tibial wear (class N) to heavily
worn (class H). Histograms represent age composition when ~, 0
individuals were available. See text for details.
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Fig. 13 - contd. Seasonal changes in the age composition of A.
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Fig. 14. Seasonal changes in the age composition of A. erraticus at
several sites in southern Ireland. Sufficient data were available for Fota
1996 and Moore Park 1996 only. Histograms represent age composition
when ~ 10 individuals were available. See text for details.
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Fig. 1 5. Seasonal changes in the age composition of A. fossor at several
sites in southern Ireland. Insufficient data was available from 1995 data
sets. Beetles were aged by the degree of tibial wear on their foretibia,
which varied from no tibial wear (class N) to heavily worn (class H).
Histograms represent age composition when ~10 individuals were
available. See text for details.
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Fig. 16. Seasonal changes in the age composition of A. prodromus at
several sites in southern Ireland. Data from both 1995 and 1996 are
presented for Fota. Beetles were aged by the degree of wear on the
foretibia, which varied from no tibial wear (class N) to heavily worn
(class H). See text for details. Histograms represent age composition
when ~ 10 individuals were available. Arrows indicate where data for
one (one arrow) or two (two arrows) trapping intervals were

combined.
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Fig. 17. Seasonal changes in the age composition of A. rufipes at
several sites in southern Ireland. Data from both 1995 and 1996 are
presented for Fota and Killarney. Beetles were aged by the degree of
wear on the foretibia, which varied from no tibial wear (class N) to
heavily worn (class H). See text for details. Histograms represent age
composition when ~ 10 individuals were available. Arrows indicate
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Fig. 18. Seasonal changes in the age composition of A. rufus at
several sites in southern Ireland, where sufficient data was
available. Beetles were aged by the degree of tibial wear on their
foretibia, which varied from no tibial wear (class N) to heavily
worn (class H). Histograms represent age composition when ~1 0
individuals were available. See text for details.
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Chapter 3

Effect of patch size on colonisation and utilisation
of ephemeral resources: an experimental analysis
using north temperate coprophagous dung beetles

Abstract

The relationship between dung Pad size and both adult colonisation and larval

development was investigated in an assemblage of north temperate dung beetles

(Geotrupes, Aphodius and Sphaeridium) using both dung pads and baited pitfall traps.

Pad size of natural dung pads was found to vary widely in the field « 100 g to> 1000

g). Across all sampling dates in field experiments, dung pad size had a significant

influence on dung beetle biomass sampled from pads. Closer examination of

experimental dung pads on the second day after deposition, when beetle biomass was

at a maximum, revealed not only a general positive relationship between pad size and

dung beetle biomass but, more importantly, a positive effect of dung pad size on a

measure of dung beetle density (dung beetle biomass per unit dung volume). There

was a strong trend for Aphodius species richness to increase, and maintain higher

values for longer periods of time, in larger pads. Although dung pad and pitfall trap

samples could differ in the actual numbers of beetles captured, the relationship

between different dung sizes and dung beetle biomass was similar. Pat residence times

of A. rUfipes in the laboratory were significantly negatively correlated with dung pad

size. In two field experiments, positive correlations were found between dung pad size

and numbers of larvae in pads of different sizes and in one of these experiments larval

densities were significantly and positively correlated with dung pad size. We discuss

how variation in pad size may playa greater role in the distribution of dung beetles

than intrinsic Patterns of aggregation, as well as the implications of our findings in the

context of resource utilisation and the aggregation model of coexistence.
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Introduction
Fruits, mushrooms, carcasses and dung pads are ephemeral resources which are

patchily distributed in space and time, and their discreteness facilitates their

manipulation and replication as well as a complete censusing of associated fauna. Over

the past two decades, a large body of theory has been developed in relation to insect

community ecology in ephemeral patches, particularly towards the investigation of the

role of resource patchiness in promoting species coexistence (e.g. Shorrocks et ale

1979, Atkinson and Shorrocks 1981, Hanski 1981, Ives 1988). Simply put,

theoretical models of competition predict that species coexistence in patchy resources

may be promoted where species have strong and independent aggregations across

patches (e.g. Atkinson and Shorrocks 1981, Shorrocks and Rosewell 1987).

The majority of empirical studies have been experimental, controlling for patch size

and ignoring the variability in patch size frequently observed in nature (but see Jaenike

and James 1991, Sevenster and van Alphen 1996, Worthen et al. 1996, 1998), and

some resource types have been better studied than others, e.g. carrion and fruits. In a

critical appraisal of the aggregation model of coexistence, Sevenster (1996) and

Sevenster and van Alphen (1996) emphasised that when patches differ in size it is the

density of competitors, as opposed to their number, that determines the crowding

experienced by individuals in patches. Using data from a frugivorous Drosophila

community, log-log regressions revealed that larger fruits supported higher numbers,

but lower densities of insects. In the words of the authors, 'while larger fruits seem to

be aggregations when numbers are considered, they in fact tend to be low density

refuges. This convincingly emphasises the general need to take patch size into account

when quantifying aggregation,' (Sevenster and van Alphen 1996). Most experimental

studies of dung beetle ecology to date are no different and have been performed on

replicate standardised dung pads, leading Sowig and Wassmer (1994) to comment

that, "A common method in experimental dung beetle ecology is to exclude the

influence of patch size... " However, under natural conditions, pad quality, size and

morphology can be observed to vary considerably. Dung pad size may differ due to

the size of the defecating animal, the consistency of the faecal material and/or the

conditions under which defecation occur (e.g. whether an animal is walking during

defecation). A dearth of knowledge on the effects of variability in dung pad size is

evident, despite some known effects of dung size on reproductive performance

(Landin 1961, Lumaret and Kirk 1987, Gittings 1994) and the known influence of

patch size on ecological sampling in general. Little standardisation is evident among

dung beetle ecologists in relation to methods of sampling, and this extends to the size

of the dung pad employed. This varies from the use of discrete volumes (0.25, 0.5
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and 1.0 litre, Gittings 1994; 2 and 200 ml, Peck and Howden 1984; 1.0 litre,

Kohlman and Sanchez Colon 1984; Peck and Forsyth 1982), to dung weights (50 g,

Hirschberger 1996; 2 kg, Holter 1982), or in some cases no description is provided at

all!

Aphodius species (ca. 10 - 20 mg dry weight) are known as dwellers (the larvae living

and feeding within the pad) and the adults typically feed on the liquid content of dung.

Depending on the species, adults lay either single eggs or clutches of eggs in the pad

or at the padlsoil interface. Upon hatching, the larvae undergo three larval stages and a

pupal stage before an adult emerges. Geotrupes beetles (ca. 300 mg dry weight) are

known as tunnellers (the larvae develop in brood masses of dung buried underneath

the dung pad) and can bury substantial proportions of single pads. They are usually of

relatively low abundance. Sphaeridium species (ca. 12 mg dry weight) can occur in

considerable abundances in pads; the adults are coprophagous, whereas the larvae are

carnivorous within the pad.

In this study, we investigate the influence of patch size on the ecology of dung beetles

and, in particular, the nature of the relationship between pad size and colonisation and

larval production in dung beetles. When pad sizes were estimated in the field, dung

pad weights could differ by more than a factor of ten. From field eXPeriments, we

describe significant relationships between dung beetle biomass and density, and pad

size, as well as significant relationships between larval numbers and density, and pad

size. We also discuss our findings in terms of other experimental studies and assess

some of the implications of variability in dung pad size, and patch size in general, in

aggregation theory.

Materials and Methods
Field experiments were carried out at Fota, County Cork, in s?uthem Ireland. Fota is

located approximately 20 km from Cork city and the area consists of a wildlife park

and pasture, the latter being grazed by one or two herds of cattle. The soils are glacial

tills and gravels.

Experimental design

Colonisation experiments
A set of five field experiments (SI-S3 and C2-C3) were conducted to investigate the

influence of dung patch size on adult beetle colonisation. In addition, data from a

comparable field experiment (Cl) conducted by Gittings (1994) are included in this

analysis. Dung pads of different sizes in experiments Cl, C2 and C3 formed part of

larger experiments investigating dung beetle colonisation. Experiments varied in the
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Table 1. Description of colonisation field experiments employing different dung

sizes. Columns indicate experiment type, dung types and sizes used in the experiments

and the days after deposition on which pads were sampled. Data in experiment Cl is

from Gittings (1994).

Expt.

81: 29 August, 1995

82: 7 May, 1996

83: 10 July, 1996

Cl: 8 July, 1990

C2: 19 June, 1996

C3: 11 August, 1996

Dung types and sizes

cow; 0.25, 0.5, 1.0 and 1.5 L

cow; 0.25, 0.5, 1.0 and 1.5 L

cow; 0.25, 0.5, 1.0 and 1.5 L

cow & red lechwe; 0.25, 0.5, and 1.0 L

sheep; 0.25 and 1.0 L

sheep; 0.25 and 1.0 L

Sampling days

2 and 4

2,6 and 10

2and6

2and6

2,4 and 6

2,4 and 6

number of dung sizes, the dung type employed, days after deposition on which

samples were collected and the number of sampling days (Table 1). Experiment Cl

included data from different sizes of cow and red lechwe (Kobus leche leche) dung,

these two types being presented and analysed separately. At the start of some

experiments, pitfall traps were baited with the same dung types and sizes used to form

pads. When the contents of these traps were collected, the baits were not changed;

thus, these pitfall traps provide a measure of dung beetle immigration to aging dung of

different sizes ("findability", Gittings and Giller 1998).

The basic experimental design consisted of replicate standardised pads, and (in some

experiments only) Pitfall traps, of the various dung volumes, placed in a grid of

replicate randomised blocks with each row and each dung pad/pitfall trap a similar

interval (5 m) apart. There were five blocks, with single pitfall traps baited with each

dung volume and a fixed number of dung pads of each volume in each block. Pad

sizes were composed of 0.25, 0.5, 1.0 or 1.5 litre (L) of fresh homogenised dung,

deposited in plastic formers of 8, 12, 16 and 22 cm diameter, respectively. On each

sampling day (see Table 1), contents of the pitfall traps were collected and one dung

pad of each volume and the underlying soil to a depth of approximately 5 em were

sampled from each block. Dung pad samples were immediately transported to the

laboratory and stored briefly at 4 °c before using Tullgren funnels to extract beetles

from both the dung pad sample and underlying soil. Deposition and collection of the

pads was conducted between 09.00 and 13.30.
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Larval abundance

The relationship between larval abundance and dung pad size was investigated in the

field in the summer of 1995. In the first study (L1), five artificial replicate cow Pads of

each of sizes 0.5, 1.0 and 1.5 L (deposited in plastic formers of diameter 12, 16 and

22 cm, resPeCtively) were deposited in a grid in which pads were placed 5 m aPart. At

the time of deposition, the lower third of the volume of the 0.5 and 1.5 litre pads were

sePerated by plastic mesh (mesh size ca. 0.75 cm), whereas the lower and upper half

of the 1.0 L pads were separated by the mesh (after Holter, 1982). Pads were

deposited on 20:1 August, and collected on 15th August. Upon collection, the upPer

and lower sections of the pads were carefully seperated and the top section and both

the lower section and underlying soil (to 5 cm) were hand sorted for larvae.

In a second study (L2), naturally dropped dung pads (n =24) incorporating a range of

dung sizes were collected at Fota on 25 August, 1995. We collected each pad

encountered in a field in which cattle had been present about 22 days earlier. The pads

were transported to the lab, weighed and each Pad and the underlying soil were hand

sorted for live larvae.

Patresidence times

A laboratory experiment was also conducted to investigate the effect of dung pad size

on Pad residence times of the abundant A. rufipes L. beetles. The eXPerimental arenas

consisted of a plastic container of approximately 20 em diameter and 15 em height,

filled to about 7 cm with damp, loose soil which had been passed through a coarse

sieve. There were five replicate arenas for each of three dung sizes employed in the

experiment (0.25, 0.5 and 1.0 L of cow dung). Dung volumes were measured and

each placed on the soil. The arenas were placed in a bucket with a few em of water in

the bottom. Twenty beetles were added to each pad before the bucket was covered

with nylon net (mesh size 1.5 mm diameter). Replicates were checked every day for

emigrating beetles which would be trapped in the water. Replicates were kept in the

laboratory where temperatures for the first three days were about 23 °C and ranged

between 19°C and 23 °C for the 12 days duration of the eXPeriment

Data analysis
Data consisted of numbers of adults of each beetle sPeCies identified in each replicate

Pad or pitfall trap. Calculations of beetle biomass are based on dry weights of SPeCies

(Gittings 1994) grouped into breeding and non-breeding Aphodius, Sphaeridium and

Geotrupes. The non-breeding Aphodius included SPeCies with saprophagous larvae

(A. prodromus (Brahm) and A. sphacelatus (Panz.» and the immature f2 generations

of dung-breeding SPecies. For Aphodius species in which f1 and f2 generations
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overlapped, individuals caught during the overlap period were assigned to one of the

two generations on the basis of their tibial wear (Gittings and Giller, 1997). In this

study, our analyses of data from the field experiments are primarily based on

comparisons of dung beetle biomass. We consider that this is most appropriate given

. the range in size between the dung beetle species and evidence that there is greater

resource utilisation by larger species of dung beetles (e.g. Halffter and Matthews

1966, Nealis 1977, Doube, Giller and Moola 1988). Nevertheless, we do provide a

comparison of analyses based on data from both beetle numbers and biomass (cf.

Table 3 and Table 4).

The effect of dung pad size and day of sampling on dung beetle biomass was

examined by ANOVA using factors 'block', 'size', 'day', and 'size x day'. The F

value of the 'size x day' interaction tenn indicates the significance of differences in the

successional pattern between different dung sizes. The role of succession is

considerable in dung beetle communities (e.g. see Fig. 1) and, employing the above

analysis, the effect of dung size may be confounded by the duration of an experiment

i.e. relative to the effects of size, successional effects will be greater in experiments of

longer duration. Therefore, as highest numbers of beetles in dung pads were almost

always found on day 2, the relationship between dung size and beetle colonisation was

investigated in more detail by linear regression of dung beetle biomass on both pad

and pitfall trap samples from day 2 in those experiments with three or more dung sizes

(51-53 and Cl). Regression slopes were used to compare beetle colonisation between

pitfall trap and dung pad samples. Regressions employed log transformed data. For

comparison of data based on beetle numbers rather than biomass, we also used pad

samples from day 2 to perform regression analyses of dung beetle numbers and

numerical density (numbers of beetleslunitdung size) on dung size. In experiments C2

and C3, which employed two sizes of dung, ANOVA was used to analyse differences

between the sizes, and data was transformed where necessary. As biomass was used

as a measure of beetle colonisation references to 'biomass' and 'biomass density'

indicate dry weight of beetle abundances and beetle biomass per unit dung volume,

respectively.

The relationship between pad size and both larval numbers and density were

investigated using 5pearman rank correlation. In Ll, larval density was expressed as

number of larvae per unit dung volume, while in L2, larval density was calculated as

larval number per unit dung weight. All analyses were performed on the Minitab

application program.
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Results
Dung Size and Colonisation

Dungpads

The composition of the dung beetle assemblage varied between experiments, due to

the different phenologies of species. Experiments SI, Cl, C2 and C3 (conducted in

early - late summer) were dominated by breeding Aphodius and Sphaeridium.

Experiment S2 (conducted in spring)was dominated by such large numbers of non

breeding Aphodius (A. prodromus) that pads were observed to be considerably

'shredded' over the course of the experiment. Experiment S3 (mid-summer) was

dominated by Sphaeridium. Mean biomass of dung beetles colonising dung pads

varied significantly between pad sizes and days (Fig. 1, Table 2). 'Size' explained

more of the variance in dung beetle biomass than 'day' in five of the seven analyses.

Note, however, that this is probably dependent on the temporal scale of sampling;

sampling over a longer successional duration may well increase the relative amount of

variance attributable to succession ('day') in relation to size. Patterns of succession

between dung sizes were significantly different in four of the seven analyses (Table

2). Note that the F-value for the 'dung type x size x day' interaction term in

experiment Cl was significant (total biomass, square root transformed: F2. 59 = 4.96,

P < 0.011), indicating a different pattern of succession between the cow and red

lechwe dung types employed in that experiment. Greater biomass was found in larger

sizes of pads, and on day 2 of the experimental periods. Biomass density of beetles

showed a clear, but less strong, relationship with dung size, and no relationship was

observed in experimentS2 (Fig. 1).

In experiments SI - S3 and Cl, log-log regressions of beetle biomass from day 2

samples on pad size revealed significant and positive relationships between biomass

and pad size and quite a large amount of the variance was explained (Fig. 3, Table 3).

With the exception of experiment S2, there was a significant positive relationship

between biomass density and pad size, although the slopes were lower than those

obtained using biomass. In experiments C2 and C3, ANOVAs of beetle biomass from

day 2 samples indicated that biomass in 1.0 L pads was significantly greater than that

of 0.25 L pads (Expt. C2: F =6.52, P < 0.04, untransformed; Expt. C3, F =163.5, P

< 0.001, square root transformed). Biomass densities in 1.0 L pads were significantly

greater than those of 0.25 L pads in C3 only (F = 29.1, P < 0.001, untransformed).

Regressions of beetle number and numerical density (numbersl unit dung size) were

comparable to regressions based on beetle biomass (cf. Table 3 and 4), the only

effective difference being the non-significant regression of numerical density on pad

size in C1 (red lechwe dung). In experiments C2 and C3, beetle
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FIg. 1. Biomass of dung beetles in dung pads of different sizes. For experiments St-S3 and Ct. two graphs are
presented. Left-hand graphs indicate biomass sampled in dung pads. whereas right-hand graphs present the
biomass density (biomass/ unit dung volume). For experiments C2 and C3. the graph of biomass density in 0.25
L~ds is presented beside the 0.25 L biomass graph. Note the different scales between graphs.
( lillJ )Sphaeridium spp.• ( []]) non dung-breeding Aphodius spp. (including non-breeding f2 generations),
(II )breeding Aphodius spp. and ~~ ) Geotrupes.
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Chapter 3: Effects o/patch size on dung beetle ecology

Table 2. Effect of dung size and day of sampling on dung beetle biomass in field

experiments. The data was analysed by randomised block analysis of variance.

Indicated are F-values for 'size', 'day' and 'size x day' terms. The 'size x day'

interaction term compares the pattern of succession between dung sizes. Significance

of the F-values indicated as follows: * p < 0.05, ** P < 0.01 ***p < 0.001. Data was

transformed by square-root (sq) or 10g10 (log) transformation.

Size Day Size x day

Sl sq 178.93,17 *** 26.7 1,17 *** 4.68 3,17 **

S2 log 14.8 3,44 *** 36.8 1,44 *** 1.56,24 D.S.

S3 sq 56.1 3,18 *** 194.4 1,18 *** 16.9 3.18 ***

tC1- cow sq 48.11,2.0 *** 20.8 1,2.0 *** 1.6 3,2.0 D.S.

tc1- red lechwe sq 101.5 1.2.0 *** 1.2 I, 2.0 D.S. 3.81,2.0 *

C2 sq 118.7 1,2.0 *** 15.5 1,2.0 *** 0.8 2, 2.0 D.S.

C3 sq 348.9 1,2.0 *** 59.4 1,2.0 *** 10.29 1,2.0 **

numbers in 1.0 L pads were significantly greater than those in 0.25 L pads (Expt. C2:

F = 9.86, P < 0.02, untransformed; Expt. C3, F = 112.4, P < 0.001, square root

transformed). There was no significant difference in numerical density of beetles

between 1.0 and 0.25 L Pads in C2, but there were significant differences between

these two sizes in C3 (F =24.4, P < 0.001, untransformed).

Pitfall traps
Mean biomass of dung beetles colonising pitfall traps varied considerably between pad

sizes and days (Fig. 3). Typically, pitfall captures were highest on the first sampling

day (day 2) and, on any day, larger dung sizes captured a greater biomass of beetles

than smaller dung sizes. Log-log regressions of day 2 pitfall captures from

experiments SI - S3 on dung size all yielded significant positive relationships (Table

3). The interaction term of the pit/pat regression lines for each of SI - S3 were not

significant; Sl, p = 0.272; S2, P= 0.167; S3, P = 0.253 (Table 3). Therefore, while

the two sampling methods (dung pad sampling and pitfall trapping) can differ in the

actual numbers of beetles captured, the relationship between different dung sizes (the

regression slope) and dung beetle biomass was similar between the two methods in

these experiments.
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Fig. 3. Log- log regressions of dung beetle biomass and biomass density (biomass! unit dung size)
against size of dung pads collected on day 2. Closed circles indicate pitfall trap samples; open squares
indicate pad samples. Regression lines for pitfall trap and pad samples are indicated by dashed and solid
lines, respectively. See Table 3 for details.
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Fig. 3 (b)
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Table 3. Regression of dung beetle abundance (log [insect weight]) and density (log

[insect weight/dung size]) on log (size + 1). Sizes are expressed in litres and data use

day 2 samples only. Indicated are regression type, sample size (n), the slope of the

regression, the coefficient of determination (r2) and the significance level (p).

Regression n slope r2 (%) p

SI biornass- pads 20 5.00 87 <0.001

SI biornass- pits 18 4.29 86 <0.001

S 1 biorn. density- pads 20 2.43 65 <0.001

S2 biornass- pads 20 2.44 75 <0.001

S2 biornass- pits 20 1.75 57 <0.001

S2 biorn. density 20 -0.13 0.8 0.709

S3 biornass- Pads 20 4.97 82 <0.001

S3 biornass- pits 20 4.02 71 <0.001

S3 biorn. density- Pads 20 2.41 56 <0.001

C1 biornass- cow pads 15 6.58 68 <0.001

C1 biorn. density- cow Pads 15 3.73 48 0.004

C1 biornass- red lechwe pads 15 4.44 73 <0.001

C 1 biorn. density- red lechwe pads 15 1.58 33 0.025

Table 4. Regression of dung beetle abundance (log [insect number + 1]) and density

(log [{insect number + 1}/pad size]) on log (pad size + 1). Pad sizes are expressed in

litres and data use day 2 samples only. Indicated are regression type, sample size (n),

the slope of the regression, the coefficient of determination (r2) and the significance

level (p).

Regression n slope r2 (%) p

S 1 abundance 20 4.35 84 <0.001

Sl density 20 2.01 55 <0.001

S2 abundance 20 2.39 76 <0.001

S2 density 20 -0.15 1 0.664

S3 abundance 20 4.65 81 <0.001

S3 density 20 2.36 50 <0.001

C1 abundance- cow 15 5.13 75 <0.001

C1 density- cow 15 2.65 40 0.011

C1 abundance- red lechwe 15 3.01 75 <0.001

Cl density- red lechwe 15 0.22 2 0.642
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Table 5. Mean (± S.D.) values of Aphodius species richness of replicate dWlg pads (0=5) in

artificial dWlg pads of standardsizes (0.25, 0.5, 1.0 and 1.5 litre) deposited in field experiments. Not

all experiments employedall sizes. Columns indicate experiment, day of sampling and dWlg pad size,

and the fmal column indicates the relationship between dWlg pad size andAphodius species richness in

day 2 samples (Spearman correlation coefficient).

Day 0.25 litre 0.5 litre 1.0 litre 1.5 litre r.

Expt. 81 Day 2 1.00± 0.71 2.40± 0.89 3.20± 0.45 3.20± 0.45 0.781. n=20

Day 4 0.8O± 0.45 2.00± 1.23 2.80± 1.48 3.00± 0.00 P < 0.01

Expt. 82 Day 2 3.80± 0.45 4.00± 1.00 5.20± 0.84 5.00± 0.71 0.602, n=20

Day 6 1.00± 0.71 1.4O± 1.34 0.6O± 0.90 3.40± 1.34 P < 0.01

Day 10 0.20± 0.45 0.8O± 1.30 1.4O± 0.89 2.40± 0.55

Expt. 83 Day 2 1.6O± 0.55 2.20± 0.84 4.20± 0.45 4.40± 0.55 0.866. n=20

Day 6 0.4O± 0.80 0.4O± 0.55 1.6O± 0.89 2.80± 1.10 P < 0.01

Expt. Cl Day 2 1.4O± 0.89 3.20± 0.84 4.40± 1.52 0.774, n=15

(cow) Day 6 0.6O± 0.89 1.8O± 1.01 2.80± 0.45 P < 0.01

Expt. Cl Day 2 2.80± 0.84 4.60± 0.55 5.60± 1.34 0.799, n=15

(red lechwe) Day 6 1.6O± 0.55 3.8± 0.84 4.40± 0.55 p < 0.01

Expt. C2 Day 2 4.00± 1.23 6.00± 0.71

Day 6 2.80± 1.48 5.2± 0.45

Day 10 2.00± 0.71 4.00± 1.00

Expt. C3 Day 2 3.40± 1.14 4.60±0.55

Day 4 3.20± 0.45 4.60± 1.14

Day 6 1.20± 0.45 3.00± 1.23
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Dung Pad Size and Species Richness

A clear pattern emerged in which mean values of Aphodius species richness on any

day were greater both in larger pads and in the earlier days of the succession (Table 5).

(The 1.0 L pads on day 6 in experiment S2 were anamolous.) Note that in experiment

C1, mean sPeCies richness was always greater in red lechwe dung pads when

compared with cow dung pads of the same size and age. Correlations indicated

positive and significant relationships (p < 0.01) between pad size and Aphodius

sPeCies richness from day 2 pads in each of experiments Sl, S2, S3 and C1 (Table 5).

Dung Pad Size and Larval Nurnbers

Both studies were numerically dominated by larvae of A. rufipes. Larvae in L1 were

mostly first and second instars, whereas pads in experiment L2 contained second and

(mostly) third instar larvae.

In each of the three pad sizes examined, larvae were found to occur in the basal section

of the pad, near the pad-soil interface. In addition, there was generally no evidence of

much larval activity having occurred in the top sections of pads. There was a

significant positive correlation between initial dung pad size and total larval number

after 13 days in these artificially deposited dung pads (Spearman rank correlation; rs =
0.705, n = 15, P < 0.01), but there was no significant correlation (rs =-0.043, n =
15, n.s.) between pad size and larval density (expressed as larval number per unit

dung volume at deposition).

The 22 day old naturally dropped dung pads in L2 displayed a significant positive

correlation between dung pad size and the number of larvae (Spearman rank:

correlation; rs =0.845, n =24, P < 0.01) and, more importantly, between pad size

and larval density (expressed as larval number per unit dung weight) (rs = 0.495, n =

24, P < 0.02) (Fig. 4). Note the considerable range in size of the naturally dropped

pads that were sampled.

Dung pad size and emigration rates.

Mean (± set) pad residence times of beetles in pad sizes of 0.25, 0.5 and 1.0 L were

2.71 (± 0.52) days, 3.08 (± 0.40) days and 3.67 (± 0.59) days, resPeCtively. There

was a significant positive correlation between average pad residence times per replicate

and dung pad size (rs =0.567, P < 0.05, n =15).
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Fig. 4. Number of larvae collected in August. 1995 in different sizes of a) artificial dlDlg pads c::i

known size. collected 13 days after deposition and b) naturally dropped dlDlg pads collected about 22

days after deposition. Most of the larvae were individuals of A. rufipes.

Table 6. Within-pad spatial distribution of Aphodius larvae in 13 day old dung pads

(Expt. L1). The top and bottom sections of pads were separated by plastic mesh (see

text for details) in three different sizes of dung pads (n=5).

replicate 0.5 Litre 1.0 Litre 1.5 Litre

Top Bottom Top Bottom Top Bottom

1 0 17 0 6 20 17

2 0 8 2 27 2 74

3 0 27 0 17 1 30

4 5 14 6 23 0 22

5 0 3 0 4 0 33
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Discussion
Abundance and density in different patch sizes

Although a large number of papers have discussed colonisation and coexistence in

ephemeral patches, relatively few theoretical or empirical studies are concerned with

size differences in ephemeral patches, despite the variability in patch size that is

evident in nature. It should be stressed that there is no a priori reason to expect that the

actual density of insects in ephemeral patches would increase or decrease in relation to

patch size. This is evident from some other data in the literature which allow

comparisons of colonisation on patches of different sizes (summarised in Table 7).

These kinds of relations appear even less consistent when one considers stand size of

host plants and density of herbivores (cf. Cromartie 1975, Kareiva 1983, Stanton

1983, Bach 1988). In a critical appraisal of the aggregation model of coexistence,

Sevenster (1996) and Sevenster and van Alphen (1996) emphasised that when patches

differ in size it is the density of competitors, as opposed to their number, that

determines the crowding experienced by individuals in patches. In contrast to the

patterns observed in frugivorous Drosophila (Sevenster 1996, Sevenster and van

Alphen 1996), which revealed a reduction in density with increasing patch size, our

data showed that larger patches hold higher densities of beetles, which thereby

experience greater crowding (Fig. 3). Thus, it would seem that any treatment of

density-dependent patterns or processes in dung beetle ecology should take into

consideration the possible effects of different dung sizes.

Here, we first discuss the relationship between dung pad size and the ecology of dung

beetles, then using examples from dung beetle ecology, we present some more general

discussion on the role of patch size in aggregation theory.

Dung pad size and adult dung beetles

Overall, dung pad size generally had a significant effect on both biomass and biomass

density of dung beetles. Note that an obvious exception to this pattern in our data was

found in experiment S2. This was the only experiment dominated by non-breeding

Aphodius; all other experiments were dominated by dung-breeding beetles (Aphodius

or Sphaeridium). There were significant relationships between dung pad size and

Aphodius species richness. Larger pads were typically colonised by more species, and

more species tended to remain in larger pads for longer than in smaller pads.
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Table 7 • Comparison of patterns of colonisation of insects on patches of different

size. Where possible, we indicate increases (f), decreases (J,), or no apparent change

(++) in measures of abundance, density, sPecies richness and diversity. Symbols in

brackets are estimated. Sources: 1 this study; 2 beetles colonising dung (Gittings

1994); 3 flies emerging from fruit (Sevenster and van Alphen 1996); 4 mayfly nymphs

colonising substrate trays (Giller and Cambell 1989); 5 flies colonising carrion

(Hanski 1982); 6 flies emerging from carrion (Hanski 1982); 7 flies emerging from

mushrooms (Worthen et lie 1996).

Species no. Diversity

f
f f

f f

Insect type Abundance Density

1Aphodius dung beetles f f
2Aphodius dung beetles f f
3l)rosophiLaflies f J,

4Mayfly nymphs f J,

sCarrion flies ++ (J,)

6Carrion flies f
7[)rosophiLa flies f ++ f f

The observed patterns of colonisation of dung pads are due to a combination of

immigration! emigration rates, which may vary in relation to pad size. Pitfall trapping

data also demonstrated that there are differential patterns of colonisation, with larger

dung baits attracting significantly more beetles than smaller baits, validating the notion

of sUPerior 'findability' of larger dung pads. In addition, pitfall trap data (esPecially

from those eXPeriments with greater temporal sampling resolution Le. S3, C2 and

C3), indicated that over several days, larger dung sizes remained more 'findable' than

smaller sizes. Presumably, the findability of a dung pad is related to the odour

diSPersion from the pad, which in tum may be related to the surface area of the pad.

Crust formation on pads appears to affect dung beetle colonisation (Desiere and

Thome 1977), possibly due to its effect on odour diSPersal: smaller pads may undergo

more rapid and extensive crust formation than larger pads. Note that pitfall traps of

any size regularly collected far larger total biomass of dung beetles than were found in

pads, presumably as both the interactions within the pad and emigration were not

possible for beetles in pitfall traps.

We are aware of only a few other examples in the literature which consider interactions

between dung pad size and beetle ecology. Landin (1961) demonstrated that
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emigration from dung can be dependent on dung pad size, using experiments in which

twenty individuals were placed in containers with 35, 15 or 5 an3 of sheep dung (A.

zenkeri (Germar) and A. ictericus (Laich.». Calculations showed that emigration rates

increase when beetles have less than 25-70 times their body volume of dung available.

These calculations would correspond to densities of greater than 100 individuals of A.

rufipes per litre of dung, which is very uncommon in the field. In the present study,

evidence indicated that emigration rates of adult A. rufipes may be density-dependent

at densities that are common in the field.

Olechowicz (1974) found that numbers of scarabaeid beetles in sheep dung increased

exponentially in relation to pad size (10-100 g fresh weight). Calculations using data

in Sowig and Wassmer (1994) indicated an increase in the mean number of

coprophagous beetles per sample in size classes of smaller to larger sheep pads. Data

from Gittings (1994), showed significant differences in diversity (Simpson's Index)

of Aphodius species in cow dung pads of different sizes (0.25, 0.5 and 1.0 litres),

with larger dung pads having higher species numbers and species diversities. In a

comparison of tropical dung beetles from pitfall traps with 200 ml and 2 ml dung

baits, Peck and Howden (1984) found that beetles larger than 10 mm were almost

eXclusively found in the traps with the 200 ml dung baits. In addition, beetles less than

10 mm in length preferred small amounts of dung even when the large species were

excluded from the baits with a screen. Data from Gittings (1994) showed that in north

temperate European dung beetles, larger species showed a preference for larger pads

in only one of three field experiments. Note, however that the one experiment which

revealed a preference had a range of three dung sizes (0.25, 0.5 and 1.0 L) whereas

the other two experiments compared two dung sizes only (0.5 and 1.0 L). We

performed a similar analysis with data from the present experiments; only experiments

S2 and C2 (and C3, omitting one outlying point) displayed a significant positive

relationship between dung beetle size and pad size.

Pad size and Aphodius larvae

Aphodius dung beetle larvae have been less studied than the adults, but some

references are pertinent in relation to pad size. Lumaretand Kirk (1987), for example,

describe how the adults of Aphodius constans rely on the extended aging of the pad

under Meditteranean conditions from February to April to oviposit in a zone of dung

ranging from 55 - 75% humidity, while the larvae move inwards from the drier

peripheral regions of the pad to avoid dessication. In relation to the suitability of pads

over the duration of larval development, Lumaret and Kirk (1987) state that "the initial

size of the dung when dropped is the most determinant factor." This is presumably

because larger pads dessicate at a slower rate and provide a larger zone that is suitable
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for larval development than do smaller pads. In another study, significant differences

in survival of A. rUfipes larvae in 0.25 and 0.5 litres of the same dung tyPe have been

demonstrated under laboratory conditions (Gittings 1994).

Our present data show differences in the relationship between larval density and pad

size when we compared 13 day old pads and 22 day old pads, which were deposited

at about the same time. The 13 day old pads were largely composed of small larvae of

A. rUfipes and although larval numbers were correlated with Pad size, their densities

were not. In contrast, the 22 day old pads typically contained older, larger larvae of A.

rUfipes and larval densities were significantly correlated with pad size. This may be

due to one or more mortality factors which are dePendent on pad size, the most likely

of which would be dessication, as smaller pads dry out faster than larger pads

(Gittings 1994, see above). It is also possible that larval comPetition would intensify

as the larvae age and the availability of dung in a pad decreases due to dessication

and/or decomposition (Lumaret and Kirk 1987, Gittings 1994, Hirschberger 1996,

Worthen et ale 1998). Observations of dead larvae in some of the smaller pads would

further support this. Other factors may influence the relationship between Pad size and

larval abundance in the naturally dropPed pads, particularly in relation to adult

colonisation, such as the time of pad deposition (Holter 1979) and patterns of

aggregation (Hanski 1980, Holter 1982). It should also be noted that wet weights of

22 day old pads in Fig. 4b were most likely quite different to the wet weights of those

pads at deposition, largely due to dessication.

The results of this present study indicate that because of increases in adult beetle and

larval density in relation to pad size, proportionally more intense biological activity

may be expected in larger dung pads than in smaller dung pads. This may have

important consequences for the decomposition of dung, considering that the biological

activity of dung beetles and larvae is an important direct factor in decomposition and is

considered to influence the aggregation of earthworms in dung pads (Holter 1983).

We are not aware of any data which investigate the significance of dung Pad size on

the biology of the adults and larvae of dung beetles and earthworms in relation to

decomposition rates.

Applicability of the aggregation model to dung beetles

North temperate dung beetles typically display aggregated distributions, even when

artificial homogenised pads are employed (Hanski 1979, Holter 1982), but whether

species are indePendently aggregated or not is unclear (cf. Holter 1982, Hanski 1991).

Nevertheless, the aggregation model of coexistence has been often quoted in, and

inspired in part by, examples from dung beetle ecology. Our present data indicate that
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patch size should be incorporated in applications of the aggregation model, to dung

beetle ecology at least (see Sevenster and van Alphen 1996). Reasons include the large

variability in Pad sizes observed in the field and the frequent increases in density of

both adult beetles and, sometimes at least, larvae in relation to Pad size. Indeed, it

seems that the response of dung beetles to variation in dung pad size may well account

for more between-pad variability in abundance, biomass or density of beetles in the

field than would inherent patterns of aggregation. However, these experiments were

not specifically designed to test such a hypothesis.

Assumptions of the aggregation model of coexistence include that species are

independently aggregated to a degree, that competition occurs and that the distribution

of individuals is known before competition occurs. Competition in the adult stages of

north temperate dung beetles is not well documented and is cited as occurring only

infrequently. Some experimental evidence indicates density-dependent emigration

from cow Pads by Aphodius (Landin 1961, this study). Holter (1979) found that eggs

of A. rUfipes in cow pads in the field were distributed less contagiously than were

adults, and his laboratory experiments demonstrated an inverse relationship between

oviposition rates of A. rUfipes and beetle density. Given the high energy content of

dung and the frequently low numbers of individuals in pads, competition in north

temperate dung beetles, when it occurs, is probably not exploitative for dung directly.

Interference competition for space by larvae is considered most likely and evidence of

larval competition and dYnamics is slowly emerging (Holter 1975, 1979, Lumaret and

Kirk 1987, Gittings 1994, Hirschberger 1996, Sowig 1997, Sowig et al. 1997).

Thus, it may be that testing the aggregation theory using data on adult distribution is

one step removed and, although it is logistically more difficult, such testing should

concern itself more with larval distribution and com·petition. The question remains also

whether adult density will be indicative of future larval production.

Resource availability versus resource utilisation

Other data further indicate that the aggregation model may not be entirely applicable to

dung beetles, at least not without some further modification. Although larger pads may

provide an apparent increase in resource, this may not actually be the case if not all of

the pad is equally utilised. We suggest that the latter may be the case given the nature

of within-pad spatial distribution of north temperate dung beetles, and the relative

habitat suitability of pads across dung sizes.

Many beetles colonising dung pads are usually found not within the Pad, but at the

pad-soil interface or in the underlying soil {Desiere 1983 (but see associated

methodological problems on p.4 of Introduction), Gittings and Giller unpublished}.
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Of those individuals found within the pad, larvae (at least in relatively fresh dung

pads) and adults preferentially occupy the basal and peripheral parts of the pad (Holter

1982, Gittings 1994, this study Table 6). In tenns of the aggregation model, this

within-patch microhabitat partitioning inspires an interesting conundrum; crowding in

preferred segments of patches may actually be much higher than estimates of crowding

calculated from numbers per total patch size. It remains to be detennined in detail what

proportion of dung pads is utilisable by dung beetles and how the utilisable proportion

may change in relation to dung pad size, successional age and the influence of

environmental factors.

Adult and larval stages of north temperate dung beetles differ in their patterns of dung

pad utilisation. Adults typically colonise fresh dung, occupying the pad for a relatively

short time of several days, e.g. Fig. 1. In contrast, larvae typically inhabit and feed in

older dung for a considerably longer period of a few weeks. Therefore, dung pad size

may affect adults and larvae in different ways that are outlined in more detail below.

Dung beetles are exposed to anoxic conditions in the centre of fresh dung pads that

may give rise to physiological stress (Holter 1991, 1994). However, Holter (1997)

indicated that methane production from pads of sizes 0.25 L, 0.75 L, 1.0 L, 1.25 L

and 1.5 L was proportional to the weight of the pad, which would indicate that there is

a similar ratio of aerobic: anaerobic volume of dung across the dung sizes. In field

and laboratory experiments, moisture contents of pads (between dung types) of the

same size appeared to be an important factor in Aphodius dung beetle colonisation

(Gittings and Giller 1998) and reproductive parameters (Gittings 1994), with wetter

dung types regularly being the least favoured. The relative severity of these anoxic and

fluidic conditions in pads of different sizes is unknown, but it might be expected to be

more intense in the centre of larger fresh pads, considering the surface area: volume

ratio in pads of different sizes. Note also that although beetles may be adapted to cope

with the conditions of physiological stress that can occur in dung pads (Holter 1991,

1994), they may still prefer to avoid the centre of pads where the stress may be

greatest. Despite the potential for larger pads to be more unfavourable habitats for

adult dung beetles, the present data suggest that greater numbers and densities of

beetles colonise larger pads. Thus, it may be that the beetles are forced to utilise more

of the unfavoured proportion of the pad, or that they experience greater crowding in

the preferred locations of the pad.

Even less work has been done on within-pad spatial distribution of dung beetle larvae.

While larvae of soil-ovipositing species (see Gittings and Giller 1997) appear to

remain at the soil-pad interface, at least in the earlier stages of development (Table 6),
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later instars can be found throughout the pad (personal observations). During dry

summer periods, larger pads have lower dessication rates than smaller pads (Lumaret

and Kirk 1987). Therefore, larger pads will have higher moisture contents for longer,

which appears to be important for the suitability of the larger pads for larvae, in terms

of providing dessication-resistant habitat and/or dung of acceptable nutritional quality.

In conclusion, the ecology of north temperate dung beetles is significantly affected by

dung pad size. This appears primarily due to an interaction between the greater

findabilityof larger pads and their greater suitability as habitats for larvae. The lower

surface area: volume ratio of larger pads probably has different consequences for the

adult and larval life stages. Thus, it may be that the tolerance by adults of relatively

unfavourable conditions in larger pads is a trade-off for the greater suitability of larger

pads for larvae. This may be a reflection of important processes occurring during the

larval stage. More generalIy, we found that the density of both dung beetle adults and

older larvae increased with patch size, which provides additional empirical data that

advocate the incorporation of patch size as a variable in aggregation theory (Sevenster

and van Alphen 1996). Finally, measures of crowding would appear to assume that all

of the patch is equally utilisable and, more importantly, that different-sized patches are

utilised in a similar manner. A measure of the utilisable proportion of different-sized

patches, and the level of crowding experienced by organisms, can be confounded by

several factors. These can include within-patch spatial distribution of organisms,

which in the present study was possibly mediated through within-patch differences in

resource quality, and disproportionate effects of environmental conditions (such as

dessication) on patches of different size.
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Appendix 1

Decomposition of different dung pad sizes

In the summer of 1995, dung pad decomposition in relation to dung pad size was

investigated in a field experiment The experiment was conducted at Moore Park. The

dung pad sizes employed were 0.25 L, 0.5 L, 1.0 L and 1.5 L. Fresh dung was

collected on the evening prior to deposition from the surrounding fields and from a

. cowshed. Experimental pads were artificially deposited on 16 August, 1995. Control

pads were also deposited, and these were used to investigate the effect on

decomposition rates of excluding dung beetle colonisation over the first 10 days as

well as the exclusion of earthworms. About four days before the experiment began,

the soil about each control pad was removed as a single sod to a depth of ca. 10 cm,

and extending to ca. 10 cm from where the perimeter of the Pad would eventually lie.

The exposed hollow was lined with nylon mesh, the sod replaced and, with the aid of

pegs, the nylon was raised to a height of not less than 5 cm from the ground. This was

intended to prevent earthworm activity at the pad from below- and above-ground

colonisation. Dung beetle colonisation of the control pads was prevented by the use of

a metal frame similar in design to that in Holter (1977). Pads were collected on 20, 40,

60 and 80 days after deposition, and the proportion of initial dry weight remaining

was calculated for pads on each date of collection.

Inspection of the Pads and results from a concurrent colonisation study immediately

adjacent to the decomposition experiment indicated that there was negligible

colonisation of pads by dung beetles at this time. I cannot readily explain why this was

so, as weather conditions appeared to be optimal for beetle colonisation. Earthworm

activity appeared to be negligible for the first 40 days, most probably due to the

drought-like conditions that prevailed during this time. However, the increased rainfall

from day 40 onwards coincided with an observable increase in earthworm activity in

the field, with the pads showing visible signs of 'grazing', particularly at the edges,

which appeared to be due to earthworms. The control pads were relatively unaffected

in this way for the duration of the experiment.

Decomposition rates of the experimental pads were similar across the different pad

sizes and the considerable increase from day 40 onwards coincided with the increase

in rainfall (Fig. 1) and an observed increase in earthworm activity. While there may

have been statistical differences in decomposition between the sizes on some dates

(fable 1), it is unclear whether such differences have any biological significance. The

control pads showed similar decomposition rates to the experimental pads until
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Table 1. ANOVA of the effect of treaUDent (experimental or control pads) and size (0.25 L, 0.5 L,

1.0 L and 1.5 L) on dung pad decomposition rates. The 'date·treaunent·size' interaction term was

significant (F9.159 =2.09 .), so analyses were conducted for each separate date of sampling.

Significance levels are indicated as follows: ns p> 0.1. t p < 0.1, • P < 0.05••• p < 0.01•••• P <

0.005••••• P< 0.001.

Treatment Size Treatment*Size

Day 20 Fl.39 =2.67 ns F3.39 =4.66 •• F3.39 =0.11 ns

Day 40 Fl.39 =7.23 • F3.39 =2.13 ns F3.39 =0.27 ns

Day 60 Fl.39 =5.66 • F3.39 =9.72 •••• F3.39 =0.88 ns

Day 80 Fl.39 =132.8 •••• F3,39 =5.68 ••• F3.39 =3.68 •
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Fig. 2. Decomposition of (a) experimental and (b) control pads of different sizes over time
since deposition. Data points represent mean proportion of initial dry weight remaining on
days 20. 40. 60 and 80. Data points in (a) are horizontally displaced for clarity. See legend for

key to different-sized pads.
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day 40. From day 40, decomposition of the control pads was significantly lower than

decomposition of the experimental pads. Decomposition rates between the different

sizes of the control pads were similar until day 60. Over the last 20 days of the

experiment, the 0.25 L and 0.5 L lost significantly greater proportion of mass than the

1.0 L and 1.5 L pads.

Unfortunately, the negligible dung beetle and/or earthworm activity which occurred at

the beginning of this experiment had the effect of decreasing the degree of differences

which were originally intended between the treatments. Nevertheless, the differences

between the control pad sizes at the end of the experiment are notable (Fig. 2, Table

1). I suspect that the smaller pads are either more susceptible to the effects of

weathering and/or the effect of any few earthworms that did cross the experimental

earthworm barriers. The differences between the larger of the control and experimental

pads also seem to underline the importance of earthworm activity in decompostion in

north temperate pastures. Nevertheless, it would be very interesting to further examine

the relative decomposition rates with typical levels of dung beetle colonisation, and to

investigate whether earthworms tend to aggregate at the larger Pads.

Day

Fig. 1. Weather patterns over the duration of the decomposition experiment. The upper and lower

lines indicate daily maximum and minimwn air temperatures. histograms represent daily rainfall.
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Chapter 4

The colonisation of native herbivore dung types
by north temperate coprophagous dung beetles
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Chapter 4

The colonisation of native herbivore dung types by
Northern European coprophagous dung beetles.

Abstract

1. In order to investigate the role of dung quality in colonisation preferences of dung

beetles, field experiments were used to compare the colonisation by dung beetles of

standardised dung pads from a number of native large herbivore species (cow, horse

and sheep). An additional experiment comPared the colonisation by dung beetles of

five different types of cow dung.

2. There were significant differences between dung types in moisture content and

organic matter. There were also significant differences in the biomass, species

richness and diversity of dung beetles colonising pads.

3. Laboratory experiments provided evidence that adult emigration and larval

production were highest on sheep dung, which was typically colonised by the highest

abundances of beetles.

4. Data from this study, and re-analysis of previously published data facilitated

comparisons of dung beetle colonisation on different dung types. Generally, these

data indicated that dung beetle species composition and species richness were quite

similar among dung types of native large herbivores. However, significant differences

in dung beetle assemblage structure among dung types occurred in terms of absolute

abundances and the rank order of species.

5. The lack of a consensus on what constitutes a dung type preference is discussed.

These data indicate that while dung beetles can display preferences for dung of

different quality, biases in experimental design can confound interpretation. These

biases include differences in sampling effort and pad size. Furthermore, the role of

natural variability in dung Pads (e.g. quality, size etc.) needs to be investigated to

clarify the actual role of dung type in structuring dung beetle assemblages in nature.
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Introduction
There have been a number of descriptive studies examining the colonisation by dung

beetles of different dung types or the breeding perfonnance of dung beetles in

response to intraspecific variation in dung quality of herbivores (see below). Few of

these studies have been undertaken in northern temperate regions where Aphodius

species are the dominant coprophages.

In a review, Hanski (1991) stated that Aphodius species utilise 'the dung of domestic

mammals- cattle, horses, and sheep without much discrimination'. Evidence for the

indiscriminate use of dung by north temperate dung beetles may be provided by

Landin (1961) and Heijennan (1990). Even then, Heijennan's (1990) analyses are

confounded by the pooling of samples from different times of the. year; in north

temperate dung beetles, seasonal variation in species composition is considerable and

may mask differences among dung types if data is pooled across seasons (Finn et d. ,

1998ab; Chapters 2 and 5) . In comparisons of colonisation of sheep, horse, cow, pig

and human dung, Rainio (1966) concluded that dung beetles were not 'wholly

specialised to any particular kind of dung'; however, several dung beetle species in

that study did display preferences for various dung types (see below).

In contrast, there are several examples in the literature in which north temperate dung

beetles displayed preferences for some dung types over others e.g. Rainio (1966),

Fincher, Stewart and Davis (1977), Kessler et al. (1974), Breymeyer and Zacharieva

Stoilova (1975), Desiere and Thome (1977), Krikken (1978), Horgan (1989) and

Gittings and Giller (1998). In addition, Hanski and Kuusela (1983) speculated that

species abundances in sheep dung are less evenly distributed across pads than in cattle

dung. Lumaret et d. (1992) found that when dung resources at a site changed from

sheep to cow dung, dramatic changes in dung beetle community structure followed.

However, in the latter study, it is unclear to what extent differences in dung type were

responsible for changes in dung beetle community structure, as opposed to changes in

dung pad size.

Attempts to investigate differences of dung beetle colonisation among dung types have

sometimes been confounded by a lack of an experimental approach, inappropriate

analyses, and the pooling of dung samples of different ages and different dung sizes.

Other possible confounding effects include artefacts of macrohabitat preferences, the

preference by larger species for larger dung pad sizes (Peck and Howden, 1984), as

well as different patterns of succession among dung tyPeS (Gittings, 1994).
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One might expect that the underlying cause of any differences among dung types, and

preferences by dung beetles for different types of dung, are the intersPecific

differences in physical and chemical parameters of the dung. These parameters are

produced by a combination of the digestion processes of herbivores and the material

ingested, can be used to define dung quality and may include moisture content,

nitrogen content, organic matter content etc. For example, sheep and cow dung are

quite distinct in their apPearance, but there can also be considerable intrasPecific

differences in herbivore dung quality (Pers. obs). Intraspecific variation in dung

quality may be due to seasonal (Greenham, 1972; KUDZ, 1980; Matthieson and

Hayles, 1983; MacQueen et al., 1986; Edwards, 1991) or spatial (Greenham, 1972;

Matthieson and Hayles, 1983) differences in pasture quality, or due to different diets

(Palmer and Bay, 1983). Such intrasPeCific variation in chemical dung quality

parameters has been related to reproductive success in dung beetles (MacQueen et al.,

1986; Ridsdill-Smith, 1986; Aschenbom et al., 1989; Davis, 1989; Edwards, 1991)

and in dung-breeding flies (Greenham, 1972; Kunz, 1980; Matthieson and Hayles,

1983; Palmer and Bay, 1983; MacQueenet al., 1986; Edwards, 1991). For example,

dung from cattle grazing in Australian pasture produced larger flies of both

Haemotobia irritans exigua and Musca vetustissima, and more broods from the beetle

Euoniticellus intermedius, during the summer wet season than from the same pasture

in the winter dry season (MacQueen et al., 1986).

In a study based in southern Ireland, Gittings and Giller (1998) employed field

eXPeriments to investigate the role of dung quality in dung beetle colonisation of dung

from cows and from range of exotic animals (giraffe, zebra, guanaco, ostrich and red

lechwe) from a nearby wildlife park. There were significant differences in dung

quality parameters among the dung types, and dung beetle SPecies usually displayed

distinct and consistent preferences in their colonisation of particular types of dung,

and these preferences appeared to be related to their reproductive biology. The present

study employed a similar experimental approach to investigate colonisation by north

temPerate beetles of dung of large domestic native herbivores (sheep, horse and cow)

and their colonisation on cow dung collected from cattle that were fed different diets.

This facilitated investigation of whether inter- or intraspecific variation in dung quality

affects dung beetle colonisation. In addition, a small number of laboratory

experiments were conducted to investigate emigration rates and reproductive

performance on different dung types. Previously published data from colonisation

eXPeriments of different dung types were analysed to further investigate dung beetle

preferences for dung types.
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Materials and Methods
Experimental design of colonisation experiments

A set of four field experiments (CI-C4) were conducted to investigate the influence of

dung quality on dung beetle colonisation. The experiments differed in the dung type

employed, days after deposition on which samples were collected and the number of

sampling days (Table 1). Experiments CI-C3 employed sheep, horse and cow dung,

whereas experiment C4 employed five different types of cow dung. At the start of

experiments C l-C3, pitfall traps were baited with the same dung types that were used

to form pads. The pitfall trap design follows that of Tyndale-Biscoe et ale (1981).

When the contents of these traps were collected, the baits were not changed; thus,

these pitfall traps provide a measure of dung beetle immigration to aging dung of

different types (findability). In experiments C2 and C3, additional pads and pitfall

traps with a dung size of 0.25 L of sheep dung were included in the experiment

Table 1. Description of field experiments investigating colonisation of different dWlg types.

Columns indicate experiment, dWlg types employed, days after deposition on which pad samples were

collected and whether pitfall trapping was conducted.

Experiment Dung types Sampling days Immigration
and date pitfall traps

Cl 23/5/96 cow, horse (x 2) and sheep 2,6,10 all types

C2 19/6/96 cow, horse, and sheep 2,6,10 all types

C3 11/8/96 cow, horse, and sheep 2,4,6 all types

C4 517/96 5 types of cow dung 2,6

In experiment C1, two types of horse dung were used. One type of horse dung [hor

(rgh)] was collected from rough pasture near Fota (dominated by Juncus and grasses),

whereas the other type [hor (imp)] was derived from more improved pasture

(regularly fertilised) near Fermoy. Compared to sheep and cow dung, horse dung was

the most fibrous in texture and, particularly when fresh, had a very strong odour. Of

the two types of horse dung in eXPeriment Cl, the former [hor (rgh)] was not liquid in

consistency, was composed of clearly visible and relatively undigested plant fibres,

and was inclined to fragment. The other tyPe of horse dung [bor (imp)] appeared to be

more digested, and had a more paste-like consistency than hor (imp). As the season

progressed, the horse dung from Fermoy changed in appearance and texture,

becoming more like that of hor (rgh). Of the horse, sheep and cow dung types, sheep

dung had the most paste-like and solid texture.
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The five different types of cow dung (Or, F, Sp, Sil, Sum) in experiment C4 were

collected at both Fota and Moorepark. The latter is an agricultural research station at

Fermoy, County Cork. Cow dung type F was collected at Fota on the same day as

experiment C4 commenced, and was quite fibrous in texture. Dung types Or, Sp, Sil

and Sum were collected at Moorepark. Dung tyPe Sp, which had an extremely liquid

texture, was collected during the spring and stored frozen until required. Dung types

Or, Sil and Sum were collected from cattle that were housed indoors for a feeding trial

in which cattle were fed different grass types with additives (Or and Sum) or silage

and additives (Sil).

The basic experimental design consisted of replicate standardised pads and pitfall traps

of the various dung types placed in a grid of replicate randomised blocks with each

row and each dung pad/pitfall trap a similar interval (5m) apart (see Chapter 1). There

were five blocks with single pitfall traps baited with each dung volume and a fixed

number of dung pads of each volume in each block. Pads were composed of 1.0 litre

(L) of fresh homogenised dung deposited in a circular plastic former of 16 em

diameter. On each sampling day, one dung pad of each tyPe and the underlying soil to

a depth of approximately 5 cm was sampled from each block. Dung pad samples were

immediately transported to the laboratory and stored briefly at 4 °c before using

Tullgren funnels to extract beetles from both the dung pad sample and underlying soil.

On each sampling date the contents of the pitfall traps were also collected. Deposition

and collection of the pads and pitfall traps were conducted between 09.00 and 13.30.

Field experiments were carried out at Fota, County Cork, in southern Ireland. Fota is

located approximately 20 km from Cork and the area consists of a wildlife park and

cattle pasture, the latter being grazed by one or two herds of cattle. The soils at Fota

consist of glacial tills and gravels (Gittings, 1994).

Laboratory experiments

Four experiments (A l-A4, see Table 2) were conducted to investigate the migration

and reproductive performance of Aphodius species on the sheep, horse and cow dung

types from field experiments Cl (A4) and C2 (AI-A3). In particular, investigations

were directed at the production of eggs and larvae by a number of adults in replicate

arenas in which dung was available. In general, the arenas consisted of containers

with 5-6 cm of soil on which dung was available to a known number of beetles (Table

2). These arenas were kept within larger buckets containing a few centimetres of

water, so that emigrating beetles were trapped in the water for collection. Before

experiment A1 began, beetles were kept in each of the three dung types for three days,

and placed on the same dung type in the experiment. In experiments A2 and A3,

beetles were starved for at least one day before the experiment
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Table 2. Details of laboratory experiments investigating Aphodius reproductive success on different

dung types from experiment C2.

Experiment species Dumber of Dumber of days dung size
replicates beetles per

arena

Al A.ater 4 10 12 0.5L

A2 A. depressus 4 7 11 0.5L

A3 A. rufipes 5 7 9 0.6L

A4 A. prodromus 3 18 11 0.6L

In all experiments, replicates were checked each day for emigrating beetles, and at the

end of the experiments, the number of broods, eggs and larvae in the Pad and

underlying soil were recorded at the same time, as appropriate. In experiment A4, 18

individuals of A. prodromus were introduced to replicates (n = 3) containing 0.6 L of

the four dung types in experiment Cl. Replicates were checked daily for emigrating

beetles, and analysis was based on emigrating beetles only. Although the number of

remaining beetles was not recorded, inspection of some of the pads indicated that the

vast majority of beetles had emigrated by the end of the eleven days of the experiment

Dung quality

Moisture and organic matter contents were measured from subsamples of the fresh

dung of each type in each of the experiments. From each of the fresh dung types, five

subsamples of 80 - 150 g dry weight were collected and oven-dried to constant weight

to determine the moisture content. The dried subsample was then ground in a

mechanical mill. Organic matter content was determined by igniting dried subsamples

of the milled sample in a 500 OC muffle furnace for 18 hours.

Study species
In this study, only the Aphodius, Geotrupes and Sphaeridium genera are considered,

by virtue of their dominance of the composition of the biomass of coprophagous

beetles in north temperate areas. The above groups also cover the main adult fluid

feeding and larval dung-feeding taxonomic groups. The Aphodius species were

divided into breeding Aphodius and non-breeding Aphodius..The non-breeding

Aphodius included species with saprophagous larvae (A.··prodromus and A.

sphacelatus) and the immature f2 generations of dung-breeding species. For

calculation of total catches of f1 and f2 generations in Aphodius species in which these
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generations overlapped, individuals caught during the overlap period were assigned to

one of the two generations on the basis of their tibial wear (Gittings and Giller, 1997).

Data analysis

Calculations of biomass are based on dry weights of SPeCies (Gittings, 1994). The

effect of dung pad type and day of sampling on biomass was examined by three-way

ANOVA using factors 'block', 'type', 'day' and 'type * day'. The F-value of the

'tyPe * day' interaction term indicates the significance of differences in the

successional pattern among different dung types. The role of succession is

considerable in dung beetle communities (e.g. see Fig. 1), and may confound

investigations of an effect of dung type when analyses are conducted on data collected

from a number of sampling dates. For this reason, ANOVA was used to compare

biomass values of dung beetles among the dung tyPeS on each day of sampling.

Aphodius SPeCies diversity (reciprocal of Simpson's index) was calculated from

abundances of beetles, and Aphodius SPecies richness was also calculated.

Canonical Correspondence Analysis (CCA) is a multivariate direct gradient analysis

which ordinates SPeCies and samples by axes which are linear combinations of known

environmental variables (see ter Braak, 1986, 1988, 1990). CCA was used to

investigate the relationship between sPecies occurrence and dung type in a single

analysis combining eXPeriments CI-C3, and including all SPeCies. The categorical

variable 'expt. no.' was used as a covariable, and 'day' and the dung types were used

as the environmental variables. Another CCA included the continuous variable 'size',

to investigate the effect of dung size using data from the additional 0.25 L sheep pads

in eXPeriments C2 and C3. The raw data for the CCA consisted of the untransformed

means of beetle numbers of each SPeCies collected in the replicate dung pads and there

was downweighting of rare SPeCies. Forward selection was used to remove variables

that did not explain a significant (p < 0.02) amount of the variance in SPeCies data, as

tested using a Monte Carlo Permutation test. A Monte Carlo test was also conducted to

test the significance of the overall ordination. CCA analyses were conducted using the

CANOCO 3.11 program. Dung quality parameters (organic matter and moisture

content) were included as environmental parameters in eXPeriment C4 only (see

results). Note that Gittings (1994) reported that separate CCA ordinations that

employed dung tyPe, initial dung quality values and sampling day dung quality values

all indicated similar relationships between SPeCies occurrence and dung types.
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Comparisons of sheep, horse and cow assemblages in the literature

Comparisons of dung beetle numbers in different dung types from field studies are

included in Rainio (1966), Kessler et d., (1974) and Breymeyer and Zacharieva

Stoilova (1975), and included sheep, horse and cow dung types. Here, re-analyses of

these data were conducted to facilitate comparisons of colonisation of the dung types.

Rainio (1966) examined the colonisation of several nearby sites in southern Finland

(Tables 3, 4 and 5 of that study). In Table 3 of Rainio (1966), dung beetle numbers

were compared in sheep, horse and cow dung, using pad sizes of 1 kg, 2 kg and 2 kg

resPeCtively. From the original data, the Sphaeridium and scarabaeid species were

calculated as numbers per unit dung weight of the original dung size deposited. Table

5 of Rainio (1966) listed numbers of beetles in pig, cow, horse and sheep dung pads

with a weight of 200 g at deposition. Pairwise correlations of the rank abundance of

the most abundant species (total number of individuals captured> 10) were conducted

among the four types of dung.

Kessler et al., (1974) provided a comparison of the colonisation by dung beetles of

cattle and sheep dung in South Dakota, USA. Only the Sphaeridium and scarabaeid

species data collected in that study were utilised in the present calculations. A

consideration of the sampling methods employed by Kessler et d. (1974) in collecting

the two dung types is necessary prior to analysis. Cow pads were formed as Ita 22.5

em diam x 5.0 em deep bovine manure pile". To facilitate sampling, cow pads were

placed over Pans which were placed in the soil. As the authors describe, "One pan

was selected at random and removed from the exclosure at intervals of 24, 48, 72 and

96 hr. Throughout the season, 8 pans of dung were collected per week for 13 weeks"

(Kessler and Balsbaugh, 1972). Thus, each pad was of volume xr2h =3.142 x

11.252 x 5 cubic centimetres=1.988 litres. The collection of 8 Pans per week for 13

weeks implies that the total volume of cow dung examined was 1.988 Lx 8 x 13 =
207 L. Describing the collection of sheep dung, Kessler et d., (1974) stated that

sheep dung (24-96 hr old) was collected every seventh day and "each collection

period, 2.85 cc of sheep manure was placed into a Burlese funnel for 24 hr". It seems

extraordinary that only 2.85 cc of sheep dung would have been collected each week,

and it is assumed that the sheep dung was collected using a similar methodology as the

cow dung, but with a sheep pad size of 2.85 cc. Thus, from the methods described in

Kessler and Balsbaugh (1972), a total of 296 cc (2.85 cc x 8 x 13) of sheep dung was

examined in their study. If these calculations are correct, then the volume of cow dung

examined was almost 700 times greater than the volume of sheep dung examined.
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Breymeyer and Zacharieva-Stoilova (1975) provided data on the Scarabaeidae

sampled in a Bulgarian pasture which contained both sheep and cattle. They randomly

collected 10 naturally dropPed pads of each dung type every month from May to

September in 1970, totalling 50 pads of each dung type over the year. In Table II of

Breymeyer and Zacharieva-Stoilova (1975), the authors indicated that the average

numbers of beetles per pad were 38.3 and 89.2 beetles for sheep and cow dung

respectively. Thus, a total of 1915 and 4410 beetles in sheep and cow dung were

collected respectively (Table I of their study). In addition, they calculated the mean dry

weight of sheep and cow pads as 7.5 and 534 g dry weight respectively, which differ

by a factor of about 70. Therefore, the data in Table I of their study was derived from

a total dry weight of cow dung which was, according to these calculations, 70 times

greater than the total dry weight of sheep dung used.

Because of the considerable differences in sampling effort between the sheep and cow

dung (see Discussion), only the first fifteen species in Table I of Breymeyer and

Zacharieva-Stoilova(1975), plus Aphodius distinctus and A. varians + A. varians abo

fabrici (which occurred in sheep dung only, with percentages> 1%) were selected for

re-analysis. These species were generally more abundant and/or occurred in both dung

types (see Discussion). A correlation of the rank abundance of these species was used

to investigate assemblage structure of the dung beetles captured in the two dung types.

Results
Dung Quality parameters

There were significant differences in both organic matter and moisture content levels

between dung types in the colonisation experiments (Table 3). Sheep dung

consistently had lowest values of organic matter and moisture content

Dung beetle biomass

Biomass of the various dung beetle groups (Geotrupes, Sphaeridium, as well as

breeding and non-breeding Aphodius) varied considerably among the experiments,

among the dung types and among days of sampling (Fig. 1). ExPeriment Cl was

dominated by Sphaeridium and non-breeding Aphodius species (the latter was

comprised mostly of A. prodromus). In experiment C2, breeding Aphodius species

were dominant, whereas captures in experiments C3 and C4 were mostly of

Sphaeridium and breeding Aphodius species.
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Table 3. Summary of initial (Day 0) organic matter and moisture content levels in the different

dung types employed in experiments C l-C3 (a) and (b) C4. Organic matter values are percentages d

dry weight. moisture contents are percentages of wet weight. Values are presented as mean ± s.e.

Chemical parameters were analysed by ANOVA; values with the same superscript were not

significantly different(p < 0.05).

8. Experiments C l-C3
sheep horse (imp) cow horse (rgh)

Cl
organic matter 76.8a ± 0.2 'Tl.3a ± 0.2 SO.8b ± 0.2 SO.3b ± O.S
moisture content 79.3a ± 0.2 8S.0b ± 0.2 87.8c ± 0.1 8S.1b ± 0.4

C2
organic matter 81.Sa ± 0.4 81.4a ± 0.3 81.Sa ± 0.1
moisture content 82.1a ± 0.1 87.1b ± 0.1 87.1b ± 0.1

C3
organic matter 'Tl.Sa ± 0.2 82.4a ± O.S 84.3c ± O.S
moisture content 81.8a ± 0.1 86.Sc ± 0.1 84.Sb ± 0.3

b. Experiment C 4
C4 ili
organic matter SO.8a ± 0.1

moisture content 85.0b ± 0.2

F

86.3c ± 0.1

87.1c ±0.1

Sp

79.~± 0.7

88.8d ± 0.1

Sil

84.1b ± 0.4

81.oa± 0.1

Sum

87.4c ± 0.1

84.1b ± 0.2

Statistical analyses of the biomass of dung beetles colonising different dung types in

experiments C l-C4 are presented in Table 4. Experiments varied in both the absolute

levels of dung beetle biomass and the relative proportions of the dung beetle groups

that colonised pads. In experiments CI-C3, sheep dung always had the highest total

biomass on each day of sampling. In experiment Cl, the horse dung from improved

pasture had relatively high levels of beetle biomass, but beetle biomass in the horse

dung from the unimproved pasture was very low. Compared to dung beetle biomass

in sheep dung, cow dung also had very low biomass in experiments C2 and C3.

There were significant differences in total dung beetle biomass among some of the

different types of cow dung in experiment C4 (Table 4), but significant differences in

species abundances among the dung types only occurred in Aphodius ater, A.

depressus, Sphaeridium lunatum and S. lunatum (Table 5).

Pitfall trapping data allowed comparison of findability among the dung types (cf.

Figs. 1 and 2). The horse dung from improved pasture appeared to be more attractive

to the non-breeding A. prodomus and this was evident in the pitfall trapping data (Fig.

2). Note that the horse dung from the rough pasture attracted very few beetles, and
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Fig. 1. Biomass (± s.e.) of different dung beetle genera in
various types and ages of dung. All experiments used one
litre of dung. There were differences between experiments in
the number of sampling days and the number of days after
deposition on which pads were collected. Two types of horse
dung were employed in experiment C1. Numbers after dung
types indicate age of dung pads on collection. Experiment
C4 employed five different types of cow dung. See text for
details. Shp= sheep. hor = horse.
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baiting of the pitfall treJp on which trap contents were
collected. See text for details. Shp= sheep, hor =horse.
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.Table 4. Effect of dung type on biomass of dung beetles collected from dung pads deposited in filed
experimentsCI-C4. SignificanceofF-valuesareindicatedas foHows: tp < 0.1. *p < 0.05. **p < 0.01.
***p < 0.005. ****p < 0.001. If necessary. data were transformed by square root (x + 0.5) (sq). log (x+l)
(log) or were untransformed (u). Dung types with values of biomass that were not significantly different (p
< 0.05) have the same superscript Aphodius species were divided into breeding and non-breeding beetles
(see text). The dung types employed were cow. sheep and horse (hor) dung. In experiment Cl. two types
of horse dung. hor(i) and hor(r). are indicated. and were derived from improved and rough pasture
respectively. Because there were frequently significant effects of the 'day' or 'type*day' tenns. a seperate
analysis was conducted for individual days within each experiment In some experiments, there wece
insufficient numbers of captures for analysis of any or all taxonomic groups.

a. Experiment Cl

Analysis Type Day Type*Day

Total biomass log F3. 59 =38.6**** F2. 59 = 91.9**** F6. 59 = 12.7****
Aphodius (b) log F3. 59 = 34.8**** F2. 59 =4.3* F6.59 = 10.7****
Aphodius (nb)log F3. 59 = 38.8**** F2. 59 =1606**** F6. 59 = 33.7***-
Sphaeridiumlog F3. 59 = 40.0**** F2. 59 =146.9**** F6. 59 = 22.2****

Day 2 Highest i>Lowest
Total biomass log F3. 19 = 68.7**** sheepa cowCl hor(i)a hor(r)b

Aphodius (b) log F3. 19 = 21.8**** sheep'- cowCl hor(i)b hor(r)b

Aphodius (nb)log F3. 19 = 52.8**** hor(i)a sheepll cowb hor(r)c

Spluuridium log F3. 19 = 51.2**** cowa sheepa hor(i)a hor(r)b

Day 6
Total biomass log F3. 19 = 24.9**-· sheep8 hor(i)b hor(r)C cowe

Aphodius (b) log F3. 19 = 30.9···· sheep'- hor(i)a cowb hor(r)b

Aphodius (nb)log all values = 0

Spluuridium log F3. 19 = 15.5···· sheepll hor(i)b cowb hor(r)b

Day 10
sheepa cowb hor(r)b hor(i)CTotal biomass log F3. 19 = 24.9***·

b. Experiment C2
Experiment Type Day Type*Day

Total biomass sq F2.44 = 50.0**** F2.44 = 6.8*** F4.44 = l.02ns
Aphodius (b) SCI F2.44 = 59.8**** F2.44 =7.8*** F2.44 = 1.83ns
Aphodius (nb)sq F2.44 = 3.4* F2.44 = 8.49**-* F4.44 = 2.2t

Spluuridium sq F2.44 = 10.6**** F2.44 = 72.7**** F4.44 =3.8*

Day 2 Higher->towest
Total biomass sq F2.14 = 16.7**** sheep8 hor(i)b cowb

Aphodius (b) sq F2.14= 25.6**** sheep8 cowb hor(i)b

Aphodius (nb)sq F2.14= 2.7n8 hor(i)a sheep8 cowCl

Spluuridium sq F2.14=6.2· sheep8 hor(i)ab cowb

Day 6
sheepa hor(i)b cowbTotal biomass sq F2.14= 32.9*-**

Aphodius (b) SCI F2.14= 32.9**** sheep8 hor(i)b cowb

Aphodius (nb)sq F2,14 = I.Ons hor(i)a sheepa cowCl

Sphaeridium sq F2.14=6.3· bor(i)a sheepa cowb

Day 10
sheep8 hor(i)b cowbTotal biomass sq F2.14= 11.8****

Aphodius (b) sq F2.l4 = 11.6-** sheepa hor(i)b cowb
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.c. Experiment C3
Experiment Type Day Type*Day

Total biomass sq F2.44 = 235.9**** F2.44 = 33.9**** F4,44 = 11.7****
Aphodius (b) sq F2,44 = 150.2**** F2,44 = 48.6**** F4,44 = 9.0****
Aphodius (nb)sq F2,44 = 31.4*** F2.44 = 2.8t F4,44 = 2.2t
Spluuridiumlog F2.44 = 235.0**** F2.44 = 57.3**** F4.44=9.5t

Day Z Highesr->Lowest
Total biomass sq F2,14 = 80.4**** sheepa cowb hor(i)C

Aplwdius (b) sq F2.14 = 43.2**** sheepa cowb hor(i)c

Aphodius (ob)sq F2,14= 17.8*** sheepa cowb hor(i)b

Spluuridium log F2.14 = 45.0**** sheep8- cowb hor(i)C

Day 4
Total biomass sq F2.14= 110.9**** sheep8 cowb hor(i)b

Aplwdius (b) SCI F2.l4 = 43.3**** sheepa cowb hor(i)c

Aphodius (ob)sq F2.14 = 8.3** sheepa cowab hor(i)b

Spluuridiumlog F2.14= 54.7**** sheepa cowb hor(i)C

Day 6
Total biomass sq F2.14 = 64.7**** sheepa cowb hor(i)c

Aplwdius (b) SCI F2,14= 25.6**** sheepa cowa hor(i)b

Aplwdius(ob)sq F2,14 = 7.3** sheepa cowa hor(i)b

Spluuridiumlog F2,14 = 154.8**** sheepa cowb hor(i}b

d. Experiment C4

Experiment Type Day Type*Day

Total biomass sq F4,49 = 7.3**** F1,49 = 2.5ns F4.44 = 3.52*
Aphodius (b) SCI F2,44 = 1.7ns F2.44 = 0.120s F4.44 = 1.6ns
Aphodius (nb)sq F2,44 = 2.93* F2,44 = O.02ns F4.44 = 4.12**

Spluuridium log F2.44 =35.4**** F2,44 =21.4**** F4.44 =16.0****

Day Z Highesr->Lowest
Total biomass sq F2.14 = 2.69t suma sila gra spa f8

Aplwdius (b) F2.14= 1.7608 surna sila gra spa f8

Aplwdius (nb) F2.14=6.7*** surna silab gr* spbc fC

SpluJeridium log F2.14=28t suma sila f8 gra spa

Day 6 va sumab spb silb rbTotal biomass sq F2.l4= 8.18****

Aplwdius (b) SCI F2,14 = 1.80s va suma sila spa f8

Aplwdius (ob)sq F2.14 =2. 180s va p spa suma sila

Spluuridiumlog F2.14 = 102.2**** va spb sumb silb fC

148



Chapter 4: Dung beetle colonisation ofdifferent dung types

3.5 3.5
T

TT3 A3

2.5 vii2.5 1. 1
2

\\1
2 11.5

~ ~ 1.5

..L

0.5
N\OO N\OO ("1\00 ("'I \0 0 N \0 ~

("I \0 0 N \0 0
0.. 0..- --- ~ ~ - --- 0.. 0. - - - ~

~ -.c.co. ~~:::' o 0 ~ ~..:.~
co 0.c .c .c 0. - - S 0 ~

~ ~ ~- U U 8 ~ ~- 0 0 .c ~ ~ U
co o 0 ~ o 0 ~ co 8·e .c.c.,g .c.co 0 0 5.c .c

~
.c .c

>
:.a
_0
c

~e
Ui

3.5 4

3

~
3.5 T T

T T
2.5

~ h \1 ~ 3

2
T

~ X
T 2.5 ..L.L

1.5

~
2

1 ~
1.

0.5 1. 1.5 1

0
N \0 0 N \0 0 N \0 0 N \0 N \0 N\O N \0 N \0

0. 0. - - S - ~ ~ - ~ ~ u. U. 0.0. e e0 0.c .c 0. - S 0 8 ~
en en Ui Ui ::s ::s

co co .c ~ j
U en en

co 0 ~

.c 0.c

Fig. 3. Simpson's diversity of Aphodius species in dung pats of different dung types in

field experiments. Day of sampling is indicated after dung type; shp= sheep, hor (i)=
horse dung from improved pasture, bor (r)= horse dung from rough pasture.

149



N \0 0 N \0 0 N \0
~Q. Q. - S - - ~ ~.c .c Q. - - 8 8 ~rn rn .c 100 100 -Cl'J oS oS .8
0u

7 Expt. C2,.
6

\5 T

4 /ll.
T

3

\2 .1

T

Expt. Cl

N\OO
C't::-.-4---~ '- ~
00100.c .c 0.c

N\OO
Q. Q.
.c .c Q.

Cl'J rn .c
Cl'J

7

6

6 Expt. C3 Expt. C4
5

5 -- T T TTGI')

\j 4 TT \ t14
(J

~'C
3

~
T

\
1

3

~
'[ 1

T 2
.....

GI')

2,a
M 1":S

(;) 1..s:::
~ .J.

0 0
N \() 0 N \0 0 N \0

~
N\O N \0 N\O N\O N \0- - - - ~

~
100 100 U. U. Q.Q. E EQ. Q. 00.c .c Q. - - - 8 ~ rnrn CiiCii :::3 :::3rn Cl'J .c 5 100 - 0 rn rnCl'J 0 5 u.c .c

.c

Fig. 4. Aphodius species richness (mean ± se) in dung pats of different dung types in field experiments
CI-C4. Day of sampling is indicated after dung type; shp= sheep, hor (i)= horse dung from improved
pasture, hor (r)= horse dung from rough pasture.
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.Table S. Effect of cow dung type in experiment C4 on abundances of species. Analysed by

Anova or. in the case of A. erraticus. by Friedman's tesl Columns indicate the species. the

number of individuals captwed in the experiment, the test statistic and the dung type preference in

ascending order. Significance of analyses indicated as follows: ns p> 0.1. * P < 0.05. ** P <

0.01. *** P < 0.005. **** P < 0.001.

Species

A. ater

A. depressus

A. erraticus

A. jimetaTiu.r

A·fossor

A. rufipes

S. lunatum

S.scarabaeoidu

n

241

109

16

26

175

47

~

940

F-value

F4. 24 = 6.48 ***

F4. 24 =3.56*

F4. 24 = O.I54ns

F4. 24 = 0.27ns

F4. 24 = 1.36ns

F4. 24 = 2.()9Ds

F4. 24 = 14.6****

F4. 24 = 7.17***

smallest -> largest

Spa Silab Grb Fb Sumb

Fa Silab spab Grab Sumb

Fa Spa Sila SumaGra

Sila Gr8 Spa Suma pl

ara Spa f1l Sila Suma

Fa Spa Sila Suma Gr8

Fa Spb Silbc Sumbc GrC
Fa Silab spab Sumb Grb

Additional rare species: S. bipustulatum n =7; A. rufus n =3; A. granarius n =1.

Table 6. Comparison of species frequencies in pitfall traps and dung pad samples. Analysed by

randomised block analysis of variance (see text). All data were log (x+1) transformed. Significance d

F-values are indicated as follows: t p> 0.1; * p< 0.05. ** P < 0.01 *** P < 0.005; **** p < 0.001.

A. ater

A. depressus

A.erraticw

A. jimetaTiu.r

A·fossor

A. prodromus

A. rufipes

A.rufus

A. splulcelatus

S. lunatum

S.scarabaeoidu

Cl

F3. 39 =O.48ns

F3. 39 =19.2****

F3. 39 =9.48****

F3. 39 =1.26Os

F3. 39 =5.39**

F3. 39 = l.()4ns

F3. 39 = 2.34t

F3. 39 = 2.()()Ils

F3. 39 = 4.72**

F3. 39 = 5.08··

C2

F2. 29 =13.29***·

F2. 29 = 1.72ns

F2. 29 = 1.51 ns

F2. 29 =2.290s

F2. 29 =2. 16ns

F2. 29 = 2.73t

F2. 29 = 16.88····

F2. 29 = 1.74ns

F2. 29 =12.31 ***.

C3

F2. 29 = 0.7Sns

F2. 29 = 1.6n8

F2. 29 = 0.58n8

F2.29=2.94t

F2. 29 = 3.68·

F2. 29 =3.1St

F2. 29 = 2.11 ns

F2. 29 = 2.11 ns

F2. 29 = 0.300s

Table 7. Effect of dung type on species richness and Simpson's diversity of the Aphodiow taxocenes.
Analysed by randomise<! block analysis of variance (see text). Data were untransfonned. Significance of F
values are indicated as follows: t p < 0.1, *p < 0.05. **p < 0.01, .**p < 0.005. ****p < 0.001.

Experiment Type Day Type·Day
Aphodius species richness

Expl Cl F3. 59 =45.3**·· F2. 59 =57.5**·* F6. 59 = 5.3····

Expl C2 F2, 44=34.4..•• F2. 44 =6.6**· F4.44=6.4···

Expl C3 F2. 44 = 30.3**·* F2.44=4.S· F4. 44 = 1.33nl

Expl C4 F4. 49 =3.2· F4. 49 = 0.7ns F4. 49 = 2.1ns

Simpson's diversity
Expl Cl F3. 59 = 26.5···· F3. 59 =3.l t F3. 59 = 10.7····

Expl C2 F2. 44 = 11.3*·** F2. 44 = 1.4ns F2. 44 = 2.1ns

Expl C3 F2. 44 = 18.5"*· F2. 44 =3.0t F4. 44 = 3.()I1s

Expl C4 F4. 49 = 3.74· F4. 49 =0.2ns F4. 49 = 1.2ns
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that, based on pitfall captures, the relative findability of hor (imp) appeared to decrease

over experiments Cl- C3. In all three experiments, sheep dung generally had the

highest pitfall captures of dung beetle biomass, and remained the most 'findable' over

a longer duration. In between-dung tyPe comParisons of colonisation between pitfall

trap and pad samples, the relative species frequencies tended to be similar (17 out of

28 comparisons; Table 6). Of the nine cases where species had significantly different

between-dung tyPe distributions in pitfall and Pad samples, five cases had species that

were significantly more frequent in dung pads, while species were more frequent in

pitfall samples in two examples.

Species diversities of Aphodius within dung types showed no consistent patterns over

time in experiments CI-C3 (Fig. 3); however, there were significant differences

among the dung types (Table 7). Aphodius species richness (Fig. 4) typically

decreased or showed no significant change over time in the various dung types in

experiments Cl-C4. There were significant differences in levels of Aphodius species

richness and diversity among the dung types (Table 7), with sheep dung having

consistently higher species richness.

Laboratory experiments

In experiment AI, there were significant differences among dung types in the

production of eggs and larvae by A. ater (Anova: F = 12.47, P = 0.003, square-root

transformed; Table 8), with sheep dung having significantly greater production than

horse and cow dung (Fig. 5). There were very low emigration rates from any of the

dung types, and Pad residence times (PRT) were not statistically analysed. In

experiment A2, there were significant differences in the Pat residence times of A.

depressus among all three dung types (Anova: F = 23.42, P < 0.001, untransformed,

Table 8). Individuals in sheep and cow dung had the highest and lowest PRT

respectively (Fig. 5). Comparing numbers of progeny (the combined number of eggs

and larvae), there were significant differences between sheep and cow dung only

(Anova: F = 5.2, P < 0.05, log-transformed; Table 8, Fig. 5). In experiment A3, pat

residence times of A. rufipes were significantly lower in cow dung than in sheep or

horse dung (Anova: F =17.2, P < 0.001, untransformed). ComParing numbers of

progeny (the number of eggs and larvae combined), cow dung produced significantly

lower numbers of eggs and larvae than sheep and horse dung (Anova: F = 17.2, P <

0.001, log-transformed; Table 8, Fig. 5). In experiment A4, there were significant

differences in emigration rates of A. prodromus (Anova: F = 6.37, P < 0.001,

untransformed).
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Table 8. Reproductive performance of Aphodius species in laboratory experiments employing pads

of sheep. horse and cow dung (using dWlg from experiment C2). Experiments Al (A. aIer. 12 days)

and A2 (A. depressus. 11 days) employed 0.5 L pad sizes (n =4), and for each dung type the numbers

of produced eggs and larvae in different stages are indicated. Experiment A3 (A. rufipes. 9 days).

employed 0.6 L pad sizes (n =5). Indicatedare the numbers (mean ± s.e.) of broods. eggs and larvae

observed at the endof a period of 9 days. Adult emigration was allowed in all three experiments.

Expt. Type eggs LI LII LIII Total

Al Sheep 30.0 ± 9.3 32.3 ±15.7 49.3 ± 41.9 1.0 ± 2.0 112.5 ± 63.8
Horse 4.5 ± 5.9 3.0 ± 4.8 3.8 ± 5.7 0.0 ± 0.0 11.3 ± 8.7
Cow 0.3 ± 0.5 7.8 ± 10.3 5.0 ± 4.4 1.5 ± 2.4 14.5 ± 16.5

A2 Sheep 39.3 ± 24.6 22.3 ± 23.8 37.0 ± 14.5 36.0 ± 25.1 144.8 ± 71.7
Horse 31.5 ± 22.1 16.8 ± 9.6 26.0 ± 8.8 35.3 ± 25.1 109.5 ± 45.7
Cow 3.8 ± 5.2 3.5 ± 4.5 10.0 ± 5.0 38.0 ± 18.0 55.3 ± 18.4

broods eggs larvae Eggs +
larvae

A3 Sheep 3 ± 2.0 25.4 ± 19.6 9.6 ± 5.2 35.0 ± 18.2
Horse 5.2 ± 1.5 41.4±11.1 6.2 ± 5.4 47.6 ± 8.1
Cow 0.0 ± 0.0 0.0 ± 0.0 4.8 ± 5.2 4.8 ± 5.2
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Fig. s. Pat residence times and total larval (and egg) produc~on (mean ± ~.e ..) in la~tory
experiments with sheep, horse and cow dWlg t~s from ex~nment C2. Within expenments.
treatments connected by lines are not significantly different. Expenments AI. A2. A3 and A4 used A.
alert A. depressus, A. rufipes andA. prodrom~. respectively. In experiment A3, pat residence times
are indicated for all beetles. and for females only. Horizontal bars connect treatments that did not
significantly differ.
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Table 9. Summary of the canonical correspondence analysis ordinations for experiments CI-C3
using day and dung type (a) as well day, size and dung type (b) as environmental variables. The
ordination summary of experiment C4 (c) included day, dung type and selected doog chemistry
parameters as environmental variables. See Methods for details of the forward selection procedure.
Environmental variables in italics (below dotted line) did not contribute any significant extra fit to the
ordination model. Note that none of the environmental variables in (c) contributed any significant
extra fit. Monte Carlo permutation tests on the overall ordination were significant (p < 0.02) for (a~

F= 4.97) and(b~ F= 5.55) only.

a. Experiments Cl- C3, day and dung txpe environmental variables

Forward
selection

1
Axis

2 3
Canonical coefficients

Axis
1 2 3

Inter set correlations

day
hor (i)
sheep

0.18
0.06
0.05

1.05
-0.41
-0.22

0.26
0.53
-0.70

-0.24
-1.08
-1.09

0.81
-0.27
0.092

0.09
0.52
-0.55

-0.17
-0.29
-0.29

···,;;;;(;j······· ····0:·(;'1········..············..·· ·..··..··..········0:073········..·····0:1·2·3···············:O:·)·j"'4···········
cow 0.125 0.136 0.610

eigenvalues 0.195 0.056 0.036

b. Experiments Cl - C3; day, dung type and size as environmental variables
Axis Axis

Forward 1 2 3 1 2 3
selection Canonical coefficients Inter set correlations

day
hor (i)
cow

0.17
0.06
0.05

1.04
-0.25
0.17

0.26
1.06
0.53

-0.22
-0.22
0.91

0.80
-0.26
0.13

0.10
0.53
0.15

-0.17
-0.Z7
0.60

··~iz;····················0:·02···..···············..··· _····..·······..····:0:0)3···..········0:20(;··············0:j·71··..·········
sheep 0.079 -0.554 -0.287
hor(r) 0.015 0.102 -0.14

eigenvalues 0.187 0.058 0.038

Forward
selection

c. Experiment C4; day, dung tree and dung chemistry parameters as environmen~ variables
Axis AXIS

1 2 3 1 2 3
Canonical coefficients Inter set correlations

.............__ --- _-_.._ - -- _ _._ _ _.........•..
cow 2 0.07
moisture 0.06
cow 1 0.05
daj 0.03
organicmatter 0.02
cow 4 0.02
cow 3 0.01
cow5 0.01

eigenvalues 0.157 0.086 0.049
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Fig. ,. CCA ordination biplot of species arrangements in relation to dung types in experiments Ct

C3. Corresponds to ordination summary in Table 9a. The environmental variable 'Day' and the

centroid for each dung type are shown. Environmenatl variables in bold type were included in the

ordination model by the forward selection procedure. Key to species codes: ater = Aphodius ater. bip =
Sphaeridium bipustulatum. dep =A. depressus. errat =A. erraticus. fun =A. jimetarius. foss =A.

fossor. 100 =S. lunatwn. prod =A. prodromus. rofip =A. rujipes. rufus =A. rufus. scar =S.

scarabaeoides. sphac =A. sphacelatus. spin =Geotrupes spiniger.

sphac

spin

ftm
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Fig. 7. Relative successional occurrence of various dung beetle species. The figure illustrates the

positions of species along the 'day' vector in the ordination which included experiments CI-C3. See

Fig. 6 for species codes.
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CCA Ordinations

In the ordination of the dung type colonisation experiments (CI-C3), using day and

dung type parameters, 'day' was identified as explaining most of the variation in the

species data, and the first axis ordered species along a successional gradient (Table 9a,

Figs. 6 and 7). The second axis corresponded to dung type (Fig. 6). The variable

'size' was included as an additional environmental variable in a second ordination but,

did not contribute any significant extra fit to the ordination model (Table 9b). The

ordination diagrams produced by the omission and inclusion of the variable size were

virtually identical, and the former only is presented here. Note, however that the

selection of the sheep and cow dung types by the forward selection procedure is

reversed between the two ordinations (Table 9). Both of these ordinations were

significant (Monte Carlo permutation, p < 0.02).

The ordination of the different cow types in experiment C4 used day, dung type and

two chemical parameters (moisture content and organic matter) as environmental

parameters. The forward selection procedure did not select any of the environmental

variables; thus, none of these variables explained a significant amount of the species

variation. The inclusion or exclusion of the dung chemistry parameters in experiment

C4 did not qualitatively affect the ordination, and the former example only is presented

here.

Comparisons of sheep, horse and cow assemblages in the literature

Re-analysis of the data in Rainio (1966) indicated that, per unit weight of dung, dung

beetles preferentially occurred in sheep, then horse and then cow dung (Table 10).

However, this order of preference was probably biased by the preferences of the most

abundant species, and some species of beetles occurred in obviously higher numbers

in horse dung, e.g. S. bipustulatum, A. conspurcatus, A. rujipes and A. sordidus.

Apart from S. lunatum, no dung beetle species had a preference for cow dung, and of

12 of the 23 species, cow dung was the least preferred dung type. These data also

indicate that most species can be found in all three of the dung types; those species that

only occurred in one or two of the three dung types did not appear to be abundant at

the time of the experiment. Thus, their absence from a dung type allows no reliable

conclusion to be drawn about their dung type preferences. The rank abundance

correlations between dung type data were all significant, but the cow and sheep dung

combination was most similar. Nevertheless, comparisons of the relative abundances

indicated distinct preferences for dung types by many of the beetle species, and, per

unit dung size, sheep dung attracted over twice as many beetles as horse or cow dung.

From additional data in Table 5 of Rainio (1966), seven species were sufficiently

abundant (n > 10; Table 11) to be included in pairwise correlations of the rank
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abundance of species among the four types of dung (Table 12). Two of the six

correlations were significant; these were the horse/pig and sheep/cow combinations.

Note that this was the only example in which sheep dung was not the most preferred

dung type (per unit weight of dung).

Table 13 indicates the Sphaeridium and scarabaeid species collected in sheep and cow

dung by Kessler et ale (1974). Spearman correlation of the rank abundance of species

in both dung types was significant (rs = 0.731, n= 17, p < 0.(01); however, when the

five (uncommon) species that were found in cow dung only were omitted from the

analysis, there was no significant correlation (rs = 0.329, n= 12, n.s.). Note that

despite the fact that there was a 7OQ-fold difference between the two dung types in the

amount of dung examined, there was only a 5-fold difference in the numbers of

individuals collected (Table 13) and some species were of similar or greater abundance

in the sheep dung data.

Data in Breymeyer and Zacharieva-Stoilova (1975) indicated that although

approximately 70 times more cow dung than sheep was sampled, the total number of

dung beetles sampled was only 2.3 times greater in the cow dung. Twenty-six and

thirty-eight species of scarab were found in sheep and cow dung, respectively. A

correlation of the rank abundance of the most abundant species between the two dung

types (see Methods) was not significant (rs = 0.278, n = 17, p> 0.1). The three most

abundant species in cow dung were A. jimetarius (25%), Onthophagous furcatus

(18%) and Oniticellusfulvus (12%), while the three most abundant species in sheep

dung were Onthophagous ruficapilus (58%), Onthophagous furcatus (11%) and

Caccobius schreberi (8%).

In experiments C 1 - C3 of this study, there generally were significant correlations of

species rank abundances among the dung types (Table 14). The obvious exception

was horse (rgh) in experiment Cl. This dung type had low numbers of captures, and

nine of the species included in the analysis were represented by fewer than 8

individuals in this dung type (see Table 1, Chapter 1). The low abundances in the

horse (rgh) dung probably make this type of analysis unsuitable in this instance,

where differences of only a few individuals can dramatically alter the rank abundance.

Thus, the low correlations between horse (rgh) and the other dung types is most likely

to be a reflection of the low numbers captured. Similar correlations of the cow dung

types in experiment C4 were all significant (Table 14), and typically had higher

correlation coefficients than those obtained for experiments C l-C3.
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Table 10. Numbers of beetles per unit dung weight sheep. cow and horse dung (from Table 3.
Rainio 1966). Numbers are based on thirteen sampling events between 1 June and 16 October. 1961
and the total weight of deposited dung for the sheep. cow and horse dung was 13 kg. 26kg. and 26 kg
respectively. Also indicatedare pairwise correlations of the rank abundance of the species in the dung
types. with all species included. and with 4 of the least abundant species omitted.

number of beetles per kg of dung
sheep cow horse

Sphaeridium bipustulatum 5.6 1.7 10.5
S. lunatum 0.5 1.8 1.7
S.scarabaeoides 10.8 9.7 5.6

Aphodius ater 6.1 0.5 0.1
A. borealis 0.8 0.1
A. conspurcatus 0.7 0.1 5.8
A. depressus 3.1 0.6 0.1
A. distinctus 0.1
A.erraJicus 11.3 2.3 1.4
A. fasciatus 2.3 0.7 0.04
A. fimetarius 93.3 26.4 30.7
A·foetens 0.1 0.1 0.7
A·fossor 1.0 2.4 0.1
A. haemorrhoidalis 2.5 1.3
A. merdarius 10.2 1.1 5.7
A. prodromus 59.0 46.7 53.8
A. pusillus 4.8 0.8 0.3
A. rufipes 5.5 6.3 8.3
A. rufus 47.0 15.5 4.5
A.sordidus 0.2 0.2 3.7

Onthophagous gibbulus 0.1
Geotrupesstercorarius 0.5 0.3 1.5
G. stercorosus 0.2 0.1 0.3

Total per kg dung 256.5 118.5 135.5

...............................................................................................................................................................................................................

Correlations (rs)
All 23 species
omitting rarer species, n =19

cow Isheep

0.814***
0.753***

horse!sheep

0.541**

0.433*

cow/horse

0.582**

0.437

Table 11. Nwnber of individuals of the seven most abtmdant species in pig, cow. horse and sheep
dung in Table 5 in Rainio (1966). Sampling was conductedfrom July to August 1960, and employed
dung types of equivalent sizes. with a weight of 200 g at deposition.

pIg cow horse sheep

Aphodius erraticus 4 8 0 3

A. fimetarius 234 228 150 72

A. merdarius 43 4 33 4

A. rufipes 114 147 117 48

A. rufus 29 137 7 216

Geotrupes stercorosus 14 9 10 9

Sphaeridium 4 15 7 12

scarabaeoides

Total 442 548 324 364
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Table 12. Pairwise correlations (Spearman) of the rank abundanceof species in pig. cow. horse alii

sheep dung (re-analysis of data from Table 5 in Rainio 1966). Significance of correlations are

indicatedas follows: DS = P > 0.1. * = P < 0.05. ** = p < 0.01. See Table 11.

pig cow

cow 0.5TIDS

horse 0.918** 0.523DS

sheep 0.523DS 0.857*

horse

0.378DS

Table 13. Abundances of Sphaeridiwn and scarabaeid beetles collected in cow and sheep dtmg in

South Dakota. USA in 1969 (from Table 1. Kessler et d .• 1974). See text for details.

cow sheep

Sphaeridium bipustulatum 294 9
S. lunatum 521 22
S.scarabaeoides 428 28

Aphodius haemo"hoidalis 824 47
A. granarius 2'T1 356
A. fimetarius 139 6
A. vittatus 45 13
A. distinctus 18 18
A.ruricola 24 60
A. coloradensis 19 0
A. stercorosa 11 0
A·fossor 10 0
A. prodromus 1 0

Ataenis spretulus HB 18
Copris tulluis 7 0
Onthophagus hecate 315 45
Onthophagus pennsylvanicus 43 10

Amount of dung sampled 207 litre 0.296 litre

Total number of beetles 3099 632

Number of species 17 12
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Table 14. Spearman correlation of the rank abundance of Sphaeridiwn and scarabaeid species

collected in different dWlg types in experiments Cl - C4. Significance of analyses indicated ~

follows: 08 = P > 0.1, t = P < 0.1, * = P < 0.05. ** = p < 0.01.

sheep
Cl (n - 10)
horse (imp) 0.654*
cow 0.869**
horse (rgh) 0.24308

C2 (n=9)
cow 0.717*
horse 0.745*

C3 (n= 9)
cow 0.866**
horse 0.712*

C4 (n = 10)
Or

F 0.750*
Sp 0.939**
Sil 0.906**
Sum 0.976**

horse (imp)

O.506t

-0.00708

0.812**

0.812**

F

0.841**
0.853**
0.841**

Sp

0.954**
0.976**

cow

0.1(i4DS

Sil

0.936**

Due to their low numbers, some species were excludedfrom the analyses:
Cl- S. bipustulatum. C2- S. bipustulatum. 0- A. aJer andG. spiniger

Discussion

Colonisation preferences of different herbivore dung types

Gittings and Giller (1998) pointed out that between dung of different types and ages,

there are at least three factors of potential importance in processes involving dung

beetle colonisation and reproduction. For example, these include the findability of the

dung, regardless of the suitability of that dung type as a microhabitat Secondly, the

relative suitability of the pad as a microhabitat may vary for the different life stages of

dung beetles (eggs, larvae and adults). Thirdly, the chemical and physical qualities of

the dung may affect both the nutritional quality of the dung Pad as a food resource and

resource availability for the larval and adult stages. In field and lab experiments which

employed a range of dung types (cow, giraffe, zebra, guanaco, ostrich and red

lechwe), Gittings (1994) found that colonisation preferences of dung beetles in field

experiments (based on dung chemical parameters and age) corresponded to their

oviposition behaviour. In addition, reproductive performance (oviposition rates and

larval development) of several Aphodius species tended to be higher on those dung

types in which the beetles showed colonisation preferences in the field.
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In the present study, dung beetles had significantly different abundances in dung pads

and pitfall traps of different dung tyPes, and CCA analyses identified at least some

dung tyPe preferences by dung beetles. In addition, data from the laboratory

experiments conducted indicate that both larval production and pat residence times

were higher in those dung types which were preferred in the colonisation experiments.

It is interesting that data from both this study and that of Gittings (1994) indicated that

Aphodius rufipes dung beetles have both relatively low abundances and poor

reproductive perfonnance in cow dung. Nevertheless, Aphodius rufipes is quite

abundant in areas where there is only cow dung available (see Chapters 2 and 5).

Overall, the ordinations in the present study did not provide as conclusive evidence of

dung tYPe preferences as those in Gittings and Giller (1998). Contrary to the situation

in Gittings and Giller (1998), the present ordinations did not group species according

to their breeding behaviour, and the ordination of experiment C4 was not significant.

This may be due to a number of reasons. Firstly, dung chemistry values of the dung

types in the present study may have had relatively low variability, compared to the

variability among dung types in Gittings and Giller (1998) (see below). Thus, if

chemical cues are important in colonisation, there would have been less opportunity

for beetle preferences to be expressed. Secondly, in the CCA ordination for

experiment C4, only two dung chemistry variables were included, and these may not

have been the most appropriate parameters which correspond to colonisation

preferences of dung beetles. No dung chemistry parameters were included in the

ordination of data from experimetns Cl- C3.

ComParisons of the organic matter and moisture content values between the present

study and those in Gittings and Giller (1998) indicated that there was greater variation

in dung chemistry values among dung types in Gittings and Giller (1998) (cf. Tables

3 and 15) than in the present study. For example, one can detennine the standard

deviations about the mean of selected dung chemistry parameters, across a number of

dung types within a colonisation experiment. Thus, standard deviations of the organic

matter content in C1 of the present study, and those of experiments C1 and C3 of

Gittings and Giller (1998), were 2.0, 10.2 and 12.3 respectively; standard deviations

in the moisture contents were 3.6, 5.9 and 6.6 respectively (cf. Tables 3 and 15).

Greater variation in dung chemistry among available dung types probably facilitates

the finding of a more pronounced colonisation preference or dislike by dung beetles

for a dung type.
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Table 15. Mean dlUlg chemistry values of organic matter and moisture content in a number of dung
types from exotic herbivores in four field experiments (CI-C4). Note that standard errors of these
means neverexceeded± 0.3~ from Table 3 in Chapter 4 of Gittings (1994).

cow gu gi ost red zeb
Cl
organic matter 80.93 75.25 55.85 80.60 73.72
moisture content 89.33 73.78 77.72 80.96 83.85

C2
organic matter 85.51 53.55 84.34 83.85
moisture content 88.19 75.52 76.84 82.64

C3
organic matter 79.37 86.87 56.28 83.17 82.68
moisture content 90.17 75.37 73.71 78.89 82.69

C4
organic matter 83.06 83.28 56.07 81.26 72.22
moisture content 89.17 71.52 75.01 81.14 82.60

Note that Gittings (1994) found that while chemical parameters of dung types

explained significant amounts of variation in species colonisation data, CCA

ordinations based on dung quality (as continuous variables) were quite similar to CCA

ordinations based on dung types (as categorical variables). In addition, CCA

ordinations using the initial values (Day 0) of the dung chemical parameters were very

similar to those ordinations which used the sampling day values. This would indicate

that, using CCA ordinations at least, successional changes in dung quality parameters

did not appear to be very important

Comparisons of sheep, horse and cow dung in published literature

Differences in the methods of comParison among published studies require some

caution in the interpretation of the data. In particular, differences among dung types in

pad size may present the greatest confounding factor, although this depends on the

objective of the study. Recent data (Chapter 3) show that beetle number, biomass and

density are positively correlated with dung pad size, and that differences in dung Pad

size can affect pat residence times. The chemical quality of pads may differentially

vary with pad size, possibly through the greater resilience of larger dung pads to

environmental effects, particularly dessication (for an example from studies on

mycophagous diptera, see Worthen et al., 1998). Thus, the suitability of different

sized pads as microhabitats for dung beetles may also be affected. Pitfall trapping data

using dung baits of different sizes indicated that dung size profoundly affects the

immigration rate of beetles (Chapter 3). Therefore, attempts to experimentally discover

the role of dung quality as a causal effect of differences in colonisation, pat residence
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times, dung chemistry etc. must first standardise dung size among the dung types.

Otherwise, comparisons of naturally-dropped pads of different dung types (e.g. sheep

and cow dung) will reflect natural field conditions, in which pads incorporate both

differences in dung size and dung quali ty among dung types.

From the four examples from data collected in Finland, USA, Bulgaria and Ireland, it

apPearS that most dung beetle SPeCies can usually be found in all available dung types,

Le. species composition is very similar (although relative abundances could vary). In

those situations where several SPeCies occurred in some dung types and not in others,

those species were usually (but not always, see Rainio 1966) of low abundance at the

time of the eXPeriment. Alternatively, different dung sizes were employed (e.g.

Kessler et d., 1974; Breymeyer and Zacharieva-Stoilova, 1975; see above) and there

was a huge disparity among the dung tyPes in the amount of dung sampled. In the

latter case, differences in SPeCies composition and/or SPecies numbers were most

likely to be sampling artifacts resulting from the different sample sizes of beetles in the

dung types. In either case, the dung type preferences of at least some species are

rendered inconclusive.

The need to clarify 'dung beetle preferences for dung types'

Differences in assemblage structure among dung types may be eXPeCted to arise

through differences in (1) species composition (2) absolute abundances (3) relative

abundances or (4) combinations of these. Data indicate that there is generally

considerable overlap in dung beetle species composition among dung types in a local

sampling area (Rainio, 1966; Breymeyer and Zacharieva-Stoilova, 1975; Sowig and

Wassmer, 1994; Himmelsbach, 1993; this study). This is particularly true if the

uncommon and rare SPeCies are not considered, and when dung size is standardised

(e.g. Rainio, 1966; this study). However, despite comparable dung beetle species

composition among dung types, there can be very considerable differences in absolute

and relative abundances of colonising beetles (Rainio, 1966; Heijerman, 1990;

Himmelsbach, 1993; Sowig and Wassmer, 1994; this study). This was also evident in

dung beetle assemblages in more southerly European regions (Breymeyer and

Zacharieva-Stoilova, 1975; Lumerat et al., 1992). In the present study, dung types of

similar pad size differed significantly in the absolute number of colonising beetles.

Within any eXPeriment, different SPeCies could show preferences for different dung

types e.g. in experiment Cl of the present study, A. ater preferred sheep dung, A.

prodromus preferred horse (imp) dung and A. erraticus preferred cow dung (see Table

1, Chapter 1).
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To answer the question whether there are dung type preferences displayed by north

temperate dung beetles or not, it appears that there is no consesus about whether the

first two of the above four scenarios constitutes a preference by dung beetles for some

dung type over another. This is indicated by the terminology employed by Hanski

(1991) 'most species...use the dung of domestic mammals- cattle, horses, and ·sheep

without much discrimination', and Rainio (1966) who indicates that while species did

have dung type preferences, 'none of the beetle species is wholly specialised to any

particular kind of dung'. Thus, it may be that a distinction should be made between

beetles which have a dung type preference (occurring in several dung types, but

having higher absolute or relative abundances in some dung types) and beetles which

are dung type specialists (occurring in that dung type only).
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Abstract

1. The stability of north temperate Aphodius assemblages was analysed at four spatial

scales: geographical, regional, local and between-field and three temporal scales: inter

annual, seasonal and between-day.

2. Greatest variability in assemblage composition occurred at the geographical scale.

The similar level of variability at the regional, local and between-field spatial scales

and the inter-annual temporal scale, inferred some degree of spatio-temporal stability

at these scales. DCA analyses indicated that assemblage composition was as variable

at the smaller between-field scale as at the regional scale.

3. The marked seasonal variability in assemblage structure over the year exceeded

variability from one year to the next At the daily scale, species abundances within a

field displayed high variability, but there was relatively little variability in assemblage

structure.
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1. Introduction

European north temperate dung beetle assemblages are typically dominated by

Aphodius species. Aphodius dung beetles are generally small to medium sized (4-20

mm elytrallength) endocoprids or 'dwellers' that are active and lay eggs within the

dung pad. To date, studies of these assemblages have concentrated on the colonisation

and succession of Aphodius beetles in dung pads, habitat preferences and seasonal

activity patterns (see Hanski, 1991). Most of this research has been set in relatively

small spatial and temporal scales (but see Hanski, 1980a, 1986), yet dung beetle

assemblages can be studied over a range of nested scales. These may range from the

smaller within-pad, between-pad and between-field scales to the local regional and

geographical spatial scales. Temporally, scales of analysis may vary from hours, days

and weeks to seasons, years and decades or greater. Our aim in the present paper is to

examine how the Aphodius assemblage structure varies across a greater range of

scales than has hitherto been attempted, and in so doing, explore the degree of stability

of the assemblages in time and space.

There are differing concepts of stability but here we are concerned with 'variability',

defined as "the degree to which a variable changes over time.... measured by such

statistics as the standard deviation or coefficient of variation of consecutive

measurements of those things that interest us," (Pimm, 1984). In the present context,

variability refers to the degree to which Aphodius assemblage structure (species

composition and relative abundance distribution) changes over space and time. Low

variability between samples indicates stability of assemblage structure at that scale of

analysis. We thus address the following questions:

i) How does assemblage structure vary over time and space?

ii) Can we identify at what scale(s) major changes in assemblage structure occur?

iii) What are the implications of these changes for the study of Aphodius assemblages?

2. Methods
In the present study, we concentrate on the geographical, regional, local and between

field spatial scales, and the inter-annual, seasonal and daily temporal scales.

2.1. Macroscales (geographical spatialand inter-annual temporal scales)

Nineteen data sets have been obtained from 11 geographical areas across Europe

(Table 1) based on Aphodius assemblages from cow and/or sheep dung from open

pasture habitat. The seasonal sampling of the data sets encompassed at least the

majority of the period from April to October. This period covers the majority of the
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active period of the Aphodius assemblage, and includes those periods during which

maximum species richness would be expected to occur. Most sites were 380 to 2500

kIn apart, the Finnish sites were 100 kIn apart. As the data varies in quality and detail,

samples from individual sites were pooled across the duration of the Aphodius adult

flight period (annual assemblage). The Finland B data set pooled Aphodius

abundances sampled from open pasture, half-open pine forest and closed spruce

forest. Where possible, data sets were analysed to determine species richness of

Aphodius, total sample sizes, the dominant Aphodius species (abundance and

biomass) and the number of other scarabaeid dung beetle species in the annual

assemblage (Table 1).

Comparison of such data sets requires caution due to the variation in sampling

methods (light-trapping in one study, but typically pitfall trapping and dung pad

sampling) and year of sampling across studies. Studies have shown that although

dung pad and pitfall samples of the same assemblage may differ in the absolute

number of captured individuals, they produce similar rank order of abundances

(Daube and Giller, 1990; Gittings, 1994). Aphodius assemblage structure was

therefore compared across all the sites using Mountford average linkage cluster

analysis of community similarity based on rank correlations of data sets.

Inter-annual data sets for Ireland were collected in 1991, 1992 and 1995 using pitfall

traps baited with cattle dung located in rotationally-grazed pastures at Fota, County

Cork, southern Ireland (see Gittings, 1994). Trapping was conducted from mid

March to mid-November using the methodology of Gittings and Giller (1997). Other

inter-annual data were available from the literature (Table 1).

2.2. Mesoscales (between-field (O-lkm), local (2-10km) and regional (50-85km)

spatial scales and seasonal temporal scales)

Using pitfall trapping data from Fota during 1990-1992, the duration of the adult

flight period of Aphodius species was calculated as the period during which 90% of

the total catch occurred.

To allow cross-scale comparison, we combined the analysis for the inter-annual

temporal scale and the between-field, local and regional spatial scales. This analysis

included the above data from Fota and additional rotationally-grazed sites which had

been studied using a similar methodology. Seven sites were sampled at Fermoy, Co.

Cork (50 kIn from Fota) in 1991; two lowland (40-50 m a.s.l.) within-farm pairs (0.6

kIn apart), MA/fvIB and BA/BB, (approximately 2 kID apart); and three (U1-U3)
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upland (190-230 m a.s.l.) sites. VI and V2 were 1 km apart and approximately 14

kIn from V3. The upland and lowland sites were 6-11 kIn apart. Another site was

studied in 1995 at Killarney, County Kerry (70-80 m a.s.l.), approximately 85 kIn

from Fota and Fermoy.

Due to considerable seasonal variation in assemblage composition (see Gittings and

Giller, 1997), analyses of catches summed across the whole year can be confounded

by very large abundances of one sPeCies at one time of the year. For example, large

catches of autumn SPecies will depress Percentage values of early summer SPecies in

the pooled catch. Yet, early summer and autumn SPecies are unlikely to interact and

comparisons of their relative abundances may not be biologically meaningful.

Furthermore, dung beetle flight activity and hence pitfall captures are strongly related

to weather conditions (see below). This confounding factor may be exaggerated when

data sets are pooled over a year during which large parts of the year eXPerienced

greatly contrasting weather conditions. We have therefore identified three periods

(spring, early and late summer) during which species composition is relatively

constant, and between which distinct breaks in species composition may be identified.

For each of these subsets of the annual assemblage, we have conducted a detrended

correspondence analysis (DCA) on log transformed abundance data in which rare

species were down-weighted to examine the degree of similarity in Aphodius

assemblages amongst samples.

2.3. Microscale (Daily temporal scale)

Between-day differences in Aphodius community structure were investigated at

Fermoy in June 1993. Over nine consecutive days, ten ~tfall traps were baited daily

with one litre of fresh dung and the contents collected one day later. Temperature and

rainfall data for each 24-hour period were obtained from a weather station located

within 1 km. The mean daily total catches were then compared. The assemblages on

individual days, pooled across the ten traps, were compared using a Mountford

average linkage cluster analysis, based on Bray and Curtis coefficients of similarity

between the nine samples.

2.4 Cross-scale measure of variability

Despite differences in sampling methodology and scale across the data sets, it is

possible to compare the variability between data sets across the different scales using a

method based on correlation of rank order of abundance of species. Vnless otherwise

stated, these analyses are based on pairwise correlations of the rank order of

abundance of the annual catch of each species. This method is most appropriate due to

some of the problems with pitfall trapping (see above). Aphodius assemblage
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structure at the geographical scale was based on rank correlations of the data, after

data sets from the same geographical area (see Table 1) were pooled. Note that due to

the considerable distance between them, the Germany A and Germany B data sets

were not pooled. Between-year correlations were based on the Fota 1991, 1992 and

1995 data sets and between-region correlations were based on the Fota, Fermoy (MA

site only) and Killarney data sets, resPeCtively. To obtain data on the degree of

variability between seasons within anyone year, correlations were conducted on the

rank order of abundance of species between the three subseasonal data sets, for each

of nine of the sites and years (excluding one of a between-field pair). For each of the

between-field pairs (here we consider UI and U2 as such), correlations of rank

abundance of SPeCies in nearby/adjacent fields were conducted. Variability at the local

scale was based on the data collected around Fermoy in 1991. Each of the three

between-field pairs were pooled, and pairwise correlations of rank abundance of

sPecies in each of the local sites (MAIMB, BA/BB, UlIU2 and U3) were conducted.

Some of the sites at the local scale differed in altitude. To investigate any effect of

altitude, we combined data from each of the between-field pairs and conducted

pairwise correlations on the rank order of abundance of species between the resulting

four local sites (MAIMB, BA/BB, UlIU2 and U3). This analysis was conducted

separately for each of the subseasonal data sets of these local sites.

3. Results

3.1. Macrosca1e

The combined geographical data sets Yielded a total of 40 Aphodius species, a fraction

of which were present at anyone site (Table 1). Aphodius species richness varied

across sites and the central EuroPeaD sites had more of the other scarabaeid species.

The large differences in sample sizes mean that patterns in sPecies richness should be

interpreted with caution. However, taking into account these differences, the low

SPeCies richness of the Irish Aphodius assemblage becomes more striking.

The dominant SPecies and its relative abundance also varied (Table 1). For example, in

England 1977, A. equestris (Panz.) was dominant, yet only comprised 13% of the

total annual catch. In contrast, A. prodromus (Brahm) was dominant in Germany B in

1991 with a Percentage contribution of 79%. At a single site, the dominant SPeCies

was generally consistent over time (e.g. A. rufipes (L.) in Ireland and A. lapponum

(Gyllen) in N. England) but not always so (e.g. Polish data). Sampling from different

tyPes of dung in the same year can also yield different dominant species (Bulgarian

data). A more consistent pattern emerges in terms of biomass in cow dung
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Table I. Comparison of Aphodius assemblage characteristics of the different study sites used at the geographical scale.

Study site Year Altitude Dung type Sample No. of Other Dominant species Dominant species

i(m a.s.l.) size Aplwdius scarabaeid (abundance) (biomass)
species species

~

lCopenhagen. Denmark 1972-77 25 17836 15 1 A. rufus 30% A. rufipes 58% ~
cow >

lCopenhagen.Denmark 1978-80 25 cow 18537 15 2 A. contaminatus 78% A. contaminatus 78% "0

2Qxford. England 1977 60-165 cow 24255 21 3 A. equestris 13% A. rufipes 40% ~
3Cork. Ireland 1991 20 cow 17411 11 1 A. rufipes 62% A. rufipes 90% fi
3Cork. Ireland 1992 20 cow 5430 10 1 A. rufipes 41 % A. rufipes 77%

~
"Cork. Ireland 1995 20 cow 9407 9 1 A. rufipes 50% A. rufipes 86% ass. Finland A 1970-74 ? cow 3141 >11 ~I A. fimetarius 28% A. rufipes 44%
6S. Finland B 1966-67 ? cow 4380 18 1 A. prodromus/rufipes 29% A. rufipes 67% ~
'Uege. Belgium 1972 ? 1456 12 3 A. rufipes 35% A. rufipes 74% ~

cow ~

- apennines. N. England 1955 upland sheep 3430 13 ? A. lapponum 52% A. lapponum 42% ~
.....:I apennines. N. England 1956 upland sheep 1707 12 ? A. lapponum 51 % A. lapponum 44%

~~
9Jaworki. S. East Poland 1970 700 sheep ? 10 6 A. pusillus 36% A. ater32% a
9Jaworki. S. East Poland 1971 700 sheep ? 10 6 A.fimetarius 32% A.fimetarius 43% ~

lOSofia. Bulgaria 1970 700 cow ? 15 12 A.fimetarius 71 % A. fimetarius 75% §
~

IOSofia. Bulgaria 1970 700 sheep ? 14 9 A. distinctus 34% A. erraticus 38% ~::s
llBayreuth. Gennany A 1991 500 sheep 1288 10 6 A.fimetarius 63% A. fimetarius 76% ...
12Freiburg. Gennany B 1990 400 sheep 1787 16 5 A. pusillus 41 % A. luridus 29% "2
13Freiburg. Germany B 1991 430 cow 6460 13 7 A. prodromus 79% A. prodromus n% ~.

14Freiburg. Germany B 1993 -400 CQw+sheep 6972 14 11 A. pusillus 32% A. fimetarius 20% Ia-Sources: 1 Holter. (1982); 2 Hanski. (1980); 3 Gittings. (1994); 4 Finn (unpublished); 5 Koskela, (19'79); 6 Hanslci and Koskela, (1977); 7 Desiere. (1983); 8 White. (1960); 9 Breymeyer. ~
~

(1974); 10 Breymeyer and Zacharieva-Stoilova, (1975); 11 Hirschberger. (1991); 12 Wassmer and Sowig, (1994); 13 Himmelsbach, (1993); 14 Wahl, (1995). For details. consult original Ii"'
studies. Corrections to the data sets were as follows: for England 1977. columns 2. 7. 181. 24 and 36 in appendix of Hanski (1980) were pooled. In the original Bulgarian data set, 23

species (with non-specified value of less than 0.75%) were pooled at 4.95% of the sample before back-calculation of percentage composition of Aphodius assemblage only. Values of the

species A. varians andA. varians abo jabri£i were combined. as were those of the synonymous species A. consputus F. and A. prodrol1lUS. In the Belgian study. the rare species (not

enumerated in the original study) were assigned a total contribution of I%. Absolute abundances were back-calculated from biomasses and converted to percentage composition. Monthly

abundances of Aphodius are corrected for weight of dung collected in the following data sets; 12 dry weight; 13 wet weight; 14 wet weight In 5, abundances were corrected to account for

the variable trapping effort; note that the published data set only included species with >15 specimens.
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Ireland 1995

Ireland 1992
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N. England 19S5 (sheep)
N. England 1956 (sheep)
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0.154 Bulgaria 1970 (sheep)

Bulgarlal970

Fig. 1. Similarity of Aphodius assemblages across northern and central Europe. Assemblage

similarity was comparedby Spearman's rank correlation coefficient The dendrogram was constructed

by Mountford average linkage cluster analysis. For sources of data see Table 1.

assemblages, which tend to be dominated by A. rujipes. In contrast, there is greater

variation in the dominant species of sheep dung assemblages.

Generally, there was low similarity between sites in different geographical areas for

both sheep and cow dung assemblages (Fig. 1). This indicates a considerable turnover

of sPeCies between sites at this geographical scale. However, there is an indication of

a cluster of lowland sites in north-west Europe (BelgiumlDenmarklEngland). There

was generally greater similarity in assemblage structure within sites over the inter

annual temporal scale of a few years than over the geographical spatial scale (i.e.

Ireland, Gennany B, Poland and N. England, Fig. 1) . The Danish data sets differed

in this respect. However, the Denmark 1978-80 data set included a few anomalous

dung pads each of which contained thousands of A. contaminatus (Herbst) (Holter,

1982). Between-year samples on a single dung tyPe at one site (cow or sheep only
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e.g. Ireland, Poland, N. England) seem less variable than between-dung type samples

within one year (sheep and cow e.g. Bulgaria).

3.2. Mesoscale.

At the seasonal scale, there was a relatively predictable turnover in the species

composition of the Aphodius assemblage as one progressed through the year (Fig. 2).

This is a direct reflection of the consistency in the occurrence and duration of the flight

activity Period of Aphodius species.

In the interpretation of the DCA analyses (Fig. 3), the relative similarity of the

assemblage structure in the various data sets is negatively related to their degree of

separation in the ordination biplots. In the three ordinations, the upland and lowland

Fermoy sites consistently separate. This is possibly related to environmental

differences (e.g. temPerature). The Killarney site tends to cluster with the Fermoy

upland sites. DePending upon the season, some or all of the Fota data sets show

affinity with the Fermoy lowland sites. Axis 2 tends to separate sites within these

clusters. Within each cluster, the relative similarity of the assemblages changes across

the seasons.

In the interpretation of the DCA analyses (Fig. 3), the relative similarity of the

assemblage structure in the various data sets is negatively related to their degree of

separation in the ordination biplots. In the three ordinations, the upland and lowland

Fermoy sites consistently separate. This is possibly related to environmental

differences (e.g. temPerature). The Killarney site tends to cluster with the Fermoy

upland sites. DePending upon the season, some or all of the Fota data sets show

affinity with the Fermoy lowland sites. Axis 2 tends to separate sites within these

clusters. Within each cluster, the relative similarity of the assemblages changes across

the seasons.

Overall, the variability in assemblage structure at the regional scale between Killarney

and the Fermoy upland sites is similar to that at the local scale within the Fermoy

upland sites. Moreover, in each ordination, the variability between at least one of the

Fota and Fermoy lowland data sets (local scale) is similar to the variability at the

between-field scale in the Fermoy lowland sites. The between-year variability at Fota

is of the same order as the variability between Fota and Fermoy or between Fota and

Killarney. To summarise, these ordinations indicate that variability in assemblage

structure can be of a similar order of magnitude at the between-field, local and regional

spatial scales and the inter-annual temporal scale.
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Fig. 2. Adult flight periods of Aphodius species at Fota dming 1990-1992. The bars show the

seasonal range of occurrences of 90% of the total pitfall catch. In 1990, some species had insufficient

pitfall captures for inclusion, and early termination of pitfall trapping in 1992 preventedcalculation c:i

autumn flight periods of A. prodromus andA. sphacelaJus.

177



Fig. 3. Detrended Correspondence Analysis ordinations of Aphodius assemblages in southern Ireland. Separate analyses have been
carried out for three seasonal assemblages (see text). The ordinations include nine different sites and data from three different years.
The Fermoy lowland sites were paired; (BA/BB and MA/MB). The pairs were 2 k.m apart and within each pair the sites were 0.6 kID
from each other. There were three Fermoy upland sites; VI. V2 and V3 (VI and V2 were 1 km apart and 13-14 km apart from U3).
All the Fermoy sites were sampled in 1991. The Fota site was sampled in three years (F91. F92 and F95). Killarney (K) was sampled
in 1995. The sums of eigenvalues for each analysis were 0.230 (spring). 0.176 (early summer) and 0.271 (late summer). The analyses
were carried out on In (x+ 1) transformed data. Ordinations are drawn to same scale.
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3.3. Microscale

The significant variation in abundances of Aphodius beetles captured over the nine day

Period (Fig. 4) may be partly explained by local weather conditions. For example, the

dramatic decline in numbers captured on day 4 correlates with the heavy rainfall on

that date. The only apparent major change in environmental conditions on day 3, when

numbers increased, was the removal of a herd of cattle from the pasture immediately

adjacent to the field containing the pitfall traps. This would have decreased the number

of nearby fresh colonisation sites compared to the situation on days 1 and 2 and hence

a greater number of Aphodius were captured by the pitfall traps than on the previous

two days when resource availability was higher. These patterns are representative of

other similar eXPeriments (see Gittings, 1994). Although Aphodius abundance varied

over time, between-day assemblage similarity values were all fairly high, although

highest values were generally between consecutive days (Fig. 5). The results indicate

a relatively high degree of stability in assemblage structure in fresh dung at this small

temporal scale, which is impressive given the high degree of variability in the

abundances of beetles.

3.4 Cross-scale measure of similarity

EmploYing our single measure of similarity across the various scales (fable 2), the

greatest temporal similarity in Aphodius assemblages occurred at the between-day

scale, while the least temporal similarity was between seasons in any year. There was

a comparable level of similarity at the local and regional spatial scales, and assemblage

comparisons at the between-field temporal scale showed the greatest similarity (but see

Discussion). However, the relatively lower level of similarity in data sets from the

geographical scale was very pronounced, and this corresponds to the pattern evident

from Fig. 1. Note that comparisons between assemblages from different altitudes at

the local scale (fable 2) indicated that assemblages at similar altitudes were more

similar than assemblages from different altitudes.

179



Chapter 5: Aphodius assemblage stability at different spatio-temporal scales

60
2S15.- -" ~.".

AI 50 .... /

a -~ - --... ..... " 20
....... .....11' 12.5... - P!. 40 15 ~15

~ ! 10 -~

101Ii 30 ~

i 20

~

j 7.5
5

10 5 0

1 2 3 4 S 6 7 8 9
Day

--.--

•

mean temperature

rainfall

total Aphodius

Fig. 4. Daily variation in Aphodius flight activity in relation to weather conditions. The graph

shows variation in temperature, rainfall and mean (± 1 SE) numbers of Aphodius per pitfall trap (n =
10). From Gittings (1994).
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Fig. 5. Between-day similarity of Aphodius assemblages captmed by dung-baited pitfall trapping

comparedby Mountford average linkage cluster analysis on Bray and Curtis coefficients of similarity.
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Table 2. Mean (±S.D.) coefficient of correlation of rank abundance of species from data sets at

different spatial and temporal scales. We also indicate assemblage comparisons conducted on

assemblages from different altitudes and assemblages at the same altitude at the local scale, as well ~

the number and direction (+/-) of significant correlations (p < 0.05) in the analyses. See text for

details.

Spatio-temporal scale Mean S.D. n p < 0.05

Between days at one site 0.839 0.102 36 36+

Between seasons at anyone site 0.406 0.358 27 7+

Between years at one site 0.650 0.165 3 2+

Between fields 0.991 0.005 3 3+

Between local sites 0.806 0.106 6 6+

Between regions 0.809 0.056 3 3+

Geographical scale -0.007 0.305 45 7+/10-

Comparisons between altitudes 0.718 0.121 12 11+

Comparisons within altitudes 0.884 0.081 6 6+

Note that the geographical data set involved a pool of 40 species, whereas data at all the other scales
are derived from a pool of 12 species.

4. Discussion
The limitations of the study should be acknowledged. Because of the different biases

inherent in the various sampling methods used in the published work, our analysis at

the geographical scale was limited to the relatively coarse resolution of comparisons of

rank abundances. Use of correlation coefficients as community similarity indices can

be problematic but appears to be reasonably reliable in low-diversity data sets with

high sample sizes (Krebs, 1989). However, we are confident that we have chosen a

robust method for analysis that overcomes the small-scale differences in sampling

between studies, and indicates that greatest variability occurs at this scale, due to

species turnover. The geographical scale includes data sets over a 30 year period.

Comparisons at this scale could be confounded by long-term changes in assemblage

structure, especially if trends such as the severe declines in three species of Aphodius

recently reported from Finland (Bistrom et al, 1991) have also occurred elsewhere.

Comparisons at the other scales are largely restricted to southern Ireland. The Irish

Aphodius fauna is depauperate (see Gittings, 1994) and it is possible that the richness

of the geographical species pool may influence the degree of species turnover at the
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finer spatial scales. For example, Hanski (l980b) conducted a similar trapping effort

in England to our Fennoy lowland study. The species turnover between five fields in

Oxford was higher with a mean proportion of 0.78 (SE = 0.03) of sPeCies shared

between pastures compared with a mean of 0.95 (SE =0.02) shared sPecies in the

Fennoy sites. Finally, the analyses have been limited to data from cattle- or sheep

grazed oPen pastures. However, throughout much of northern EuroPe these are by far

the dominant dung beetle habitats. Data sets were sampled from a range of altitudes,

and some previous research has indicated that abundance of individuals of Aphodius

SPecies can change in relation to altitude (Key, 1982; Gittings, 1994). In this study,

there was greater variability between assemblage comparisons from different altitudes

than between assemblage comparisons from similar altitudes, but this may be

confounded by changes in soil tyPes between the lowland and upland sites in our

study (Gittings, 1994).

4.1 Multiscale comparisons of assemblage variation

The structure of Aphodius assemblages can change through SPecies turnover (loss or

gain of SPeCies) and changes in relative and actual abundances. The latter factor has

only been considered here at the daily scale. Reliable estimates of north temPerate

dung beetle population densities are difficult to obtain (Gittings, 1994), although the

numbers colonising individual dung pads can be measured.

At the geographical scale of 300-2500 kilometres, less than 50% of the SPeCies are

shared between each pair of neighbouring sites and correlations of rank abundances

are usually low. However, at the regional scale of 50-100 km within Ireland,

assemblages shared 90% of their SPeCies and generally had highly correlated rank

orders of abundance. Hanski (1986) has suggested that sPeCies composition of

abundant sPeCies may be relatively stable at scales of tens of thousands of years but

turnover of rare SPeCies may be high at the scale of 50 years. We are not aware of any

complete data sets on dung beetles available at the scale of decades or greater.

However, analysis of data in De Graef and Desiere (1984) show that the rank order of

abundances of the eight commonest SPecies changed dramatically between 1972 and

1982-83 (r. = -0.5). At the scale of 1-4 years, however, assemblages apPear to be

relatively stable. Note that when variability was based on annual total captures of

species (Table 2), variability at the between-field scale was distinctly less than that of

the local and regional scales. However, at these scales of analysis, the DCA

ordinations provide a more infonnative and refined method of comparison, being

based on the subseasonal data sets. Thus, ordinations indicate that variations in

assemblage structure are of similar magnitude at the regional, local, between-field and
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between-year scales. Therefore, major changes in assemblage structure appear to

occur at spatial scales greater than 100 km.

At the finest scales, abundances are highly variable but species frequencies of beetles

colonising fresh dung are very similar at the between-day scale. Variability in

abundances are likely to be caused by variation in weather conditions and by rotational

grazing (Gittings, 1994). In rotational grazing, cattle are rotated through a series of

PaStures over 20-30 days. Therefore, in anyone pasture, fresh dung will only be

available for a few days each month. If beetle populations, and early successional

ones in particular, follow cattle movements through the rotation, this will cause short

term variability in abundances in anyone field. Moreover, in practice, the changing

age-composition of the dung-Pats should cause larger variability in assemblage

structure at the between-day scale than was apparent from the fresh dung used in our

study. At one of the finest spatial scales, i.e. between-pads, the reported high levels of

aggregation indicate high variation in abundances (Holter, 1982; Hanski, 1986).

4.2 Implicationsfor further studies

The apparent equivalence of assemblage variation over a range of spatial scales

illustrates the problem for community ecologists in defining the unit of study. Dung

beetle assemblages lOOkm apart separated by mountain ranges (FotalFermoy and

Killarney) obviously cannot be regarded as part of the same community. However,

neither is the assemblage within a single field an entire community. Indeed in

rotationally-grazed pastures, adult assemblages only persist within a field for a few

days until the early successional species are forced to leave in search of fresh dung.

The usual method of studYing dung beetle assemblages has been fixed point sampling.

However, if the community covers tens of square kilometres, this method clearly risks

biased sampling and cannot uncover the complex spatia-temporal dYnamics which

occur in rotationally-grazed PaStures. While a dependence on a single sampling site at

a local scale may not provide adequate description of the community, once the local

assemblage has been defined (from a number of sites) it may be representative up to

the regional scale.

One could envisage a spectrum of community types from small, relatively isolated

assemblages in well-wooded landscapes with small permanently-grazed PaStures, to

large inter-connected assemblages in open landscapes of large rotationally-grazed

pastures.The differences in the spatial dYnamics of these 'macro-community' types

would be likely to influence the structure of their constituent assemblages. For

example, the overall species richness might be greater in the former type, with greater

spatial variation between assemblages. Furthermore, the effects of rotational grazing
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on spatial dynamics are likely to differ between early and late successional species

which may result in interspecific variation in the spatial resolution of Aphodius

populations. There would then be no spatial scale at which a single self-contained

Aphodius community occurs. Research is required to better define the spatial structure

and landscape relationships of Aphodius assemblages.

Between-year variability is similar to variability at a spatial scale of 50-100 km,

indicating that comparisons across these spatial scales should include data from

several years. The degree of inter-annual variability relates to changes in relative

abundances of individual species. For example, 1845 specimens of A. rufus were

caught at Fota in 1991, but only 42 were caught the following year. However, much

greater variability in Aphodius assemblages occurs between-seasons than between

years and broad seasonal groupings of species can be defined (Gittings and Giller,

1996). Whether the annual assemblage comprises seasonal sub-assemblages with little

interaction between them remains to be seen. In practise, some degree of overlap

occurs between all species (e.g. A. rufipes can be dominant throughout most of the

summer). The issue to be resolved is whether the seasonal limits of the seasonal sub

assemblages arose and/or are being maintained by interactions across the sub

assemblage boundaries (see Gittings, 1994). Nevertheless, we suggest that the

appropriate method of assemblage comparisons in Aphodius are between the seasonal

sub-assemblages rather than between the annual assemblages.
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Chapter 6

Conclusions

This study has considered the effects of various factors (both extrinsic and intrinsic)

on the structure of dung beetle assemblages, at several different spatio-temporal

scales. For example, I have compared different sampling techniques and investigated

patterns of dung beetle assemblage structure from between-day to inter-annual

temporal scales. I have also considered the effects of both dung Pad size and quality

at the between-pad spatial scale through to differences in assemblage structure at

geographical spatial scales. In this final chapter, I discuss the role of scale in

affecting observed patterns in dung beetle ecology, present an overview of the main

conclusions of this study and indicate possible areas for future research.

Comparisons of pitfall trapping and cohort pad sampling

Despite the variety of methods employed, not much work has previously addressed

the effect of sampling method on descriptions of north temperate dung beetle

assemblages. In agreement with Gittings (1994), comparisons of pitfall trapping and

cohort pad sampling yielded different species frequencies, but correlations of the

rank order of species abundance of the two methods were usually significant.

Gittings (1994) identified other potentially serious problems in relation to dung

baited pitfall trapping, and these problems were also identified in this study. For

example, considerable variations in beetle abundances were closely related to

weather conditions, and movements of cattle in rotational grazing regimes. Note that

although they may indicate levels of activity (in colonisation rates), these short-term

fluctuations in beetle abundances appeared to be independent of absolute changes in

actual population abundances of dung beetles.

In addition to the effects of small-scale changes in weather conditions, extended

periods of unusually warm and dry, or cool, wet and windy weather will further

confound comparisons of dung beetle assemblage structure that are based on annual

totals. For this reason, and because of the temporal segregation of dung beetle

species between seasons (e.g. White, 1960; Holter, 1982; Hanski, 1986; Palmer,

1995; Gittings and Giller, 1997; see below), comparisons of assemblage structure of

north temperate dung beetles are probably best achieved through comparisons of

seasonal assemblages (e.g. spring, early summer, late summer and autumn).
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Seasonality in dung beetles

The seasonality displayed by the various dung beetle species in this study

(ApPendix, Chapter 2; Chapter 5) has been well documented. Several authors have

demonstrated mathematically the segregation of Aphodius species along the seasonal

axis (Holter, 1982; Palmer, 1995). Hanski (1980) demonstrated that 'core' sPecies

were better spaced out in habitat-season-size niche space than were 'satellite' sPecies.

Note, however, that in relation to such overdisPersion of niches, Holter (1982) has

pointed out that the seasonal distribution of metabolic activity is more uneven than

seasonal species frequencies. Thus, at this stage one cannot say whether such

differences in the phenology of Aphodius arose and/or are being maintained by

comPetition. There are field data which have been proposed to support a comPetition

hypothesis to account for phenological differences in dung beetles (Hanski, 1980;

Hanski and Kuusela, 1983). However, data in the present study indicated that the

collection of some of these field data (Hanski and Kuusela, 1983) could have been

confounded by several factors e.g. local herbivore movements, as well as differences

in dung types and dung size.

One of the more important consequences of phenology in the dung beetle

community is the need to be aware that analyses employing annual totals will

directly compare species which may not interact at all, as they occur in different

seasons (e.g. spring and autumn). For this reason, analyses in Chapters 2 and 5

identified time periods over which species composition was very similar, and

conducted separate analyses on data collected within these time Periods.

Resource utilisation
Dung size

Dung pad size can be related to several critical processes in dung beetle ecology e.g.

colonisation, pat residence times and larval development, as well as measures of

crowding in both adults and larvae (Chapter 3). Evidence appeared to support a

working hypothesis that the importance of dung pad size is provided not by an

increase in resource quantity per se, but by a relative increase in utilisable resource.

For example, smaller pads may be expected to dessicate at a faster rate than larger

pads, and this may be important for the fluid-feeding adult Aphodius (although it is

not known if the levels of fluid required for dung beetle feeding actually deplete to a

limiting level in the smaller pads). In addition, size-dependent dessication of the pad

is probably very important for the suitability of the pad both as a habitat and source

of nutrition for the larvae, which can suffer mortality due to dessication of the pad.

In the one exception where no increase in adult biomass density was found in

relation to pad size, non-dung-breeding A. prodromus were dominant. It may be that
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what is most important is not so much the suitability of the pad for adult nutrition,

but the suitability of the pad for the future larval development of the eggs of

breeding adults. The finding of a positive relationship between larval density and

pad size (Chapter 3) may have been dependent on the timing of the experiment, as

there was a serious heatwave occurring at the time of the experiment. It would be

desirable to replicate the larval field experiments and to assess how often conditions

arise that sufficiently promote dessication of the pads to an extent that results in

larval mortal ity.

Examples from previously published literature have illustrated the considerable

range of dung sizes which have been employed between studies (Chapter 3). In the

present study, data on the effect of dung pad size suggested that the use of different

pad sizes within studies may confound descriptions of assemblage structure between

treatments. For example, comparisons of assemblage structure (rank abundance of

species) between dung types across studies generally appeared to be more similar

when the pad sizes of the dung types were equivalent (Rainio, 1966; Kessler et al.

1974; Breymer and Zacharieva-Stoilova, 1975; this study, Chapter 4). In addition,

ecological patterns observed in one dung pad size may not necessarily scale to

another size of pad. Hirschberger and Degro (1996) have documented differences in

the oviposition behaviour of A. ater in response to to the abundance of Scatophaga

larvae; generally, A. ater lays fewer eggs in.50 g sheep pads with Scatophaga larvae

than in pads without Scatophaga larvae. It would be extremely interesting to

investigate whether those patterns that were observed with 50 g pads would be

observed if dung sizes of 250 g or 500 g were used.

Dung types

Field experiments were used to investigate the colonisation of dung from native

herbivore species (cow, horse and sheep), and five different types of cow dung in

another experiment. There were typically significant differences between dung types

in moisture content and organic matter. There were also significant differences in the

biomass, species richness and diversity of dung beetles colonising cow, horse and

sheep pads. In experiment C4, there were significant differences among cow dung

types in the number of colonising beetles. Laboratory experiments provided

evidence that adult emigration and larval production were highest on sheep dung,

which was colonised by the highest abundances of beetles in field experiments.

Data from this study, and reanalysis of previously published data, indicated that

dung beetle species composition and species richness was usually quite similar

among dung types. However, absolute abundances and the rank order of species

190



Chapter 6: Conclusions

composition between seasons, and, within-seasons, from differences in the relative

abundance of smaller subsets of species which were typically common to all sites.

DCA ordinations indicated that there was generally a comparable level of variability

between the spatio-temporal scales, but there was some limited evidence that the

greatest variability may occur between the more distant (> 50 kIn) sites. It is difficult

to determine what processes promote the variability in the dung beetle assemblages

across southern Ireland. Potentially important environmental factors include climate

and weather variation, macrohabitat preferences, as well as the amounts and

distribution of different macrohabitats; altitude (Key, 1982; Chapter 5); dung quality

(Gittings, 1994; Chapter 4) and soil type (Sowig, 1995). Alternatively, asynchronous

patterns of inter-annual variation (in assemblage structure) among sites may explain

a lot of the variation that was apparent at the local-regional spatial scale (Chapters 2

and 5).

Composition of taxonomic groups in dung beetle assemblages

Although I have concentrated on the Aphodius dung beetle assemblage, I have also

included data on the spatial and temporal variability of what we consider to be the

main taxonomic groups in the dung beetle assemblage, e.g. Aphodius, Sphaeridium,

and Geotrupes. There were few differences between the ordinations including the

Aphodius genus only and those including the Aphodius, Sphaeridium, and Geotrupes

genera. This probably reflected the dominance of species composition by Aphodius

in the dung beetle assemblage at all sites. The pattern of an assemblage dominated

by Aphodius species, but supplemented by some Sphaeridium and a few Geotrupes

species is, in general, well established for north temperate assemblages (Rainio,

1966; Koskela, 1979; Hanski, 1991; Hirschberger and Bauer, 1994; Sowig and

Wassmer, 1994; Heijerman, 1990). Nevertheless, a comparison with other data sets

yields some more specific differences. For example, sites at the geographical scale

can differ in whether the Sphaeridium genus is dominated by S. lunatum or S.

scarabaeoides. For example, where large sample sizes were available, the former

species was found to be numerically dominant at sites in Belgium (Heijermann,

1990). S. scarabaeoides was numerically dominant at sites in Germany (Sowig and

Wassmer, 1994; Himmelsbach, 1993; Wahl, 1995) and Finland (Koskela, 1979). It is

unclear what agents are responsible for these patterns. One should also consider the

changes in relative abundances of S. lunatum and S. scarabaeoides at the relatively

smaller spatial scales of 50-100 Ian (this study). This reinforces the need for a

measure of variability at regional scales when attempting to interpret data collected

from a larger scale. It is noteworthy that in comparison with examples in published

literature, few geographical sites were dominated to the same extent by Sphaeridium

as Fota in 1996. It will be interesting to see how persistent in time this pattern will
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be. Some geographical sites can have quite large numbers of the typically

uncommon S. marginatum and S. bipustulatum (Himmelsbach, 1993; Wahl, 1995;

Rainio, 1966).

Patterns in dung beetle ecology spatio-temporal scales

Community ecology largely seeks to understand how assemblages are organised in

space and time. This is most often achieved through the description of patterns of

variation in diversity, composition and other characteristics, coupled with attempts

to discern what processes are responsible for the Patterns. Generally, assemblage

composition varies with scale and many ecological processes that are responsible for

producing spatio-temporal variation in assemblages can do so in a hierarchical

manner (Allen and Starr, 1982; O'Neill et al., 1986). Within such an hierarchy, large

scale temporal and SPatial processes will be expected to produce wide-ranging and

long-lasting effects on assemblage composition, within which other processes will

then play their role in influencing assemblage composition.

This study has incorporated sampling at a number of different spatial and temporal

scales, and distinct changes in Patterns of community structure have been identified

across these scales. At the smallest scales, there were highly significant between-day

differences in dung beetle abundances (over ca. 9 days), probably due to weather or

rotational grazing. However, relative abundance of species was highly correlated

between days. Although less similar than comparisons at the between-day scale,

there were similar levels of variability between sites at spatial and temporal

mesoscales (1-180 Ian and 6 years, respectively) (see above). At the largest

geographical spatial scale considered, there was greatest variabili ty between sites,

largely due to differences in species composition, and differences in the relative

abundance of species that may have been shared between sites (Finn et al., 1998).

Considering the extent of differences in the SPeCies composition, relative abundance

and absolute abundance of species in north temperate dung beetles assemblages, I

would propose the hierarchial relationship indicated in Fig. 1. At different spatio

temporal scales in the hierarchy, I also indicate processes that are probably most

important in contributing to variability in patterns of assemblage structure at that

scale. In the absence of a single measure of assemblage variability across all the

various scales, the proposed hierarchy in Fig. 1 remains tentative. The relative

position of the processes is most tentative at the lower end of the hierarchy and it

would be interesting to enquire where inherent patterns of aggregation fit in, and

what factors are more important in promoting between-pad aggregation when one

contrasts the effects of natural variability in pad size, quality and age with natural

Patterns of aggregation.
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Geographical spatial (300-2500km) and
Evolutionary temporal scales (10-100 ky)

• origination, extinction, dispersal

U
Ecological Time - local extinction! immigration

of species populations (metapopulations), fluctuations in abundance

U
Regional, Local and Between-field (1-180km) spatial scales and

Between-year (1-6 y) temporal scales
• Regional habitat diversity, local dispersal and extinction

U
Between seasons· phenology

U
Dung type/size

U
Between-day (~ Days) • weather effects, rotational grazing

U
Succession!Aggregation in individual pads

Fig. 1. Proposed hierarchy of scale effects and processes in contributing to variability in Aphodius

assemblage structure of indiividual pads. Based on relative magnitude of effect on species

composition. relative abundance and absolute abundance.

Patterns in north temperate dung beetles at the geographical scale

The analysis of assemblage structure at the geographical scale from published

literature has several problems associated with it. Data sets differed to various

degrees in sampling methodology and the frequency and extent of sampling over the

year, and studies differed in the size and type of dung collected. The lack of

quantitative original data in some of the data sets precluded the use of more

sophisticated approaches or statistical analyses. However, on a more general point,

the pursuit of macro-ecological patterns is almost inevitably subject to the use of

data sets collected from a number of small-scale studies, with some differences

between studies in sampling protocols. Although more refined analysis will typically

be possible when studies are more similar in their methodology, the generality and

clarity of trends offered by the identification of large-scale biogeographical patterns

can make a significant contribution to ecology, presumably reflecting large scale

processes.

In this study, comparisons of assemblage structure at the geographical scale

indicated distinct differences between sites. This was primarily due to differences

between sites in species composition, and differences in the relative abundance of
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species that were shared between sites. However, note that when assemblages were

examined in terms of their relative biomass, there were similarities between sites in

the dominant species. This inspires several questions that may provide fruitful

research in the future (see Brown, 1984). For example, among temperate dung beetle

assemblages, are there species that are consistently more abundant wherever they

occur, and do those species have larger geographical ranges than other species that

are typically less abundant?
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