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Abstract	

Rapid	biodiversity	loss	has	emphasized	the	need	to	understand	how	biodiversity	
may	 affect	 ecosystem	 functioning.	 Instead	 of	 focusing	 on	 taxonomic	 identity	 of	
organisms,	recent	research	has	focused	on	species’	traits,	thereby	aiming	to	both	
simplify	and	 improve	predictions	and	 to	provide	a	mechanistic	understanding	of	
multiple	ecosystem	processes.	In	my	thesis,	I	investigated	whether	and	how	species	
traits	 (i.e.	 body	 mass	 and	 nesting	 strategy),	 assemblage	 features	 (i.e.	 species	
richness,	abundance	and	species	compositions)	and	environmental	variables	(e.g.	
habitat	and	temperature)	affect	the	provisioning	of	ecological	functions.	In	doing	
this,	 I	 focused	 this	 research	 on	 a	 functionally	 important	 group	 of	 insects:	 dung	
beetles	 (Coleoptera:	 Scarabaeoidea),	 which	 play	 a	 substantial	 ecological	 role	 in	
providing	multiple	ecological	functions	at	the	same	time.	

In	 a	 field	 experiment	 in	 Sweden,	 I	 compared	 the	 ecological	 role	 of	
threatened	versus	non-threatened	dung	beetle	species.	Learning	what	specific	role	
these	 threatened	 species	 play	 will	 be	 important	 to	 understand	 the	 future	
repercussions	of	dung	beetle	decline	in	terms	of	ecosystem	functioning.	Through	a	
trait-based	approach,	I	identified	which	traits	–	in	particular	body	mass	and	nesting	
strategy	–	make	dung	beetle	species	sensitive	to	environmental	perturbations	(so	
called	response	traits)	and	which	traits	make	species	efficient	in	providing	multiple	
ecological	 functions	 (so	 called	 effect	 traits).	 I	 found	 a	 link	 between	 effect	 and	
response	traits.	Such	a	linkage	may,	in	the	future,	aggravate	the	consequences	of	
species	decline	on	functioning.	 In	 fact,	nesting	strategy	was	proven	to	be	both	a	
response	 and	 an	 effect	 trait.	 Specifically,	 tunneler	 species,	 which	 dig	 galleries	
beneath	 dung	 pats	 to	 construct	 the	 nest,	were	 the	most	 efficient	 in	 ecosystem	
functioning.	At	the	same	time,	they	proved	to	be	the	most	prone	to	extinction.		

In	two	laboratory	experiments	in	Italy,	I	analysed	whether	traits	(i.e.	body	
mass	and	nesting	strategy)	and	assemblage	features	(i.e.	density,	assemblage	and	
species	composition)	make	dung	beetles	and/or	assemblages	efficient	in	providing	
multiple	 ecological	 functions	 at	 the	 same	 time.	 Specifically,	 I	 investigated	 how	
species	 identity	 and	 assemblage	 composition	 (monospecific	 vs	 multi-species	
assemblages)	may	affect	dung	removal	and	greenhouse	gas	(GHG)	emissions	from	
dung	 pats.	 I	 found	 that	 different	 species	 have	 an	 uneven	 effect	 on	 ecosystem	
functioning,	 and	 that	 multi-species	 assemblages	 were	 proven	 to	 be	 the	 most	
effective	 in	 reducing	 CO2-equivalent	 emissions.	 In	 the	 second	 laboratory	
experiment,	I	 investigated	the	effect	of	abundance	in	the	dung	pats	(i.e.	density)	
and	 body	 size	 (i.e.	 small-bodied	 Onthophagus	 illyricus	 vs	 large-bodied	 Copris	
lunaris)	 on	 dung	 removal,	 seed	 germination	 and	 seed	 dispersal.	 I	 found	 that	
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densities	 of	 the	 two	 species	 had	 different	 effect	 on	 ecosystem	 functioning:	 an	
increase	in	the	density	of	the	large-bodied	species	increased	efficiency	in	removing	
dung,	whereas	an	 increase	 in	 the	density	of	 the	 small-bodied	 species	decreased	
efficiency.	Moreover,	 the	small	species	had	a	 limited	effect	on	seed	germination	
and	dispersal	but,	on	the	other	hand,	the	 large	species	 increased	the	number	of	
germinated	seeds	and,	by	increasing	its	density,	the	large	species	enhanced	seed	
dispersal.	

In	 a	 field	 experiment	 conducted	 in	 Sweden,	 I	 investigated	 the	 effect	 of	
farming	 practices	 (organic	 vs.	 conventional)	 and	 environmental	 factors	 (i.e.	
macrohabitat,	 microhabitat	 and	microclimate)	 on	 the	 dung	 beetle	 communities	
colonizing	dung	pats	and	the	associated	ecological	 functions	 (i.e.	dung	removal).	
These	findings	confirm	that	factors	other	than	the	farming	system	may	be	crucial	in	
shaping	 agrobiodiversity.	 Specifically,	 decisions	made	 by	 farmers	 can	 shape	 the	
composition	of	dung	beetle	communities	and	associated	ecological	functions.	

Overall,	 these	 findings	 confirm	 that	 optimal	 ecosystem	 functioning	 is	
context-dependent	 and	 that	 it	 relies	 on	 multiple	 features	 of	 both	 dung	 beetle	
species	 (such	 as	 body	mass,	 nesting	 strategy,	 species	 identity)	 and	 assemblages	
(such	 as	 density	 and	 assemblage	 composition),	 as	 well	 as	 on	 the	 ecological	
functions	 investigated.	 Thus,	 I	 suggest	 an	 approach	 based	 on	 the	 analysis	 of	
multiple	 functions	 to	 better	 understand,	 manage	 and	 optimize	 ecosystem	
functioning.	 On	 the	 other	 hand,	 local,	 farm-	 and	 site-specific	 variations	 in	
environmental	 conditions	 are	 important	 factors	 influencing	 dung	 beetle	
communities	 for	 ecosystem	 functioning.	 From	 an	 applied	 point	 of	 view,	 local	
environmental	variables	managed	by	farmers	on	their	own	property	can	shape	the	
local	dung	beetle	community	and	thus	ecosystem	functioning.	

	
	

	
Keywords:	 assemblage	 composition;	 body	 size;	 density;	 ecosystem	 functioning;	
environment	variables;	farming	system;	species	identity.	
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1.1	Ecosystem	functioning	and	biodiversity	

Ecology	can	be	defined	as	“the	study	of	the	relationships	between	structure	and	
function	 in	nature”	(Odum	1962).	 Indeed,	the	features	of	biological	communities	
(e.g.	 species,	 biomass...)	 distribution	 of	 resources	 (e.g.	 nutrients,	 water…)	 and	
abiotic	conditions	(e.g	temperature,	light…)	shape	matter	and	energy	flows	(Odum	
1968)	and,	thus,	ecosystem	functioning.		

Ecological	functions	refer	to	the	habitat	or	biological	processes	of	ecosystems.	
Benefits	for	humans	derived	directly	or	indirectly	from	these	functions	are	called	
ecosystem	goods	(e.g.	food)	and	services	(e.g.	waste	assimilation;	Daily	1997;	de	
Groot	et	 al.	 2002).	 For	 simplicity,	 the	 latter	 are	 jointly	 referred	 to	as	ecosystem	
services.	Ecological	functions	are	associated	with	ecosystem	services.	For	example,	
through	their	movements	between	flowers,	various	insect	taxa	contribute	greatly	
to	pollination	(Free	1993).	The	understanding	of	trophic	dynamics	would	be	useful	
for	 enhance	 biological	 control	 (Duffy	 et	 al.	 2007;	 Obrycki	 et	 al.	 2009).	 Storage,	
consume,	 transfer	 and	 processing	 of	 nutrients	 contribute	 to	 nutrient	 cycling	 in	
freshwater	(Vanni	2002)	or	in	terrestrial	ecosystems	(Lavelle	et	al.	2006;	Metcalfe	
et	 al.	 2013).	 Dung	 removal	 reduces	 nutrient	 waste	 (Losey	 and	 Vaughan	 2006;	
Beynon	et	al.	2015).		

Ecosystem	services	have	often	been	linked	to	biodiversity	(Cardinale	et	al.	2012;	
Mace	 et	 al.	 2012).	 The	 term	 biodiversity	 identifies	 the	 variability	 among	 living	
organisms	(terrestrial,	marine,	other	aquatic	organisms	and	ecological	systems	of	
which	 they	 are	 part;	 Convention	 on	 Biological	 Diversity	 1992)	 and	 includes	 the	
diversity	within	 species	 (e.g.	 genetic	 variability)	 and	 between	 species	 at	 several	
levels	 (taxa,	 population,	 ecosystems,	 landscape...).	 Several	 components	 of	
biodiversity	may	contribute	to	ecosystem	processes,	such	as	the	number	of	species	
present	 (species	 richness),	 their	 relative	 abundance,	 species	 composition,	 biotic	
interactions	and	spatiotemporal	variation	in	all	these	factors	(Chapin	III	et	al.	2000).	
Thus,	changes	of	these	biodiversity	components	may	also	affect	the	functioning	of	
ecosystems.	Specifically,	the	abundance	of	dominant	species	has	been	found	to	be	
a	major	driver	for	crop	pollination	in	several	systems	(watermelon,	blueberry	and	
cranberry	systems;	Winfree	et	al.	2015).	Likewise,	both	the	abundance	and	richness	
of	 below-ground	 diversity	 has	 been	 found	 to	 enhance	 functioning	 in	 grasslands	
(Wagg	et	al.	2014),	and	the	species	richness	of	plants	has	been	linked	to	ecosystem	
productivity	(Grace	et	al.	2016).	Moreover,	spatial-temporal	species	dynamics	and	
species	 interaction	 affect	 functioning	 (Valiente-Banuet	 et	 al.	 2015)	 in	 forests	
(Forrester	2014)	and	in	Artic	regions	(Schmidt	et	al.	2016).		

At	present,	biodiversity	is	changing	due	to	species	decline	(Didham	et	al.	2007),	
extinctions	(both	locally	and	globally;	Sepkoski	2016;	Goncalez	et	al.	2016),	changes	
in	composition	(Allan	et	al.	2015)	and	community	structure	(Galiana	et	al.	2014).	
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Many	of	these	changes	are	caused	by	anthropogenic	environmental	change	(Wood	
et	 al.	 2000).	 One	 of	 the	 main	 concerns	 in	 biodiversity	 conservation	 specifically	
relates	to	species	loss.	Indeed,	even	if	extinction	is	a	natural	process,	during	the	last	
few	decades	it	is	occurring	at	unnaturally	rapid	rates	(Chapin	III	et	al.	2000;	Pimm	
et	 al.	 2014;	Gonzalez	et	 al.	 2016).	 This	 current	 species	decline	 rate,	higher	 than	
would	be	expected	from	the	fossil	records,	suggest	that	a	“sixth	mass	extinction”	
may	be	under	way	(Barnosky	et	al.	2011)1.		

Terrestrial	and	aquatic	ecosystems	have	changed	by	direct	or	indirect	human	
presence	and	activities,	which	influence	land-use	and	habitat	composition,	altering	
climate	and	biogeochemical	cycles.	Several	factors	influence	terrestrial	biodiversity	
change,	specifically	the	major	ones	are:	 land-use	changes	(including	habitat	 loss,	
degradation	 and	 fragmentation),	 climate	 change,	 nitrogen	 deposition	 and	 alien	
species	habitat-inclusion	 (Aguilar	et	 al.	 2006;	Bellard	et	 al.	 2012;	Newbold	et	 al.	
2016).	The	causes	of	the	decline	in	species	richness	vary	among	taxa	and	biomes.	
For	 instance,	 the	 tropics	 seems	more	 affected	 by	 land	 use	 changes	 (specifically	
habitat	 loss),	 whereas	 in	 the	 boreal	 and	 Northern	 temperate	 forests	 species	
invasions	had	the	largest	effect	on	species	richness	decline	(Murphy	and	Romanuk	
2014).		

Changes	 in	 biodiversity	 have	 been	 proven	 to	 be	 the	major	 factors	 affecting	
ecosystem	functioning,	sustainability	and	stability	(Purvis	and	Hector	2000;	Naeem	
et	al.	2012;	Tilman	et	al.	2014).	A	meta-analysis	of	published	data	has	revealed	that	
species	 loss	 is	 one	 of	 the	 main	 drivers	 of	 alteration	 of	 ecosystem	 processes,	
comparable	 in	magnitude	 to	other	global	 change	 stressors	 (Hooper	et	al.	 2012).	
Moreover,	the	stability	of	ecosystems	is	strongly	related	to	biodiversity,	even	more	
than	to	other	anthropogenetic	environment	drivers,	such	as	nitrogen	enrichment,	
carbon	 dioxide	 over-presence,	 fire,	 herbivory	 and	 water	 amount	 (Hautier	 et	 al.	
2015).	

Resilience	 of	 ecosystem	 functioning	 is	 determinate	 by	 multiple	 factors	 at	
different	scales,	 such	as	 individual	phenotypic	plasticity,	by	species	 sensitivity	 to	
environment	changes,	by	community	compositions,	by	functional	redundancy	and	
by	network	structure	(Hulvey	and	Zavaleta	2011;	Oliver	et	al.	2015).	Therefore,	a	
decline	 in	 species	 diversity	 might	 correspond	 to	 a	 decline	 in	 functioning,	 too.	
Indeed,	a	decline	of	species	that	may	facilitate	or	complement	the	functionality	of	
other	species	affect	ecosystem	resilience	(Zavaleta	and	Hulvey	2004)	and	a	loss	of	
species	diversity	might	implicate	the	loss	of	functional	traits	that	drive	ecosystem	
functioning.	 Recently,	 it	 has	 been	 demonstrated	 that	 ecosystem	 functioning	 is	

                                                
1	Palaeontologists	characterize	mass	extinctions	as	times	when	the	Earth	loses	more	than	three-
quarters	of	its	species	in	a	geologically	short	interval,	as	has	happened	only	five	times	in	the	past	
540	million	years	or	so	(Novacek	et	al.	2001,	Jablonski	1994).		
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better	 predicted	 by	 trait	 composition	 than	 by	 the	 number	 or	 abundance	 of	
species	per	se	(Gagic	et	al.	2015).	

	
Invertebrates	account	for	most	of	biodiversity	on	Earth.	 Insects	dominate	

virtually	 every	 ecosystem	 in	 terms	 of	 species	 richness,	 animal	 biomass,	 and	
provisioning	 of	 pivotal	 ecological	 functions	 (Weisser	 and	 Siemann	 2008;	 Stork	
2017).	To	understand	ecosystem	functioning,	research	on	invertebrates	deserves	
priority.	 Some	 taxa	 have	 already	 been	 proposed	 as	 bioindicators	 (Gerlach	 et	 al.	
2013).	Many	invertebrate	groups	have	been	targeted	by	studies	because	of	their	
abundance,	 habitat	 specialization,	 response	 to	 small-scale	habitat	 heterogeneity	
and	 importance	 in	 ecosystem	 function	 (e.g.	 Andersen	 and	 Mayer	 2004).	 Dung	
beetles	 (Coleoptera:	 Scarabaeoidea)	 have	 been	 repeatedly	 proposed	 as	
invertebrate	focal	group	for	research	and	conservation	(Davis	et	al.	2004;	Spector	
2006;	Nichols	and	Gardner	2011).	Due	to	their	ease	of	sampling	(Larsen	and	Forsyth	
2005),	a	relatively	well-resolved	taxonomy,	broad	geographic	distribution	(Hanski	
and	Cambefort	2014)	and	ecological	and	economic	importance	(Losey	and	Vaughan	
2006;	Nichols	 et	 al.	 2008;	 Beynon	 et	 al.	 2015),	 dung	beetles	 have	been	broadly	
recognized	as	a	focal	group	for	research	(Favila	and	Halffer	1997;	Spector	2006).	
Here,	the	main	interest	regards	the	ecological	role	of	dung	beetles	in	ecosystems.	
Loss	 of	 dung	 beetle	 species	 or	 changes	 in	 beetle	 community	 structure	 due	 to	
environmental	 perturbations	 can	 have	 crucial	 effects	 on	 ecosystem	 functioning	
(Larsen	et	al.	2005;	Slade	et	al.	2011;	Beynon	et	al.	2012).	

1.2	Dung	beetles	

Dung	 beetles	 are	 a	 globally	 distributed	 insect	 group,	 with	 their	 highest	
diversity	 in	 tropical	 forests	 and	 savannas	 (Hanski	 and	 Cambefort	 2014).	 Their	
distribution	depends	on	 inter	alia	water	availability,	 temperature,	dung	resource	
availability	(Finn	et	al.	1999;	Hernández	et	al.	2009),	altitude	(Escobar	et	al.	2005)	
and	 soil	 texture	 (Beiroz	 et	 al.	 2016).	 Indeed,	 soil	 structure	 and	 consistency	 can	
directly	affect	the	selection	of	reproductive	site	(Vessby	and	Wiktelius	2003)	and	
the	 reproductive	 success	 of	 dung	 beetle	 species	 (Lumaret	 and	 Kirk	 1987;	 Sowig	
1995).		

Most	present-day	dung	beetles	are	coprophagous,	but	their	ancestral	food	
might	likely	have	been	detritus	(Philips	2011).	Adults	feed	on	small	particles	(2-130	
µm;	 Holter	 2000;	 Holter	 and	 Scholtz	 2007)	 in	 the	 microorganism-rich	 liquid	
component	of	mammalian	dung.	The	more	fibrous	material	is	used	to	brood	their	
larvae	(Halffter	and	Matthews	1966;	Halffter	and	Edmonds	1982).	Considering	that	
nearly	anoxic	conditions	(1-2%	O2	and	up	to	20%	of	CO2)	can	be	found	in	the	fresh	
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cattle	 dung,	 dung	 beetles	 have	 an	 exceptional	 ability	 to	 extract	 oxygen	 at	 low	
concentrations	(Holter	and	Spangenberg	1997).		

Most	temperate	dung	beetles	have	one	generation	per	year	and	hibernation	
may	occur	at	the	egg,	larval,	pupal	or	adult	stages	(Hanski	and	Cambefort	2014)	in	
the	soil.	

Dung	 beetles	 are	 not	 alone	 in	 the	 droppings,	 but	 part	 of	 a	 complex	
community	comprising	other	Coleoptera	including	Hydrophiloidea,	Staphylinoidea	
(comprising	 also	 Ptilidae	 and	 Silphidae),	 and	 Histeroidea.	 They	 also	 share	 the	
droppings	with	eggs	of	flies	 in	the	order	of	Diptera,	and	several	microorganisms,	
such	 as	 mites,	 nematodes	 and	 an	 enormous	 number	 of	 bacteria	 and	 archaea	
(Hammer	et	al.	2016;	Slade	et	al.	2016b).	Among	other	dung-inhabiting	beetles,	
adult	Hydrophilidae	are	also	coprophagous.	Ptiliidae	 feed	on	decaying	vegetable	
material	 and	 on	 fungi.	 Some	 other	 beetle	 species	 are	 predators,	 such	 as	 those	
belonging	to	Carabidae,	Staphylinidae	and	Histeridae	families	(Roslin	et	al.	2014).	

Dung	beetles	 can	be	 roughly	 classified	 into	 three	main	 functional	 groups	
based	 on	 their	 breeding	 strategies	 (e.g	 Hanski	 and	 Cambefort	 2014):	 tunneler	
species	 (paracoprids)	 dig	 tunnels	 beneath	 the	 dung	 pat	where	 they	 bury	 brood	
balls;	 dweller	 species	 (endocoprids)	 lay	 eggs	 inside	 the	 pat;	 roller	 species	
(telecoprids)	 transport	dung	balls	some	distance	away	from	the	dung	pat	before	
burying	 them	 into	 the	 soil	 (Fig.1).	 Some	dung	beetle	 species	use	 food	 resources	
buried	by	others,	and	are	thus	called	kleptoparasites	(coined	by	Paulian	1943).		
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Figure	1:	Dung	beetle	nesting	strategies.	The	roller	strategy	is	identified	by	a	green	
circle;	the	tunneler	strategy	by	a	blue	circle;	the	dweller	strategies	by	a	red	one.	
Figure	modified	from	Doube	1990.		

Among	 invertebrates,	 many	 dung	 beetles	 have	 recently	 declined.	 In	 the	
Mediterranean	area,	21	out	of	150	endemic	dung	beetle	species	are	 threatened	
(IUCN	2016)	and	25	out	of	61	dung	beetle	 species	are	 threatened	 in	 the	Nordic	
countries	(Sweden,	Finland,	Norway	and	Denmark;	Roslin	et	al.	2014),	respectively	
14%	 and	 41%.	 In	 Italy,	 roller	 species	 have	 declined	 and	 six	 species	 may	 face	 a	
significant	probability	of	extinction	(Carpaneto	et	al.	2007).	The	situation	 is	even	
more	alarming	in	Sweden,	where	overall	12	species	are	already	considered	locally	
extinct	 (Roslin	 et	 al.	 2014).	 Overall,	 large	 species	 tend	 to	 be	more	 sensitive	 to	
environment	changes	than	small	ones	(McKinney	1997;	Pimm	et	al.	1988),	and	the	
same	applies	to	dung	beetles	(Larsen	et	al.	2005;	Larsen	et	al.	2008;	Roslin	et	al.	
2014).	Indeed,	in	the	Mediterranean	area,	76%	of	threatened	species	belong	to	the	
tunnelers	and	61%	of	these	threatened	tunnelers	are	also	large-bodied.		

Overall	 dung	 beetle	 decline	 is	 largely	 due	 to	 human-induced	 habitat	
alterations,	 such	 as,	 habitat	 loss	 (including	 habitat	 fragmentation	 and	 pastoral	
practise	 changes),	 large-bodied	 vertebrate	 hunting,	 climate	 change	 and	
anthelmintic	drug	usage.	Below,	these	factors	will	be	examined	in	turn.	

Beetle	 loss	 is	 strongly	 linked	 to	 forest	 modification	 and	 fragmentation	
(Roslin	and	Koivunen	2001;	Nichols	et	al.	2007),	especially	in	tropical	areas	(Halffter	
and	Arellano	2002;	Arellano	et	al.	2005;	Scheffler	2005).	This	sensitivity	of	tropical	
dung	 beetle	 species	 to	 habitat	 alteration	 might	 be	 related	 to	 their	 high	
specialization	 (Roslin	 and	 Viljanen	 2011).	 Indeed,	 tropical	 beetles	 are	 highly	
specialized	to	particular	habitat	types.	Within	forested	regions,	only	few	species	can	
typically	be	caught	 in	open	habitats	 (Klein	1989;	Estrada	et	al.	1998;	Quintero	&	
Roslin	2005),	whereas	primary	and	secondary	forests	have	been	found	to	support	
a	 high	diversity	 of	 dung	beetles	 (Escobar	 2004;	Avendaño-Mendoza	 et	 al.	 2005;	
Kanda	et	al.	2005;	Gardner	et	al.	2008).	In	the	long	run	(i.e.	15	years),	dung	beetles	
may	recolonize	human-disturbed	forests,	likely	due	to	the	regrowth	of	secondary	
vegetation	between	forest	fragments.	Thus,	the	preservation	of	forest	fragments	
and	secondary	vegetation	may	provide	a	key	factor	to	mitigate	beetle	decline	 in	
forest	 habitats	 (Quintero	 and	 Roslin	 2005).	 On	 the	 other	 hand,	 dung	 beetles	
themselves	can	contribute	to	forest	regeneration	due	to	their	secondary	dispersal	
of	seeds	and	their	promotion	of	seed	germination	(Shepherd	and	Chapman	1998;	
Andresen	 2002;	 Estrada	 and	 Coates-Estrada	 2002;	 Andresen	 and	 Levey	 2004;	
Andresen	and	Feer	2005;	Audino	et	al.	2014).	In	the	Italian	Alps,	it	has	been	found	
that	the	structure	and	distribution	of	dung	beetle	communities	has	changed	as	a	
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result	of	increasing	pastoral	abandonment	(Macagno	and	Palestrini	2009;	Negro	et	
al.	2011;	Tocco	et	al.	2013a,	2013b).	

The	decline	of	 large-bodied	vertebrates	(Peres	2000;	Corlett	2007)	might	
disrupt	the	diversity	and	abundance	of	dung	beetles	in	tropical	areas	(Andresen	and	
Laurance	2007;	Nichols	et	al.	2009).	Specifically,	larger-bodied	dung	beetle	species	
may	 suffer	 from	 a	 reduction	 of	 dung	 pats	 both	 in	 terms	 of	 pat	 size	 and	
number/abundance.	 Conversely,	 small-bodied	 beetles	 are	 likely	 less	 affected	 by	
hunting,	because	they	need	smaller	and	more	ephemeral	resources,	and	may	utilize	
the	 droppings	 of	 small-bodied	 vertebrates	which	 are	 not	 the	 targets	 of	 hunters	
(Nichols	and	Gardner	2011).		

Climate	 change	 may	 result	 in	 changes	 in	 the	 distribution,	 habitat	
associations	and	biotic	interactions	of	species	(e.g.	Pearson	and	Dawson	2003	and	
Kelly	 and	 Goulden	 2008).	 Mountain	 regions	 are	 suitable	 areas	 to	 investigate	
whether	species	distribution	may	change.	Dung	beetle	species	have	changed	their	
elevation	ranges	in	both	the	SW	Alps	(France)	and	the	Sierra	Nevada	(Spain).	The	
pattern	of	an	expansion	of	the	upper	range	limit	and	a	contraction	of	the	lower	limit	
suggests	 that	 climate	 change	 has	 likely	 contributed	 to	 the	 changed	 ranges	
(Menéndez	et	al.	2014).		

Anthelmintic	drugs	are	substances	used	to	control	nematodes	that	affect	
livestock.	The	most	common	one	is	invermectin	(Campbell	et	al.	1984).	The	effect	
of	these	drugs	on	dung	beetles	is	well-documented.	The	main	effects	are	the	loss	
of	 the	 sensorial	 and	 mechanical	 activity	 (Verdù	 et	 al.	 2015),	 disruption	 of	
reproductive	physiology	(Martínez	et	al.	2017),	disruption	of	diversity	(Tonelli	et	al.	
2017;	Verdù	et	al.	2018)	and	mortality	for	both	larval	stages	and	adults	(Wardhaugh	
and	Rodriguez-Menendez	1988;	Krüger	and	Scholtz	1997;	Iwasa	et	al.	2007;	Jacobs	
and	Scholtz	2015).	

1.3	Dung	beetles	as	ecosystem	engineers	

Due	 to	 their	 role	 in	 shaping	 habitats	 by	 altering	 system-level	 flows,	
availability,	or	quality	of	nutrients,	food,	and	physical	resources	(e.g.	living	space),	
dung	 beetles	 can	 be	 considered	 ecosystem	 engineers.	 Throughout	 their	 dung	
feeding	and	nesting	activity,	within	ecosystems	across	the	world,	dung	beetles	have	
a	 pivotal	 role	 in	 several	 key	 processes	 such	 as	 dung	 removal,	 nutrient	 cycling,	
bioturbation,	 secondary	 seed	 dispersal	 and	 parasite	 suppression	 (Nichols	 et	 al.	
2008).	Biotic	interactions	involving	dung	beetles	have	also	been	suggested	to	affect	
greenhouse	gas	(GHG)	emissions	(Pentillä	et	al.	2013;	Iwasa	et	al.	2015;	Slade	et	al.	
2016a;	Piccini	et	al.	2017).	Moreover,	dung	beetles	modify	the	composition	of	soil	
microorganisms	(Slade	et	al.	2016b)	and	the	availability	of	nutrients	(Yamada	et	al.	
2007)	with	significant	impacts	on	plant	biomass	(Lastro	2006;	Nervo	et	al.	2017)	and	
protein	content	(Bang	et	al.	2005).		
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Many	of	these	ecological	functions	affect	human	benefits,	through	effects	
on	 soil	 fertilization,	 biological	 pest	 control,	 enhanced	 vegetation	 growth,	 etc.	
(Nichols	et	al.	2008).	Thus,	they	are	ecosystem	services.	Few	studies	estimated	the	
economic	 incomes	 derived	 by	 the	 provisioning	 of	 ecosystem	 services	 by	 dung	
beetles	in	natural	pastures	(but	see	Losey	and	Vaughan	2006;	Beynon	et	al.	2015).	

	
Measures	of	dung	beetle-mediated	ecological	functioning	are	often	focused	

on	dung	removal	rate	(Beynon	et	al.	2012;	Kaartinen	et	al.	2013),	whereas	other	
functions	and	services	have	received	less	attention	(Manning	et	al.	2016).	Different	
species	 have	 different	 roles	 depending	 on	 the	 ecological	 function	 investigated	
(Slade	et	al.	2017).	For	example,	Copris	lunaris	was	found	to	be	highly	effective	in	
terms	of	dung	removal,	yet	it	increased	methane	emissions	from	dung	(Piccini	et	al.	
2017).	 For	 this	 reason,	 several	 recent	 studies	 have	 focused	 on	 evaluating	 the	
ecological	role	of	dung	beetles	for	several	ecological	functions	at	the	same	time	–	a	
so	 called	 multifunctionality	 approach	 (Manning	 et	 al.	 2016;	 Nervo	 et	 al.	 2017;	
Piccini	et	al.	2018).	Moreover,	for	ecosystem	functioning	it	is	also	important	how	
functions	 are	 evaluated	 (Slade	 et	 al.	 2017)	 and	 the	 type	 of	 enclosures	 used	
(Lähteenmäki	et	al.	2015).		

To	 investigate	the	multifunctionality	driven	by	dung	beetles	 in	relation	to	
body	 traits,	 assemblage	 features	 and	environment	 variables,	 I	 evaluated	 several	
functions	in	my	thesis	work.	Below,	these	functions	are	presented	in	turn.	

DUNG	REMOVAL	–	Considering	that	the	livestock	avoids	grazing	in	areas	that	
soiled	by	dung	(Andereson	et	al.	1984),	removing	dung	from	pastures	is	essential	
for	continued	livestock	grazing.	Indeed,	of	the	33	millions	of	tons	of	dung	produced	
per	 year	 by	 Australian	 livestock	 (Bornemissza,	 1960;	 Bornemissza,	 1976),	 the	
introduction	of	exotic	dung	beetles	at	a	Camberra	site	reduced	on	average	78%	of	
dung	 on	 the	 ground	 (Hughes	 1975).	 Thus,	 dung	 beetles	 have	 a	 relevant	 role	 in	
decomposing	dung	both	at	a	small	local	scale	(Rosenlew	and	Roslin	2008)	and	at	a	
large	national	scale	(Kaartinen	et	al.	2013).		

DUNG-SOIL	NUTRIENT	TRANSFER	–	Vertebrate	excreta	contain	a	high	quantity	of	
nutrients	not-assimilated	by	vertebrates	(Steinfeld	et	al.	2006).	The	fraction	of	such	
nutrients	that	can	return	to	the	cycle	 in	the	soil	depends	greatly	on	dung	beetle	
activities.	Beetles	facilitate	nutrient	transfer	from	the	dung	to	the	soil	(Kazuhira	et	
al.	 1991;	 Yamada	et	 al.	 2007;	Nervo	et	 al.	 2017).	 By	 altering	 the	microorganism	
fauna	of	dung	and	soil,	dung	beetles	accelerate	mineralization	rates	(Kazuhira	et	al.	
1991).	 Indeed,	 beetle	 activity	 increases	 aerobic	 conditions	 in	 dung	 and	C	 and	N	
amount	 in	 the	 upper	 soil	 layers	 and	 consequently	 enhanced	 bacterial	 growth,	
including	 ammonifier	 bacteria	 responsible	 for	 continued	 N-mineralization	
(Yokoyama	and	Kai	1993;	Nervo	et	al.	2017).	Apart	from	soil	contents	of	carbon	and	
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nitrogen,	 dung	 beetles	 were	 also	 found	 to	 increase	 phosphorus	 and	 potassium	
levels	(Yamada	et	al.	2007).	

GREENHOUSE	GAS	 (GHG)	 EMISSIONS	 FROM	DUNG	 PATS	 –	Grazing	 animals	 release	
high	amounts	of	nitrogen	and	carbon	in	pastures,	where	nutrients	generally	exceed	
the	 immediate	demand	of	plants.	This	creates	a	 large	 loss	of	GHGs	 that	steadily	
leaks	into	the	atmosphere	(Flessa	et	al.	1996;	Dubeux	et	al.	2007).	Thus,	dung	is	a	
relevant	source	for	atmospheric	GHGs	such	as	nitrous	oxide	(N2O),	methane	(CH4),	
and	carbon	dioxide	(CO2)	(Petersen	et	al.	1998;	Saggar	et	al.	2004;	Lin	et	al.	2009;	
Cai	et	al.	2013).	Dung	beetles	influence	the	GHG	emissions	thourgh	e.g.,	aerating	
the	 dung	 and	 the	 soil,	 reducing	 organic	 matter,	 relocating	 dung,	 and	 altering	
microorganism	presence	(Holter	1979;	Bang	et	al.	2005;	Slade	et	al.	2016b).	GHG	
emissions	 are,	 in	 fact,	 primarily	 and	 directly	 dependent	 on	 microbiological	
processes:	CO2	originates	 from	 the	decomposition	of	organic	material	 by	micro-
organisms,	CH4	from	the	methanogenic	archaea	thriving	in	anoxic	conditions	and	
N2O	as	well	from	microbial	nitrification,	denitrification	and	nitrifier	denitrification,	
i.e.	nitrite	 reduction	by	ammonia	oxidizers	 (Bunnell	et	al.	1977;	Oremland	1988;	
Firestone	and	Davidson	1989;	Davidson	1991;	Moss	et	al.	2000;	Kool	et	al.	2010).	

SECONDARY	 SEED	 DISPERSAL	 –	 Some	 plants	 use	 vertebrates	 as	 their	 primary	
agents	of	seed	dispersal.	Seed	dispersal	can	happen	through	external	transport	in	
the	animal	fur	or	by	the	digestion	and	the	dropping	of	seeds	in	the	dung	(Janzen	
1984).	However,	 the	 risk	 that	 seeds	do	not	establish	 in	 soil	 suitable	 for	 seedling	
emergence	 is	 still	 high,	 and	 predators	 (e.g.	 rodents)	 and	 pathogens	 may	 also	
prevent	germination	(Hulme	1994;	Chambers	and	MacMahon	1994;	Hulme	2002).	
Therefore,	secondary	seed	dispersal	by	dung	beetles	might	play	an	important	role	
in	seedling	establishment.	Seed	relocation	both	horizontally	and	vertically	along	the	
soil	 depth	 by	 rollers	 and	 tunnelers	 increases	 seed	 survival	 (Estrada	 and	 Coates-
Estrada	 1991;	 Chambers	 and	 MacMahon	 1994;	 Shepherd	 and	 Chapman	 1998;	
Andresen	1999;	Feer	1999;	Andresen	and	Levey	2004;	Amézquita	and	Favila	2010).	
Indeed,	seeds	placed	in	the	dung	and	transported	directly	from	dung	to	soil	are	less	
prone	to	be	predated	(Perez-Ramos	et	al.	2013)	and	are	likely	placed	in	organic-rich	
soils	favorable	for	seedling	establish.	The	probability	and	the	burial	depth	depend	
on	 the	 seed	 size	 (Estrada	 and	 Coates-Estrada	 1991;	 Feer	 1991;	 Andresen	 2002;	
Slade	et	al.	2007),	on	the	community	composition	of	dung	beetles	(Vulinec	2002),	
on	the	amount	of	dung	 (Andresen	2001)	and	on	dung	type	 (Ponce-Santizo	et	al.	
2006).	

SEED	 GERMINATION	 –	 Even	 after	 secondary	 seed	 dispersal,	 seed	 might	 not	
germinate	because	of	the	unfavorable	soil	conditions	or	unfavourable	burial	depth.	
Thus,	it	is	ecologically	important	to	understand	if,	throughout	beetle	transport	to	
soil,	seeds	are	more	prone	to	germinate.	The	percentage	of	germinated	seeds	 is	
negatively	 correlated	 with	 burial	 depth	 (Andresen	 and	 Levey	 2004),	 but	 buried	
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seeds	are	more	prone	to	germinate	than	seeds	left	on	the	ground	(Perez-Ramos	et	
al.	2013).	More	specifically,	seed	germination	was	found	to	be	greater	in	the	first	
few	centimeters	of	soil	depth	(up	to	5cm)	than	at	the	surface	or	at	greater	depths	
(Shepherd	and	Chapman	1998;	Koike	et	al.	2012).	Few	studies	have	investigated	the	
influence	of	dung	beetles	on	seed	dispersal	and	germination	in	temperate	forests	
(but	see	studies	from	Japan,	Koike	et	al.	2012,	and	Spain,	Perez-Ramos	et	al.	2012).	
Most	 of	 the	 studies	 of	 seed	 dispersal	 and	 germination	 have	 been	 conducted	 in	
tropical	areas:	Mexico	(Estrada	and	Coates-Estrada,	1991),	Peru	(Andresen,	1999),	
Brazil	 (Vulinec	 2002;	Andresen	 2002;	Andresen	 and	 Levey	 2004),	 French	Guiana	
(Feer,	1999),	Uganda	(Shepherd	and	Chapman,	1998)	and	Malaysian	Borneo	(Slade	
et	al.	2007).	

1.3.1	Factors	affecting	ecological	provisioning	

The	effcieincy	of	dung	beetle	species	in	providing	ecological	functions	might	
depend	on	species	traits,	such	as	nesting	strategy	and	body	mass	(Slade	et	al.	2007;	
Nervo	et	al.	2014;	Tixier	et	al.	2015).		

Indeed,	the	functional	group	of	tunnelers	was	found	to	be	more	efficient	in	
removing	dung	than	dwellers	and	rollers	in	the	short	term	(Andresen	1999;	Slade	
et	al.	2007;	Rosenlew	and	Roslin	2008;	Kaartinen	et	al.	2013).	Although	dwellers	are	
less	efficient	over	a	short-term	period	(e.g.	Stevenson	and	Dindal	1985),	Nervo	and	
colleagues	(2014)	suggested	that	their	larvae	may	play	a	crucial	role	at	a	longer	time	
scale,	since	they	found	the	residual	dung	in	tunneler	and	dweller	treatments	to	be	
roughly	equivalent	after	one	year.	Tunnelers	are	also	more	efficient	 than	 rollers	
(Slade	et	al.	2007),	 likely	because	they	have	to	elaborate	and	transport	spherical	
brood	ball	over	the	ground	far	away	from	the	pat	and	thus	cannot	transport	high	
amounts	of	dung.		

In	theory,	the	magnitude	of	dung	beetle	effects	may	be	dependent	on	the	
differences	in	species	burrowing	activity	or	body	mass	(Holter	et	al.	2002;	Larsen	et	
al.	2005;	Nervo	et	al.	2014).	Body-mass	is	considered	an	ecologically	relevant	trait	
(La	Barbera	1989;	Doube	1990;	Feer	1999;	Andresen	2002;	Amézquita	and	Favila	
2010)	and,	accordingly,	large	tunnelers	usually	perform	better	than	small	ones	in	
dung	 removal	 (Kaartinen	 et	 al.	 2013;	Nervo	 et	 al.	 2014),	 in	 soil	 nutrient	 cycling	
(Nervo	et	al.	2017)	and	in	seed	dispersal	(Slade	et	al.	2007).	

Factors	 other	 than	 species	 traits	 may	 also	 influence	 functioning.	 The	
attributes	 of	 the	 dung	 beetle	 assemblages	 in	 terms	 of	 species	 richness	 and	
abundance	in	the	dung	pats	may	play	an	important	role	for	ecosystem	functioning.	
Multi-species	 assemblages	 have	 been	 found	 to	 be	 more	 efficient	 in	 providing	
ecological	functions	than	monospecific	assemblages	(Beynon	et	al.	2012;	Nervo	et	
al.	 2014;	Nervo	et	 al.	 2017),	 even	more	 if	 species	belong	 to	different	 functional	
groups	(Slade	et	al.	2007;	Gagic	et	al.	2015).	Moreover,	species-rich	assemblages	
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promote	ecosystem	functioning	under	environmental	perturbation	(Beynon	et	al.	
2012;	Manning	et	al.	2017),	such	as	climate	warming	(Slade	and	Roslin	2016).		

Dung	beetle	richness	has	been	found	to	increase	dung	removal	rate	(Nervo	
et	al.	2014)	and	soil	nutrient	levels	(Yoshihara	and	Sato	2015;	Nervo	et	al.	2017).	
Nonetheless,	functional	richness	predicts	dung	removal	and	seed	dispersal	better	
than	 does	 species	 richness	 (Gagic	 et	 al.	 2015;	 Griffiths	 et	 al.	 2015).	 Indeed,	
functional-complementarity	 makes	 dung	 beetle	 assemblages	 more	 efficient	 in	
providing	ecological	functions,	such	as	carbon	cycle	enhancement	(Menéndez	et	al.	
2016),	dung	removal	and	secondary	seed	dispersal	(Slade	et	al.	2007).	For	example,	
interactions	 between	 Geotrupes	 stercorarius	 (Linnaeus,	 1758),	 a	 large-bodied	
tunneler,	and	Aphodius	fossor	(Linnaeus,	1758),	a	small-bodied	dweller,	were	found	
to	both	reduce	GHG	emissisons	and	to	increase	dung	decomposition	(Lähteenmäke	
et	al.	2015;	Slade	and	Roslin	2016).	Moreover,	the	co-occurrence	of	species	in	the	
same	 dung	 pat	 provides	 a	 higher	 amount	 of	 ecological	 functions,	 throughout	
facilitation	and/or	compensation	effect	(Tscharntke	et	al.	2005;	Slade	et	al.	2007).		

The	abundance	of	a	few	common	species	can	drive	ecosystem	functioning,	
even	more	than	species	composition	and	species	richness	that	is	often	dominated	
by	many	rare	functionally-unrelevant	species	(Winfree	et	al.	2015).	On	the	other	
hand,	the	functional	role	of	rare	species	is	still	debated.	In	tropical	agoecosystems,	
natural	 rich-community	of	ants	was	 found	to	contribute	to	higher	yield	than	the	
manipulated	community	composed	by	pest-control	species	(Wielgoss	et	al.	2013).	
Thus,	 rare	 species	 and	 their	 interactions	 may	 also	 play	 an	 important	 role	 in	
ecosystem	 productivity	 and	 functioning.	 For	 dung	 beetles,	 a	 few	 functionally	
important	species	(such	as	 larger-bodied	species)	can	contribute	greatly	towards	
ecosystem	functioning	at	higher	abundances	(Slade	et	al.	2007;	Braga	et	al.	2013).	
Only	 few	 studies	 have	 addressed	 how	 dung	 beetle	 density	 influences	 their	
provisioning	of	ecological	functions	(Yamada	et	al.	2007;	Tixier	et	al.	2015).	One	of	
the	main	explanatory	variable	for	high	levels	of	ecological	functioning	is	dung	beetle	
abundance	(Slade	et	al.	2007;	Braga	et	al.	2013),	even	if	the	efficiency	of	a	higher	
number	 of	 beetles	 depends	 on	 species	 identity	 investigated	 (Tixier	 et	 al.	 2015).	
Moreover,	higher	local	abundance	implicates	higher	competition	for	the	resource,	
and	consequently	faster	dung	removal	rate	–	especially	in	tropical	areas	(Peck	and	
Forsyth	 1982).	 However,	 little	 is	 known	 about	 the	 influence	 of	 beetle	 size	 and	
density	 on	 dung	 removal,	 seed	 dispersal	 and	 seed	 germination	 in	 the	
Mediterranean	area.	

Dung	 beetle	 communities	 and	 their	 associate	 provisioning	 of	 ecological	
functions	 vary	 with	 environment	 variables,	 such	 as	 landscape,	 macro-,	 micro-
habitat	conditions	and	with	the	microclimate	(Lobo	et	al.	2006;	Slade	et	al.	2011).	
Dung	 beetles	 are	 highly	 responsive	 to	 environmental	 heterogeneities	 across	
multiple	scales	and	levels	of	ecological	organization	(Hanski	and	Cambefort	1991).	
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Dung	beetle	distribution	depends	on	 several	environment	variables,	 such	as	 the	
landscape	matrix	(Numa	et	al.	2009;	Numa	et	al.	2012),	land-use	change	(Barragán	
et	al.	2011;	Beiroz	et	al.	2016),	habitat	fragmentation	(Roslin	and	Koivunen	2001;	
Braga	et	al.	2013)	and	the	intensity	of	grazing	(Verdú	et	al.	2007).	To	understand	
how	 dung	 beetle	 assemblage	 structure	 changes,	 fine-scale	 variables	 might	 be	
important	 to	 be	 considered.	Major	 differences	 in	 community	 composition	 have	
been	detected	across	neighbouring	habitat	types,	often	over	very	short	distances	
(i.e.	hundreds	of	metres;	Barbero	et	al.	1999;	Davis	et	al.	2001;	Spector	and	Ayzama	
2003).	 Vegetation	 structure,	 soil	 type,	moisture,	 leaf	 cover	 and	 the	 subsequent	
microclimate	 appear	 to	 be	 consistently	 stronger	 determinants	 of	 beetle	
communities	and	their	subsequent	ecosystem	functioning	(Nealis	1977;	Roslin	et	
al.	2009;	Mehrabi	et	al.	2014).		

Farming	 management	 systems	 have	 been	 shown	 to	 affect	 insect	
communities.	 Overall,	 organic	 systems	 tend	 to	 support	 higher	 biodiversity	 than	
conventional	ones	across	many	different	taxa	(Fuller	et	al.	2005;	Caprio	et	al.	2015;	
Duru	et	al.	2015).	Indeed,	organic	farms	prevent	the	use	of	synthetic	pesticides	and	
herbicides,	which	tend	to	have	negative	effect	on	biodiversity	(Geiger	et	al.	2010a).	
Few	studies	have	addressed	whether	and	how	dung	beetles	might	be	affected	by	
farming	systems.	Yet,	two	studies	suggest	that	dung	beetles	are	more	abundant	in	
organic	farms	than	in	conventional,	intensive	and	rough	grazing	farms	(Hutton	and	
Giller	2003;	Geiger	et	al.	2010b).	

1.3.2	Consequences	of	dung	beetle	decline	

Dung	 beetle	 decline	 may	 have	 worrying	 consequences	 for	 ecosystem	
functioning.	Species	are	not	equally	affected	by	environmental	changes	(Kopecky	
et	 al.	 2013;	 Püttker	 et	 al.	 2015),	 but	 instead	 they	 differ	 in	 their	 sensitivity	 to	
disturbance.	Species	traits	have	been	used	to	predict	extinction	risk	(Davidson	et	al.	
2009;	Pearson	et	al.	2014)	and	body	size	is	 increasingly	considered	as	one	of	the	
main	response	traits	which	expose	species	to	local	extinction	in	fragmented	forests	
(Klein	1989;	Larsen	et	al.	2005),	in	changing	agriculture	(Gardner	et	al.	2008)	and	in	
deforested	areas	(Scheffler	2005;	Slade	et	al.	2011).	This	sensitivity	might	be	related	
to	 physiological	 intolerance	 for	 thermal	 stress,	 to	 size-dependent	 responses	 to	
declining	diversity	or	abundance	of	dung	resources,	or	to	combined	effects	of	these	
factors	 (Nichols	 et	 al.	 2009).	 Similarly,	 functional	 groups	may	 also	differ	 in	 their	
sensitivity	to	environment	changes,	with	tunnelers	(Piccini	et	al.	2018)	and	rollers	
being	 particularly	 sensitive	 (Carpaneto	 et	 al.	 2007;	 Lobo	 et	 al.	 2001).	 For	 their	
different	nesting	habits,	functional	groups	are	affected	by	different	factors:	rollers	
and	tunnelers,	of	which	larval	period	is	spent	into	the	soil,	suffer	from	changes	in	
soil	 texture,	 temperature	and	composition;	dwellers	might	suffer	 from	 low	dung	
quality	and	the	usage	of	anthelmintic	drugs	to	cattle.		
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The	loss	of	large-bodied,	tunneler	and	roller	dung	beetle	species	may	have	
significant	 consequences	 for	 community	 structure	 and	 subsequent	 patterns	 of	
ecological	 functioning	 (Larsen	 et	 al.	 2005;	 Slade	 et	 al.	 2007;	 Batilani-Fiho	 and	
Hernandez	2017).	Indeed	larger-bodied	Geotrupes	species	account	for	the	61%	of	
overall	dung	removal	in	Finland	(Kaartinen	et	al.	2013).	In	other	cases,	a	direct	link	
between	size	and	efficiency	has	been	challenged	by	experiments	comparing	multi-
species	 dung	 beetle	 assemblages,	 including	 large	 tunnelers	 versus	 assemblages	
encompassing	dwellers	only	(Nervo	et	al.	2014)	and	rollers	only	(Slade	et	al.	2007).	
In	these	studies,	large	tunnelers	have	been	proven	to	be	more	efficient,	not	only	in	
dung	removal,	but	also	in	the	cycling	of	soil	nutrients	(Nervo	et	al.	2017)	and	seed	
dispersal	(Slade	et	al.	2007).		

Large-bodied	species	are	 the	most	prone	 to	extinction	and	also	 the	most	
relevant	 in	 terms	 of	 ecological	 function	 provisioning	 (Larsen	 et	 al.	 2005,	 2008).	
Thus,	 the	 functional	 consequences	 of	 extinctions	 will	 therefore	 depend	 on	 the	
strength	 of	 the	 link	 between	 traits	 rendering	 species	more	 extinction-prone	 (so	
called	response	traits)	and	those	that	determine	the	functional	contribution	of	a	
species	(so	called	effect	traits;	Lavorel	and	Garnier	2002;	Naeem	and	Wright	2003;	
Hevia	et	al.	2017).	As	a	consequence	of	 the	 links	between	species	 response	and	
effect	 traits,	 the	 effects	 of	 environment	 change	 on	 species	 compositions	 may	
translate	into	changes	in	ecosystem	functioning	due	to	changes	in	the	distribution	
of	trait	values	represented	in	the	modified	versus	original	communities	(Chapin	III	
et	al.	2000).	

For	 dung	 removal,	 the	 loss	 of	 some	 species	 can	 be	 compensated	 by	 an	
increase	in	abundance	and	biomass	of	other	species	(Amézquita	and	Favila	2010).	
This	 mechanism	 might	 be	 able	 to	 maintain	 decomposition	 rates	 and	 thus	 not	
change	 the	 ecosystem	 functioning	 (Rosenlew	 and	 Roslin	 2008).	 However,	more	
research	is	needed	to	expose	the	full	consequences	of	dung	beetle	loss.		

1.4	The	species	investigated	

In	 this	 project,	 I	 investigated	 the	 ecological	 role	 of	 several	 dung	 beetle	
species	in	monospecific	and/or	mixed	assemblages.	The	species	investigated	in	this	
project	belong	to	subfamily	Aphodiinae	(Aphodius	ater,	A.	erraticus,	A.	fimentarius,	
A.	 foetens,	 A.	 fossor,	 A.	 heamorrhoidalis,	 A.	 ictericus,	 A.	 pedellus,	 A.	
puntatosulcatus,	 A.	 pusillus,	 A.	 rufipes	 and	 A.	 sordidus),	 Scarabaeinae	 subfamily	
(Copris	lunaris,	Onthophagus	coenobita,	O.	fracticornis,	O.	illyricus,	O.	nuchicornis	
and	 Sisyphus	 schaefferi)	 and	 Geotrupinae	 (Geotrupes	 spiniger	 and	 Trypocopris	
vernalis;	for	identification	feature	of	all	these	species	see	description	in	Table	A1	in	
Appendix).	Some	of	the	species	are	dwellers,	some	tunnelers	and	one	a	roller	(S.	
schaefferi),	and	in	terms	of	body	mass,	the	species	range	from	small	to	large	(from	
0.001g	to	0.22g).		
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For	dwellers,	most	of	which	belong	to	the	genus	Aphodius,	the	entire	egg,	
larval	and	pupal	development	(Fig.	2)	typically	takes	place	directly	in	the	dung	pats.	
Some	species	lay	their	eggs	singly,	others	lay	from	one	to	four	eggs	in	small	clutches	
(Hanski	and	Cambefort	2014).	Among	the	Aphodius	species	 investigated	here,	A.	
erraticus	is	the	exception	because	it	is	a	tunneler.	Indeed,	female	A.	erraticus	digs	
beneath	the	dung	pat	both	vertical	and	oblique	galleries,	on	average	3-5	cm	deep	
(Hanski	and	Cambefort	2014).	After	 the	deposition	of	one	egg	at	 the	end	of	 the	
gallery,	 the	 tunnel	 is	 filled	 with	 dung	 (Hanski	 and	 Cambefort	 2014).	 The	 other	
Aphodius	species	lay	their	eggs	inside	the	dung	mass	or	in	the	interface	between	
dung	and	soil,	e.g.	A.	rufipes	lays	its	eggs	in	a	small	chamber	in	the	interface	(e.g.	
Klemperer	1980).	

	

Figure	2:	Larval	and	pupal	development	of	Aphodius	fossor.	Figures	from	left	to	
right	represents	the	larvae,	pupae	(second	to	fourth	image)	and	adult	of	Aphodius	
fossor.		

Most	of	the	species	in	subfamily	Scarabaeinae	are	tunnelers,	showing	male	
and	 female	parental	 care.	All	 species	belong	 to	 subfamily	Geotrupinae	are	 large	
tunnelers	and	some	of	them	provide	parental	care.	In	almost	all	tunneler	species,	
females	excavate	the	tunnel	and	prepare	the	chamber	which	will	contain	the	brood.	
The	 size	 and	 the	 depth	 of	 the	 chamber	 depend	 on	 the	 species.	 Small	 tunneler	
species	lay	numerous	brood	masses	in	shallow	galleries,	whereas	large	tunnelers	
make	 deep	 nests	 with	 few	 brood	 masses.	 In	 tribes	 Coprini	 and	 Dichotomiini,	
females	provide	maternal	care	(Hanski	and	Camebford	2014).		

Males	of	genus	Onthophagus	exhibit	different	types	of	horn	that	can	arise	
from	the	front,	middle	or	rear	of	the	head,	characterizing	the	species.	Moreover,	
pre-	and	post-copulatory	processes	drive	the	diversification	of	horn	growth,	which	
may	 divide	Onthophagus	males	 in	major	 and	minor	 types	 (Onthophagus	 taurus	
major	and	minor	males;	e.g.	Moczek	1998).	Onthophagus	species	provide	parental	
care	 where	 horned	 males	 and	 females	 cooperate	 to	 provide	 food.	 Here,	 male	
assistance	increases	the	number	and	weight	of	broods	(Hunt	and	Simmons	2000;	
Palestrini	and	Rolando	2001).	For	some	species,	 it	has	already	been	proved	 that	
major	and	minor	males	adhere	to	different	reproductive	tactics,	with	minor	males	
adopting	 a	 sneak	 strategy	 (Hanski	 and	 Cambefort	 2014).	 Dung	 beetles	 can	
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discriminate	 dung	 on	 the	 basis	 of	 nutritional	 content	 (Dormont	 et	 al.	 2004;	
Dormont	et	al.	2007),	female	of	Onthophagus	taurus	(close	phylogenetically	related	
to	O.	illyricus	used	in	this	project)	can	adaptively	adjust	the	level	of	investment	in	
response	to	 the	quality	of	 the	 food	resource	provided	 in	 the	galleries	 (Hunt	and	
Simmons	2004)	and	in	response	of	male	parental	care	(Simmons	and	Ridsdill-Smith	
2011).	

In	 genus	 Copris,	 males	 and	 females	 cooperate	 in	 excavating	 a	 nest	 and	
supply	it	with	dung	(Halffter	et	al.	1996).	Cooperation	may	have	arisen	in	response	
to	 the	 need	 to	 sequester	 dung	 quickly	 in	 the	 face	 of	 intense	 intraspecific	 and	
interspecific	 competition	 for	 the	 limited	 resource	 (Simmons	 and	 Ridsdill-Smith	
2011).	Females	of	Copris	 lunaris	 (Fig	3a)	maintain	the	brood	balls	and	will	 repair	
them	should	they	break	open	during	the	development	of	 the	 larvae	 (Klemperer,	
1982).	 Olfactory	 communication	 may	 play	 an	 important	 role	 in	 interactions	
between	females	and	broods	(Klemperer	1982).	C.	lunaris	performs	peculiar	nesting	
strategy:	males	and	females	dig	one	wide	chamber	at	the	end	of	the	gallery	where	
the	dung	is	relocated	in	4-7	large	pear-shaped	brood	balls	(Fig	3b).	Chambers	are	
on	average	10.6	cm	wide,	5.33	cm	high	and	7	cm	deep	and	the	brood	balls	weigh	
an	avetrage	of	6-7	g	dry	weight	each	(17-18	g	wet	weight;	unpublished	data).		

	

	

Figure	 3:	Copris	 lunaris	 beetles	 and	 its	 nest	with	 brood	balls.	 Picture	 a)	 shows	
females	of	the	species;	note	the	bifid	horn	on	the	head.	Picture	b)	represents	a	nest	
with	an	exceptional	number	of	7	brood	balls,	photographed	from	the	bottom	of	the	
terrarium. 

In	the	Mediterranean	region,	there	are	only	three	genera	of	roller	beetles	
(Sisyphus,	Gymnopleurus	and	Scarabaeus)	with	18	species	(Baraud	1992).	Of	these,	
only	Sisyphus	schaefferi	was	used	in	this	project.	Males	and	females	of	this	species	
cooperate	to	transport	the	brood	ball	away	from	the	dung	mass	and	to	bury	it	at	a	
suitable	site.	Thus,	for	tunnelers	and	rollers,	egg,	larval	and	pupal	development	take	
place	in	the	galleries	or	nests	in	the	soil,	with	the	type	of	galleries	and	nests	varying	
with	the	species	(Fig.1).	
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Trypocopris	vernalis	and	Geotrupes	spiniger	beong	to	Geotrupinae.	Within	
this	subfamily,	some	species	excavate	forked	tunnels,	and	the	males	may	assist	in	
taking	care	of	 the	broods.	 If	 there	are	 two	branches,	 the	 first	one	 is	usually	 the	
deepest	one.	Geotrupes	 species	have	been	 seen	 stealing	brood	balls	 from	 roller	
species	 (e.g.	 Geotrupes	 species	 stealing	 form	 Sisyphus	 schaefferi	 Fig.	 A1	 in	
Appendix).		

		

1.5	Aims	of	the	project		

This	PhD	project	is	focused	on	ecological	functions	provided	by	dung	beetle	
species	 both	 in	 Italy	 and	 Sweden.	 The	 main	 objectives	 of	 this	 project	 were	 to	
investigate	the	ecological	role	of	dung	beetles	under	different	conditions,	building	
on	experiments	involving	both	natural	beetle	colonization	in	the	field	and	artificial	
manipulation	of	assemblages	in	lab	and	and	in	the	field.	

Within	 the	 context	 of	 a	 global	 biodiversity	 crisis,	 I	 aimed	 to	 identify	 the	
ecological	role	of	threatened	species.	This	is	a	crucial	task	to	understand	the	future	
repercussions	of	the	dung	beetle	decline	in	terms	of	ecosystem	functioning.	Species	
differ	in	their	sensitivity	to	disturbance	and	previous	studies	have	already	proven	
that	species	prone	to	extinction	may	be	also	particularly	 important	for	providing	
ecological	functions	(Larsen	et	al.	2005,	2008).	A	trait-based	approach	was	used	to	
identify	 which	 traits	 make	 species	 efficient	 in	 providing	 multiple	 ecological	
functions	 (so	 called	 effect	 traits)	 and	 which	 ones	 make	 species	 sensitive	 to	
environment	perturbations	 (so	called	response	traits;	Lavorel	and	Garnier	2002),	
and	whether	the	two	types	of	traits	are	indeed	linked	to	each	other	(Chapter	2).		

To	target	the	level	of	multifunctionality,	I	analysed	whether	traits	(i.e.	body	
mass	and	nesting	strategy)	and	assemblage	features	(i.e.	density,	assemblage	and	
species	composition2)	make	dung	beetles	and/or	assemblages	efficient	in	providing	
multiple	 ecological	 functions	 at	 the	 same	 time.	 Specifically,	 I	 used	 two	 lab	
experiments	to	explore	the	effect	of	dung	beetle	density,	body	size,	assemblage	
composition	and	species	identity	on	several	ecological	functions	occurring	at	the	
same	time	(Chapter	3-4).	

To	 target	 the	 effect	 of	 environmental	 change	 and	 management,	 I	
investigated	 the	 effect	 of	 farming	 practices	 (organic	 vs	 conventional)	 and	
environment	 factors	 (i.e.	 macrohabitat,	 microhabitat	 and	 microclimate)	 on	 the	

                                                
2	In	this	case,	assemblage	composition	identifies	the	composition	in	terms	of	how	many	
species	are	presented	in	the	assemblage	(from	monospecific	to	multi-species	assemblages);	
on	the	other	hand,	species	composition	stresses	the	accent	on	which	species	belong	to	the	
assemblages,	underling	that	the	presence	of	some	specific-species	might	play	a	crucial	role	in	
assemblages.		
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natural	 dung	 beetle	 communities	 and	 their	 associated	 ecological	 functions	 (i.e.	
dung	removal)	in	a	field	experiment	in	Sweden	(Chapter	5).	
	
Overall,	this	thesis	aims	to	answer	the	following	specific	questions:	

• Are	 threatened	 species	 more	 functionally	 efficient	 than	 non-threatened	
species?	What	traits	make	dung	beetle	species	functionally	efficient?	What	
traits	make	 species	 prone	 to	 extinction?	Do	 the	 traits	 that	make	 species	
more	 vulnerable	 also	 affect	 their	 functional	 efficiency?	 Is	 a	 species	
particularly	efficient	 in	promoting	one	ecological	 function	also	efficient	 in	
promoting	others?	(Chapter	2)	

• Do	 different	 species	 exhibit	 different	 GHG	 emission	 patterns?	 Do	mixed	
species	perform	differently	from	single-species	assemblages?	(Chapter	3)	

• Does	dung	removal	increase	with	an	increase	in	beetle	density?	Is	there	a	
similar	 pattern	 for	 body	mass?	 Is	 seed	 germination	 facilitated	 by	 higher	
densities	of	dung	beetles	and	by	presence	of	larger-bodied	beetles?	Does	
seed	 germination	 depend	 on	 seed	 transport	 along	 soil	 profile?	Does	 the	
removal	and	transport	of	seed	mimics	along	the	soil	profile	(i.e.	burial	depth)	
depend	on	dung	beetle	density	and	body	size?	Are	the	ecological	functions	
investigated	correlated	with	each	other?	(Chapter	4)	

• Do	 farming	 system,	 farm	 management	 within	 each	 system,	 macro-	 and	
micro-habitats	affect	dung	beetle	community	composition	and	associated	
ecological	 functions?	 Do	 experimentally-elevated	 temperatures	 alter	 the	
provisioning	of	ecological	functions?	(Chapter	5)	
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Appendix	

Table	A1:	Species	features.	Functional	group,	name	of	the	species,	short	description	
of	identification	features,	body	mass	and	body	length.		

Functional	
group	

Species	 Short	description	 Body	
mass	
(g)	

Length	
(mm)	

Dwellers	 Aphodius	ater	 (De	Geer,	
1774)	

It	 is	 small	 size	 black-
colored	 dweller	 that	
has	 rounded	 bold	
shape.	

0.004	 5	

A.	 foetens	 (Fabricius,	
1787)	

It	 is	 a	 medium	 size	
dweller	 with	 orange	
colored	 elytra	 and	
bold	shape.	

0.017	 7.1	

A.	 fossor	 (Linnaeus,	
1758)	

It	 is	 a	 medium	 size	
dweller	 that	 has	 a	
bold,	rounded,	convex	
body	 shape	 with	
defined	 stripes	 and	
glossy	 black-colored	
body.		

0.04	 10.75	

A.	 haemorrhoidalis	
(Linnaeus,	1758)	

It	 is	 a	 small	 size	
shining-bodied	
dweller	 with	 red-
colored	 final	 part	 of	
elytra.	 Head	 with	
pronounced	 cheeks	
and	abdomen	with	an	
elongate	scutellum.		

0.002	 4.5	

A.	 ictericus	 (Laicharting,	
1781)	

It	 is	 a	 small	 size	
dweller,	 shining	 gold-
colored	elytra.		

0.003	 4.9	

A.	 pedellus	 (De	 Geer,	
1774)/A.	 fimetarius	
(Linnaeus,	1758)	

It	 is	 a	 medium	 size	
dweller	 with	 red	
colored	 elytra	 and	
bold	 shape.	 It	 is	
similar	 to	 A.	 foetens	

0.009	 6.85	
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but	 differently	
colored.		

A.	 puntatosulcatus	
(Linnaeus,	1758)	

It	 is	 a	 small	 size	
dweller	 with	 rugose	
striped	elytra.	

0.003	 4.5	

A.	pusillus	(Herbst,	1789)	 It	 a	 small	 dweller	
without	cheeks	on	the	
head,	 with	 a	 short	
scutellum	 and	 with	 a	
not-glossy	 body.	 It	
does	 not	 present	 a	
spur	 on	 the	 last	
metatarsus	on	legs.	

0.002	 3.75	

A.	 rufipes	 (Linnaeus,	
1758)	

It	 is	 a	 medium	 size	
dweller	 with	 red-
colored	 shade	 legs.	
Pronotum	 has	 some	
large	 punctures	
among	 the	 evenly	
distributed	 fine	
puncturation.	

0.034	 11	

A.	 sordidus	 (Fabricius,	
1775)	

It	 is	 a	 medium	 size	
dweller	 with	 yellow	
black-marked	elytra.	

0.009	 6.75	

Tunnelers	 A.	 erraticus(Linnaeus,	
1758)	

It	 is	 a	 medium	 size	
tunneler	 with	 a	
flattered	 body-shape,	
with	 dark-pale-yellow	
elytra	and	an	elongate	
scutellum.	

0.011	 7.1	

Copris	 lunaris	 (Linnaeus,	
1758)	

It	 is	 a	 large	 black	
shining	 tunneler	 with	
deep-striped	 elytra.	
Both	 sexes	 present	 a	
single	 horn	 on	 the	
head,	that	for	females	
is	bifid.		

0.22	 18.75	

Onthophagus	 coenobita	
(Herbst,	1783)	

It	 is	 a	 medium	 size	
tunneler	 with	 pale-
yellow/light-brown	

0.009	 6.7	
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dark-marked	 elytra	
and	 shining	 metallic-
bordeaux	pronotum.		

O.	fracticornis	(Preyssler,	
1790)	

It	 is	 a	 medium	 size	
tunneler	 with	 pale-
yellow/light-brown	
dark-marked	 elytra	
and	 opaque-dark	
pronotum.	 The	 male	
head	presents	a	single	
horn.	

0.015	 7.5	

O.	 illyricus	 (Scopoli,	
1763)	

It	 is	 a	 medium	 size	
tunneler	with	opaque	
black	 elytra	 and	
shining	 metallic-black	
pronotum.	It	presents	
striped	 elytras	 with	
dots	 and	 numerous	
setolas,	 conversely	 to	
O.	 taurus	 that	 has	
almost	 plane	 striped	
elytra.	The	male	head	
presents	 a	 double	
horn.	

	 	

O.	nuchicornis	(Linnaeus,	
1758)	

It	 is	 a	 medium	 size	
tunneler	 with	
yellow/light-brown	
black-marked	 elytra	
and	 opaque-dark	
pronotum.	 It	 is	
smaller	 and	 shinier	
than	 O.	 fracticornis.	
The	 male	 head	
presents	 a	 single	
horn.	

0.01	 7	

Geotrupes	 spiniger	
(Marsham,	1802)	

It	is	a	large	size	black-
opaque	 colored	
tunneler	 with	 deep	
stripes	 on	 elytra.	 The	
ventral-side	 is	 blue-

0.29	 21	
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metallic	 colored.	 It	 is	
similar	 to	 G.	
stercorarius	 but	 it	 is	
possible	to	distinguish	
it	by	the	outer	edge	of	
the	mandible	that	has	
a	distinct	lobe.	

Trypocopris	 vernalis	
(Linnaeus,	1758)	

It	 is	 a	 large	 size	
tunneler	 with	 shining	
plane	(not	striped	and	
not-dotted)	 green	
body.	

0.15	 17	

Roller	 Sisyphus	 schaefferi	
(Latreille,	1807)	

It	 is	 a	 medium	 size	
roller	 with	 opaque	
black	 body	 with	 long	
hind	 legs.	 The	
abdomen	 has	 an	
elongate	edged	end.	

  

 

 
 
Figure	 A1:	 Anoplotrupes	 stercorosus	 species	 trying	 to	 steal	 a	 dung	 ball	 from	
Sysiphus	 schaefferi.	Pictures	A	and	B	 represent	 two	consecutive	moment	of	 the	
same	competition	between	A.	stercorosus	and	S.	schaefferi	to	obtain	the	brood	ball	
in	the	picture.	
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Abstract	

Rapid	biodiversity	 loss	has	emphasized	the	need	to	understand	how	biodiversity	
affects	 the	provisioning	of	ecological	 functions.	Of	particular	 interest	are	species	
and	 communities	 with	 versatile	 impacts	 on	 multiple	 parts	 of	 the	 environment,	
linking	processes	in	the	biosphere,	lithosphere,	and	atmosphere	to	human	interests	
in	the	anthroposphere	(in	this	case,	cattle	farming).	In	this	study,	we	examine	the	
role	of	a	specific	group	of	 insects	–	beetles	feeding	on	cattle	dung	–	on	multiple	
ecological	 functions	spanning	these	spheres	(dung	removal,	soil	nutrient	content	
and	 greenhouse	 gas	 emissions).	 We	 ask	 whether	 the	 same	 traits	 which	 make	
species	 prone	 to	 extinction	 (i.e.	 response	 traits)	may	 also	 affect	 their	 functional	
efficiency	(as	effect	traits).	To	establish	the	link	between	response	and	effect	traits,	
we	first	evaluated	whether	two	traits	(body	mass	and	nesting	strategy,	the	latter	
categorized	as	 tunnelers	or	dwellers)	 affected	 the	probability	of	 a	 species	being	
threatened.	We	then	tested	for	a	relationship	between	these	traits	and	ecosystem	
functioning.	Across	Scandinavian	dung	beetle	species,	75%	of	tunnelers	and	30%	of	
dwellers	are	classified	as	threatened.	Hence,	nesting	strategy	significantly	affects	
the	 probability	 of	 a	 species	 being	 threatened,	 and	 constitutes	 a	 response	 trait.	
Effect	traits	varied	with	the	ecological	function	investigated:	density-specific	dung	
removal	was	influenced	by	both	nesting	strategy	and	body	mass,	whereas	methane	
emissions	varied	with	body	mass	and	nutrient	recycling	with	nesting	strategy.	Our	
findings	suggest	that	among	Scandinavian	dung	beetles,	nesting	strategy	is	both	a	
response	and	an	effect	trait,	with	tunnelers	being	more	efficient	in	providing	several	
ecological	 functions	 and	 also	 being	 more	 sensitive	 to	 extinction.	 Consequently,	
functionally	 important	 tunneler	 species	have	 suffered	disproportionate	declines,	
and	species	not	threatened	today	may	be	at	risk	of	becoming	so	in	the	near	future.	
This	 linkage	between	effect	and	 response	 traits	aggravates	 the	consequences	of	
ongoing	biodiversity	loss.	
	
Keywords:	body	mass,	dung	removal,	endangered	species;	GHG	emissions;	nesting	
strategy;	soil	nutrient	content.	 	
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2.1	Introduction	

	 During	the	last	few	decades,	the	accelerating	rate	of	species	extinction	has	
intensified	 the	 need	 to	 understand	 how	 biodiversity	 loss	 might	 alter	 the	
provisioning	of	ecological	processes	(Purvis	and	Hector	2000;	Naeem	et	al.	2012).	
Previous	studies	have	shown	that	species	are	not	equally	affected	by	environmental	
changes	 (Kopecky	 et	 al.	 2013;	 Püttker	 et	 al.	 2015),	 but	 instead	 differ	 in	 their	
sensitivity	 to	 disturbance.	 Quite	 worryingly,	 the	 very	 same	 species	 which	 are	
particularly	sensitive	to	disturbance	may	also	be	especially	important	to	ecosystem	
functions	 (Larsen	 et	 al.	 2005).	 The	 functional	 consequences	 of	 extinctions	 will	
therefore	depend	on	the	strength	of	the	link	between	traits	rendering	species	more	
extinction-prone	(so	called	response	traits)	and	those	that	determine	the	functional	
contribution	of	a	species	(so	called	effect	traits)	(Naeem	and	Wright	2003;	Solan	et	
al.	2004).	As	a	consequence	of	the	links	between	species	response	and	effect	traits,	
the	 effects	 of	 environment	 change	 on	 species	 compositions	 may	 translate	 into	
changes	in	ecosystem	functioning	due	to	changes	in	the	distribution	of	trait	values	
represented	in	the	modified	versus	original	communities	(Chapin	et	al.	2000).		
	 Focusing	 on	 plants,	 Lavorel	 and	 Garnier	 (2002)	 proposed	 a	 general	
framework	to	account	for	relationships	between	effect	and	response	traits.	In	brief,	
these	 authors	 proposed	 that	 ecosystem	 functioning	 is	 the	 end	 result	 of	
environmental	 filters	 operating	 at	 a	 hierarchy	 of	 scales	 which,	 by	 selecting	
individuals	 with	 appropriate	 responses,	 result	 in	 assemblages	 with	 varying	 trait	
composition.	Functional	linkages	and	trade-offs	among	traits,	each	of	which	relates	
to	one	or	several	processes,	will	then	determine	whether	or	not	an	individual	will	
pass	a	given	filter,	and	whether	ecosystem-level	effects	can	be	easily	deduced	from	
the	knowledge	of	the	individual	filters	active	in	a	given	environment.	The	last	two	
decades	have	seen	a	plethora	of	studies	addressing	relationships	between	response	
and	effect	traits	(reviewed	in	Hevia	et	al.	2017).	Of	these,	several	have	highlighted	
body	 mass	 as	 a	 response	 trait	 which	 may	 make	 species	 prone	 to	 extinction	
(McKinney	1997;	Pimm	et	al.	1988)	–	and	also	affect	functional	efficiency,	thereby	
rendering	it	an	effect	trait	(Larsen	et	al.	2005).		
	 Dung	 beetles	 (Coleoptera:	 Scarabaeoidea)	 contribute	 to	 a	wide	 range	 of	
ecosystem	 services,	 including	 dung	 removal	 rates,	 nutrient	 cycling	 and	 seed	
dispersal	(e.g.	Nichols	et	al.	2008;	Beynon	et	al.	2012).	Biotic	interactions	involving	
dung	beetles	have	also	been	suggested	to	affect	greenhouse	gas	(GHG)	emissions	
(Pentillä	et	al.	2013;	Iwasa	et	al.	2015;	Slade	et	al.	2016a;	Piccini	et	al.	2017)	and	
nutrient	transfer	from	the	dung	to	the	soil	(Kazuhira	et	al.	1991;	Yamada	et	al.	2007;	
Nervo	et	al.	2017).	Through	their	activity,	dung	beetles	change	the	soil	composition	
of	 microorganisms	 (Slade	 et	 al.	 2016b)	 and	 the	 availability	 of	 nutrients	 with	
significant	impacts	on	plant	biomass	(Nervo	et	al.	2017)	and	protein	content	(Bang	
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et	al.	2005).	Thus,	the	functional	activity	of	dung	beetles	ties	together	key	parts	of	
the	 total	 environment:	 being	 part	 of	 the	 biosphere,	 they	 rely	 on	 and	 directly	
promote	the	functioning	of	the	anthroposphere	(by	feeding	on	and	decomposing	
the	dung	of	domestic	cattle),	and	mitigate	processes	between	the	anthroposphere	
and	the	atmosphere	(by	affecting	emissions	of	greenhouse	gases	from	cattle	dung)	
and	the	lithosphere	(by	affecting	the	release	of	nutrients	from	the	dung	to	the	soil).	
	 Dung	 beetles	 are	 frequently	 classified	 according	 to	 their	 nesting	 habits:	
dwellers	 (syn.	endocoprids)	are	species	 that	 spend	 their	 full	 life	cycle	within	 the	
dung	 pats,	 and	 tunnelers	 (syn.	 paracoprids)	 are	 species	 that	 reproduce	 in	 dung	
which	they	remove	and	bury	(Hanski	and	Cambefort	2014).	Globally,	dung	beetle	
diversity	 is	 facing	many	 pressures	 (e.g.	 global	 warming,	 pastoral	 abandonment,	
habitat	 loss,	 modification	 and	 fragmentation,	 chemicals),	 leading	 to	 potential	
population	declines,	range	contractions	and	species	extinctions	(Lobo	et	al.	2001;	
Carpaneto	et	al.	2007;	Rosenlew	and	Roslin,	2008).	These	declines	have	negative	
impacts	on	ecosystem	functioning	(Nichols	et	al.	2008).	Current	concerns	about	the	
decline	 of	 dung	 beetles	 are	 particularly	 focused	 on	 large-bodied	 species,	 which	
have	been	suggested	to	be	both	the	most	extinction-prone	(Larsen	et	al.	2008)	and	
the	most	functionally	efficient	(Larsen	et	al.	2005;	Lähteenmäki	et	al.	2015).	In	some	
cases,	large-bodied	species	are	also	functionally	important	for	ecosystems	(Solan	et	
al.	2004;	Larsen	et	al.	2005;	Slade	et	al.	2007).	For	example,	larger-bodied	beetles	
(i.e.	Geotrupes)	account	for	the	61%	of	overall	dung	removal	in	Finland	(Kaartinen	
et	 al.	 2013).	 In	 other	 cases,	 a	 direct	 link	 between	 size	 and	 efficiency	 has	 been	
challenged	 by	 experiments	 comparing	 multi-species	 dung	 beetle	 assemblages,	
including	large	tunnelers	versus	assemblages	encompassing	dwellers	only	(Nervo	
et	al.	2014)	and	rollers	only	(Slade	et	al.	2007).	In	these	studies,	large	tunnelers	have	
been	proven	to	be	more	efficient,	not	only	in	dung	removal,	but	also	in	soil	nutrient	
cycling	(Nervo	et	al.	2017)	and	seed	dispersal	(Slade	et	al.	2007).			
	 In	this	study,	we	target	the	dung	beetle	fauna	of	Sweden.	We	ask	what	traits	
make	species	particularly	effective	in	sustaining	a	given	function.	We	then	examine	
whether	the	dung	beetle	species	most	prone	to	extinction	are	also	the	functionally	
most	important,	thereby	aggravating	the	consequences	of	biodiversity	loss.	More	
specifically	we	ask:	1)	What	traits	make	species	prone	to	extinction,	as	reflected	by	
their	current	 threat	status;	2)	Are	 threatened	species	more	 functionally	efficient	
than	non-threatened	species;	3)	What	traits	make	dung	beetle	species	functionally	
efficient;	 4)	 Do	 the	 traits	 that	 make	 species	 more	 vulnerable	 also	 affect	 their	
functional	 efficiency;	 and	 5)	 Is	 a	 species	 particularly	 efficient	 in	 promoting	 one	
ecological	function	also	efficient	in	promoting	others?	
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2.2	Materials	and	methods	

2.2.1	Study	area	and	mesocosm	design	

	 Many	dung	beetle	species	have	suffered	extensive	population	declines	 in	
Scandinavia	 (Roslin	et	al.	2014).	Our	experiment	was	conducted	on	the	 island	of	
Öland	 (S-E	 Sweden),	 an	 area	 supporting	 substantial	 dung	 beetle	 diversity.	
Preliminary	studies	have	shown	that	several	dung	beetle	species	which	are	rare	or	
declining	elsewhere	are	locally	common	in	Öland	(Roslin	et	al.	2014).		
	 To	evaluate	the	functional	efficiency	of	beetle	species,	we	used	a	mesocosm	
design.	 Each	 mesocosm	 was	 constructed	 as	 a	 metallic	 square	 enclosure	 of	 1m	
width,	1m	length	and	25cm	height,	of	which	5	cm	was	inserted	into	the	soil.	The	
mesocosms	were	constructed	on	a	uniform	grass	sward	at	Station	Linné	(56°	37'	
07''	 N,	 16°	 29'	 57''	 E).	Within	 the	 experimental	 unit,	 the	 spatial	 distribution	 of	
specific	 assemblages	 (Appendix,	 Table	 A1)	 was	 randomized	 among	 a	 set	 of	 36	
mesocosms	(33	dung	pats	with	dung	beetles	and	3	controls).		
	 Dung	beetles	were	 collected	manually	 and	using	pitfall	 traps	baited	with	
cattle	dung.	The	collections	were	made	in	August	2016	at	five	localities	within	an	
overall	area	of	ca	55	km2.	We	placed	15	pitfall	traps	for	24	hours	at	the	localities	
identified	in	the	Appendix	(Table	A2).	
	 The	methods	of	beetle	collection	conformed	with	all	applicable	 laws,	and	
explicit	permission	for	sampling	in	those	areas	was	obtained	from	the	farmers	and	
from	the	responsible	authority	of	Gårdby	Natural	Reserve	(Länsstyrelsen	i	Kalmar	
län).	After	capture,	 individuals	were	stored	 in	moist	paper	under	cool	conditions	
until	used	in	the	experiment.		

2.2.2	Traits	evaluated	

	 Species	were	classified	according	to	their	threat	status,	individual	body	mass	
and	nesting	strategy.	We	defined	a	species	as	threatened	in	Scandinavia	if	it	was	
classified	as	“Near	Threatened”	(NT),	VUlnerable	(VU),	ENdangered	(EN),	CRitically	
endangered	(CR)	or	Regionally	Extinct	(RE)	in	Sweden	and/or	in	at	least	three	Nordic	
countries	(Sweden,	Norway,	Denmark	or	Finland;	Roslin	et	al.	2014).	Five	species	
collected	 fitted	 this	 description:	 Aphodius	 sordidus	 (Fabricius,	 1775),	 Aphodius	
ictericus	 (Laicharting,	 1781),	 Onthophagus	 fracticornis	 (Preyssler,	 1790),	
Onthophagus	 nuchicornis	 (Linnaeus,	 1758)	 and	 Trypocopris	 vernalis	 (Linnaeus,	
1758).	As	a	reference	group,	we	selected	four	non-threatened	widespread	species	
with	a	similar	body	mass	to	the	selected	5	threatened	species:	Aphodius	foetens	
(Fabricius,	1787),	Aphodius	haemorrhoidalis	 (Linnaeus,	1758),	Aphodius	erraticus	
(Linnaeus,	1758)	and	Geotrupes	spiniger	(Marsham,	1802)	(Roslin	et	al.	2014).	The	
species	 included	were	 further	classified	 into	 two	nesting	 strategies:	 tunnelers	 (5	
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species)	and	dwellers	(4	species).	Together,	they	were	chosen	to	represent	a	broad	
range	of	individual	body	size,	from	A.	haemorrhoidalis	(0.002	g)	to	G.	spiniger	(0.28	
g),	 with	 size	 roughly	matched	 between	 threatened	 and	 non-threatened	 species	
(Figure	1).		
	

	
	
Figure	4:	Species	used	in	the	experiment.	Rows	correspond	to	threat	status	(non-
threatened	species	versus	threatened	ones),	and	a	species’	position	along	the	x-axis	
reflects	its	body	mass	(note	the	axis	break	reflecting	a	seven-fold	jump	–	0.07g	–	in	
body	mass).	Nesting	 strategies	are	 identified	by	 symbols:	 filled	 symbols	point	 to	
dwellers	and	open	ones	to	tunnelers	(the	same	symbols	are	used	to	 identify	the	
same	species	in	Figs	2	and	5).	An	asterisk	(*)	identifies	species	for	which	the	body	
mass	was	estimated	by	the	method	described	in	Materials	and	Methods.	For	the	
other	species,	body	mass	was	derived	from	Piccini	(unpublished	data)	and	Nervo	et	
al.	(2014).		

2.2.3	Experimental	design		

 To	compare	the	functional	efficiency	of	threatened	versus	non-threatened	
dung	beetle	species,	and	of	species	with	different	traits	(nesting	strategy	and	body	
mass),	 we	 established	 monocultures	 of	 9	 species:	 3	 threatened	 and	 2	 non-
threatened	tunnelers,	and	2	threatened	and	2	non-threatened	dwellers	(Figure	1).	
For	each	species,	we	set	up	a	series	of	increasing	densities,	where	the	number	of	
individuals	varied	from	2	to	a	maximum	of	64	individuals,	the	highest	density	being	
set	by	the	 local	seasonal	abundance	of	the	species	(for	exact	densities	used,	see	
Appendix,	Table	A1.		
	 The	experiment	ran	from	14th	of	August	to	4th	of	October.	Fresh	dung	was	
collected	from	a	single	herd	of	Swedish	Red	cattle	grazing	on	grasslands	dominated	
by	graminoids.	In	order	to	avoid	any	previous	colonization	of	dung	pats	by	insects,	
we	collected	fresh	dung	from	inside	the	milking	barn	of	the	farm.	No	cow	in	the	
herd	 had	 been	 treated	 with	 antibiotics	 or	 antihelmintics.	 The	 dung	 was	
homogenized	before	being	divided	into	experimental	pats	of	1kg	per	mesocosm.	
Once	the	dung	and	beetles	had	been	added	to	an	enclosure,	it	was	covered	with	
nylon	mesh	cloth	in	order	to	prevent	the	beetles	from	escaping	and	others	from	
entering.	
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2.2.4	Ecological	functions	investigated	

	 To	evaluate	the	functional	efficiency	of	dung	beetles,	we	focused	on	three	
types	of	ecological	 functions	 interconnected	 in	the	pasture	ecosystem.	Of	these,	
the	first	one	reflected	impacts	on	cattle	farming	as	a	part	of	the	anthroposphere	
(dung	removal	from	cattle	pasture),	the	second	reflected	impacts	on	greenhouse	
gas	emissions,	which	are	part	of	the	atmosphere,	and	the	third	reflected	impacts	
on	soil	nutrient	contents	which	are	part	of	the	lithosphere.	Overall,	this	approach	
resulted	in	7	different	response	measures	as	mutually	complementary	aspects	of	
the	three	main	ecological	functions:		
	 1)	As	metrics	of	dung	removal,	we	took	repetitive	weights	of	wet	dung	(g)	
over	the	course	of	the	experiment.	Changes	in	this	metric	are	henceforth	referred	
to	as	dung	removal	rate.	We	also	recorded	the	weight	of	dry	dung	(g)	remaining	on	
the	 surface	at	 the	end	of	 the	experiment	 (henceforth	 remaining	dung	mass).	By	
using	dry	weight,	we	controlled	for	any	difference	in	evaporation,	thereby	isolating	
the	 contribution	 of	 the	 insects	 themselves	 to	 dung	 removal.	 Importantly,	 dung	
removal	 rate	 and	 final	 remaining	 dung	mass	 are	 complementary	 aspects	 of	 the	
removal	function,	since	one	may	arrive	at	the	same	final	weight	through	steeper	or	
shallower	 removal	 trajectories,	 with	 a	 slower	 removal	 rate	 resulting	 in	
undecomposed	dung	remaining	on	the	pasture	and	retaining	nutrients	for	a	longer	
period.	As	a	combination	of	dung	removal	rate	and	final	remaining	dung	mass,	we	
characterized	cumulative	wet	mass	of	dung	pats	by	calculating	the	area	under	the	
curve	of	dung	wet	weights	over	time,	expressed	in	gram-days.	Quick	dung	decay	
will	be	reflected	by	low	cumulative	mass,	and	slow	decay	by	a	high	value	(cf.	Slade	
et	al.	2017).	Since	cumulative	wet	mass	will	per	necessity	be	closely	related	to	other	
metrics	 of	 dung	 removal,	we	 refrained	 from	analyzing	 this	metric	 as	 a	 separate	
response	 (see	 section	 Effects	 of	 variables	 on	 functional	 efficiency)	 and	 only	
evaluated	 the	 extent	 to	 which	 it	 covaried	 with	 other	 metrics	 (see	 section	
Correlations	between	functions).	

	 2)	As	measures	of	impacts	on	greenhouse	gas	emissions	from	dung	pats,	we	
measured	fluxes	(mg	m-2	h-1)	of	CO2	and	CH4	which	give	an	estimate	of	the	GHG	
emissions	per	day.	Moreover,	we	evaluated	cumulative	emissions	 (mg	m-2)	 that	
give	an	estimate	of	total	amount	of	gas	emitted	at	the	end	of	the	experiment.	Thus,	
we	combined	these	cumulative	emissions	of	CO2	and	CH4	in	CO2	equivalents,	by	
converting	compound-specific	fluxes	of	CH4	by	using	the	IPCC	2013	global	warming	
potential	(GWP).	These	metrics	are	henceforth	referred	to	as	GHG	emissions.	As	for	
the	other	main	functions	addressed	(above	and	below),	the	 individual	responses	
targeted	reflect	complementary	aspects	of	the	overall	function:	Daily	compound-
specific	fluxes	may	hypothetically	combine	in	multiple	ways	into	the	same	total	(i.e.	
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cumulative	 emissions	 of	 CO2	 equivalents),	 and	 analyzing	 compound-specific	
patterns	will	help	elucidate	overall	effects	of	total	GHG	fluxes.	
	 3)	As	measures	of	 impacts	on	nutrient	 transfer	 to	 the	 soil,	we	measured	
NH4+	and	NO3-	concentrations	(mg	kg-1)	underneath	the	pats	at	the	end	of	the	
experiment.	These	metrics	are	referred	to	as	soil	nutrient	content,	with	compound-
specific	responses	revealing	different,	complementary	aspects	of	nutrients	actually	
available	to	plant	growth.	
	 Individual	 ecological	 functions	were	measured	 by	 the	 following	methods	
and	techniques:		
	 To	measure	dung	removal	rates,	we	recorded	the	mass	of	the	dung	pats	(wet	
mass)	on	6	occasions	from	14	to	26	of	August	(i.e.	1,	2,	5,	7,	9,	and	12	days	from	the	
start	of	the	experiment).	To	facilitate	these	measures,	we	placed	a	piece	of	chicken	
wire	(mesh	size	2	cm)	under	each	dung	pat.	At	the	end	of	the	experiment	(4th	of	
October	2016),	we	dried	 the	 remaining	dung	at	70°C	and	recorded	this	 final	dry	
mass	(i.e.	remaining	dung	mass).		
	 To	evaluate	gas	emissions	from	the	mesocosms,	we	used	a	non-steady-state	
closed	chamber	technique	(Aim	et	al.	2007;	Livingston	and	Hutchinson	1995).	Gas	
fluxes	were	measured	 using	 a	 portable	 gas	 analyser	 Gasmet™	DX4015	 (Gasmet	
Technologies	Oy,	Helsinki,	Finland)	in	a	closed-loop	system	in	which	the	gas	sample	
was	 circulated	 through	 the	 analyzer	 and	 back	 to	 the	 chamber.	 During	 the	
measurements,	the	chamber	was	fitted	in	a	slit	cut	in	the	ground	around	the	dung	
pat,	 and	 the	 chamber	 headspace	 was	 constantly	 mixed	 with	 a	 fan.	 (Since	 the	
volume	of	the	dung	pat	accounted	for	less	than	1/20	of	the	chamber	head	space,	
this	 volume	was	 not	 considered	 in	 further	 calculations.)	Once	 the	 chamber	was	
placed	into	the	soil,	the	concentration	of	gases	per	chamber	was	measured	over	a	
minimum	period	of	5	minutes.	The	temperature	inside	the	chamber	was	recorded	
during	each	measurement	and	later	used	to	correct	flux	estimates	(for	details	see	
Appendix,	 Text	 1).	 Between	measurements,	 the	 chamber	was	 removed	 and	 the	
mesh	replaced.	Gas	emissions	were	measured	on	6	occasions	between	15th	and	
26th	of	August	(i.e.	15th,	16th,	19th,	21st,	23rd,	and	26th	of	August).	Gas	contents	
of	CO2	and	CH4	measured	from	the	chamber	headspace	(in	ppm)	were	converted	
into	 mg	 m−2	 h−1.	 Cumulative	 fluxes	 of	 CO2	 and	 CH4	 over	 the	 course	 of	 the	
experiment	were	calculated	for	each	enclosure	and	expressed	as	areas	under	the	
curve	of	 the	 gas	 flux	 over	 time	 (for	 equations,	 see	Appendix,	 Text	 2).	 Two	data	
points	on	methane	fluxes	from	mesocosms	with	Geotrupes	spiniger	(with	2	and	8	
individuals,	respectively,	as	recorded	on	19th	and	16th	August)	proved	completely	
out	 of	 range	 compared	 to	 all	 other	 data.	 These	 outliers	 were	 assumed	 to	 be	
technical	errors	and	were	omitted	from	all	GHG	analyses.	To	evaluate	the	warming	
potential	of	GHGs	from	dung	pats,	we	combined	the	cumulative	fluxes	of	CO2	and	
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CH4	by	converting	to	CO2	equivalents,	based	on	100	year	warming	potential	(IPCC	
2013).	
	 To	estimate	the	effect	of	dung	beetles	on	nutrient	transfer	from	the	dung	
into	the	soil,	we	collected	5	cm	soil	cores	beneath	the	center	of	each	dung	pat.	After	
removing	the	remaining	visible	plant	parts,	fresh	soil	samples	were	sieved	at	2	mm.	
Inorganic	N	(total	NH4+	and	NO3-)	was	extracted	from	the	moist	soil	samples	(10	g)	
with	1	mol/L	KCl	(1:5	soil:	solution	ratio),	suspensions	were	centrifuged	at	1,200×g	
for	10	min,	and	the	supernatant	filtered	first	through	Whatman	No.	42	filter	paper	
and	subsequently	through	a	0.45-μm	membrane	filter.	Moisture	content	was	also	
determined	on	a	separate	aliquot	of	soil	to	allow	all	concentrations	to	be	expressed	
as	 dry	 soil	 weight.	 The	 concentration	 of	 total	 NH4+	 and	 NO3-	 was	 determined	
spectrophotometrically	as	described	in	Cucu	et	al.	(2014).		
	

2.2.5	Statistical	analysis		

	 Species-specific	body	mass	–	Since	we	used	several	endangered	species	in	
the	experiment,	we	refrained	from	estimating	the	species-specific	body	mass	from	
any	 extensive,	 purpose-collected	 and	 dried	material.	 Instead,	 we	 estimated	 the	
species	dry	weight	from	a	regression	model	described	below.	Thus,	to	estimate	the	
body	mass	of	all	dung	beetle	species	present	in	Scandinavia,	we	used	size	data	(i.e.	
body-mass	and	length)	available	for	Aphodius	haemorrhoidalis,	Aphodius	erraticus,	
Onthophagus	 fracticornis,	Anoplotrupes	 stercorosus	 and	Geotrupes	 stercorarius.	
For	these	species,	loge-transformed	dry	body	mass	(Nervo	et	al.	2014,	and	Piccini	
unpublished	data)	was	regressed	against	the	loge-transformed	mean	length	of	the	
species	 (R2=0.98,	with	 length	 data	 extracted	 from	Roslin	 et	 al.	 2014).	 Following	
Radtke	and	Williamson	(2005),	we	then	interpolated	the	body	mass	of	remaining	
species	 using	 the	 resultant	 regression	 line	 and	 the	 typical	 length	 of	 species	 (as	
adopted	from	Roslin	et	al.	2014).	
	 Identification	 of	 response	 traits	 –	 In	 order	 to	 identify	 which	 traits	make	
species	more	sensitive	to	extinction,	we	examined	whether	species	threatened	in	
Scandinavia	shared	some	specific	traits.	More	specifically,	to	evaluate	the	effect	of	
traits	(nesting	strategy	and	body	mass)	on	species’	response,	we	built	a	generalized	
linear	model	 (GLM)	 threat	 status	 of	 all	 Scandinavian	 species	 (threatened	 versus	
non-threatened;	0/1),	as	a	function	of	nesting	strategy	and	body	mass,	assuming	a	
logit	link	function	and	binomially	distributed	errors.	This	model	was	fitted	using	the	
'stats'	 package	 in	 the	 R	 (v3.2.1)	 statistical	 and	 programming	 environment	 (R	
Development	Core	Team	2005).	To	check	for	overdispersion	of	residuals	from	the	
final	model,	we	divided	the	residual	deviance	by	the	degrees	of	freedom.	Since	the	
result	was	1.2	and	thus	close	to	unity,	and	closely	adhered	to	both	binomial	and	
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quasi-binomial	 distribution	 families	 (P>0.32),	 we	 inferred	 no	 signs	 of	
overdispersion.	
	 Effects	 of	 variables	on	 functional	 efficiency	–	 To	 identify	 how	body	mass	
and/or	nesting	strategy	affect	the	functional	efficiency	of	the	species,	we	applied	
the	framework	of	generalized	linear	mixed	effects	models	to	our	hierarchical,	partly	
repeated	data	structure	(e.g.	Zuur	et	al.	2009).	Remaining	dung	mass	(pat-specific	
dry	weight),	dung	removal	rates	(pat-specific	wet	weight	trends	over	time),	nutrient	
content	in	the	soil	and	GHG	emissions,	were	first	adopted	as	metrics	of	ecological	
functioning.	 Since	 plots	 of	 dung	 mass	 over	 time	 were	 generally	 indicative	 of	
exponential	decline,	we	 linearized	 the	 relation	by	applying	a	natural	 logarithmic	
transformation	(loge).	Each	response	(dry	dung	weight,	NH4+,	NO3-,	and	cumulative	
emissions	of	CO2,	CH4	and	CO2-equivalents)	was	then	modelled	as	a	separate	linear	
function	 of	 loge-transformed	 species	 body	 mass	 (Body_mass)	 and	 densities	
(Density)	 as	 continuous	 variables,	 and	 nesting	 strategy	 (Nesting_Strategy)	 and	
threat	status	(Threat_Status)	as	categorical	variables.	Here,	the	density	will	capture	
the	change	in	functioning	with	the	addition	of	individuals	of	the	focal	species,	and	
the	effect	of	body	mass	will	reflect	the	change	in	functioning	with	increasing	species	
size.	 Thus,	 our	 focal	 interest	 concerns	 the	 interactions	 Body_mass	 ×	 Density;	
Nesting_Strategy	 ×	 Density;	 Threat_Status	 ×	 Density	 and	 Body_mass	 ×	
Nesting_Strategy	×	Density,	which	capture	the	extent	to	which	these	effects	vary	
with	 the	 body	mass	 and	 nesting	 strategy	 of	 the	 species.	 To	 adjust	 for	 variation	
between	species,	species	identity	was	included	as	a	random	intercept.	Data	from	
beetle-free	control	mesocosms	were	excluded	from	these	analyses.	
	 For	dung	removal	rates	and	GHG	emissions,	our	data	consisted	of	repetitive	
measures	over	time	(of	wet	weight,	CO2	and	CH4	fluxes,	respectively).	Hence,	to	
adjust	for	multiple	observations	of	the	same	units	(i.e.	for	the	separate	variation	
arising	 from	 the	 fact	 that	 we	 repeatedly	 inspected	 particular	 mesocosms	 and	
particular	species,	rather	than	repeatedly	randomized	units),	we	included	species	
and	mesocosms	as	a	random	intercept	and	measurement	day	as	a	random	slope	
term.	For	dung	removal	rates	and	CH4	emissions,	where	daily	emissions	varied	in	a	
highly	 non-linear	 pattern,	we	modelled	measurement	 day	 as	 a	 fixed	 categorical	
effect.		
	 Following	 the	 principle	 of	 model	 reduction,	 we	 removed	 the	 three-way	
interaction	 from	 models	 when	 non-significant	 (i.e.	 from	 the	 models	 of	 GHG	
emissions	and	 soil	 nutrient	 content).	 Each	model	was	 fitted	using	 the	 'lmerTest'	
package	in	the	R	(v3.2.1)	statistical	and	programming	environment	(R	Development	
Core	 Team	 2005),	 assuming	 an	 identity	 link	 and	 normally	 distributed	 errors.	 P-
values	were	estimated	using	type	III	F-tests	with	the	Satterthwaite	approximation	
of	the	relevant	degrees	of	freedom	(Satterthwaite	1946).	
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	 Correlations	between	 functions	–To	establish	whether	a	 species	 that	was	
particularly	 efficient	 in	 promoting	 one	 ecological	 function	 was	 also	 efficient	 in	
promoting	others,	we	analyzed	the	pairwise	relationships	between	the	mesocosm-
specific	 rates	of	each	ecological	 function	 (n=36	per	 function).	 For	gas	 fluxes,	we	
used	 the	 cumulative	 emissions	 (mg	 m-2)	 observed	 during	 the	 course	 of	 the	
experiment	 (of	 CO2,	 CH4	 and	 combined	 emissions	 of	 CO2	 and	 CH4,	 in	 CO2	
equivalents,	 respectively).	 In	 a	 logically	 equivalent	 vein,	 we	 characterized	 dung	
decomposition	rates	by	the	cumulative	wet	mass	of	dung	pats	(called	‘Cumulative	
wet	dung’	in	Figure	6).		

2.3	Results	

2.3.1	Identification	of	response	traits	

	 Among	61	dung	beetle	species	encountered	in	Sweden,	45	are	dwellers	and	
16	are	tunnelers.	Of	these,	13	out	of	45	dweller	species	and	12	out	of	16	tunneler	
species	 are	 currently	 regarded	 as	 threatened	 in	 Sweden	 or	 in	 at	 least	 three	
Scandinavian	countries	(Table	3	from	Roslin	et	al.	2014).	Indeed,	nesting	strategy	is	
significantly	related	to	threat	status	(Z=2.19,	p=0.03),	whereas	neither	biomass	(Z=-
0.47;	p=0.64),	nor	the	interaction	between	nesting	strategy	and	biomass	(Z=0.42,	
p=0.67),	has	a	detectable	impact	on	threat	status.		

2.3.2	Species	threat	status	versus	functional	efficiency	

	 Overall,	threat	status	influenced	neither	dung	removal	nor	nutrient	content	
in	the	soil.	However,	threat	status	had	a	significant	impact	on	GHG	emissions	from	
dung	pats	 –	more	 specifically,	 on	CH4	emissions.	 Significantly	 less	methane	was	
released	into	the	atmosphere	with	an	increase	in	the	density	of	threatened	species	
than	with	an	equivalent	increase	of	non-threatened	species	(interaction	Density	×	
Threat_Status:	F1;182.4=	5.31,	p=0.022;	Figure	2;	Appendix,	Table	A5).		
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Figure	2:	Threat	status	versus	functional	efficiency	in	terms	of	methane	emissions.	
Shown	is	the	interaction	between	threat	status	(black	line	for	non-threatened	and	
grey	 dashed	 line	 for	 threatened	 species)	 and	 the	 number	 of	 individuals	 per	
mesocosm	 (density)	 for	methane	emissions	 (mg	m-2	h-1).	The	data	points	 show	
partial	 residuals,	 with	 the	 lines	 derived	 from	 the	 linear	 regression	 described	 in	
Materials	and	Methods.	Symbols	identify	species,	where	black	corresponds	to	non-
threatened	species	and	grey	to	threatened	species;	filled	symbols	identify	dwellers	
and	open	symbols	tunnelers.		

2.3.3	Species	traits	versus	functional	efficiency	

 REMAINING	 DUNG	 MASS	 –	 Density	 had	 a	 general,	 significant	 effect	 on	 the	
amount	 of	 remaining	 dung	 (Density:	 F1;19.31=	 34.36,	 p<0.001;	 Appendix,	 Table	
A3).	Nonetheless,	there	was	a	strong	interaction	between	density,	body	mass	and	
nesting	strategy	 (interaction	Density	×	Body_mass	×	Nesting_Strategy:	F1;19.52=	
33.80,	p<0.001),	with	large	tunneling	species	proving	the	most	effective	in	removing	
dung	per	individual	(Figure	3a;	Appendix,	Table	A3).	
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Figure	 3:	 Interaction	 between	 body	mass	 and	 nesting	 strategy	 in	 determining	
ecological	 functioning.	Shown	 is	 the	 significant	 interaction	between	 the	 species	
body	mass,	nesting	strategy	and	the	number	of	individuals	per	mesocosm	for	dung	
removal,	measured	as:	(a)	remaining	dung	mass	(g)	and	(b)	dung	removal	rate	(g).	
The	 two	 rows	 of	 graphs	 represent	 the	 same	 interactions	 from	 different	
perspectives;	 the	 top	 row	 shows	 two-dimensional	 heat	 maps	 of	 the	 three-
dimensional	 surfaces	 represented	on	 the	 lower	 row.	 In	 the	heat	maps,	a	 redder	
color	 represents	 more	 dung	 remaining	 on	 the	 surface	 whereas	 a	 bluer	 color	
represents	less	dung	remaining.		

	 DUNG	 REMOVAL	 RATE	 –	 Dung	 wet	 weight	 progressively	 decreased	 over	 the	
course	of	the	experiment	(Measurement	days:	F1;183.21=125.83,	p<0.001;	Appendix,	
Table	A4),	with	a	significant	effect	of	density	 (F1;186.84=27.86,	p<0.001;	Appendix,	
Table	A4).	 However,	 both	 nesting	 strategy	 and	 body	mass	 affected	 the	 density-
specific	dung	removal	rates	per	individual	(interaction	Density	×	Nesting_Strategy	
×	Body_mass:	F1;186.16	=26.93,	p<0.001),	with	larger	tunnelers	removing	more	dung	
per	individual	than	small	dwellers	(Figure	3b;	Appendix,	Table	A4).	
	 GHG	EMISSIONS	–	Overall,	the	amount	of	GHG	emissions	decreased	with	time	
(Measurement	 days:	 F1;177.97=43.22,	 p<0.001;	 Appendix,	 Table	 A5)	 and	 density	
(Density:	F1;181.93=5.34,	p=0.02;	Appendix,	Table	A5).	However,	the	per	capita	effect	
of	dung	beetles	on	CH4	emissions	drastically	increased	with	an	increase	in	individual	
body	mass	 (interaction	 Density	 ×	 Body_mass:	 F1;181.74=65.20,	 p=0.024;	 Figure	 4;	
Appendix,	Table	A5).	At	high	density	emissions	of	CH4	are	higher	when	body	mass	
is	smaller,	conversely	emissions	are	 lower	when	body	mass	 is	higher	 (right-hand	
panel	in	Figure	4).	Neither	nesting	strategy	nor	body	mass	had	any	detectable	effect	
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on	fluxes	of	CO2	or	CO2-equivalents,	or	on	cumulative	emissions	of	any	of	the	three	
responses	(CO2,	CH4	and	CO2-equivalents).		

	
	

Figure	4:	The	effect	of	 species	body	mass	on	methane	emissions.	Shown	 is	 the	
significant	interaction	between	species	body	mass	and	the	number	of	individuals	
per	mesocosm	 in	determining	methane	emissions	 from	dung	pats	 (mg	m-2	h-1).	
The	two	graphs	represent	the	same	interactions	from	different	perspectives;	the	
left-hand	 panel	 shows	 a	 two-dimensional	 heat	 map	 of	 the	 three-dimensional	
surface	represented	on	the	right.	In	the	heat	maps,	a	redder	color	represents	more	
methane	emissions	whereas	a	bluer	color	represents	less	methane	emissions.	

NUTRIENT	CONTENT	OF	THE	SOIL	–	Dwellers	affected	ammonium	concentration	in	
soil	more	than	tunnelers	(Nesting	strategy:	F1;24.99=	4.11,	p=0.053;	Appendix,	Table	
A6).	 However,	 NH4

+	 concentration	 in	 the	 soil	 underneath	 dung	 pats	 showed	 a	
tendency	 towards	 higher	 values	 with	 higher	 densities	 of	 tunnelers	 in	 the	 pat,	
whereas	 there	 was	 a	 decrease	 in	 NH4

+	 concentration	 with	 increasing	 dweller	
density	 (interaction	 Density	 ×	 Body_mass:	 F1;24.99=3.28,	 p=0.082;	 Figure	 5;	
Appendix,	Table	A6).	NO3

-	concentration	showed	no	detectable	change	with	either	
nesting	strategy	or	biomass.	
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Figure	5:	The	effect	of	nesting	strategy	on	nutrient	cycling.	Shown	is	the	marginally	
significant	interaction	between	density	and	nesting	strategy	(black	line	for	dwellers	
and	grey	dashed	line	for	tunnelers)	in	determining	ammonium	concentration	in	the	
soil	(mg	kg-1).	The	data	points	show	partial	residuals,	with	the	lines	derived	from	
the	linear	regression	described	in	Materials	and	Methods.	Symbols	identify	species,	
filled	symbols	identify	dwellers	and	open	symbols	tunnelers.	

2.3.4	Comparison	of	different	functions	

	In	terms	of	the	multiple	ecological	functions	investigated	in	this	experiment,	
we	found	highly	variable	relationships	between	individual	pairs	of	functions	(Figure	
6).	Overall,	several	functions	were	only	weakly	related	to	each	other	(as	illustrated	
by	light	colors	in	Fig.	6).	In	terms	of	the	stronger	associations	observed,	some	were	
self-evident.	For	example,	since	more	wet	dung	at	an	early	stage	will	result	in	more	
dry	dung	at	 the	end	of	 the	experiment,	 these	 two	metrics	were	naturally	highly	
correlated	(Figure	6).	Likewise,	since	overall	CO2	equivalents	are	composed	of	CO2	
and	CH4,	all	three	quantities	were	correlated,	but	this	correlation	was	stronger	for	
CO2	as	 it	accounts	 for	 the	main	part	of	 the	combined	 fluxes	 (Fig.	6).	However,	a	
higher	dung	mass	was	primarily	correlated	with	higher	CH4	fluxes,	whereas	higher	
emissions	 of	 CO2	were	 associated	with	 a	 lower	mass	 of	 remaining	 dung.	Higher	
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transfer	of	NH4
+	to	the	soil	was	also	associated	with	higher	transfer	NO3,	and	with	

less	dung	remaining	at	the	soil	surface	(Figure	6).	
Figure	 6.	Associations	between	pairs	 of	 ecological	 functions.	 Shown	are	

Pearson's	 correlation	 coefficients	 between	 different	 aspects	 of	 ecosystem	
functioning	 (cumulative	 fluxes	 of	 carbon	 dioxide	 (CO2),	methane	 (CH4)	 and	 both	
gases	 (CO2+CH4)	 combined	 into	CO2	equivalents,	 cumulative	weight	of	wet	dung	
remaining	on	the	ground	over	time	(Cumul.	wet	dung),	total	dry	dung	remaining	at	
the	 end	 of	 the	 experiment,	 ammonium	 and	 nitrate	 concentration	 found	 in	 soil	
beneath	dung	pats).	Red	reflects	positive	correlations,	blue	corresponds	to	negative	
correlations,	with	the	darkness	of	the	color	reflecting	the	strength	of	association.	

2.4	Discussion	

	 Species	extinction	is	a	non-random	process	(Purvis	et	al.	2000a,	b;	Ives	and	
Cardinale	 2004;	 Vamosi	 and	Wilson	 et	 al.	 2008),	with	 some	 species	 being	more	
sensitive	than	others	to	joint	environmental	stressors.	Of	particular	concern	is	the	
extinction	 of	 functionally	 important	 species	 linking	 multiple	 parts	 of	 the	
environment.	 The	 strength	 of	 the	 link	 between	 traits	 rendering	 species	 more	
extinction-prone	and	those	that	determine	the	functional	contribution	of	a	species	
will	 depend	 on	 how	 they	 are	 jointly	 filtered	 by	 the	 environment	 (Lavorel	 and	
Garnier	2002).	 In	our	study,	we	sought	 for	 traits	affecting	 the	efficiency	of	dung	
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beetle	 species	 in	 determining	 the	 functioning	 of	 different	 parts	 of	 the	 pasture	
environment.	We	also	compared	the	functional	efficiency	of	non-threatened	versus	
threatened	dung	beetle	species	across	this	range	of	ecological	functions.	In	doing	
so,	we	asked	whether	traits	which	make	species	sensitive	to	disturbance	also	make	
these	species	functionally	efficient.	Overall,	we	found	that	nesting	strategy	has	a	
strong	 impact	on	the	probability	with	which	a	species	 is	 threatened.	 In	 terms	of	
functional	efficiency,	the	impact	of	specific	traits	depends	on	the	exact	ecological	
functions	investigated.	However,	the	key	trait	associated	with	threat	status	(nesting	
strategy)	was	also	associated	with	functional	efficiency	across	a	range	of	functions,	
as	was	body	mass.	Within	threat	categories,	non-threatened	species	differed	from	
threatened	 ones	 in	 terms	 of	 functional	 efficiency	 only	 for	 methane	 emissions.	
Below,	we	will	discuss	each	of	these	findings	in	turn.	

2.4.1	Nesting	strategy	is	a	response	trait	

	 Among	 dung	 beetles,	 large	 species	 have	 been	 proposed	 as	 being	 more	
prone	to	extinction	than	small	species	(Larsen	et	al.	2005,	Larsen	et	al.	2008).	Yet,	
in	 the	 set	of	Scandinavian	dung	beetle	 species,	 individual	 size	appeared	 to	have	
little	effect,	whereas	nesting	strategy	left	a	consistent	imprint	on	threat	status.	This	
feature	in	the	life	history	of	species	is	closely	associated	with	phylogeny.	Tunnelers	
belonging	 to	 the	 subfamily	 Scarabaeinae	 (of	 which	 100%	 are	 threatened)	 seem	
more	sensitive	to	environment	change	than	species	in	Geotrupinae	(of	which	40%	
are	 threatened)	 and	 Aphodiinae	 (of	 which	 30%	 are	 threatened).	 In	 fact,	 all	
Scandinavian	species	of	Scarabaeinae	are	either	currently	classified	as	threatened,	
or	have	been	so	in	previous,	national	red	lists	(Roslin	et	al.	2014).	As	a	consequence,	
a	much	larger	proportion	of	tunnelers	(75%)	than	dwellers	are	currently	threatened	
(30%),	with	taxonomy	as	good	a	predictor	of	threat	status	as	nesting	habit	per	se,	
since	the	two	are	intimately	related.		
	 As	 a	 potential	 explanation	 for	 this	 status	 quo,	 Roslin	 et	 al.	 (2014)	 have	
proposed	that	tunnelers	have	suffered	disproportionately	from	the	decline	in	cattle	
farming	and	thus	grazing	pressure	across	Scandinavia.	Being	characterized	by	a	long	
larval	period	spent	under	the	soil	surface,	these	taxa	may	be	particularly	sensitive	
to	the	amount	of	sunlight	reaching	the	soil	surface,	and	thus	prone	to	the	adverse	
effect	of	decreased	grazing	pressure	coupled	with	increased	vegetation	height	and	
decreased	 insolation.	 This	 is	 particularly	 valid	 for	 Scarabaeinae,	 since	 species	
belonging	to	this	subfamily	have	limited	fecundity	(a	single	ovary)	and	a	general	lack	
of	 adaptation	 to	 cool	 climates.	 Contrary	 to	 the	 patterns	 found	 by	 Larsen	 et	 al.	
(2005),	extinction	sensitivity	 for	Swedish	species	 is	not	detectably	 related	to	 the	
biomass	of	the	species.	Thus,	biomass	itself	does	not	explain	a	species’	vulnerability	
to	extinction	(an	observation	supported	by	Foufopoulos	and	Ives	1999).	Naturally,	
threat	 status	 could	 also	 be	 related	 to	 some	 other	 traits	 not	 investigated	 here,	
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making	 the	 species	more	 resistant	 to	 stressors	 (e.g.	 physiological	 traits	 such	 as	
temperature	tolerance	and	metabolic	capacity;	Moretti	et	al.	2016).		

2.4.2	Nesting	strategy	and	body	mass	are	sometimes	effect	traits	

	 The	 trait	 that	 makes	 a	 species	 functionally	 efficient	 depends	 on	 the	
ecological	 function	 investigated.	More	 specifically,	 both	 body	mass	 and	 nesting	
strategy	affect	dung	removal	rates,	as	equally	reflected	by	the	decline	in	wet	weight	
over	 time	 and	 the	 dung	 mass	 remaining	 at	 the	 end	 of	 the	 experiment.	 Large	
tunnelers	have	been	previously	shown	to	have	the	largest	effect	on	dung	removal	
(Slade	et	al.	2007;	Amézquita	and	Favila	2010;	Kaartinen	et	al.	2013;	Nervo	et	al.	
2014,	2017).	Moreover,	we	identified	body	mass	as	a	pivotal	trait	affecting	methane	
fluxes	from	dung	pats,	with	larger	species	reducing	methane	emissions	more	per	
individual	than	smaller	ones.	This	finding	is	likely	due	to	the	fact	that	large	beetles	
excavate	larger	holes	and	galleries	inside	and	below	the	dung	mass,	consequently	
aerating	 the	 dung	 and	 reducing	 methane	 formation	 by	 anaerobic	 archaea	 (cf.	
Piccini	et	al.	2017).	
	 Nesting	 strategy	 also	 affected	 the	nutrient	 content	of	 the	 soil.	 Tunneling	
species	transport	more	dung	 into	the	soil,	and	are	therefore	more	efficient	than	
dwellers	 in	 soil	 fertilization	 (Yamada	 et	 al.	 2007).	 Indeed,	 the	 concentration	 of	
ammonium	in	the	soil	increased	with	an	increase	in	tunneler	density.	On	the	other	
hand,	 soil	 ammonium	 concentration	 decreased	when	dweller	 density	 increased.	
This	pattern	was	probably	related	to	a	greater	consumption	of	nutrients	in	the	dung	
by	dweller	adults	and	larvae,	thus	tying	up	nitrogen	as	protein	rather	than	releasing	
it.	Overall,	increasing	the	number	of	small-bodied	dwellers	in	the	mesocosms	did	
not	markedly	 change	 the	provisioning	of	 ecological	 functions.	 In	 contrast,	when	
large-bodied	tunnelers	were	added,	increased	functioning	was	generally	observed.	
In	 Sweden,	 small-sized	 dwellers	 typically	 make	 up	 the	 main	 part	 of	 the	 dung-
inhabiting	beetle	community,	whereas	large	tunnelers	are	scarcer	but	have	proven	
to	be	the	most	functionally	efficient	(Kaartinen	et	al.	2013).	This	suggests	that	the	
loss	of	such	larger	species	may	have	particularly	important	consequences	for	the	
functioning	of	the	overall	ecosystem.		

2.4.3	Effect	and	response	traits	are	linked	

	 Among	dung	beetles,	 large	species	have	been	proposed	to	be	both	more	
prone	to	extinction	and	more	functionally	efficient	than	small	ones	(Larsen	et	al.	
2005).	 In	our	experiment,	non-threatened	species	did	not	detectably	differ	 from	
threatened	ones	in	terms	of	efficiency,	except	for	methane	emissions	from	dung	
pats,	where	threatened	species	proved	more	efficient	than	non-threatened	species.	
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This	 difference	 could	 not	 be	 specifically	 attributed	 to	 any	 of	 the	 traits	 that	 we	
measured.		
	 Overall,	our	study	identifies	nesting	strategy	as	a	key	response	trait,	with	a	
major	 impact	 on	 species’	 threat	 status	 in	 Scandinavia.	 At	 the	 same	 time,	 the	
sensitive,	tunneling	species	are	also	efficient	providers	of	ecosystem	functioning,	
especially	 in	 terms	 of	 dung	 removal	 and	 increasing	 nutrient	 content	 in	 the	 soil.	
Thus,	our	study	identifies	nesting	strategy	as	both	a	response	and	an	effect	trait.	
Links	between	response	and	effect	traits	have	also	been	observed	in	several	other	
studies	(reviewed	in	Hevia	et	al.	2017),	including	some	plants	(Lavorel	and	Garnier	
2002;	Violle	et	al.	2007;	Suding	et	al.	2008)	and	among	plants	and	grasshoppers	
(Moretti	 et	 al.	 2013).	 Among	 the	 current	 set	 of	 dung	 beetles,	 the	 link	 can	 be	
attributed	to	the	relocation	of	dung	into	the	soil	for	breeding,	which	simultaneously	
makes	 tunnelers	 more	 functionally	 efficient	 (by	 increasing	 dung	 removal	 rates,	
promoting	nutrient	transfer	and	decreasing	dung	mass	remaining	on	the	surface)	
and	more	sensitive	to	environmental	stressor.	By	breeding	in	the	soil,	they	become	
sensitive	 to	 current	 changes	 in	 the	 Scandinavian	 landscape,	 including	 increased	
vegetation	height,	less	insolation	and	thus	lower	soil	temperatures.	These	effects	
may	prolong	 critically	 larval	 development	 in	 the	 cool	 climate	of	 higher	 latitudes	
(Roslin	et	al.	2014).		

2.4.4	Dung	beetle	traits	influence	the	overall	pasture	environment		

Recent	 research	has	 focused	on	 the	complex	 relations	between	species	 richness	
and	ecosystem	multi-functionality	(Wagg	et	al.	2014;	Maestre	et	al.	2012;	Hector	
and	Bagchi	2007).	Instead	of	using	a	single	function	as	a	proxy	for	overall	ecosystem	
functioning	(cf.	the	critique	by	Rosenfeld	2002,	Nervo	et	al.	2017),	we	estimated	
the	influence	of	dung	beetles	on	a	range	of	functions	linking	the	different	spheres	
of	 the	 pasture	 ecosystem:	 the	 amount	 of	 soil	 nutrients	 (lithosphere)	 and	 GHG	
emissions	 (atmosphere)	 through	 transfer	 and	 decomposition	 of	 dung	 (i.e.	 dung	
removal	rate	and	remaining	dung	mass).	While	we	were	only	able	to	address	a	few	
selected	 responses	 per	 sphere,	 we	 found	 different	 functions	 to	 vary	 in	 discord	
rather	than	in	concert:	beyond	obvious	relations	between	wholes	and	their	parts	
(see	Results),	individual	functions	were	mostly	weakly	correlated	(Fig.	6).	Fluxes	of	
different	 GHGs	were,	 in	 fact,	 negatively	 related:	 greater	 dung	mass	 on	 the	 soil	
surface	was	 associated	with	higher	 CH4	 fluxes,	 but	 lower	 emissions	of	 CO2.	 This	
difference	is	likely	related	to	their	different	modes	of	emergence.	CO2	is	mostly	a	
product	 of	 aerobic	 respiration,	 resulting	 in	 higher	 dung	 decomposition.	 CH4	 is	
primarily	generated	under	anaerobic	conditions	(Penttilä	et	al.	2011),	as	favored	by	
higher	and	wetter	dung	mass.	Overall,	different	dung	beetle	species	with	different	
impacts	on	dung	aeration	and	dung	 removal	will	 thus	have	different	 impacts	on	
GHG	fluxes	(Piccini	et	al.	2017).	These	findings	illustrate	the	general	importance	of	
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maintaining	 diverse	 dung	 beetle	 communities	 to	 provide	 multiple	 ecosystem	
services	(Benyon	et	al.	2012;	Manning	et	al.	2016;	Piccini	et	al.	2017;	Slade	et	al.	
2017).	

2.5	Conclusions	

	 The	 results	presented	here	 identify	dung	beetles	as	 key	engineers	of	 the	
pasture	 environment,	 influencing	 GHG	 emissions	 to	 the	 atmosphere,	 nutrient	
cycling	between	dung	and	soil	and	the	amount	of	dung	and	the	time	it	remains	on	
the	surface	of	pastures.	Our	findings	suggest	that	some	of	the	same	traits	which	
make	Scandinavian	dung	beetle	species	sensitive	to	environmental	change	will	also	
render	them	functionally	efficient,	and	thus	they	fit	squarely	with	the	paradigm	that	
functional	and	response	traits	are	linked.	This	is	a	worrying	scenario,	since	it	implies	
both	that	some	of	the	most	functionally	important	species	are	already	threatened,	
and	that	further	species,	although	not	threatened	to	date,	are	likely	to	become	so	
in	the	near	future.	To	conserve	the	functional	integrity	of	pasture	ecosystems,	we	
should	 therefore	 conserve	 species	 of	 the	 highest	 functional	 efficiency,	with	 the	
highest	risk	of	suffering	decline.	Among	dung	beetles,	large	tunnelers	should	be	the	
first	priority.	Yet,	 two	observations	add	nuances	to	this	simplistic	 rule	of	 thumb:	
first,	the	observation	that	different	ecosystem	functions	vary	in	discord	rather	than	
unison,	and	second,	that	several	functions	were	only	weakly	related	to	any	of	the	
traits	examined	here.	Both	considerations	highlight	the	importance	of	maintaining	
diverse	 communities	 rather	 than	 dung	 beetles	 of	 a	 single	 type.	 Given	 the	
paramount	 impact	 of	 pasture	 processes	 on	 global	 change	 (Slade	 et	 al.	 2016a),	
maintaining	their	functional	integrity	emerges	as	a	key	concern	–	a	task	which	we	
can	only	achieve	by	understanding	how	their	functioning	hinges	on	the	composition	
of	local	communities.	
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Appendix		

Text	1.	Calculation	of	GHG	flues	

In	order	to	estimate	the	flux	for	CO2	and	CH4,	we	converted	the	ppm	measured	by	
portable	 gas	 analyser	 Gasmet™	 DX4015	 (Gasmet	 Technologies	 Oy,	 Helsinki,	
Finland)	into	mg	m−2	h−1.		
To	do	so,	we	transformed	ppm	into	mg/m3	per	each	gas	measure:	ppm	→	mg/m3.	
In	order	to	do	this,	we	reversed	the	ideal	gas	law	and	we	obtained:	N	(quantity	of	
compound)	/	V	(volume)	=p	(pressure)	/	R	(constant)	T	(temperature).	
We	applied	this	formula	to	our	data:	
	 N	[mg]	/	V	[m3]	=	(ppm/10^6	×	(molar	Weight	×1000)	[mg]/[mol]	×	p	[atm])	
/	(R	[m3	atm	/	K	mol]	×	T	[K].	
T	was	the	temperature	recorded	during	the	measurements	 inside	the	chambers.	
The	 p	 is	 the	 environmental	 pressure.	 To	 extrapolate	 only	 parts	 from	 parts	 per	
million,	ppm	are	divided	per	10^6.	
Simplifying	the	units,	mg/m3	remained,	as	intended.		
	
In	order	to	obtain	the	mg,	we	multiplied	by	the	total	volume	of	the	chamber:	
	 C	[mg]	=		n	[mg]	/	V	[m3]	×	Volume_chamber	[m3]	
	
We	calculated	C	for	each	estimate	recorded	by	GASMET.		
	
We	considered	that	the	emissions	from	each	dung	pat	were	linear	over	time,	and	
consequently	we	evaluated	the	 linear	 regression	 for	each	pat	each	day	over	 the	
measurement	time,	which	was	at	least	5	minutes	(we	recorded	36	measurements,	
i.e.	the	total	number	of	chambers,	per	each	recording	day).		
To	evaluate	the	flux,	we	divided	the	slope	obtained	from	the	regression	model	for	
the	 total	 area	of	 the	 chamber	 [m2]	and	multiplied	by	3600	 seconds	 (i.e.	 the	no.	
seconds	in	an	hour):		
	 Flux	[mg/m^2×h]	=	slope	/	(Area_chamber)	×	3600.	
	

Text	2.	Calculation	of	area	under	the	flux	curve	

To	calculate	the	cumulative	emissions	for	both	CO2	and	CH4	analysed,	we	estimated	
the	 area	 under	 the	 interpolation	 line	 of	 the	 measurement	 points.	 Each	
measurement	point	 (i)	 has	measurement	day	as	Xi	 and	GHG	emission	as	 Yi.	 The	
formula	is:	(xi+1	-	xi)×[(max(yi+1;yi)	–	min(yi+1;yi))	/	2	+	min(yi+1;yi)].	
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Table	A1:	Experimental	design.	Shown	is	the	number	of	individuals	included	in	each	
mesocosm.	Tunnelers	are	identified	by	the	upper	black	frame,	dwellers	by	the	lower	
dark	grey	frame.	Grey	rows	 identify	non-threatened	species,	whereas	white	rows	
identify	 threatened	 species.	 *	 For	 the	 highest	 density	 of	 Aphodius	 erraticus,	 we	
placed	27	individuals	instead	of	32,	due	to	limited	availability.	
	

	
	
Table	A2:	Details	 of	 dung	beetle	 collection.	 Shown	are	 species	 name,	 collection	
localities,	 dates	 and	 collecting	method.	Only	 species	 used	 in	 the	 experiment	 are	
included	 in	 the	 table,	 whereas	 added	 species	 were	 encountered	 in	 the	 field	
(Aphodius	fossor,	A.	rufipes,	A.	pedellus,	A.	rufus,	A.	pusillus,	A.	ater,	A.	borealis,	A.	
zenkeri	and	Copris	lunaris).	Note	that	individuals	of	different	origin	were	randomly	
mixed	before	being	distributed	among	the	mesocosms.	Beetle	collection	was	carried	
out	by	Mattias	Forshage,	Beatrice	Nervo	and	Irene	Piccini.	
	

Species	 Number	Locality	
Nearest	
village	

Dung	Method	

Aphodius	erraticus	 28	
Degerrörsbacken	
NR	

Kåtorp	 horse	hand-picked	

Aphodius	erraticus	 13	
Degerrörsbacken	
NR	

Kåtorp	 cow	 pitfall	trap	

Aphodius	foetens	 23	
Degerrörsbacken	
NR	

Kåtorp	 horse	hand-picked	

Aphodius	foetens	 1	
Degerrörsbacken	
NR	

Kåtorp	 cow	 pitfall	trap	

 Number of individuals per species  

  2 4 8 16 32 64 

Sp
ec

ie
s 

T
un

ne
le

rs
 

G. spiniger G. spiniger G. spiniger G. spiniger   

T. vernalis T. vernalis T. vernalis    

A. erraticus  A. erraticus A. erraticus A. erraticus*  

O. nuchicornis O. nuchicornis O. nuchicornis    

O. fracticornis O. fracticornis O. fracticornis O. fracticornis   

 

       

D
w

el
le

rs
 

A. foetens  A. foetens  A. foetens  

A. sordidus  A. sordidus A. sordidus A. sordidus  

A.haemorrhoid

alis 

 A.haemorrhoid

alis 

A.haemorrhoid

alis 

A.haemorrhoid

alis 

 

A. ictericus  A. ictericus  A. ictericus A. ictericus 
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Aphodius	haemorrhoidalis	13	 Degerrörsbacken	
NR	

Kåtorp	 horse	hand-picked	

Aphodius	ictericus	 1	
Degerrörsbacken	
NR	

Kåtorp	 horse	hand-picked	

Aphodius	ictericus	 3	
Degerrörsbacken	
NR	

Kåtorp	 cow	 pitfall	trap	

Aphodius	sordidus	 2	
Degerrörsbacken	
NR	

Kåtorp	 horse	hand-picked	

Aphodius	sordidus	 2	
Degerrörsbacken	
NR	

Kåtorp	 cow	 pitfall	trap	

Geotrupes	spiniger	 3	
Degerrörsbacken	
NR	

Kåtorp	 horse	hand-picked	

Onthophagus	fracticornis	 1	 Degerrörsbacken	
NR	

Kåtorp	 horse	hand-picked	

Aphodius	foetens	 1	 E	Skarpa	Alby	 Skarpa	Alby	cow	 pitfall	trap	

Geotrupes	spiniger	 3	 E	Skarpa	Alby	 Skarpa	Alby	cow	 pitfall	trap	

Aphodius	ictericus	 few	 Gårdby	 Gårdby	 cow	 hand-picked	

Aphodius	sordidus	 49	 Gårdby	 Gårdby	 cow	 hand-picked	

Geotrupes	spiniger	 1	 Gårdby	 Gårdby	 cow	 hand-picked	

Onthophagus	fracticornis	 1	 Gårdby	 Gårdby	 cow	 hand-picked	

Onthophagus	nuchicornis	 10	 Gårdby	 Gårdby	 cow	 hand-picked	

Aphodius	ictericus	 few	 Gråborg	 Borg	 sheep	hand-picked	

Aphodius	erraticus	 3	 Höge	ås	 Jordtorp	 cow	 hand-picked	

Aphodius	erraticus	 3	 Höge	ås	 Jordtorp	 cow	 hand-picked	

Aphodius	foetens	 1	 Höge	ås	 Jordtorp	 cow	 hand-picked	

Aphodius	foetens	 2	 Höge	ås	 Jordtorp	 cow	 hand-picked	

Aphodius	haemorrhoidalis	67	 Höge	ås	 Jordtorp	 cow	 hand-picked	

Aphodius	haemorrhoidalis	>5	 Höge	ås	 Jordtorp	 cow	 hand-picked	

Aphodius	ictericus	 82	 Höge	ås	 Jordtorp	 cow	 hand-picked	

Aphodius	ictericus	 31	 Höge	ås	 Jordtorp	 cow	 hand-picked	

Aphodius	sordidus	 1	 Höge	ås	 Jordtorp	 cow	 hand-picked	

Geotrupes	spiniger	 1	 Höge	ås	 Jordtorp	 cow	 hand-picked	

Geotrupes	spiniger	 6	 Höge	ås	 Jordtorp	 cow	 hand-picked	

Onthophagus	nuchicornis	 17	 Höge	ås	 Jordtorp	 cow	 hand-picked	

Aphodius	foetens	 7	 Källheden	 Glömminge	horse	hand-picked	

Geotrupes	spiniger	 1	 Källheden	 Glömminge	horse	hand-picked	

Aphodius	erraticus	 3	 Kvarnbackarna	 Jordtorp	 cow	 hand-picked	

Aphodius	foetens	 2	 Kvarnbackarna	 Jordtorp	 cow	 hand-picked	
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Aphodius	haemorrhoidalis	>3	 Kvarnbackarna	 Jordtorp	 cow	 hand-picked	

Geotrupes	spiniger	 12	 Kvarnbackarna	 Jordtorp	 cow	 hand-picked	

Aphodius	erraticus	 2	 Lilla	Hult	(E)	 Algutsrum	 cow	 pitfall	trap	

Geotrupes	spiniger	 2	 Lilla	Hult	(E)	 Algutsrum	 cow	 pitfall	trap	

Aphodius	erraticus	 1	 Skarpa	Alby	 Skarpa	Alby	cow	 pitfall	trap	

Aphodius	foetens	 2	 Skarpa	Alby	 Skarpa	Alby	cow	 pitfall	trap	

Aphodius	foetens	 3	 Skarpa	Alby	 Skarpa	Alby	cow	 pitfall	trap	

Aphodius	haemorrhoidalis	1	 Skarpa	Alby	 Skarpa	Alby	cow	 pitfall	trap	

Aphodius	haemorrhoidalis	3	 Skarpa	Alby	 Skarpa	Alby	cow	 pitfall	trap	

Aphodius	ictericus	 6	 Skarpa	Alby	 Skarpa	Alby	cow	 pitfall	trap	

Aphodius	ictericus	 2	 Skarpa	Alby	 Skarpa	Alby	cow	 pitfall	trap	

Aphodius	sordidus	 4	 Skarpa	Alby	 Skarpa	Alby	cow	 pitfall	trap	

Geotrupes	spiniger	 4	 Skarpa	Alby	 Skarpa	Alby	cow	 pitfall	trap	

Onthophagus	fracticornis	 24	 Skarpa	Alby	 Skarpa	Alby	cow	 pitfall	trap	

Onthophagus	fracticornis	 6	 Skarpa	Alby	 Skarpa	Alby	cow	 hand-picked	

Trypocopris	vernalis	 15	 Skarpa	Alby	 Skarpa	Alby	cow	 pitfall	trap	

Geotrupes	spiniger	 few	 W	Kåtorp	 Kåtorp	 cow	 pitfall	trap	
	
	
Text	3.	Supplementary	details	on	results	

To	measure	the	functional	efficiency	in	relation	to	the	traits,	we	modeled	response	
variables	 versus	 several	 variables	 (density	 in	 the	 mesocosm,	 nesting	 strategy,	
bodymass,	 threat	 status).	 Below,	 we	 present	 the	 results	 per	 each	 function	
investigated.	
	
	 REMAINING	DUNG	–	Both	nesting	 strategy	 and	bodymass	 per	 individual	 unit	
affected	the	total	remaining	dung	(Table	A3).	
	
Table	A3:	Results	for	remaining	dung	mass.	Linear	model	on	remained	dry	dung	(g)	
as	 a	 function	 of	 species	 densities	 in	 the	 mesocosms,	 nesting	 strategy,	 species	
bodymass	 and	 conservation	 status.	 Shown	 are	 estimated	 coefficients:	 mean	
squared,	F-value	with	degrees	of	freedom	(for	both	numerator	and	denominator),	
and	statistical	significance.	
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	 DUNG	REMOVAL	RATE	–	Both	nesting	strategy	and	bodymass	per	individual	unit	
affected	the	dung	removal	rates	(Table	A4).	
	
Table	A4:	Results	 for	dung	 removal	 rates.	 Linear	model	on	 remaining	wet	dung	
removal	 rates	 (g)	 as	 a	 function	 of	 species	 densities	 in	 the	 mesocosms,	 nesting	
strategy,	species	bodymass,	conservation	status	and	measurement	days.	Shown	are	
estimated	coefficients:	mean	squared,	F-value	with	degrees	of	 freedom	(for	both	
numerator	and	denominator),	and	statistical	significance.	
	

Total	remaining	dung	mass	 Mean	Sq	 NumDF	 DenDF	 F-value	 p-value	

Density	 4.6738								 1	 19.3183			 34.357		 <	0.001	

Nesting_Strategy	 0.0048					 1	 6.509	 0.035					 0.8569	

Bodymass	 0.0206									 1	 6.4514				 0.151					 0.7097	

Threat_Status	 0.046			 1	 5.814	 0.336					 0.5837	

Bodymass	×	Nesting_Strategy	 0.007	 1	 6.451	 0.054	 0.8234	

Density	×	Nesting_Strategy	 4.076	 1	 19.161	 29.965	 <	0.001	

Density	×	Bodymass	 5.120	 1	 19.605	 37.635	 <	0.001	

Density	×	Threat_Status	 0.0063				 1	 20.559	 0.047					 0.8314	

Density	×	Nesting_Strategy	×	Bodymass	 4.598	 1	 19.526	 33.799	 <	0.001	
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	 GHG	EMISSIONS	–	The	per	capita	effect	of	dung	beetles	on	methane	emission	
reduction	 drastically	 increased	 with	 an	 increase	 in	 individual	 bodymass;	 non-
threatened	species	per	individual	are	more	effective	reducing	methane	emissions	
than	threatened	ones	(Table	A5).	
	
Table	A5:	CH4	emission	results.	 Linear	model	on	methane	 fluxes	 (mg/m2×h)	as	a	
function	of	species	densities	in	the	mesocosms,	nesting	strategy,	species	bodymass,	
conservation	 status	 and	 measurement	 days.	 Shown	 are	 estimated	 coefficients:	
mean	 squared,	 F-value	 with	 degrees	 of	 freedom	 (for	 both	 numerator	 and	
denominator),	and	statistical	significance.	
	

Dung	removal	rates	 Mean	Sq	 NumDF	 DenDF	 F-value	 p-value	

Density	 2.366	 1	 186.84	 27.866	 <	0.001	

Nesting_Strategy	 0.005		 1	 9.952	 0.063	 0.8071	

Bodymass	 0.0343	 1	 9.741	 0.404	 0.5395	

Threat_Status	 0.002	 1	 8.117	 0.023	 0.8840	

Measurement	days	 10.686	 1	 183.21	 125.836	 <	0.001	

Bodymass	×	Nesting_Strategy	 0.004		 1	 9.776	 0.047	 0.8336	

Density	×	Nesting_Strategy	 2.1639	 1	 186.705	 25.481	 <	0.001	

Density	×	Bodymass	 2.308	 1	 185.42	 27.173	 <	0.001	

Density×	Threat_Status	 0.0075	 1	 163.078	 0.089	 0.7660	

Density	×	Nesting_Strategy	×	Bodymass	 2.287	 1	 186.163			 26.932	 <	0.001	
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	 NUTRIENT	CONTENT	OF	THE	SOIL	–	NH4

+	concentration	in	the	soil	underneath	dung	
pats	showed	a	tendency	towards	higher	values	with	tunnelers	in	the	pat	than	with	
dwellers	(Table	A6).	
	

Table	A6:	Results	for	soil	NH4+	content.	Linear	model	on	ammonium	concentration	
into	 soil	 (mg/kg)	 as	 a	 function	 of	 species	 densities	 in	 the	 mesocosms,	 nesting	
strategy,	species	bodymass,	conservation	status	and	measurement	days.	Shown	are	
estimated	coefficients:	mean	squared,	F-value	with	degrees	of	 freedom	(for	both	
numerator	and	denominator),	and	statistical	significance.	
	

	

	 	

CH4	emissions	 Mean	Sq	 NumDF	 DenDF	 F-value	 p-value	

Density	 32.68	 1	 181.93			 5.34	 0.021	

Nesting_Strategy	 0.85	 1	 7.50	 0.139	 0.719	

Measurement	days	 265.25	 1	 177.97	 43.35	 <	0.001	

Bodymass	 0.25	 1	 7.27	 0.04	 0.846	

Threat_Status	 	0.57	 1	 6.90	 0.09	 0.77	

Density	×	Nesting_Strategy	 0.003	 1	 182.91	 0.000	 0.98	

Density	×	Bodymass	 31.81	 1	 181.74	 65.197	 0.024	

Density	×	Threat_Status	 32.47	 1	 182.40	 5.31	 0.022	

 

Soil	NH4+	content	 Mean	Sq	 NumDF	 DenDF	 F-value	 p-value	

Density	 63.25	 	 24.999		 0.1036	 0.750	

Nesting_Strategy	 2509.40								 24.999	 4.111	 0.053	

Bodymass	 371.47	 	 24.999	 0.609	 0.443	

Threat_Status	 636.41	 	 24.999	 1.043	 0.31699	

Density	×	Nesting_Strategy	 2002.58					 	 24.999	 3.281		 0.082	

Density	×	Bodymass	 6.86	 	 24.999	 0.011	 0.916	

Density	×	Threat_Status	 65.99	 	 24.999			 0.108	 0.745	
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Abstract	

Cattle	 farming	 is	 a	 major	 source	 of	 greenhouse	 gases	 (GHGs).	 Recent	 research	
suggests	that	GHG	fluxes	from	dung	pats	could	be	affected	by	biotic	 interactions	
involving	dung	beetles.	Whether	and	how	these	effects	vary	among	beetle	species	
and	with	 assemblage	 composition,	 is	 yet	 to	be	established.	 To	examine	 the	 link	
between	GHGs	and	different	dung	beetle	species	assemblages,	we	used	a	closed	
chamber	 system	 to	measure	 fluxes	 of	 carbon	 dioxide	 (CO2),	methane	 (CH4)	 and	
nitrous	oxide	 (N2O)	 from	cattle	dung	pats.	 Targeting	a	 total	of	 four	dung	beetle	
species	(a	pat-dwelling	species,	a	roller	of	dung	balls,	a	large	and	a	small	tunnelling	
species),	we	ran	six	experimental	treatments	(four	monospecific	and	two	mixed)	
and	two	controls	(one	with	dung	but	without	beetles,	and	one	with	neither	dung	
nor	beetles).	 In	this	setting,	the	overall	presence	of	beetles	significantly	affected	
the	gas	fluxes,	but	different	species	contributed	unequally	to	GHG	emissions.	When	
compared	to	the	control	with	dung,	we	detected	an	overall	reduction	in	the	total	
cumulative	CO2	flux	from	all	treatments	with	beetles	and	a	reduction	in	N2O	flux	
from	 the	 treatments	with	 the	 three	most	 abundant	 dung	 beetle	 species.	 These	
reductions	 can	 be	 seen	 as	 beneficial	 ecosystem	 services.	 Nonetheless,	 we	 also	
observed	 a	 disservice	 provided	 by	 the	 large	 tunneler,	 Copris	 lunaris,	 which	
significantly	increased	the	CH4	flux	–	an	effect	potentially	traceable	to	the	species’	
nesting	strategy	involving	the	construction	of	large	brood	balls.	When	fluxes	were	
summed	into	CO2-equivalents	across	individual	GHG	compounds,	dung	with	beetles	
proved	to	emit	less	GHGs	than	did	beetle-free	dung,	with	the	mix	of	the	three	most	
abundant	 species	providing	 the	highest	 reduction	 (-32%).	As	 the	mix	of	multiple	
species	proved	the	most	effective	in	reducing	CO2-equivalents,	the	conservation	of	
diverse	 assemblages	 of	 dung	 beetles	 emerges	 as	 a	 priority	 in	 agro-pastoral	
ecosystems.	

Key-words:	 biotic	 interactions;	 GHG	 emissions;	 dung	 removal;	 CO2;	 CH4;	 N2O;	
ecosystem	services;	ecosystem	disservices.	
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3.1	Introduction	

Grazing	animals	release	large	amounts	of	nitrogen	and	carbon	through	their	excreta	
in	pastures.	The	excess	of	nutrients	creates	a	release	of	Green	House	Gases	(GHGs)	
which	steadily	leaks	into	the	atmosphere	[1,2].	The	dung	produced	by	livestock,	in	
particular,	 is	 a	 significant	 source	 of	GHGs	 such	 as	 nitrous	 oxide	 (N2O),	methane	
(CH4),	and	carbon	dioxide	(CO2)	[3,4,5,6,7].	GHG	emissions	from	dung	are	primarily	
and	 directly	 dependent	 on	 microbiological	 processes.	 CO2	 originates	 from	 the	
decomposition	 of	 organic	material	 by	micro-organisms,	 CH4	 from	methanogenic	
bacteria	 thriving	 in	 anoxic	 conditions	 and	 N2O	 from	 microbial	 nitrification,	
denitrification	 and	 nitrifier	 denitrification,	 i.e.	 nitrite	 reduction	 by	 ammonia	
oxidizers	[8,9,10,11,12,13].		
Yet,	GHG	fluxes	are	also	affected	by	the	macroscopic	fauna.	Recent	studies	reveal	
that	dung	beetles	(Coleoptera:	Scarabaeoidea)	may	influence	the	GHG	emissions	by	
aerating	the	dung	and	soil,	by	reducing	organic	matter,	by	relocating	dung	and	by	
altering	microbe	communities	[14,15,16].	Importantly,	studies	of	beetle-mediated	
effects	on	GHG	emissions	have	so	far	been	focused	on	the	general	effect	of	either	
including	or	excluding	dung	beetles	[17,18,19],	or	on	the	effects	of	single	species	
[20].	 In	 contrast,	 the	 effects	 of	 variation	 in	 species	 identity	 and	 community	
composition	 has	 received	 little	 or	 no	 attention.	 This	 status	 quo	 clashes	 with	 a	
general	interest	in	the	functional	correlates	of	overall	species	diversity	(from	e.g.	
21),	and	of	nesting	strategies	within	species	assemblages	[22,	with	a	general	review	
in	23].	What	these	studies	reveal	is	that	even	within	larger	assemblages,	the	level	
of	ecosystem	functioning	may	often	be	hinged	on	the	presence	of	specific	species	
[24].	Thus,	to	understand	overall	fluxes	of	GHGs	from	dung,	we	need	to	dissect	the	
functional	 contributions	 of	 different	 dung	 beetle	 assemblages,	 and	 of	 individual	
taxa	within	such	assemblages.		
Importantly,	different	dung	beetle	 taxa	 can	be	expected	 to	modify	gas	 fluxes	 to	
different	 extents.	 Dung	 beetle	 taxa	 vary	 in	 their	 nesting	 strategies,	 and	 can	 be	
divided	 in	 dwellers,	 tunnelers	 and	 rollers	 [25].	 Of	 these,	 the	 ‘dwellers’	 do	 not	
translocate	 dung	 but	 utilise	 dung	 pats	 by	 living	 inside	 them.	 The	 ‘tunnelers’	
translocate	dung	to	tunnels	dug	underneath	the	dung	pat,	whereas	the	‘rollers’	first	
translocate	pieces	of	dung	horizontally,	then	bury	them	vertically.	A	priori,	these	
different	nesting	strategies	and/or	the	body	mass	of	the	species	may	significantly	
affect	ecological	function,	such	as	dung	removal	efficiency	[22,26,27,28,29].	As	they	
result	in	inter	alia	holes	of	different	diameter	in	different	parts	of	the	dung	pat,	and	
in	different	sizes	of	brood	balls	being	translocated	to	different	micro-environments,	
we	 hypothesized	 that	 they	 may	 also	 affect	 GHG	 fluxes	 differently.	 To	 test	 this	
hypothesis,	 we	 quantified	 GHG	 emissions	 from	 dung	 pats	 as	 a	 function	 of	 the	
identity	and	assemblage	structure	of	dung	beetles	within	them.	The	specific	aims	
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of	this	study	were	thus	to	test:	i)	whether	different	species	displayed	different	GHG	
emission	 patterns;	 and,	 ii)	 whether	 mixed	 species	 performed	 differently	 from	
single-species	assemblages.		

3.2	Materials	and	Methods	

To	examine	the	 functional	consequences	of	variation	 in	dung	beetle	assemblage	
composition,	we	established	replicate	 laboratory	 terraria	with	 four	monospecific	
and	two	mixed	assemblages,	then	recorded	the	outcome	in	terms	of	dung	removal	
and	on	GHG	emissions.	

3.2.1	Experimental	design	

Dung	beetles	were	collected	from	La	Mandria	Natural	Park	(45°	08'	48.83''	N,	7°	36'	
02.53''	E,	290	m	above	sea	 level),	north-western	Italy	(using	the	same	locality	as	
[30]).	 This	 collection	 was	 authorized	 by	 the	 supervisory	 official	 of	 the	 “Ente	 di	
Gestione	 delle	 Aree	 Protette	 dei	 Parchi	 Reali”	 (Venaria,	 Italy).	 Species	 collected	
were	neither	endangered	nor	protected.	Beetles	were	collected	in	May	2015,	using	
standard	cattle-dung-baited	pitfall	traps	located	in	the	broadleaf	forest	(dominated	
by	Quercus	 robur	and	Carpinus	betulus).	Following	 [31],	a	 total	of	30	 traps	were	
interspersed	by	distances	of	at	least	50	m,	and	the	beetles	collected	after	48	hours.	
The	design	of	our	experiment	was	subsequently	based	on	the	snapshot	of	the	local	
dung	beetle	 fauna	 thus	derived.	 Thus,	 the	 four	 species	most	 abundantly	 caught	
were	used	in	the	experiment	(Table	1):	Aphodius	fimetarius	(Linnaeus,	1758)	a	small	
dweller;	 Onthophagus	 coenobita	 (Herbst,	 1783),	 a	 small	 tunneler;	 Sisyphus	
schaefferi	 (Linnaeus,	 1758),	 a	 small	 roller;	 and	Copris	 lunaris	 (Linnaeus,	1758),	 a	
large	tunneler	(Fig	1)	(with	the	classification	into	“small”	and	“large”	species	based	
on	body	mass,	following	[32]).		
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Fig	1.	Species	used	in	the	experiment.	The	same	pictograms	are	used	to	identify	
treatments	in	Figs	2-5.	The	length	of	each	pictogram	is	proportional	to	the	average	
body	size	of	beetles,	as	adopted	from	[33].	Photographs	by	Göran	Liljeberg.	

To	keep	 the	 total	biomass	of	beetles	at	 roughly	0.30	g	per	assemblage,	 species-
specific	numbers	of	individuals	were	varied	between	two	and	31,	with	a	minimum	
of	two	individuals	per	species	(Table	1).	This	total	biomass	was	chosen	based	on	the	
mean	total	dung	beetle	biomass	found	in	dung	pats	of	300g	each	in	a	previous	pilot	
field	 study	 (mean	 value=	 0.33g,	 SD.=	 0.20g)	 (with	more	 details	 in	 S1	Appendix).	
Since	 the	bigger	 species	were	of	vastly	 larger	 size	and	biomass	 than	 the	smaller	
ones,	we	chose	to	omit	them	from	the	mixed	assemblages	to	maintain	control	over	
total	biomass	per	treatment.				
We	 ran	 six	 treatments	 (see	Table	1):	 four	monospecific	 treatments	 (T1-T4,	 each	
with	one	species	only),	and	two	mixed	treatments	(T5,	T6)	where	the	two	versus	
three	 most	 abundant	 species,	 respectively,	 were	 included	 in	 proportions	
representative	 of	 field	 densities	 (Table	 1).	 We	 also	 ran	 two	 controls:	 C1	 dung	
without	 beetles,	 and	 C2	 with	 neither	 dung	 nor	 beetles.	 Seven	 replicates	 were	
established	for	each	treatment	and	control,	thus	yielding	a	total	of	56	terraria	(6	
treatments	x	7	replicates	+	2	controls	x	7	replicates	=	56).	We	used	terraria	that	
consisted	of	a	16.5	litre	plastic	bucket	(diameter	28	cm,	height	27	cm).	Since	our	
experiment	 required	 a	 total	 of	 576	 litres	 of	 soil,	we	 decided	 to	 use	 an	 artificial	
synthetic	 substrate	 rather	 than	 the	 natural	 soil	 from	 the	 site	 of	 origin.	 For	 this	
purpose,	 we	 used	 humus	 for	 gardening	 (0.5	 Kg	 NPK	 12-14-24	 +	 2MgO),	
homogenizing	it	through	a	1cm-mesh.	To	reduce	the	organic	content	and	to	arrive	
at	a	composition	similar	to	the	natural	substrate,	we	then	mixed	it	with	sand	in	a	
ratio	of	1:2,	following	[34].		
Fresh	dung	was	collected	from	a	herd	of	twelve	Aberdeen	Angus	cattle	grazing	on	
natural	grasslands	dominated	by	graminoids	(genera	Dactylis,	Festuca,	Poa,	Lolium	
and	Setaria).	No	cow	in	the	herd	was	treated	with	antibiotics	or	anthelmintics.	The	
dung	was	manually	homogenized	before	partitioning	300g	to	each	treatment	T1-T6	
and	to	the	control	C1.	This	pat	size	was	chosen	from	the	range	of	typical	pat	sizes	
encountered	in	nature,	selected	to	leave	an	uncovered	strip	of	ground	surrounding	
the	pat.	
The	experiment	lasted	for	32	days,	during	which	time	the	laboratory	was	kept	at	a	
constant	 temperature	 of	 25°	 [35]	 and	 60	%	 humidity	 [36].	 To	 simulate	 rain,	we	
added	100	ml	of	deionized	water	to	each	terrarium	after	8,	14,	19	and	24	days.		
At	 the	 end	 of	 the	 experiment	 we	 weighed	 dry	 residual	 dung	 to	 evaluate	 the	
efficiency	of	dung	removal	for	each	treatment.	By	using	dry	weight,	we	controlled	
for	any	difference	in	evaporation,	thereby	isolating	the	contribution	of	the	insects	
themselves	in	dung	removal.



Table	 1:	 Dung	 beetle	 species	 used	 in	 the	 experiment.	 The	 table	 identifies	 the	
nesting	strategies,	species,	 total	number	of	 individuals,	mean	 individual	dry	body	
mass	and	number	of	individuals	used	in	each	experimental	treatment.	

	

3.2.2	Chamber	and	gas	flux	measurement	

To	 evaluate	 gas	 fluxes	 from	 the	 terraria,	 we	 used	 a	 non-steady-state	 closed	
chamber	technique	[37,	38]	(overall	approach	adopted	from	[17],	with	additional	
details	offered	in	S1	Appendix).	To	close	the	terraria,	we	used	lids	organized	with	a	
vent	tube	and	a	sampling	port	following	the	USDA-ARS	GRACEnet	Chambers-base	
trace	gas	flux	measurement	protocol	[39].	Between	measurements,	buckets	were	
closed	with	a	plastic	mesh	to	avoid	the	escape	of	any	dung	beetles.			
Gas	 fluxes	 were	 measured	 between	 09:00am	 and	 2:00pm	 on	 eight	 occasions	
between	June	5th	and	July	6th,	with	the	timing	of	measurement	(i.e.	1,	4,	7,	11,	15,	
20,	26	and	32	days	from	the	start	of	the	experiment)	following	that	of	[17].	On	each	
specific	 day,	 gas	 fluxes	 were	measured	 in	 seven	 consecutive	 rounds,	 with	 each	
round	encompassing	one	replicate	of	each	treatment	(T1,	T2,	T3,	T4,	T5,	T6)	and	
control	(C1	and	C2).	The	first	round	was	initiated	at	9:00	am,	the	last	one	at	1:30	
pm.	Gas	 fluxes	measured	during	different	 rounds	did	not	detectably	differ	 from	
each	other	(see	S2	Appendix:	S2.1	Table).		
Samples	were	taken	with	a	syringe	(50	ml)	after	0,	8,	and	16	minutes	of	the	chamber	
being	sealed,	and	injected	into	glass	vials	(12	ml).	The	contents	of	CO2,	CH4	and	N2O	
were	then	quantified	in	parts	per	million	(ppm	by	volume)	by	a	gas	chromatograph	
(Agilent	mod.	 7890A)	 equipped	with	 thermal	 conductivity,	 flame	 ionization	 and	
electron	capture	detectors.	

Nesting	strategies	and	

beetle	size	
Species	

Total	

number	of	

individual

s	

Mean	

individ

ual	

body	

mass	

[g]	

Number	of	individuals		

in	each	treatment	

Monospecific	

treatments	

Mixed		

treatme

nts	

T1	 T2	 T3	 T4	 T5	 T6	

Small	dweller	 Aphodius	fimetarius	 413	 0.01	 31	 	 	 	 17	 11	

Tunneler	
Small	tunneler	

Onthophagus	

coenobita	
161	 0.02	 	 13	 	 	 6	 4	

Large	tunneler	 Copris	lunaris	 14	 0.20	 	 	 	 2	 	 	

Small	roller	 Sisyphus	schaefferi	 56	 0.05	 	 	 6	 	 	 2	
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Fluxes	were	calculated	 from	the	 linear	or	nonlinear	 [40]	 increase	over	 time	 (per	
hour)	in	concentration	(selected	according	to	the	emission	pattern)	in	the	chamber	
headspace,	as	suggested	by	[38].	
To	 evaluate	 the	 overall	 warming	 effect	 of	 GHG	 emissions	 from	 dung	 pats,	
compound-specific	emissions	should	be	combined.	To	weigh	the	fluxes	together,	
we	converted	compound-specific	fluxes	of	N2O	and	CH4	to	CO2-equivalents	by	using	
the	IPCC	2013	global	warming	potential	(GWP)	impact	factors	for	100	years’	time,	
i.e.	298	for	N2O	and	34	for	CH4.	These	fluxes	were	then	summed	with	the	fluxes	of	
CO2.	
Following	[17]	and	[20],	cumulative	fluxes	of	CO2,	N2O,	CH4,	and	CO2-equivalents	
were	calculated	for	each	chamber	and	expressed	as	areas	under	the	curve	(AUC)	of	
the	gas	flux	over	time.	For	the	period	from	the	start	of	the	experiment	to	day	i,	the	

cumulative	area	under	the	curve	Ai	was	calculated	as:
Ai= Σk= 1i Ak .	Accumulation	

rates	(as	trends	in	cumulative	areas	under	the	curves)	and	total	cumulative	fluxes	
(i.e.	sums	up	to	i=32	days)	were	used	as	separate	responses	in	subsequent	analyses.	

3.2.3	Statistical	Analysis		

Generalized	 Least	 Squares	 (GLS)	 models	 were	 used	 to	 analyse	 dung	 removal	
efficiency	 and	 gas	 fluxes,	 which	 allow	 the	 incorporation	 of	 autocorrelation	
structures	(i.e.	temporal	dependencies	between	observations).	To	account	for	the	
heterogeneity	of	variance	between	 treatments,	we	 included	a	separate	variance	
structure	for	each	treatment	where	necessary.	The	most	appropriate	structure	of	
random	 components	 was	 determined	 using	 a	 REstricted	 Maximum	 Likelihood	
(REML)	estimation.	The	optimal	random	structure	was	determined	by	starting	with	
a	model	without	any	variance–covariate	terms	(equivalent	to	linear	regression)	and	
comparing	this	model	with	subsequent	GLS	models	that	contained	specific	variance	
structures	[41].	Comparisons	of	these	models	were	made	using	Akaike	Information	
Criteria	(AIC)	(S1.2	Table	in	S1	Appendix)	and	plots	of	residuals	versus	fitted	values.	
Individual	responses	were	modelled	as	follows.	
To	analyse	how	dung	removal	varied	with	dung	beetle	assemblage	composition,	
residual	dung	weight	was	modelled	as	a	function	of	treatment,	while	 including	a	
separate	variance	structure	for	each	treatment.		
To	analyse	how	the	fluxes	(both	hourly	and	cumulative)	of	different	gases	varied	
over	time	and	treatments,	a	separate	model	was	derived	for	each	compound	(CO2,	
CH4,	N2O	and	CO2-equivalents,	respectively).	We	run	models	that	took	into	account	
the	 high	 variability	 within	 treatments	 and	 the	 temporal	 non-independence	 of	
consecutive	measurements.	 Thus,	 each	 compound	was	modelled	 as	 function	 of	
measurement	day	and	treatments,	using	terrarium	as	a	random	effect	and	including	
a	separate	variance	structure	for	each	treatment.		
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To	 analyse	 total	 cumulative	 fluxes	 at	 the	 end	 of	 the	 experiment,	 we	 applied	 a	
separate	GLS	to	each	compound,	including	a	separate	variance	structure	for	each	
treatment.	Consequently,	each	compound	was	modelled	as	function	of	treatments,	
including	a	separate	variance	structure	for	each	treatment.	
To	 adjust	 for	 multiple	 comparisons	 in	 all	 GLS	 models	 and	 post	 hoc	 test,	 we	
recalculated	the	p-value	with	a	Holm	correction	(equal	to	a	sequential	Bonferroni	
correction;	[42]).	In	other	words,	we	multiplied	the	lowest	p-value	observed	by	the	
number	 (n)	 of	 independent	 tests	 conducted	 or	 by	 the	 number	 of	 independent	
variables,	the	next-lowest	with	n-1	etc.	Both	the	adjusted	and	non-adjusted	p-value	
are	presented	in	the	Tables	in	Appendix	S2.		
All	 analyses	were	 performed	 using	 the	 ‘nlme’	 package	 (v3.1-124;	 [43])	 in	 the	 R	
(v3.2.1)	 statistical	 and	 programming	 environment	 (R	 Development	 Core	 Team	
2005,	for	the	R-scripts	see	S1.1	Table	in	S1	Appendix).		
Data	exploration	of	GHG	fluxes	per	treatment	and	day	highlighted	the	presence	of	
an	 outlier	 from	 methane	 emissions	 of	 treatment	 T1	 (day	 3).	 This	 value	 was	
completely	out	of	range	of	all	other	data,	suggesting	that	it	may	come	from	an	error	
during	the	gas	extraction.	For	this	reason,	this	data	had	not	been	taken	into	account	
in	the	analysis.		

3.3	Results	

3.3.1	Dung	removal	

At	the	end	of	the	experiment	the	dry	mass	of	dung	remaining	did	not	significantly	
differs	between	the	treatments	and	the	beetle-free	control	C1.	The	treatment	T4	
with	Copris	lunaris	offered	a	notable	exception,	as	this	species	removed	much	more	
dung	than	the	others	(Fig	2	and	S2	Appendix:	S2.2	Table).		
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Fig	2.	Dung	removal	in	different	treatments.	Shown	are	box	plots	of	the	dry	weight	
of	dung	(in	grams)	left	at	the	end	of	the	experiment.	Letters	above	boxes	identify	
differences	among	means	as	revealed	by	post-hoc	analyses	of	GLS	models.	Boxes	
not	sharing	a	letter	were	significantly	different	from	each	other,	with	significance	
levels	derived	from	post-hoc	analysis	of	the	GLS	model:	‘***’	=	p<0.001.	

3.3.2	GHG	emissions	

GHG	 fluxes	 from	 soil	 (i.e.	 from	 control	 C2,	 containing	neither	 dung	nor	 beetles)	
were	much	lower	than	fluxes	from	terraria	with	dung	(Figs	3-5).	Fluxes	from	dung	
pats	decreased	over	 time	and	showed	different	patterns	among	the	compounds	
considered:	 while	 fluxes	 of	 all	 compounds	 were	 highest	 from	 fresh	 dung,	 this	
pattern	was	most	 pronounced	 for	methane	 and	 nitrous	 oxide,	 which	 emissions	
essentially	stopped	within	a	week.	By	comparison,	carbon	dioxide	fluxes	continued	
–	albeit	at	a	reduced	rate	–	throughout	the	duration	of	the	experiment	(Fig	3).	
When	 focusing	 on	 the	 seven	 terraria	 types	 with	 dung	 pats	 (i.e.	 the	 set	 of	 six	
treatments	 with	 dung	 beetles	 and	 the	 control	 C1	 containing	 dung	 only),	 the	
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presence	of	dung	beetles	significantly	reduced	GHG	emissions	as	compared	to	the	
control	C1	containing	dung	only	(Tables	S2.3	and	S2.4	in	S2	Appendix).		

	

Fig	3.	Compound-specific	gas	fluxes	observed	over	time.	 Individual	panels	show	
fluxes	of	 CO2	 (a),	 CH4	 (b),	N2O	 (c)	 and	CO2-equivalents	 (d),	with	 each	 treatment	
represented	by	day-specific	averages	and	standard	deviations	from	empirical	data.	
The	 water	 drops	 symbolize	 the	 addition	 of	 100	 ml	 of	 deionized	 water	 to	 each	
terrarium.	Error	bars	show	standard	deviations.	
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Fig.	4.	Compound-specific	cumulative	fluxes	observed	over	time.	Individual	panels	
show	 cumulative	 fluxes	 of	 CO2	 (a),	 CH4	 (b),	 N2O	 (c)	 and	 CO2-equivalents	 (d)	 in	
different	treatments	and	controls	(see	details	in	S1	Appendix	and	GLS	result	in	S2	
Appendix).		

	

Fig.	5.	Total	CO2-equivalents	of	greenhouse	gases	emitted	in	different	treatments.	
To	 weigh	 together	 individual	 GHG	 compounds,	 we	 used	 compound-specific	
multipliers	derived	from	IPCC	(2013).	Letters	above	bars	identify	differences	among	
means	revealed	by	post-hoc	analyses	of	GLS	models	(more	details	in	Table	S2.7	in	
Appendix	 S2).	 Bars	not	 sharing	 the	 same	 letter	were	 significantly	 different	 from	
each	other.	Stars	define	significant	differences	between	terraria	(treatment	T6	and	
control	C2	without	dung)	and	reference	category	(control	C1	with	dung),	revealed	
by	GLS	models.	Error	bars	show	standard	deviations.	‘***’	=	p<0.001	and	‘*’	=	0.05.	

3.3.2.1	Carbon	dioxide	

Emissions	 of	 CO2	 varied	 between	 a	 maximum	 of	 2421.15	 mg	 C	 m-2	 h-1	 and	 a	
minimum	of	23.96	mg	C	m-2	h-1	among	the	terraria	with	dung	pats	(treatments	T1-
T6	and	C1;	Fig	3a).	CO2	fluxes	differed	among	terraria	(F6,336=2.57,	p=0.02,	adjusted	
p=0.057;	with	T1/T6	differing	 from	C1)	and	time	periods	 (F7,336=408.32,	p<0.001,	
adj.	 p<0.001),	 with	 the	 size	 of	 the	 difference	 varying	 between	 time	 periods	
(Interaction	treatments	×	days:	F42,336=1.54,	p=	0.02,	adj.	p=0.04;	for	more	details	
see	Table	S2.5	in	Appendix	S2)	(Figs	3a	and	4a).		
The	cumulative	CO2	flux	was	lower	in	all	treatments	than	that	of	the	control	C1	(as	
containing	dung	only;	T2:	t56=-2.25,	p=0.03,	adjusted	p=0.12;	T3:	t56=-1.91,	p=0.06,	
adjusted	 p=0.12,	 T5:	 t56=-2.50,	 p=0.02,	 adjusted	 p=0.08,	 T6:	 t56=-2.18,	 p=0.03,	
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adjusted	p=0.12),	but	this	difference	was	strong	in	the	presence	of	C.	lunaris	(T4:	
t56=-3.67,	p<0.001,	adj.	p=0.001;	for	more	details	see	Table	S2.6	in	Appendix	S2)	(Fig	
4a).	

3.3.2.2	Methane	

Fluxes	of	CH4	ranged	from	a	maximum	of	5.73	mg	C	m-2	h-1	to	a	minimum	of	-0.55	
mg	C	m-2	h-1	(treatments	T1-T6	and	control	C1).	For	this	compound,	fluxes	did	not	
differ	 significantly	 among	 terraria	 (F6,335=1.03,	 p=0.40,	 adj.	 p=0.81),	 but	 only	
between	time	periods	(F7,335=182.15,	p<0.001,	adj.	p<0.001;	interaction	treatments	
×	days:	F42,335=1.58,	p=0.02,	adj.	p=0.048;	more	details	 in	Tables	S2.4	and	S2.5	in	
Appendix	S2)	(Fig	3b).	The	same	patterns	were	evident	in	cumulative	CH4	fluxes	(Fig	
4b).		
Total	cumulative	 fluxes	of	CH4	 from	the	beetle-free	control	C1	were	significantly	
lower	than	those	from	the	treatment	with	the	big	tunneler	C.	lunaris	(treatment	T4:	
t56=2.91,	 p=0.00,	 adj.	 p=0.037;	 more	 details	 in	 Table	 S2.5	 in	 Appendix	 S2).	 The	
emission	pattern	from	this	treatment	(T4)	changed	over	time,	with	CH4	emissions	
decreasing	until	the	7th	day,	when	they	started	to	increase.	As	a	result	of	this	trend,	
cumulative	 emissions	 were	 lower	 than	 those	 from	 control	 C1	with	 dung	 at	 the	
beginning	of	the	experimental	period	and	higher	at	the	end	(Figs	3b	and	4b).				

3.3.2.3	Nitrous	oxide	

Fluxes	of	N2O	varied	between	a	maximum	of	43.31	mg	N	m-2	h-1	and	a	minimum	of	
-0.62	mg	N	m-2	h-1	among	the	terraria	with	dung	pats	(treatments	T1-T6	and	C1).	
The	 specific	 flux	 rates	 differed	 significantly	 among	 treatments	 over	 time	
(F6,336=2.27,	p=0.04,	adj.	p=0.04)	and	over	time	(F7,336=95.64,	p<0.001,	adj.	p	<0.001;	
interaction	treatment	×	days:	F42,336=1.95,	p<0.001,	adj.	P=0.001;	with	more	details	
in	Tables	S2.4	and	S2.5	in	Appendix	S2)	(Figs	3c	and	4c).		
Cumulative	N2O	fluxes	accumulated	slower	over	time	 in	treatments	with	beetles	
than	in	the	control	C1	with	dung	only	(with	the	notable	exception	of	treatment	T2	
containing	 the	 small	 tunneller,	Onthophagus	 coenobita;	 Fig	 4c).	 However,	 these	
differences	were	significant	only	between	treatment	T6	(with	all	three	dung	beetle	
species	present)	and	the	beetle-free	control	with	dung,	C1	(Treatment	T6:	t56=-2.65,	
p=0.01,	adj.	p=0.07;	more	details	in	Table	S2.6	in	Appendix	S2).		

3.3.2.4 CO2-equivalents 

To	the	total	fluxes	of	CO2-equivalents,	CO2	and	N2O	contributed	the	majority,	with	
a	substantially	smaller	contribution	from	CH4	(Fig	5).	Among	the	terraria	with	dung	
pats	 (treatments	 T1-T6	 and	 control	 C1),	 emissions	 of	 CO2-equivalents	 differed	
significantly	 among	 terraria	 (F6,336=2.68,	 p=0.02,	 adj.	 p=0.02)	 and	 over	 time	
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(F7,336=162.10,	p<0.001,	adj.	p	<0.001;	 interaction	 treatment	×	days:	F42,336=2.14,	
p<0.001,	adj.	P=0.001;	with	more	details	 in	Tables	S2.4	and	S2.5	 in	Appendix	S2)	
(Figs	3d	and	4d).		
Cumulative	fluxes	of	CO2-equivalents	accumulated	slower	in	the	presence	(T1-T6)	
than	in	the	absence	(control	C1)	of	beetles,	with	an	average	reduction	of	-21,33%	
[calculated	from	the	data	shown	in	Fig	5	as	(Ti-C1)/C1*100;	see	[17]).	The	largest	
reduction	was	provided	by	the	blend	of	three	species	(treatment	T6),	which	was	
also	 significantly	 lower	 than	 that	 from	 the	 control	 C1	 (Treatment	 T6:	 t56=	 -3.22,	
p=0.00,	 adj.	 p-value	 0.02;	more	details	 in	Appendix	 S2:	 Table	 S2.6;	 for	 post	 hoc	
analysis	details	in	Appendix	S2:	Table	S2.7)	(Fig	5).		

3.4	Discussion	

Where	previous	studies	have	revealed	a	general	 impact	of	dung	beetles	on	GHG	
fluxes	from	cow	pats	[17,18,20],	the	current	study	reveals	a	new	pattern:	that	the	
specific	reduction	in	GHG	emissions	depends	on	the	composition	of	the	dung	beetle	
assemblage.	Quite	surprisingly,	we	found	the	very	same	species	to	maximize	the	
ecosystem	 service	 of	 dung	 removal	 and	 of	 carbon	 dioxide	 reduction	 and	 the	
ecosystem	disservice	of	methane	emissions	from	dung	pats.	These	patterns	come	
with	two	main	implications:	first,	they	support	our	a	priori	hypothesis	that	different	
dung	beetle	species,	and	different	dung	beetle	assemblages,	do	indeed	affect	GHG	
fluxes	differently.	Second,	they	suggest	that	different	ecosystem	services	may	trade	
off	against	each	other,	and	that	functionally	efficient	organisms	may	simultaneously	
increase	 both	 desirable	 and	 undesirable	 ecosystem	 processes.	 Below,	 we	 will	
address	each	one	in	turn.	

3.4.1	Different	dung	beetle	assemblages	affect	GHG	emission	differently	

While	previous	studies	have	mainly	targeted	the	overall	effect	of	dung	beetles	on	
GHG	emissions	from	dung	pats	[17,18],	not	all	dung	beetles	are	equal.	Variation	in	
nesting	strategies	[25]	and	in	the	body	mass	of	species	may	significantly	affect	their	
functional	efficiency	[22,27,28,29,44].	Thus,	we	expected	different	beetles	to	affect	
GHG	fluxes	differently	–	a	hypothesis	for	which	we	found	direct	support.	
Even	 though	 our	 experimental	 design	 was	 explicitly	 based	 on	 the	 same	 total	
biomass	 of	 dung	 beetles	 in	 each	 experimental	 unit,	 assemblages	 of	 the	 large	
tunneler,	Copris	lunaris,	released	more	total	methane	per	unit	beetle	mass	than	did	
other	beetle	assemblages	–	and	in	fact,	even	more	methane	than	did	the	control	
with	 dung	 only	 and	 no	 beetles.	 The	 exact	 patterns	 differed	 not	 only	 with	 the	
assemblage	structure	but	with	the	GHG	compound	considered.	When	emissions	of	
all	compounds	(CH4,	N2O	and	CO2)	were	combined	into	the	common	currency	of	
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CO2-equivalents,	 dung	beetle	 assemblages	 consisting	 of	 three	 species	 proved	 to	
release	a	full	third	(32%)	less	of	GHGs	than	did	beetle-free	controls.		
Exactly	what	processes	are	behind	the	patterns	detected	is	yet	to	be	clarified.	For	
assemblages	with	C.	 lunaris,	 fluxes	first	decreased	until	day	7	of	the	experiment,	
then	increased	again.	These	patterns	may	reflect	the	nesting	behaviour	of	this	large	
tunneler,	with	decreasing	CH4	fluxes	during	the	first	week	corresponding	to	dung	
relocation	into	chambers	before	the	brood	ball	formation	starts	[45].	During	this	
period,	C.	lunaris	manipulated	and	transported	the	dung	into	the	soil,	this	may	have	
enhanced	 its	 drying	 and	 increased	 the	 availability	 of	 oxygen.	 This	 may	 have	
decreased	anaerobic	decomposition	and	reduced	methanogenesis	(cf.	[17]).	Once	
in	 the	 larval	 chamber,	 brood	balls	will	 be	 kept	moist	 by	parental	 care,	 and	may	
therefore	continue	to	emit	CH4	until	the	end	of	the	experiment.		
That	 the	 different	 activities	 of	 different	 dung	 beetle	 species	 may	 interact	 in	
determining	 the	net	 functional	 outcome	 is	 suggested	by	 the	 functional	 patterns	
emerging	from	monospecific	versus	mixed	species	assemblages.		
Overall,	the	total	emission	of	CO2	equivalents	–	i.e.	the	pooled	climatic	impact	–	was	
lower	 in	 the	presence	 than	 in	 the	absence	of	beetles	and	with	 the	mix	of	 three	
species	 providing	 the	 highest	 significant	 reduction.	 Yet,	 the	 exact	 mechanisms	
behind	 this	 desirable	 pattern	 of	 attenuation	 of	 GHG	 emissions	 in	 terms	 of	 CO2	

equivalents	are	again	to	be	targeted	by	further	work.	As	our	current	experimental	
design	was	explicitly	devised	to	resolve	differences	among	species,	and	constrained	
by	limitations	on	resources	and	overall	terraria	numbers,	it	falls	short	of	resolving	
complementarity	from	facilitation	effects	(sensu	[21])	–	or	indeed	any	other	specific	
mechanisms	behind	the	patterns	detected.	Yet,	it	does	suffice	to	generate	the	data-
driven	 hypothesis	 that	more	 diverse	 dung	 beetle	 communities	may	 release	 less	
GHGs	–	an	explicit	hypothesis	to	be	targeted	by	future	experiments.	

3.4.2	 Functionally	 efficient	 taxa	 may	 provide	 both	 ecosystem	 services	 and	
disservices	

While	the	large	tunneler	C.	lunaris	was	associated	with	unexpectedly	high	methane	
emissions,	it	was	also	the	most	efficient	species	in	removing	dung	and	reducing	CO2	
emissions,	even	more	efficient	than	mixed	assemblages.	Thus,	functionally	efficient	
organisms	may	simultaneously	increase	both	desirable	and	undesirable	ecosystem	
processes	[46,47]	and	different	ecosystem	services	may	trade	off	against	each	other	
[48,49].	Across	different	taxa,	many	species	provide	both	ecosystem	services	and	
disservices.	Important	pollinators,	as	hawkmoth	species	(Lepidoptera:	Sphingidae),	
have	voracious	herbivore	larval-stages	that,	damaging	the	plants,	have	an	effective	
fitness	 cost	 [50,	 51]	 and	 incur	 an	 indirect	 disservice	 for	 the	 crop.	 Ants	 provide	
several	ecosystem	services	(reducing	leaf	herbivory,	fruit	pest	damage	and	indirect	
pollination	 facilitation),	 but	 also	 disservices,	 increased	 mealybug	 density,	
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phytopathogen	 dissemination	 and	 indirect	 pest	 damage	 enhancement	 [47].	
Earthworms	 are	 also	 important	 as	 soil	 ecosystem	 engineers,	 they	 modify	 soil	
structure	and	interact	with	microbes	through	their	feeding,	burrowing	and	casting	
activities	 (ecosystem	 services)	 but	 it	 was	 proven	 that	 they	 also	 increase	 GHG	
emissions	from	soil	(ecosystem	disservice)	[46].		
Since	dung	beetles	as	a	group	are	known	to	sustain	a	whole	range	of	ecosystem	
services	ranging	from	seed	dispersal	to	parasite	control	[52],	this	points	to	a	need	
for	quantifying	the	relative	role	of	species	identity,	functional	diversity	and	overall	
species	 diversity	 for	multiple	 functions	 at	 the	 same	 time.	 Dung	 removal	 per	 se	
seems	not	to	reflect	all	other	functions	and	services	(current	study;	see	also	[53]),	
and	 a	 species	 excelling	 at	 producing	 one	 service	 may	 be	 either	 inefficient	 in	
producing	 another,	 or	 distressingly	 efficient	 in	 simultaneously	 sustaining	 a	
disservice.	

3.5	Conclusions	

Overall,	 our	 study	 demonstrates	 that	 different	 dung	 beetle	 species	 contribute	
differently	to	dung	removal	and	to	GHG	emissions	from	dung	pats	–	and	that	one	
and	the	same	species	(C.	lunaris)	may	contribute	to	both	ecosystem	services	(dung	
removal	 and	 CO2	 reduction)	 and	 disservices	 (increasing	methane	 emissions).	 As	
different	species	may	perform	differently	under	different	conditions	[54],	the	best	
approach	 to	 safeguarding	ecological	 functioning	will	 be	 conserving	diverse	dung	
beetle	communities	[53].		
In	many	countries	worldwide,	dung	beetles	are	currently	threatened	by	changes	in	
pastoral	practices	and	chemicalization	of	cattle	farming	[28,55,56,57].	As	a	case	in	
point,	the	large	tunneler,	C.	lunaris,	which	we	identified	as	so	functionally	important	
in	our	study,	has	been	declining	in	many	parts	of	Northern	Europe	[33].	This	and	
similar	 changes	 may	 incur	 unpredictable	 changes	 in	 the	 functioning	 of	 pasture	
ecosystems.		
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Appendix		

1.	Supplementary	methods	

Our	experimental	design	was	based	on	a	constant	biomass	of	0.30	g	among	dung	
beetle	 assemblages	 (see	main	 text).	 To	 determine	 the	 number	 of	 individuals	 to	
insert	in	the	treatments,	we	weighted	a	minimum	of	ten	dried	individuals	of	each	
species	 with	 analytical	 balance	 (0.0001	 mg),	 with	 the	 exact	 number	 weighted	
varying	with	the	availability	of	specimens	in	the	collection	of	University	of	Turin.		
In	 order	 to	 establish	 the	 total	 biomass	 per	 each	 dung	 pat,	 we	 set	 up	 a	 pilot	
experiment	 in	May	2015.	We	set	up	10	300g-dung	pats	 in	a	 linear	transect	 in	an	
open	pasture	at	IPLA	(N45°05'20.9"	E7°44'24.4").	Dung	beetles	were	extracted	after	
48	hours	of	pat	exposure.	All	species	were	counted	and	identified.	
To	evaluate	gas	fluxes	from	the	dung	pats,	we	used	a	closed	chamber	method.	Once	
the	 lid	 was	 installed	 on	 the	 respective	 terrarium,	 the	 volume	 of	 the	 chamber	
without	the	dung	pat	was	3.077	litres.	To	avoid	the	stratification	of	the	gases,	we	
mixed	the	air	inside	the	chamber	(extracting	it	by	syringe	and	re-expelling	it	again	
inside	the	chamber).	The	lid	was	gently	replaced	so	as	not	to	alter	the	pressure	in	
the	chamber.		
Gas	samples	(35	ml)	were	drawn	into	50	ml	polypropylene	syringes	through	a	2-way	
stopcock,	20	ml	of	gas	was	expelled	to	clean	the	needle	and	the	remaining	30	ml	
gas	 was	 injected	 directly	 into	 12-ml	 soda	 glass	 vials	 (Exetainer®,	 Labco	 Ltd.,	
Buckinghamshire,	UK).	Each	vial	had	been	evacuated	with	a	vacuum	pump	before	
use.		
Gas	 fluxes	 were	 measured	 between	 09:00am	 and	 2:00pm	 on	 eight	 occasions	
between	June	5th	and	July	6th.	Specifically,	the	dates	were	5th,	8th,	11th	,	15th	,	19th	,	
24th	,	and	30th	June	and	the	6th	July	2015,	corresponding	to	days	1,	4,	7,	11,	15,	20,	
26	and	32	of	the	experiment	(following	[1]).			
Gas	samples	were	taken	after	0,	8,	and	16	minutes	of	the	chamber	being	sealed.	
The	gas	within	the	syringe	was	injected	into	a	12ml	vial.		
In	order	to	minimize	sample	contamination	in	case	of	leakage,	and	to	allow	multiple	
injections	if	needed,	this	procedure	created	an	overpressure	in	the	vial.		
All	 three	 gases	were	 analysed	with	 gas	 chromatography,	 and	 the	 analysis	 were	
carried	out	within	5	days	of	extraction.		
Instrument	 calibration	 was	 performed	 several	 times	 a	 day	 to	 avoid	 changes	 in	
atmospheric	conditions	during	the	analysis,	with	a	three-point	external	calibration	
carried	out	with	certified	multi-standard	gas	samples	(for	CO2,	CH4,	N2O;	certified	
standard	mixtures	are	provided	by	SIAD	spa)	at	three	different	concentration	levels.	
The	 calibration	 curve	 was	 recalculated	 after	 around	 50	 vials	 analysed.	 	 The	
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nonlinearity	of	ECD	response	to	N2O	concentration	was	corrected	by	a	non-linear	
empirical	function	of	the	measured	concentration.		
The	 system	 was	 an	 Agilent	 mod.	 7890A	 gas-chromatograph,	 equipped	 with	 a	
Gerstel	 Maestro	 MPS2	 autosampler.	 After	 the	 injection	 (injector	 temperature:	
70°C)	the	sample	was	split	into	two	lines	for	gas	detection;	line	1	was	equipped	with	
two	packed	columns	(Supelco	Sigma	Aldrich	Porapack	Q	and	Porapack	QS)	kept	at	
80°C	and	with	a	TCD	for	CO2	detection	and	a	FID	for	methane	detection,	placed	in-
line.	 On	 this	 line,	 it	 was	 used	 as	 carrier	 at	 30.00	 ml/min	 flow.	 Operating	
temperatures	were	200°C	for	TCD	and	250°C	for	FID.	Line	2	was	equipped	with	2	
packed	columns	(Sigma	Aldrich	Porapack	Q)	and	with	an	ECD	for	N2O	detection;	on	
this	 line,	a	5%	Argon-Methane	mix	was	used	both	as	carrier	and	makeup	 (30.00	
ml/min).	ECD	operating	temperature	was	350°C.	All	detectors	were	manufactured	
by	Agilent	Technologies.	Each	line	was	preceded	by	a	500	μL	loop	for	sample	volume	
determination;	 the	 system	 allowed	 sample	 edge	 and	 tail	 cutting	 by	 a	 two-valve	
system,	in	order	to	limit	time	analysis	to	nearly	6	minutes.			
Minimum	Detectable	Concentrations	for	each	gas	were:	110	ppb	for	CH4,	16.5	ppm	
for	CO2,	10	ppb	for	N2O.	MDF.	Converted	to	fluxes	(as	based	on	MDC	and	chamber	
space),	this	corresponds	to	0.02	mg	m-2	h-1	for	CH4,	2.43	mg	m-2	h-1	for	CO2,	0.0033	
mg	m-2	h-1	for	N2O.	Fluxes	that	lay	below	detection	limits	were	set	to	zero.	
	
Table	S1.1:		Formula	applied	to	each	model.	Alternative	models	fitted	to	flux	data,	
with	the	resultant	AIC	values	offered	in	Table	S1.2.		

	
	

Table	S1.2:	AIC	results	for	each	model	applied.	AIC	values	for	each	of	the	models	
outlined	in	Table	S1.1,	as	fitted	to	compound-specific	gas	fluxes.	

Model	 Formula	 Correlation	 Weights	

GLMM	 gas	~	Treatment*Day	+	

(1|Terrarium).	

	 	

GAMM	 gas	 ~	 s(Day,	 k=5)	 +	

Treatment,	 random	 =	

list(Terrarium=~1),		

method	=	"REML".	

Correlation=corAR1(0.

8,	 form	 =	 ~	 1	 |	

Treatment/Terrarium)	

	

LM	 gas	 ~Treatment*Day	 ,		

random=~1|Terrarium.	

Correlation=corAR1(0.

8,	 form	 =	 ~	 1	 |	

Terrarium)	

VarIdent(form=	

~1|Treatment))	

GLS	 gas	~	Treatment*Day.	 Correlation=corAR1(0.

8,	 form	 =	 ~	 1	 |	

Terrarium)	

VarIdent(form=	

~1|Treatment.	
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Figure	A1:	Terraria.	Buckets	with	lids	organized	with	the	vent	port	and	the	syringes	
for	the	gas	extractions	

	 Model	 AIC	

CO2	 GLMM	 568.4		

GAMM	 786.3	

LME	 490.6	

GLS	 491.8	

CH4	 GLMM	 849.4	

GAMM	 890.3	

LME	 819.1	

GLS	 582.0	

N2O	 GLMM	 959.1	

LME	 648.6	

GAMM	 976.6	

GLS	 646.6	

CO2-

equivalents	

GLMM	 836.4	

GAMM	 872.1	

LME	 570	

GLS	 570	
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2.	Supplementary	results	

Proportion	of	CO2	fluxes	emanating	from	beetle	respiration	
Part	of	the	CO2	fluxes	observed	in	our	terraria	with	beetles	will	have	derived	from	
respiration	buy	the	beetles	themselves.	In	order	to	have	a	rough	estimation	of	this	
quantity,	we	derived	a	general	relationship	between	dung	beetle	biomass	and	CO2	
emission,	as	based	on	data	available	from	[2].	Our	regression	included	the	following	
species:	 Sisyphus	 fasciculatus,	 Scarabaeus	 rusticus,	 Anachalcos	 convexus,	
Scarabeus	 flavicornis	 and	 Circellium	 bacchus.	 More	 specifically,	 body	 mass	
accounted	 for	 98%	 of	 variation	 in	 CO2	 emissions	 in	 respirometry	 system	
measurements	 (R2=0.98,	 [2]).	 Applying	 the	 parameterised	 regression	 model	 to	
Aphodius	fimetarius,	Onthophagus	coenobita,	Sisyphus	schaefferi	and	Copris	lunaris	
suggests	 that	 a	 single	 individual	 of	 these	 species	will	 emit:	 0.000103,	 0.000104,	
0.000108	and	0.00012	g	of	CO2	per	hour.	Converted	to	the	number	of	individuals	
used	per	experiment,	 this	suggests	 the	assemblage-wide	 fluxes	 from	the	beetles	
themselves	presented	in	S2.1	Table.	These	estiamtions	are	based	on	data	recorded	
when	beetles	were	in	resting	period	[2],	consequently	the	respiration	rates	might	
be	higher	during	beetle	moving	activities	(i.e.	flying,	digging,	etc).			
	
Table1	S2.1:	Respiration	rates	per	mesocosm.	The	respiration	rate	per	each	species	
was	estimated	using	data	available	from	[2].	To	evaluate	the	beetle	respiration	per	
each	 mesocosm,	 the	 species	 respiration	 rate	 was	 multiplied	 by	 the	 number	 of	
individuals	in	each	treatment.	In	order	to	compare	the	respiration	rates	with	the	
data	 recorded	 in	 this	 experiment,	 the	means	 of	 the	 CO2	 fluxes	 recorded	 in	 the	
experiment	were	presented	in	the	second	column	of	the	table.	
	

	

Mesocoms	 Beetle	 respiration	 per	 mesocosm	

(g/h)		

Mean	 CO2	 fluxes	 (g/h)	 observed	

during	 the	 first	 day	 of	 the	

experiment	

T1	 0.00321	 0.105	

T2	 0.00136	 0.106	

T3	 0.00064	 0.097	

T4	 0.0002483	 0.096	

T5	 0.00238	 0.101	

T6	 0.00177	 0.111	
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Overall	it	is	thus	clear	that	respiration	by	the	dung	beetles	themselves	made	an	only	
weak	contribution	to	overall	CO2	emissions	observed.	
	
Table	S2.2:	Generalized	Least	Square	models	of	GHG	fluxes	over	measurements	
series	(i.e.	gas	fluxes	were	measured	in	different	7	rounds	-series	-	from	9	to	13:30).	
Shown	are	estimates	of	GLS	model	gas	fluxes	over	time	series	with	standard	errors	
and	statistical	significance.	Reference	level:	Series	1.	Models	were	fitted	assuming	
a	Gaussian	error	distribution.	
	

	
	

Table	S2.3:	GLS	models	of	dung	removal.	Generalized	least	squares	(GLS)	models	
on	 residual	 dry	 dung	 (g)	 as	 a	 function	 of	 treatment.	 Shown	 are	 estimated	
coefficients	with	standard	errors,	t-value	and	statistical	significance.	Here,	control	
probabilities	 derived	 from	 an	 t-distribution	 with	 the	 appropriate	 degrees	 of	
freedom,	whereas	 column	"Adjusted	p-value"	 refers	 to	probabilities	 after	Holm-
Bonferroni	 correction.	 For	 the	 latter,	we	multiplied	 the	 lowest	p-value	observed	
with	the	number	(n)	of	independent	variables,	the	next-lowest	p-value	with	n-1	etc.	
(here:	n=7	independent	variables).	

GLS		

CO2	 CH4	 N2O	

Estim

ate	

Std.	

Error	

z	

value			

p-

value	

Estim

ate	

Std.	

Error	

z	

value			

p-

value	

Estim

ate	

Std.	

Error	

z	

value			

p-

value	

Intercep

t			
-0.14	 0.12	 -1.19		 0.23	 -0.39	 0.01		

-

64.30	

<0.00

1	***	
-0.31	 0.01	

-

27.40	

<0.00

1	***	

Series	2																		0.08	 0.17	 0.45	 0.65	 -0.01				 0.01	 -1.33	 0.18	 -0.00	 0.01	 -0.02	 0.98	

Series	3																	0.04	 0.17	 0.23	 0.82	 0.00	 0.01	 0.49	 0.62	 -0.00	 0.01	 -0.17	 0.87	

Series	4															0.15	 0.17	 0.91	 0.36	 0.00	 0.01	 0.26	 0.79	 -0.00	 0.01	 -0.00	 0.99	

Series	5									0.23	 0.17	 1.35									0.18	 0.00	 0.01	 0.01	 0.99	 0.001	 0.01	 0.09	 0.93	

Series	6										0.09	 0.17	 0.55								0.58	 0.01	 0.01	 1.01	 0.31	 -0.00	 0.01	 -0.03	 0.98	

Series	7									-0.06	 0.17	 -0.33					0.72	 0.01	 0.01	 0.73	 0.46	 0.017	 0.01	 1.05	 0.29	
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Table	S2.4:	GLS	models	of	cumulative	flux	trend.	Generalized	Least	Squares	models	
of	the	cumulative	fluxes	of	CO2,	CH4,	N2O	and	CO2-equivalents	among	treatments	
(T1-T6)	over	time.		Fluxes	of	CO2,	CH4,	N2O	and	CO2-equivalents,	respectively,	were	
modelled	as	a	function	of	treatments	and	measurement	time,	 i.e.	days	since	the	
start	 of	 the	 experiment,	 used	 as	 a	 categorical	 variable.	 For	 further	 details,	 see	
Materials	and	methods.	To	estimate	the	specific	effect	of	variation	 in	the	beetle	
assemblage	on	GHG	emissions	over	time,	we	removed	the	control	without	dung	
(C2).	Here,	control	C1	was	used	as	reference	category.	Column	“p-value”	refers	to	
unadjusted	 probabilities	 derived	 from	 an	 F-distribution	 with	 the	 appropriate	
degrees	 of	 freedom,	 whereas	 column	 “Adjusted	 p-value”	 refers	 to	 probabilities	
after	Holm-Bonferroni	correction.	For	the	latter,	we	multiplied	the	lowest	p-value	
observed	with	the	number	(n)	of	independent	tests	conducted,	the	next-lowest	p-
value	with	n-1	etc.	(here:	n=4	separate	compounds).		 

	
Dry	residual	dung	

Estimate		 Std.	Error	 t	value	 p-value	 Adjusted	p	value	

Int.	 46.99	 2.20	 21.31	 <0.001	***	 <0.001	***	

T1	 -4.04	 3.17	 -1.28	 0.21	 0.83	

T2	 2.97	 3.70	 0.80	 0.43	 1	

T3	 -1.29	 2.32	 -0.55	 0.58	 1	

T4	 -39.10	 3.08	 -12.68	 <0.001	***	 <0.001	***	

T5	 -2.61	 2.89	 -0.90	 0.37	 1	

T6	 -5.73	 4.01	 -1.43	 0.16	 0.80	
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Table	S2.5:	GLS	models	of	hourly	GHG	fluxes	over	time.	Fluxes	of	CO2,	CH4,	N2O	
and	CO2-equivalents,	respectively,	were	modelled	as	a	function	of	treatments	and	
measurement	time,	i.e.	days	since	the	start	of	the	experiment,	used	as	a	categorical	
variable.	For	further	details,	see	Materials	and	methods.	To	estimate	the	specific	
effect	 of	 variation	 in	 the	 beetle	 assemblage	 on	 GHG	 emissions	 over	 time,	 we	
removed	the	control	without	dung	 (C2).	Here,	control	C1	was	used	as	 reference	
category.	Column	“p-value”	refers	to	unadjusted	probabilities	derived	from	an	F-
distribution	with	the	appropriate	degrees	of	freedom,	whereas	column	“Adjusted	
p-value”	refers	to	probabilities	after	Holm-Bonferroni	correction.	For	the	latter,	we	
multiplied	the	lowest	p-value	observed	with	the	number	(n)	of	independent	tests	
conducted,	the	next-lowest	p-value	with	n-1	etc.	(here:	n=4	separate	compounds).	

Trend	of	cumulative	flux	over	time	

Variables	 Df		 F	value	 p-value	 Adjusted	p-value	

CO2	

Intercept		 1	 18.38	 	<	0.001	***	 <	0.001	***	

Treatment	 6	 1.68	 0.13	 0.13	

Days	 7	 1709.19	 	<	0.001	***	 <	0.001	***	

Treatment	*	

Days	
42	 1.39	 0.06	 0.12	

CH4	

				Intercept		 1	 25.88	 	<	0.001	***	 <	0.001	***	

Treatment			 6	 0.86	 0.52	 0.52	

Days	 7	 215.23	 	<	0.001	***	 <	0.001	***	

Treatment	*	

Days	
42	 2.71	 		<	0.001	***	 <	0.001	***	

N2O	

Intercept	 1	 74.12	 	<	0.001	***	 <	0.001	***	

Treatment	 6	 1.63	 0.14	 0.14	

Days	 7	 120.54	 		<	0.001	***	 <	0.001	***	

Treatment	*	

Days	
42	 2.35	 	<	0.001	***	 <	0.001	***	

CO2-eq	 Intercept	 1	 94.78	 	<	0.001	***	 <	0.001	***	

 



	 116	

	
Analysis	of	hourly	flux	over	time	

Variables	 Df		 F	value	 p-value	 p-value	
Adjusted	p-

value	

CO2	

Intercept	 1	 0.91	 0.34	 0.34	

Treatment	 6		 2.57	 0.02	*	 0.057	

Days	 7	 408.32	 <	0.001***	 <	0.001***	

Treatment	*	

Days	
42	 1.54	 0.02	*	 0.04	*	

CH4	

Intercept	 1	 0.02	 0.88	 0.88	

Treatment			 6		 1.03	 0.40	 0.81	

Days	 7			 182.15	 <	0.001	***	 <	0.001	***	

Treatment	*	

Days	
42		 1.58	 0.02	*	 0.048	*	

N2O	

Intercept	 1	 14.13	 <	0.001	***	 <	0.001	***	

Treatment	 6		 2.27	 0.04	*	 0.04	*	

Days	 7		 95.64	 <	0.001	***	 <	0.001	***	

Treatment	*	

Days	
42		 1.95	 <	0.001	***	 <	0.001	***	

CO2-eq	

Intercept	 1	 14.61	 <	0.001***	 <	0.001***	

Treatment	 6	 2.68	 0.02	*	 0.02	*	

Days	 7	 162.10	 <	0.001	***	 <	0.001	***	

Treatment	*	

Days	
42	 2.14	 <	0.001	***	 <	0.001	***	

 



 

 

Table	S2.6:	GLS	models	of	cumulative	GHG	fluxes.	Total	fluxes	of	CO2,	CH4,	N2O	and	
CO2-equivalents,	 respectively,	 accumulated	 by	 the	 end	 of	 the	 experiment,	were	
modelled	 as	 a	 function	 of	 treatment.	 The	 table	 shows	 compound-specific	
differences	 (columns)	 between	 treatments	 (as	 rows;	 see	 Table	 1	 for	 summary)	
control	C2	(without	beetles	and	dung)	versus	the	control	C1	(which	include	dung	
but	 no	 beetles)	 as	 reference	 category.	 Column	 “p-value”	 refers	 to	 unadjusted	
probabilities	 derived	 from	 an	 t-distribution	 with	 the	 appropriate	 degrees	 of	
freedom,	 whereas	 column	 “Adj.	 p-value”	 refers	 to	 probabilities	 after	 Holm-
Bonferroni	 correction.	 For	 the	 latter,	we	multiplied	 the	 lowest	p-value	observed	
with	the	number	(n)	of	independent	variables,	the	next-lowest	p-value	with	n-1	etc.	
(here:	n=8	independent	variables).	

	



 

 

Treat.	
CO2	 CH4	 N2O	 CO2	-eq	

Estim
ate	

Std.	
Error	

t	
value		

p-
value	

Adj.	p-
value	

Estim
ate	

Std.	
Error	 t	value					p-value	

Adj.	p-
value	

Estim
ate	

Std.	
Error	 t	value				p-value	

Adj.	p-
value	

Estim
ate	

Std.	
Error	

t	
value		

	p-
value			

Adj.	p-
value	

Interce
pt	 0.85		 0.21				 3.98		 0.00	

***	
0.00	
***	 -0.13		 0.26		 -0.47			 0.64	 1	 	0.64		 0.37			 1.71			 0.09	 0.55	 0.80		 0.31			 2.55			 0.01	*	 0.084	

C2	 -3.1	 0.23		 -13.2	 0.00	
***	

0.00	
***	 -1.26		 0.26		 -4.77			 0.00	***	

0.00	
***	 -1.82		 0.37		 -4.86			 0.00	***	

0.00	
***	 -2.53		 0.31		 -8.02			 0.00	***	

0.00	
***	

T1	 -0.24		 0.28			 -0.87			 0.39	 0.39	 -0.10		 0.33		 -0.30			 0.76	 1	 -0.64		 0.44		 -1.44			 0.16	 0.65	 -0.61		 0.35		 -1.73			 0.09	 0.28	

T2	 -0.63		 0.28			 -2.25		 0.03	*	 0.12	 -0.01		 0.42		 -0.03			 0.97	 1	 0.07		 0.72			 0.09			 0.92	 0.92	 -0.15		 0.58		 -0.25			 0.80	 0.80	

T3	 -0.53		 0.27			 -1.91			 0.06	 0.12	 	0.17		 0.32			 0.53			 0.60	 1	 -0.66		 0.43		 -1.54			 0.13	 0.65	 -0.71		 0.36		 -1.97			 0.06	 0.28	

T4	 -0.95		 0.26			 -3.67			 0.00	***	
0.00	
***	 1.50		 0.52			 2.91			 0.00	

**	
0.037	
*	 -0.59		 0.48		 -1.23			 0.23	 0.68	 -0.75		 0.39		 -1.95			 0.06	 0.28	

T5	 -0.68		 0.27			 -2.50			 0.02	*	 0.08	 0.30		 0.39			 0.77			 0.44	 1	 -0.48		 0.57		 -0.83			 0.41	 0.82	 -0.61		 0.50		 -1.21			 0.23	 0.47	

T6	 -0.68		 0.31			 -2.18			 0.03	*	 0.1	 	0.41				 0.43		 0.95		 0.35	 1	 -1.03	 0.39		 -2.65			 0.01	*	 0.07	 -1.06			 0.33	 -3.22		 0.00	
**	 0.02	*	

1 



 

 

Table	S2.7:	Post	hoc	analysis	of	cumulative	CO2-equivalents.	Cumulative	emissions	
of	CO2-equivalents,	accumulated	by	the	end	of	the	experiment,	were	modelled	as	
a	 function	of	 treatment.	 Column	 “Adjusted	p-value”	 refers	 to	 probabilities	 after	
Holm-Bonferroni	 correction.	 For	 the	 latter,	 we	 multiplied	 the	 lowest	 p-value	
observed	with	the	number	(n)	of	 independent	variables,	the	next-lowest	p-value	
with	n-1	etc.	(here:	n=28	total	number	of	contrasts).	

	

Contrast	 Estimate	 SD	 DF	 t	ratio	 Adjusted	p-

value	

C2	–	C1	 2.53	 0.32	 48	 8.02	 <	0.001	***	

C2	–	T1	 -1.92	 0.16	 48	 -11.91	 <	0.001	***	

C2	–	T2	 -2.38	 0.49	 48	 -4.85	 <	0.001	***	

C2	–	T3	 -1.82	 0.18	 48	 -10.22	 <	0.001	***	

C2	–	T4	 -1.78	 0.23	 48	 -7.82	 <	0.001	***	

C2	–	T5	 -1.92	 0.39	 48	 -4.91	 <	0.001	***	

C2	–	T6	 -1.47	 0.10	 48	 -14.51	 <	0.001	***	

C1	–	T6	 1.06	 0.33	 48	 3.22	 0.048	
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•	Considering	the	borad	topic	of	the	last	paragraph	"Conservation	implications"	of	this	manuscript,	it	is	
presented	in	"Discussion	and	Conclusions"	chapter.	
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Abstract	

Species	abundance	and	body	size	are	two	main	factors	that	 influence	ecosystem	
functioning.	Previous	studies	have	shown	that	species	abundance	helps	to	maintain	
natural	ecosystem	functioning,	and	large-bodied	species	provide	higher	amount	of	
ecological	functions.	In	this	study,	we	examined	how	body	size	and	abundance	in	
dung	pats	(i.e.	density)	of	a	specific	insect	group	–	dung	beetles	–	affect	multiple	
ecological	functions:	dung	removal,	seed	dispersal	and	germination.	Specifically,	we	
targeted	two	species	as	representatives	of	small	and	large	tunnelers:	Onthophagus	
illyricus	and	Copris	lunaris.	In	accordance	with	natural	abundance,	we	considered	
densities	ranging	from	10	to	80	individuals	for	the	small	tunneler,	and	from	2	to	8	
for	the	large	one.	We	found	that	both	density,	body	size	and/or	species	identity	are	
crucial	factors	for	maintaining	ecosystem	functioning.	Indeed,	the	combined	effect	
of	body	size	and	density	facilitated	dung	removal	and	seed	dispersal.	Moreover,	we	
found	that	body	size	is	a	pivotal	factor	for	seed	germination,	where	only	the	large	
species	 facilitated	 germination.	 Relationships	 among	 functions	 depend	 on	 the	
species	investigated;	the	large	species	showed	a	correlation	between	dung	removal	
and	 seed	 dispersal,	 whereas	 the	 small	 one	 showed	 a	 correlation	 between	 seed	
germination	 and	 dung	 removal.	 In	 conclusion,	 optimal	 ecosystem	 functioning	
depends	on	multiple	factors	such	as	density,	body	size	and	species	identity,	with	
large	species	at	higher	densities	performing	better	than	small	ones.	Given	that,	in	
tunneling	dung	beetles,	 large	 species	are	more	prone	 to	extinction	 than	 smaller	
ones,	our	results	suggest	that	management	measures	for	the	conservation	of	large	
dung	beetle	species	should	gain	priority.		
 
	
Keywords:	body	size,	density,	dung	removal,	ecosystem	functioning,	seed	dispersal,	
seed	germination.	
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4.1	Introduction	
Over	the	last	few	decades,	the	loss	of	biological	diversity	has	accentuated	the	need	
to	 understand	 how	 species	 abundance	 and	 diversity	 affect	 ecological	 processes	
(Purvis	&	Hector	2000;	Naeem	et	al.	2012).	Loss	of	ecosystem	functioning	can	be	
related	to	several	factors,	such	as	the	reduction	in	the	number	of	species	that	are	
more	functionally	important	(Kremen	2005;	Larsen	et	al.	2008),	loss	of	species	that	
facilitate	or	 complement	 the	 functionality	of	other	 species	 (Zavaleta	and	Hulvey	
2004),	 or	 massive	 reduction	 in	 species	 abundance	 (Estes	 and	 Palmisano	 1974;	
Jackson	et	al.	2001).	Without	knowing	 the	 functional	 role	of	each	species	 in	 the	
community,	we	cannot	distinguish	whether	species	richness	itself	or	few	abundant	
functional	species	within	the	community	may	drive	ecosystem	functioning	(Winfree	
et	al.	2015).	Large-bodied	species	have	been	found	to	provide	a	greater	amount	of	
ecological	functions,	but	at	the	same	time	they	are	sensitive	to	ecological	stressors	
(Larsen	 et	 al.	 2005).	 Indeed,	 traits	 that	 are	 responsible	 for	 the	 provisioning	 of	
ecological	functions	(“effect	traits”),	might	also	be	the	same	traits	that	make	species	
prone	 to	 extinction	 (“response	 traits”;	 Piccini	 et	 al.	 2018).	 Consequently,	 few	
functionally	important	species	such	as	larger	bodied	species	can	contribute	greatly	
towards	ecosystem	functioning	at	higher	abundances	(Slade	et	al.	2007;	Braga	et	
al.	2013).	
Dung	beetles	(Coleoptera:	Scarabaeoidea)	contribute	to	a	full	suite	of	ecosystem	
services	 including	dung	 removal,	nutrient	 cycling,	and	greenhouse	gas	 reduction	
(e.g.	Nichols	et	al.	2008;	Beynon	et	al.	2012;	Nervo	et	al.	2017;	Slade	et	al.	2016).	
Dung	beetles	are	frequently	classified	according	to	their	nesting	habits	(Hanski	and	
Camberfort	2014).	Tunneler	dung	beetles	dig	galleries	below	dung	pats,	and	bury	
dung	for	feeding	and	breeding	activities.	By	transporting	dung	into	soil,	tunnelers	
contribute	to	seed	dispersal	and	facilitate	seed	germination	(Estrada	and	Coates-
Estrada	1991;	Feer	1999;	Andresen	2001;	Amézquita	and	Favila	2010).	Body	size	
plays	 a	pivotal	 role	 in	 ecological	 functions	 related	 to	dung	 transport	 to	 the	 soil.	
Indeed,	large-bodied	tunneler	species	have	been	proven	to	be	the	most	efficient	in	
dung	 removal	 (Kaartinen	 et	 al.	 2013;	Nervo	 et	 al.	 2014),	 in	 soil	 nutrient	 cycling	
(Nervo	et	al.	2017)	and	 in	seed	dispersal	 (Slade	et	al.	2007).	On	the	other	hand,	
larger	 tunneler	 species	 have	 been	 proven	 to	 be	 more	 susceptible	 to	 local	
extinctions	(Larsen	et	al.	2005;	Larsen	et	al.	2008;	Tonelli	et	al.	2017).		
Previous	 research	 has	 shown	 that	 provisioning	 of	 ecological	 functions	 by	 dung	
beetles	may	vary	depending	on	species	assemblage	composition,	functional	group	
richness	and	species	identity	(Bang	et	al.,	2005;	Slade	et	al.,	2007;	O'Hea	et	al.,	2010;	
Beynon	et	al.,	2012;	Nervo	et	al.	2016;	Piccini	et	al.	2017).	In	theory,	the	magnitude	
of	dung	beetle	effects	may	be	dependent	on	the	differences	in	species’	burrowing	
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activity	or	body	mass	(Holter	et	al.,	2002;	Larsen	et	al.,	2005;	Nervo	et	al.,	2014).	
Few	 studies	 have	 been	 published	 on	 how	 dung	 beetle	 density	 influences	
provisioning	 of	 ecological	 functions	 (Yamada	 et	 al.	 2007;	 Tixier	 et	 al.	 2015).	
However,	 little	 is	known	about	the	 influence	of	beetle	density	on	dung	removal,	
seed	dispersal	and	seed	germination.	Some	studies	have	investigated	dung	beetle	
influence	on	seed	dispersal	and	germination	in	temperate	forests,	examples	being	
from	Japan	(Koike	et	al.	2012)	and	Spain	(Perez-Ramos	et	al.	2007;	Verdù	et	al.	2007;	
Perez-Ramos	et	al.	2013).	Most	of	the	studies	on	seed	dispersal	and	germination	
have	been	conducted	in	tropical	areas:	Mexico	(Estrada	and	Coates-Estrada,	1991),	
Peru	(Andresen,	1999),	Brazil	(Vulinec	2002;	Andresen	2002;	Andresen	and	Levey	
2004),	 French	Guiana	 (Feer,	 1999),	Uganda	 (Shepherd	 and	Chapman,	 1998)	 and	
Malaysian	Borneo	(Slade	et	al.	2007).		

Many	 seeds	 of	 grassland	 species	 have	 been	 found	 digested,	 and	 highly	
concentrated	 in	 dung,	 suggesting	 that	 endozoochory	 may	 be	 one	 of	 the	 main	
drivers	shaping	temperate	grassland	communities	(Pakeman	et	al.	2002;	Cosyns	et	
al.	2005;	Couvreur	et	al.	2005).	The	activity	of	dung	inhabiting	fauna	which	remove	
and	manipulate	dung	may	kill	or	harm	vulnerable	seedlings	(Janzen	1984).	However,	
dung	 might	 be	 a	 beneficial	 microhabitat	 for	 seed	 germination	 because	 of	 the	
reduced	 competition	 with	 the	 already	 developed	 vegetation	 (Traveset	 1998).	
However,	few	studies	have	investigated	graminoid	seed	dispersal	by	dung	beetles	
(Wicklaw	et	al.	1984).	Here,	we	investigated	the	effects	of	dung	beetle	density	and	
body	 size	 on	 three	main	 ecological	 functions	 provided	 by	 two	 tunneler	 species:	
dung	 removal,	 dispersal	 of	 graminoid	 seed	 mimics	 and	 graminoid-seed	
germination.	The	percentage	of	seeds	found	in	dung	that	are	still	viable	is	species-
dependent	(Milotic	and	Hoffmann	2016a,	2016b,	2016c).	In	Lolium	genera	is	known	
that	only	12%	of	Lolium	rigidum	 seeds	 ingested,	remained	viable	once	 it	ends	 in	
cattle	dung	(Stanton	et	al.	2002).	Given	the	low	rate	of	Lolium	seed	survival	along	
the	 digestive	 tract	 of	 cows,	 we	 did	 not	 place	 seeds	 in	 dung	 pats	 to	 test	 seed	
germination.	 Instead,	we	placed	L.	multiflorum	seeds	directly	on	the	surface	and	
covered	them	with	the	dung,	simulating	a	situation	in	which	seeds	were	covered	by	
dung	 pats	 dropped	 by	 grazing	 cattle.	 Indeed,	 considering	 L.	 multiflorum	 can	
produce	100000	seeds/m2	(Young	et	al.	1996)	in	a	pasture	it	is	likely	that	many	seeds	
would	be	covered	by	dung.			

In	 order	 to	 determine	 the	 role	 of	 body	 size	 and	 density	 in	 dung-system	
functioning,	we	 selected	 the	 two	most	 abundant	 and	widespread	 species	 in	 the	
study	area:	one	 small-sized	Onthophagus	 illyricus	 (Scopoli,	 1763)	 and	one	 large-
sized	 Copris	 lunaris	 (Linnaeus,	 1758)	 species.	 Considering	 that	 body	 size	 and	
abundance	in	dung	pats	(i.e.	density)	are	pivotal	factors	for	dung	removal	(Slade	et	
al.	2007;	Nervo	et	al.	2014;	Tixier	et	al.	2015),	we	hypothesized	that	remaining	dung	
on	the	surface	would	decrease	with	an	increase	in	beetle	density	as	well	as	body	
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size.	Moreover,	we	hypothesized	that	through	increasing	transportation	of	dung,	
seed	dispersal	would	 also	 increase	with	 increase	of	density	 and	body	 size.	 Seed	
germination	would	be	 facilitated	 through	higher	 removal	of	dung	mass	over	 the	
seeds	due	to	high	densities	of	dung	beetles	and	to	the	presence	of	larger-bodied	
beetles.	We	 investigated	 the	 correlations	 among	 these	 functions	 to	 understand	
their	interconnections	for	both	species.	

4.2	Materials	and	methods	

To	examine	the	functional	consequences	of	dung	beetle	densities	and	body	
size	 on	multiple	 ecological	 functions,	 we	 established	 experimental	 replicates	 of	
laboratory	terraria	with	4	different	densities	for	two	species:	Onthophagus	illyricus	
and	Copris	lunaris,	representatives	of	small	and	large	tunneler	species,	respectively.	
Both	are	commonly	distributed	in	the	Mediterranean	area.	

4.2.1	Experimental	design	

Dung	beetles	were	collected	from	La	Mandria	Natural	Park	(45°	08'	48.83''	
N,	7°	36'	02.53''	E,	290	m	above	sea	level),	and	at	IPLA	fields	(Istituto	per	le	Piante	
da	Legno	e	l'Ambiente,	45°	05'	18.5''	N,	7°	44'	28.5''	E)	in	north-western	Italy.	The	
two	 species	 are	 neither	 endangered	 nor	 protected	 and	 the	 collection	 was	
authorized	by	the	“Ente	di	Gestione	delle	Aree	Protette	dei	Parchi	Reali”	(Venaria,	
Italy)	and	by	the	IPLA	operative	unit.	Beetles	were	collected	in	May	2015,	using	20	
standard	cattle-dung-baited	pitfall	 traps	separated	by	distances	of	at	 least	10	m,	
each	 emptied	 after	 48	 hours.	 We	 collected	 800	Onthophagus	 illyricus	 (Scopoli,	
1763)	at	 IPLA	and	75	Copris	 lunaris	 (Linnaeus,	1758)	 in	La	Mandria	Natural	Park.	
During	 the	 2015	 field	 season,	 both	 were	 the	 most	 abundant	 species	 in	 Turin	
(Piedmont,	 Italy)	 and	 the	 surrounding	 area	 (North-West	 Italy).	 To	 calculate	 the	
average	weight	for	each	species,	we	weighed	83	and	13	dry	beetles	of	O.	illyricus	
and	C.	lunaris	that	were	present	in	the	entomological	collection	of	the	University	of	
Turin.	For	C.	lunaris	the	average	weight	was	0.22g	±	SD	6.0·10-3	and	for	O.	illyricus	
it	was	0.022g	±	SD	8.0·10-5.	

Terraria	were	filled	with	artificial	soil	made	of	commercial	gardening	humus,	
homogenized	through	a	1cm-mesh,	and	mixed	with	sand	and	water	compressed	
into	the	terrarium	to	obtain	a	hardness	similar	to	natural	soils	(hereafter	called	soil;	
for	supplier	information	see	Piccini	et	al.	2017).	Terraria	were	filled	with	8	cm	of	soil	
for	O.	 illyricus	 and	 15	 cm	 for	C.	 lunaris,	 reflecting	 the	 digging	 capacity	 of	 these	
species	 (Macagno	 et	 al.	 2016	 and	 Piccini,	 pers.	 Obs.).	 	 We	 ran	 8	 monospecific	
treatments	with	4	different	densities	per	species	and	4	controls	without	beetles.	In	
accord	with	the	natural	species	abundance	found	in	dung	pats	(Piccini	pers.	Obs.,	
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details	in	Appendix),	the	densities	were	respectively	10,	50,	60	and	80	individuals	
for	O.	illyricus	(O10,	O50,	O60	and	O80,	respectively);	and	2,	4,	6	and	8	individuals	
for	C.	 lunaris	 (Co2,	 Co4,	 Co6	 and	Co8,	 respectively).	We	also	 ran	 three	 types	 of	
control:	 terraria	with	dung	without	beetles	 (Cntr)	and	terraria	with	neither	dung	
nor	beetles,	but	with	seeds	either	placed	on	the	surface	or	in	the	first	5cm	of	soil	
(Csur	and	C5cm,	respectively).	Four	replicates	were	established	for	treatment	and	
control	 types	 except	 for	 the	 highest	 density	 of	C.	 lunaris,	 where	we	 ran	 only	 3	
replicates	 due	 to	 a	 lack	 of	 individuals	 captured.	 This	 yielded	 a	 total	 of	 43	
experimental	terraria	in	our	study	(7	treatments	x	4	replicates	+	Co8	treatment	x	3	
replicates	+	3	controls	x	4	replicates	=	43).		

Fresh	dung	was	collected	from	a	herd	of	12	Aberdeen	Angus	cattle	grazing	
on	 natural	 grasslands	 dominated	 by	 graminoids	 (genera	 Dactylis,	 Festuca,	 Poa,	
Lolium	 and	 Setaria).	 The	 dung	was	 frozen	 for	 at	 least	 two	weeks	 at	 -8°C	 to	 kill	
potential	predators	and	other	 insects.	Cows	were	not	treated	with	antibiotics	or	
anti-helmintics.	The	dung	was	defrosted	for	96	hours,	and	manually	homogenized	
before	 being	 partitioned	 into	 500	 g	 standard-sized	 pats	 (the	 typical	 pat	 weight	
found	 in	 the	 field)	 to	 each	 treatment	 and	 to	 the	 control	 Cntr.	 The	 dung	 was	
manipulated	to	form	pats	of	about	16	cm	in	diameter,	and	located	in	the	center	of	
the	 terrarium	 to	 leave	 an	 uncovered	 strip	 of	 ground	 (around	 5cm	 width)	
surrounding	the	pat.	

The	experiment	lasted	for	96	hours,	which	is	the	average	time	needed	for	
species	 to	 remove	the	dung	to	construct	 its	nest	 (Klemperer	1982;	Sowig	1996).	
Throughout	 the	experiment,	 the	 laboratory	was	kept	at	a	 constant	 temperature	
around	25°C	with	60	%	humidity	(Piccini	et	al.	2017).		

4.2.2	Ecological	functions	investigated		

 To	evaluate	the	functional	efficiency	of	dung	beetles,	we	focused	on	three	
types	of	ecological	functions:	dung	removal,	seed	germination	and	seed	dispersal.		
	 Dung	removal	was	measured	by	weighing	the	dry	dung	(g)	remaining	on	the	
surface	at	the	end	of	the	experiment.		
	 In	order	to	compare	the	density	and	body	size	effect	of	tunnelers	on	seed	
germination,	we	used	seeds	of	Lolium	multiflorum	(Lam.,	1799),	one	of	the	most	
widespread	and	common	species	of	the	local	pastures.	We	sowed	L.	multiflorum	
(35	kg	seed	ha−1)	on	the	surface	below	the	dung	pat	(0.07g,	i.e.	15	seeds;	Figure	A1	
in	Appendix).	During	the	experiment	(4	days),	seeds	could	germinate	at	any	time.	
We	measured	seed	germination	by	counting	the	total	number	of	stems	at	the	end	
of	the	experiment.	
	 To	investigate	the	seed	dispersal,	we	used	colored	beads	as	seed	mimics,	
considering	the	difficulties	of	finding	small	non-germinated	seeds	 in	the	soil.	We	
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considered	two	aspects	of	bead	dispersal:	the	removal	of	beads	from	their	original	
place	(i.e.	surface	or	dung)	and	the	burial	depth	(i.e.	bead	dispersal	in	the	soil).	In	
order	 to	 evaluate	 burial	 depth,	 we	 divided	 the	 soil	 into	 different	 layers.	 For	O.	
illyricus,	we	divided	the	total	8-cm	of	soil	 in	two	 layers	of	4	cm	each	(upper	and	
lower	layers)	and	for	C.	 lunaris	we	divided	the	15-cm	soil	 in	three	layers	of	5-cm	
each	 (upper,	middle	 and	 lower	 layers).	We	 evaluated	 dispersal	of	 beads	 placed	
either	below	the	dung	pats	and	those	placed	in	the	dung,	simulating	the	dispersal	
of	seeds	by	 ingestion	of	cattle	 (in	accordance	with	 Janzen	et	al.	1984).	Thus,	we	
placed	 15	 blue	 beads	 (2mm	 diameter)	 below	 the	 dung	 pats	 (together	 with	 the	
seeds)	and	30	(2mm	diameter)	red	beads	in	the	dung.			

4.2.3	Statistical	analysis	

DUNG	REMOVAL	AND	SEED	GERMINATION	–	To	investigate	which	factors	affected	
dung	 removal,	we	modelled	dung	mass	 removed	 (evaluated	by	average	of	dung	
remained	 in	 controls	Cntr	minus	dung	 remained	per	 terrarium)	as	a	 generalized	
linear	 function	 of	 density	 as	 a	 continuous	 variable,	 and	body	 size	 as	 categorical	
variable,	 testing	 for	 their	 interaction	 (Density	 ×	 Body_size).	 To	 evaluate	 which	
factors	 affected	 seed	 germination,	 we	 modelled	 the	 number	 of	 stems	 as	 a	
generalized	linear	function	of	density	as	a	continuous	variable,	and	body	size	as	a	
categorical	variable,	specifying	a	Poisson	distribution	of	errors.	In	both	models,	we	
excluded	controls	without	beetles	(Cntr).	To	identify	which	treatment	affected	seed	
germination,	 we	 modelled	 the	 number	 of	 visible	 stems	 as	 a	 generalized	 linear	
function	of	treatments	as	a	categorical	variable	(O10,	O50,	O60,	O80,	Co2,	Co4,	Co6	
and	Co8),	setting	controls	without	beetles	as	a	reference	category	and	specifying	a	
Poisson	distribution	of	errors.	All	models	were	checked	for	overdispersion	via	the	
ratio	 between	 Pearson	 residuals	 of	 the	model	 and	 the	 degrees	 of	 freedom.	 To	
identify	which	treatment	differed	from	others,	we	applied	a	Tukey	post	hoc	test	on	
the	numbers	of	stems.		

SEED	DISPERSAL	–	To	investigate	whether	body	size	and	density	affected	seed	
dispersal,	we	excluded	controls	without	beetles	from	the	analysis	and	we	modelled	
percentage	of	beads	removed	either	from	dung	and	from	the	ground	surface	as	a	
generalized	 linear	 model	 of	 body	 size	 as	 categorical	 variable,	 and	 density	 as	
continuous	variable.	We	checked	that	errors	followed	the	normal	distribution.	To	
show	the	burial	depth	of	beads	placed	either	in	the	dung	and	on	the	surface,	we	
present	raw	data	per	layer	using	a	boxplot	graph	for	each	species.			

CORRELATION	 BETWEEN	 FUNCTIONS	 –	 To	 establish	 the	 relationship	 among	 the	
three	 ecological	 functions	 investigated,	 we	 analyzed	 the	 Pearson	 pairwise	
correlations	 of	 the	 following	 measures:	 dung	 removal,	 seed	 germination,	 bead	
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removal	from	surface	and	bead	removal	from	dung.	This	resulted	in	6	comparisons	
per	species.	
Each	model	was	fitted	using	the	'lmerTest'	package	in	the	R	(v3.2.1)	statistical	and	
programming	environment	(R	Development	Core	Team	2005).	For	post	hoc	analysis	
we	used	'multcomp'	package	(Hothorn	et	al.	2008).	For	each	model,	we	evaluated	
for	each	model	the	overall	omega	squared	(Ω2)	that	is	a	measure	of	effect	size	or	
the	degree	of	association	for	a	population.	It	is	an	estimate	of	how	much	variance	
in	 the	 response	 variables	 are	 accounted	 for	 by	 the	 explanatory	 variables.	 We	
evaluated	it	as	suggested	in	Xu	(2003).	

4.3	Results	

DUNG	 REMOVAL	 EFFICIENCY	 –	We	 found	 that	 density	 and	 body	 size	 together	
affected	 dung	 removal	 (LM:	 Density	 x	 Body_size:	 F1;30=17.23,	 p<0.001).	 We	
observed	 that	 the	 higher	 density	 of	 C.	 lunaris	 increased	 the	 amount	 of	 dung	
removed	from	the	surface	while	the	opposite	trend	was	detected	for	O.	illyricus	that	
slightly	decrease	the	amount	of	dung	removed	(Figure	1A).	The	effect	size	for	this	
model	is	Ω2=0.71.	

	
SEED	GERMINATION	–	We	found	that	the	interaction	between	density	and	body	

size	did	not	affect	seed	germination	(GLM:	Density	x	Body_size:	DF	30,	z-value=0.19,	
p=0.85),	indeed	there	were	no	significant	trends	in	relation	to	density.	We	found	
that	the	higher	body	size	in	the	large	species	significantly	increased	the	amount	of	
seeds	germinated	(GLM:	Body_size:	DF	30,	z=-3.45,	p<0.001).	The	effect	size	for	this	
model	is	Ω2=0.92.	

Overall,	all	treatments	with	C.	lunaris	facilitated	seed	germination	compared	
to	Cntr	controls	with	only	dung	(LM:	Co2:	DF	32,	t-value	=3.089,	p=0.004;	Co4:	DF	
32,	 t-value	 =3.346,	 p=0.002;	 Co6:	 DF	 32,	 t-value=1.93,	 p=0.06;	 Co8:	 DF	 32,	 t-
value=2.979,	 p=0.005).	 Even	 if	 large	 species	 facilitated	 seed	 germination	 below	
dung	pats,	 increasing	the	density	of	C.	 lunaris	did	not	 increase	seed	germination	
(Figure	1B;	Table	A1	in	Appendix).	Treatments	with	Onthophagus	illyricus	did	not	
differ	from	Cntr	controls	with	only	dung	(LM:	O10:	DF	32,	t-value	=-0.90,	p=0.37;	
O50:	DF	32,	t-value	=-1.03,	p=0.31;	O60:	DF	32,	t-value	=-0.77,	p=0.44;	O80:	DF	32,	
t-value	 =-1.29,	 p=0.21).	 Moreover,	 we	 found	 that	 the	 presence	 of	 dung	 pats	
obstructed	seed	germination	compared	to	controls	without	dung	(Csur	and	C5cm)	
which	 showed	 significantly	 higher	 number	 of	 stems	 (Figure	 1B;	 Csur:	 t42=6.564,	
p<0.001;	C5cm:	t42=7.078,	p<0.001;	Table	A1	in	Appendix).		
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Figure	 1:	Dung	 removal	 efficiency	 and	 seed	 germination.	 A)	 The	 graph	
illustrates	 the	significant	 interaction	between	beetle	 size	 (light	 line	 for	 the	 large-
sized	beetle	and	dark	line	for	the	small-sized	beetle)	and	the	number	of	individuals	
per	 terrarium	 (density)	 in	 dung	 removal.	 The	 lines	were	 derived	 from	 the	 linear	
regression,	described	 in	Materials	and	Methods;	 the	dashed	 line	 (starting	 from	8	
individuals	 up	 to	 80)	 represents	 estimated	 values	 for	 Copris	 lunaris.	 B)	 Boxplots	
illustrate	raw	data	of	the	number	of	stems	derived	from	germinated	seeds.	Letters	
above	 boxes	 identify	 differences	 among	 means	 as	 revealed	 by	 Tukey	 post-hoc	
analyses	of	linear	models	(data	presented	in	Table	A1).	Boxes	not	sharing	a	letter	
were	 significantly	 different	 from	 each	 other	 (for	 significance	 see	 Table	 A1	 in	
Appendix).	 Controls	 with	 dung	 and	 without	 beetles	 were	 indicated	 by	 “Cntr”;	
controls	wihout	neither	beetles	or	dung	but	with	seeds	placed	in	5	cm	of	soil	were	
indicated	by	"C5cm"	and	with	seeds	placed	on	the	surface	by	"Csur";	 treatments	
with	Onthophagus	illyricus	by	“Ox”	and	those	with	Copris	lunaris	by	“Cox”,	where	x	
is	the	number	of	individuals	per	treatment.	

	 	
SEED	DISPERSAL	–	We	found	that	both	body	size	and	density	affected	transport	

of	beads	placed	on	the	surface	 (LM:	Density	×	Body_size:	 	DF	30,	 t-value	=-4.19,	
p<0.001;	Figure	A2A	in	Appendix),	of	beads	placed	in	the	dung	(Density	×	Body_size:	
DF	30,	t-value	=-5.98,	p<0.001;	Figure	A2B	in	Appendix).	The	effect	sizes	for	these	
models	are:	Ω2=0.55	and	Ω2=0.81,	respectively.	
	 The	 two	 species	 showed	 dissimilar	 behavior	 in	 relation	 to	 density	 for	
transport	of	beads	placed	in	the	dung	(Figure	A3	in	Appendix).	The	proportion	of	
beads	remaining	in	the	dung	decreased	with	an	increase	of	Copris	lunaris	density,	
from	around	72%	of	beads	still	present	in	the	dung	at	the	end	of	the	experiment	for	
treatments	with	2	C.	lunaris	to	around	28%	of	beads	in	the	dung	for	treatments	with	
8	C.	lunaris.	On	average,	0.01%	of	beads	were	left	on	the	surface,	but	most	of	them	
were	transported	into	the	soil	(from	around	26%	of	beads	for	treatments	with	2	C.	
lunaris	to	around	70%	for	treatments	with	8	C.	lunaris;	Figure	A3	in	Appendix	A).	
Conversely,	 the	 increase	 in	 Onthophagus	 illyricus	 density	 did	 not	 change	 seed	
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transport	 into	 the	 soil	 (on	 average,	 for	 all	 treatments,	 90%	 of	 beads	 were	 still	
present	in	the	dung	at	the	end	of	the	experiment),	but	the	few	beads	transported	
were	found	on	the	surface	(on	average,	0.06%	of	beads	on	the	surface;	Figure	A3	in	
Appendix	A).		

Investigating	 the	 burial	 depth	 of	 beads	 transported	 from	 the	 dung	 to	
different	soil	layers,	we	found	that	the	two	species	have	different	effect	on	bead	
transport	along	the	soil	depth	(Figure	2).	O.	illyricus	transported	few	beads	to	the	
upper	layer	of	terrarium	(Figure	2A).	Conversely,	C.	lunaris	transported	few	beads	
on	the	surface	of	soil	and	most	of	them	to	all	the	soil	layers	(Figure	2B).		

	

	
Figure	 2:	 Burial	 depth	 of	 beads	 placed	 in	 the	 dung.	 Box	 plots	 illustrating	 the	
proportion	 of	 beads	 (beads	 per	 layer	 /	 total	 beads)	 transported	 to	 the	 soil	 at	
different	dung	beetle	densities.	Cntr:	Control	group,	Ox:	x	number	of	Onthophagus	
illyricus	individuals,	Cox:	x	number	of	Copris	lunaris	individuals.	

CORRELATION	 BETWEEN	 FUNCTIONS	 –	 For	 O.	 illyricus	 we	 found	 a	 negative	
correlation	between	dung	removal	and	seed	germination	(r	=	-0.67,	DF	14,	t=-3.33,	
p=0.005;	Figure	3a).	For	C.	lunaris	we	found	a	negative	correlation	between	dung	
and	 bead	 removal	 from	 dung	 (r	 =	 -0.84;	 DF	 13,	 t=5.57,	 p<0.001),	 and	 from	 the	
surface	(r	=	 -0.62,	DF	13,	 t=2.84,	p=0.014).	A	positive	correlation	was	also	 found	
between	beads	placed	on	the	surface	and	beads	placed	in	the	dung	(r	=	0.69,	DF	13,	
t=3.45,	p=0.004;	Figure	3b).	No	significant	correlations	were	found	between	seed	
germination	and	all	the	other	measures	for	C.	lunaris	(Figure	3b).	
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Figure	3:	Relationships	between	pairs	of	measures	of	ecological	functions.	Boxes	
illustrate	Pearson's	correlation	coefficients	between	different	aspects	of	ecosystem	
functioning:	removal	of	beads	from	dung	(bead	removal	from	dung	called	“BRD”);	
bead	 removal	 from	 surface	 (called	 “BRS”),	 dung	 removal	 (evaluated	 by	 “Dung	
removed”)	and	seed	germination	(called	“Stems”).	Red	reflects	positive	correlation,	
blue	corresponds	to	negative	correlations,	with	the	darkness	of	the	color	reflecting	
the	strength	of	association.	

4.4	Discussion	
Our	results	confirm	that	body	size	and	abundance	in	dung	pats	(i.e.	density)	

might	be	pivotal	factors	for	high	provisioning	of	ecological	functions.	This	is	in	the	
light	of	previous	studies	that	showed	that	both	species	diversity	and	abundance	are	
necessary	 for	the	maintenance	of	natural	ecosystem	functioning	(Schwartz	et	al.	
2000;	Naeem	and	Wright	2003).	Moreover,	based	on	the	results	from	previous	work	
on	dung	decomposition	by	monospecific	(Tixier	et	al.	2015)	and	mixed	(Yamada	et	
al.,	2007)	assemblages	of	dung	beetle	species	at	high	densities,	we	hypothesized	
that	 both	 beetle	 abundance,	 beetle	 size	 and/or	 species	 identity	 would	 have	 a	
positive	effect	on	dung	removal	across	treatments.	We	found	that	the	two	species	
have	 completely	 different	 effects	 on	 ecological	 functions	 investigated	 and	 their	
correlations	 (Figure	 3).	 In	 fact,	 the	 dung	 removal	 pattern	 across	 densities	 was	
consistent	with	previous	findings	for	the	large	species,	Copris	lunaris,	but	not	for	
the	 small	 species	 Onthophagus	 illyricus	 for	 which	 the	 increase	 of	 density	
corresponds	 to	 a	 decrease	 of	 dung	 removal	 on	 the	 surface.	 For	 both	 species,	
increasing	 density	 did	 not	 enhance	 the	 number	 of	 stems,	 but	 the	 large-bodied	
species	 facilitated	seed	germination	compared	to	dung	pats	without	beetles.	On	
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the	other	hand,	the	amount	of	bead	transport	depended	on	bead	position	(on	the	
surface	beneath	dung	pats	or	 inside	dung)	 and	body	 size;	 only	 the	 large-bodied	
beetle	transported	beads	and	in	this	case	density	also	affected	transport	(Figure	2).		

4.4.1	Dung	removal	and	seed	dispersal	-	the	importance	of	combined	body	size	and	
abundance	

The	large	beetle	species	was	the	one	most	responsible	for	all	the	ecological	
functions	investigated,	whereas	the	small	one	was	not	as	efficient	(in	accordance	
with	Kaartinen	et	al.	2013;	Braga	et	al.	2013;	Slade	et	al.	2007).	Beyond	body	size,	
we	 found	that	 the	combination	of	body	size	and	beetle	abundance	 in	dung	pats	
plays	 a	 crucial	 role	 in	 dung	 system	 functioning,	 specifically	 in	 dung	 and	 bead	
removal.	The	higher	abundance	of	large	beetles	increases	dung	removal	efficiency	
and	the	amount	of	seed	dispersal	(Feer	1999;	Yamada	et	al.,	2007).	In	accord	with	
this,	we	found	that	the	amount	of	dung	removal	and	bead	dispersal	increased	with	
C.	lunaris	density.	High	densities	of	this	large	species	(up	to	8	beetles	per	dung	pat)	
do	not	obstruct	dung	transport	to	the	soil,	i.e.	the	more	beetles	that	were	present,	
the	more	dung	was	transported.	The	high	dung	removal	efficiency	of	this	species	
might	be	related	to	its	particular	nesting	behavior.	Indeed,	this	species	constructs	a	
wide	nest	with	a	 large	amount	of	dung	allocated	 in	several	 (up	to	7)	brood	balls	
(Figure	A4	in	Appendix).	The	high	efficiency	in	dung	and	seed	removal	of	nocturnal	
large-bodied	 tunnelers	 has	 already	 been	 demonstrated	 by	 Slade	 et	 al.	 (2007),	
where	Catharsius	dayacus	was	 found	 to	have	probably	been	 responsible	 for	 the	
high	levels	of	dung	and	seed	removal.	

Conversely,	 when	 the	 density	 of	 O.	 illyricus	 was	 high	 (50,	 60	 and	 80	
individuals),	the	interference	and/or	the	competition	for	the	resource	or	the	space	
was	too	high	and	tended	to	obstruct	dung	removal.	Instead	of	transporting	dung	
into	the	soil	to	construct	the	nest,	O.	illyricus	spread	the	dung	all	over	the	surface	
of	the	terrarium	(Figure	A5	in	Appendix).	We	found	that	the	lowest	average	of	dung	
remaining	was	recorded	for	assemblages	with	10	O.	illyricus,	which	might	be	the	
optimal	 abundance	 in	 dung	 pats.	 Similarly,	 Tixier	 et	 al.	 (2015)	 found	 that	
assemblages	with	8	Onthophagus	vacca	were	more	efficient	in	removing	dung	than	
those	with	12	beetles.	Most	of	the	beads	transported	from	the	dung	by	O.	illyricus	
were	found	on	the	surface.	This	finding	may	suggest	that,	unlike	the	large	beetle	
species	that	actively	transported	beads	in	brood	balls,	the	small	tunneler	species	
tried	to	avoid	bead	transport	to	the	soil.	Indeed,	dung	beetles	use	dung	for	feeding	
and	laying	eggs,	hence	they	often	exclude	seeds	from	the	dung	that	they	bury.	Thus,	
large	seeds,	which	are	 larger	contaminants	and	more	easily	 removed	 than	small	
seeds,	 are	 often	 discarded	 from	 dung	 during	 relocation	 by	 beetles	 (Slade	 et	 al.	
2007).	
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4.4.2	Seed	germination	-	body	size	matters		

We	found	that	assemblages	with	the	large-bodied	species	facilitated	seed	
germination,	but	density	did	not	affect	the	number	of	stems	across	the	dung	pats.	
In	 the	 assemblages	 with	 C.	 lunaris,	 the	 low	 amount	 of	 dung	 remaining	 on	 the	
surface	 may	 not	 obstruct	 seed	 germination,	 conversely	 to	 what	 we	 found	 in	
controls	with	higher	amount	of	dung	remaining.		
In	their	natural	environment,	the	percentage	of	germinated	seeds	was	negatively	
correlated	with	burial	depth	(Andresen	and	Levey	2004).	Even	though	this,	buried	
seeds	were	less	susceptible	to	predation	and	more	likely	to	germinate	than	ones	
left	on	the	ground	(Perez-Ramos	et	al.	2012).	More	specifically,	seed	germination	
was	proven	to	be	greater	in	the	first	few	centimeters	of	soil	depth	(up	to	5cm)	than	
on	the	surface	-	where	predetion	may	occur	-	or	at	greater	depths	(Shepherd	and	
Chapman	1998;	Koike	et	al.	2012).	Thus,	to	understand	how	bead	removal	from	the	
surface	may	influence	graminoid	seed	germination,	we	investigated	to	which	layers	
beads	placed	below	the	dung	pats	were	transported.	We	found	that	beads	were	
transported	by	C.	 lunaris	 from	 the	 surface	 to	 the	 first	 layer	of	 soil	 (5	 cm	depth;	
Figure	A6	in	Appendix),	where	we	proved	that	germination	of	L.	multiflorum	was	
still	 possible	 (Figure	 1b).	 Greater	 burial	 depth	 reduced	 the	 probability	 of	 L.	
multiflorum	seedling	emergence	(Piccini	pers.	Obs.,	Andresen	and	Levey	2004).	As	
a	caveat,	we	recognize	that	graminoid	seeds	do	not	usually	have	a	spherical	shape,	
rather	they	have	an	elongated	shape	that	might	better	facilitate	soil	penetration.	
Consequently,	 it	 is	 possible	 that	 our	 transport	 evaluation	 might	 be	 an	
underestimation	of	seed	dispersal.		

Conversely,	 we	 have	 shown	 that	 O.	 illyricus	 did	 not	 facilitate	 seed	
germination	 compared	 to	 dung	 pat	 controls.	 This	 might	 be	 related	 to	 high	
manipulation	of	dung	 that	may	have	 inhibit	 seed	germination,	 even	 slightly	 less	
germination	than	in	control	pats.	Moreover,	we	found	that	all	assemblages	with	O.	
illyricus	did	not	move	most	of	the	beads	placed	on	the	surface.		

In	conclusion,	we	found	that	beetle	body	size,	but	not	density,	is	a	decisive	
factor	that	affects	the	number	of	seeds	that	successfully	germinated.	Furthermore,	
as	opposed	to	that	observed	for	C.	lunaris,	the	small	species	does	not	bury	seeds	
placed	on	 the	surface	and	thus	 it	might	not	prevent	seed	predation	 in	a	natural	
environment.	

4.4.3	Correlation	among	functions	

Species	identity	and/or	body	size	greatly	influenced	the	provisioning	and	the	
relationships	among	ecological	functions	(Gagic	et	al.	2015;	Slade	et	al.	2017).	We	
found	different	 correlations	 between	 functions	when	we	 investigated	 the	 large-
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sized	 and	 small-sized	 species.	 This	 might	 be	 related	 to	 differences	 in	 nesting	
behavior	of	these	species,	as	C.	lunaris	constructs	wide	nests	filled	by	several	brood	
balls,	whereas	O.	 illyricus	digs	galleries	and	 lays	 smaller	brood	balls	directly	 into	
them.		

Andresen	 and	 Levey	 (2004)	 found	 that	 the	 probability	 that	 dung	 beetles	
buried	seeds	was	higher	when	surrounded	by	larger	amounts	of	dung,	providing	a	
case	 for	 a	 relationship	 between	 dung	 removal	 and	 seed	 dispersal.	 Similarly,	we	
found	strong	evidence	for	an	interconnection	between	dung	and	bead	removal	for	
C.	 lunaris.	 In	other	words,	higher	bead	removal	 from	the	surface	and	from	dung	
corresponds	 to	 higher	 dung	 removal	 efficiency.	 Due	 to	 its	 particular	 nesting	
behavior,	C.	lunaris	removed	high	amounts	of	dung,	transporting	more	beads	in	this	
process.	Indeed,	we	found	most	of	the	beads	in	the	brood	balls	in	the	last	two	layers	
of	the	soil.		Conversely,	we	did	not	detect	the	same	pattern	for	O.	illyricus.	Indeed,	
through	the	spreading	of	dung	over	the	ground	surface,	O.	illyricus	may	facilitate	
stem	penetration	of	dung	pats	that	are	no	longer	compact	and	defined	(Figure	A5).	
Therefore,	 we	 conclude	 that	 the	 relationship	 between	 different	 ecological	
functions	 depends	 on	 the	 species	 investigated.	 This	 is	 in	 accord	 with	 previous	
studies	where	differences	in	the	percentage	of	seeds	buried	were	likely	found	due	
to	 differences	 in	 dung	 beetle	 communities:	 a	 low	 percentage	 of	 seed	 removal	
(around	 12%)	 was	 found	 in	 those	 assemblages	 where	 only	 few	 species	 were	
present,	 and	 dominated	 by	 small-sized	 species	 (Andresen	 1999;	 Estrada	 and	
Coates-Estrada	1991;	Slade	et	al.	2007).	
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Appendix		
Details	on	beetle	density	in	dung	pats	
Dung	beetle	density	in	dung	pats	depends	on	weather,	temperature,	habitat	and	
resource	 availability	 (Hanski	 and	 Cambefort	 2014).	 We	 have	 found	 dung	 pats	
densely	 colonized	 and	 manipulated	 with	 several	 Onthophagus	 species	 at	 IPLA	
(Istituto	delle	Piante	da	Legno,	Turin).	We	have	placed	20	pitfall	traps	and	we	caught	
more	than	800	individuals	of	Onthophagus	illyricus	(average	of	40	O.	illyricus	per	
pitfall).	Similarly,	at	La	Mandria	Natural	Park	we	have	found	several	Copris	lunaris	
in	the	same	dung	pat	and	we	caught	more	than	90	individuals	of	the	species	in	April	
2015.			
	
Table	A1:	Post	hoc	analysis	for	seed	germination.	The	number	of	stems	found	at	
the	end	of	the	experiment	was	modelled	as	a	function	of	treatment	
Germination	 							Estimate		 Std.	Error	 z	value	 p-value	
Cntr	–	Csur	 13.750	 1.942	 7.078	 <0.01	***	
Cntr	–	C5cm	 12.750	 1.942	 6.564	 <0.01	***	
Csur	–	C5cm	 -1.00	 1.942	 -0.515	 1.0000	
Co2	-	Cntr	 6.00	 1.942	 3.089	 0.0729	
Co4	-	Cntr	 6.50	 1.942	 3.346	 0.0342	*	
Co6	-	Cntr	 3.75	 1.942	 1.93	 0.6969	
Co8	-	Cntr	 6.25	 2.098	 2.979	 0.0988	
O10	-	Cntr	 -1.75	 1.942	 -0.901	 0.9982			
O50	-	Cntr	 -2.00	 1.942	 -1.03	 0.9947	
O60	–	Cntr	 -1.50	 1.942	 -0.772	 0.9995	
O80	-	Cntr	 -2.500	 1.942	 -1.287	 0.9712	
Co2	-	Csur	 -7.750	 1.942	 -3.99	 <0.01	**	
Co4	-	Csur	 -7.25	 1.942	 -3.732	 <0.01	**	
Co6	-	Csur	 -10.000	 1.942	 -5.148	 <0.01	***	
Co8	-	Csur	 -7.500	 2.098	 -3.575	 0.0159	*			
O10	-	Csur	 -15.500	 1.942	 -7.979	 <0.01	***	
O50	-	Csur	 -15.750	 1.942	 -8.108	 <0.01	***	
O60	–	Csur	 -15.250	 1.942	 -7.851	 <0.01	***	
O80	-	Csur	 -16.250	 1.942	 -8.365	 <0.01	***	
Co2	–	C5cm	 -6.750	 1.942	 -3.475	 0.0219	*	
Co4	–	C5cm	 -6.250	 1.942	 -3.217	 0.0505	
Co6	–	C5cm	 -9.000	 1.942	 -4.633	 <0.01	***	
Co8	–	C5cm	 -6.500	 2.098	 -3.098	 0.0609	
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O10	–	C5cm	 -14.500	 1.942	 -7.464	 <0.01	***	
O50	–	C5cm	 -14.750	 1.942	 -7.593	 <0.01	***	
O60	–	C5cm	 -14.250	 1.942	 -7.336	 <0.01	***	
O80	–	C5cm	 -15.250	 1.942	 -7.85	 <0.01	***	
Co4	–	Co2		 0.50	 1.942	 0.257	 1.000	
Co6	–	Co2		 -2.25	 1.942	 -1.158	 0.9867	
Co8	–	Co2	 0.25	 2.098	 0.119	 1.00	
O10	–	Co2	 -7.75	 1.942	 -3.99	 <0.01	**	
O50	–	Co2	 -8.00	 1.942	 -4.118	 <0.01	**	
O60	–	Co2	 -7.50	 1.942	 -3.861	 <0.01	**	
O80	–	Co2	 -8.50	 1.942	 -4.376	 <0.01	***	
Co6	–	Co4		 -2.75	 1.942	 -1.416	 0.945	
CO8	–	Co4		 -0.25	 2.098	 -0.119	 1.000	
O10	–	Co4	 -8.25	 1.942	 -4.247	 <0.01	**	
O50	–	Co4	 -8.50	 1.942	 -4.376	 <0.01	***	
O60	–	Co4	 -8.00	 1.942	 -4.118	 <0.01	**	
O80	–	Co4	 -9.00	 1.942	 -4.633	 <0.01	***	
Co8	-	Co6	 2.50	 2.098	 1.192	 0.9836	
O10	-	Co6	 -5.50	 1.942	 -2.831	 0.1449	
O50	-	Co6		 -5.75	 1.942	 -2.96	 0.1042	
O60	-	Co6		 -5.25	 1.942	 -2.703	 0.1975	
O80	-	Co6	 -6.25	 1.942	 -3.22	 0.0499	*	
O10	-	Co8	 -8.00	 2.098	 -3.81	 <0.01	**	
O50	-	Co8	 -8.25	 2.098	 -3.932	 <0.01	**	
O60	-	Co8	 -7.75	 2.098	 -3.694	 0.0104	*	
O80	-	Co8	 -8.75	 2.098	 -4.17	 <0.01	**	
O50	-	O10	 -0.25	 1.942	 -0.129	 1.00	
O60	-	O10	 0.25	 1.942	 0.129	 1.00	
O80	-	O10	 -0.75	 1.942	 -0.386	 1.00	
O60	-	O50	 0.50	 1.942	 0.257	 1.00	
O80	-	O50	 -0.50	 1.942	 -0.257	 1.00	
O80	-	O60	 -1.00	 1.942	 -0.515	 1.00	
	

	
Figure	A1:	Lolium	multiflorum	seeds	and	beads.	Seeds	are	elongated,	tiny	and	and	
light.	0.07g	of	L.	multiflorum	seeds	(average	of	15	seeds)	were	placed	on	the	surface	
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under	the	dung	pats.	Beads	were	in	plastic,	rounded	and	with	a	hole	in	the	middle.	
15	blue	beads	of	2mm	size	were	placed	under	the	dung	pats	together	with	seeds.	
30	small	–	same	size	of	blue	ones	–	plastic	and	rounded	beads	were	placed	in	the	
dung.			
	

 
Figure	A2:	Bead	removal.	Shown	is	the	interaction	between	beetle	size	(light	line	
for	the	large-sized	beetle	and	dark	line	for	the	small-sized	beetle)	and	the	number	
of	individuals	per	terrarium	(density)	for:	A)	bead	removal	from	the	surface,	B)	bead	
removal	from	dung,	and.	The	lines	derived	from	the	linear	regression	described	in	
Materials	and	Methods	and	the	dashed	line	(starting	from	8	individuals	up	to	80)	
represents	estimated	values	for	Copris	lunaris.	
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Figure	A3:	Removal	of	beads	placed	in	the	dung.	The	mean	and	standard	deviation	
of	the	proportion	of	beads	found	 in	the	dung	(dotted	 light	 lines),	on	the	surface	
(continous	 lines)	 and	 in	 the	 soil	 (dashed	 dark	 lines)	 for	 different	 densities	 of	
Onthophagus	 illyricus	 (rounded	 symbols)	 and	 Copris	 lunaris	 (square	 symbols).	
Densities	are	presented	as	categorical	variables	to	show	the	general	trend	for	both	
species.	Density	(1):	2	individuals	for	C.	lunaris;	10	individuals	for	O.	illyricus.	Density	
(2):	 4	 individuals	 for	 C.	 lunaris;	 50	 individuals	 for	 O.	 illyricus.	 Density	 (3):	 6	
individuals	for	C.	lunaris;	60	individuals	for	O.	illyricus.	Density	(4):	8	individuals	for	
C.	lunaris,	80	individuals	for	O.	illyricus.	
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Figure	A4:	Brood	balls	 in	 the	nest.	Examples	of	 two	nests	constructed	by	Copris	
lunaris.	We	placed	the	terraria	upside	down	to	take	pictures.		

 

	
	
Figure	A5:	Dung	pat	elaboration.	An	example	of	a	dung	pat	at	the	beginning	and	at	
the	end	of	the	experiment,	showing	the	elaboration	and	spreading	due	to	a	high	
density	of	Onthophagus	illyricus.	

 

 
	
Figure	A6:	 	Beat	dispersal	from	surface	to	soil.	Box	plots	 illustrate	proportion	of	
beads	placed	on	the	surface	below	the	dung	pats	(beads	per	 layer	/	total	beads)	
transported	 to	 different	 layers	 of	 soil	 by	 different	 densities	 of:	 a)	 Onthophagus	
illyricus(“O”)	and	b)	Copris	lunaris	(“Co”).	
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Abstract		

Biodiversity	 sustains	 the	 functioning	of	 agroecosystem.	Organic	 farming	 systems	
have	been	proposed	to	support	higher	biodiversity	than	conventional	ones,	which	
could	 buffer	 systems	 against	 environmental	 change.	We	 investigated	 how	 dung	
beetle	 communities	 and	 their	 provisioning	 of	 ecological	 functions	 (here:	 dung	
removal)	vary	at	multiple	hierarchical	levels	among	Swedish	dairy	farms:	between	
farming	systems	(organic	vs	conventional),	among	farms	within	farming	systems,	
and	between	macro-	and	microhabitats	within	a	single	organic	farm.	To	evaluate	
the	 role	 of	 local	 variation	 in	 community	 composition	 as	 a	 buffer	 against	
environmental	 change,	 we	 compared	 ecological	 functioning	 at	 experimentally	
warmed-up	 versus	 ambient	 temperatures	 among	 sites	 within	 macro-	 and	
microhabitats.	At	the	level	of	farming	systems,	we	detected	no	differences	in	dung	
beetle	species	richness,	abundance	or	diversity.	The	total	biomass	of	beetles	was	
slightly	higher	on	conventional	farms	than	on	organic	ones,	but	this	difference	was	
not	reflected	in	different	provisioning	of	beetle-associated	functions.	At	the	farm	
level,	we	found	differences	in	species	richness,	abundance	and	total	biomass,	and	
these	 differences	 were	 indeed	 reflected	 in	 different	 provisioning	 of	 ecological	
functions	among	farms.	Within	the	focal	organic	farm,	we	found	no	differences	in	
community	 composition	 between	 macrohabitats,	 and	 no	 functional	 differences	
between	macrohabitats	or	microclimates.	Slight	differences	 in	beetle	abundance	
and	 total	 biomass	 between	 microhabitats	 did	 not	 translate	 into	 detectable	
differences	in	functioning.	Our	results	identify	the	importance	of	local,	farm-	and	
site-specific	variation	in	environmental	conditions	and	dung	beetle	assemblages	for	
ecosystem	functioning.	These	findings	suggest	that	local	decisions	made	by	farmers	
at	 the	 level	of	 their	own	farm	override	the	 impact	of	general	differences	among	
farming	systems.	Farm-level	management	practices	 reflect	 into	 local	variation	 in	
species	composition	and	in	associated	ecosystem	functions.	The	current	results	are	
likely	 context	 dependent,	 as	 based	 on	 efficient	 uptake	 and	 substantial	
environmental	 awareness	 among	 Swedish	 dairy	 farmers.	 From	 an	 applied	
perspective,	our	findings	suggest	that	local	decisions	made	by	farmers	shape	the	
composition	of	dung	beetle	communities	and	associated	ecological	functions.	Thus,	
policies	 aimed	 at	 promoting	 fine-scale	 management	 actions	 are	 an	 impotent	
supplement	to	general	rules	for	certification	under	different	farming	systems.		
	
	
Keywords:	dung	beetle	community;	ecological	functions;	farming	system;	organic	
and	 conventional	 farms;	 dung	 removal;	 macrohabitats;	 microclimates;	
microhabitats.	
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5.1	Introduction	

Biodiversity	has	been	identified	as	a	major	driver	of	ecosystem	structure,	dynamics	
and	functioning	(Hooper	et	al.	2012).	Indeed,	higher	diversity	may	result	in	more	
complete	 utilization	 of	 resources,	 and	 thus	 in	 increased	 ecosystem	 functioning	
(Tilman	et	al.	2014;	Harrison	et	al.	2014).	Higher	diversity	has	also	been	proposed	
to	buffer	ecosystems	against	environmental	change	(Brittain	et	al.	2012).	
	 In	this	context,	organic	farming	systems	have	been	shown	to	support	higher	
biodiversity	 than	 conventional	 ones	 (Fuller	 et	 al.	 2005;	 Duru	 et	 al.	 2015).	 In	
agroecosystems,	biodiversity	has	been	 shown	 to	enhance	a	 variety	of	ecological	
services	 including	 the	 production	 of	 food,	 the	 recycling	 of	 nutrients,	 and	 the	
suppression	 of	 undesirable	 organisms	 (Altieri	 1999).	 However,	 the	 blanket	
reduction	 of	 nutrient	 and	 pesticide	 usage	 forming	 the	 basis	 of	 European	 agri-
environment	 schemes	may	 in	 itself	 be	 insufficient	 to	 enhance	 biodiversity,	 and	
might	need	the	support	of	better-targeted	measures	(Kleijn	and	Sutherland	2003;	
Kleijn	et	al.	2006).		
	 Among	the	taxa	benefitting	from	organic	farming,	dung	beetles	(Coleoptera:	
Scarabaeoidea)	have	been	suggested	to	be	more	abundant	in	organic	farms	than	in	
conventional,	intensive	and	rough-grazing	farms	(Hutton	and	Giller	2003;	Geiger	et	
al.	2010).	Dung	beetles	contribute	to	a	wide	range	of	ecosystem	services,	including	
dung	removal,	nutrient	cycling,	seed	dispersal	and	the	reduction	of	Greenhouse	Gas	
(GHG)	emissions	(e.g.	Nichols	et	al.	2008;	Slade	et	al.	2016;	Piccini	et	al.	2017;	Nervo	
et	 al.	 2017).	 Thus,	 dung	 beetle	 diversity	 has	 been	 found	 to	 promote	 ecosystem	
functioning	 (Slade	 et	 al.	 2017),	 with	 accentuated	 effects	 under	 environmental	
perturbation	 (Manning	 et	 al.	 2017)	 such	 as	 climate	 warming	 (Slade	 and	 Roslin	
2016).	
		 Beyond	 effects	 of	 farming	 system,	 dung	 beetle	 diversity	 and	 associated	
services	may	be	affected	by	multiple	features	of	the	local	and	regional	environment	
(e.g.,	Rosenlew	and	Roslin	2008).	Local	dung	beetle	communities	can	be	shaped	by	
inter	alia	the	local	habitat	(Barbero	et	al.	1999;	Larsen	et	al.	2006),	the	landscape	
matrix	(Numa	et	al.	2012),	and	the	 intensity	of	grazing	(Verdú	et	al.	2007).	 In	an	
agricultural	 setting,	 the	most	 important	 factor	 shaping	 the	 local	 environment	 is	
typically	 the	 farmer.	 Not	 only	 will	 he	 or	 she	 decide	 on	 what	 farming	 system	
(conventional	or	organic)	to	adopt,	but	also	on	the	specific	management	regime.	In	
this	 context,	 it	 has	 been	 proposed	 that	 management	 decisions	 struck	 by	 the	
individual	 farmer	 may	 equal	 or	 override	 the	 impact	 of	 farming	 system	 per	 se	
(Bengtsson	et	al.	2005).		
	 To	 expose	 the	 effect	 of	 environmental	 management	 on	 biodiversity,	 we	
need	to	examine	patterns	at	multiple	scales	(Gabriel	et	al.	2010).	Thus,	we	studied	
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variation	 in	 the	 dung	 beetle	 fauna	 and	 associated	 ecological	 functions	 at	 four	
hierarchical	 levels	within	the	Swedish	agricultural	 landscape	(Fig.	1):	 the	 farming	
system	(conventional	or	organic),	farms	within	farming	systems,	and	macrohabitats	
and	microhabitats	 within	 farms.	 As	 a	 further	 level	 within	 farms,	 we	 investigate	
whether	 microclimate	 affects	 the	 provisioning	 of	 ecological	 functions	 by	 dung	
beetles.	Overall,	we	hypothesized	that	organic	farms	will	sustain	higher	dung	beetle	
diversity	 than	 conventional	 farms,	 and	 that	 this	 will	 reflect	 into	 increased	
functioning	 (sensu	 dung	 decomposition).	 As	 an	 added	 level	 of	 variation,	 we	
expected	 variation	 in	 macro-	 and	 microhabitats	 created	 by	 local	 management	
actions	within	farms	to	affect	local	dung	beetle	assemblages,	reflecting	into	local	
variation	in	ecosystem	functioning.	
	

	
	

Figure	 1:	 We	 studied	 variation	 in	 dung	 beetle	 community	 composition	 and	
associated	 ecological	 functions	 at	 four	 hierarchical	 levels:	 the	 farming	 system	
(conventional	vs	organic),	farms	within	farming	systems,	macrohabitats	within	an	
organic	farm	(open	grass	sward	and	semi-open	pasture)	and	microhabitats	(sites	
within	macrohabitats).	Moreover,	to	establish	whether	local	variation	within	farms	
will	buffer	the	system	against	environmental	change,	we	experimentally	exposed	
local	dung	beetle	communities	to	different	microclimates	(experimentally	altered	
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by	open	top	chambers)	within	each	microhabitats.	Microclimates	are	represented	
by	 experimentally	 warmed	 (red)	 versus	 control	 (blue)	 chambers.	 In	 the	 bottom	
panel,	microhabitats	are	represented	by	squares.	

5.2	Materials	and	methods		

5.2.1	Study	area		

We	 selected	 randomly	 8	 farms	 (4	 organic	 and	 4	 conventional)	 in	 the	 vicinity	 of	
Uppsala,	south-central	Sweden	(59.8°N,	17.6	E).	Organic	farms	conformed	to	the	
KRAV	(2016)	system,	the	main	criteria	for	entering	this	scheme	may	all	affect	dung	
beetle	 resources	 and	 habitats	 (see	 Supplementary	 material,	 Text1).	 The	 mean	
distance	between	organic	and	conventional	fields	was	31.1	km,	ranging	from	2.6	to	
50.6	km.	All	 field	work	was	carried	out	 from	31th	of	May	to	12th	of	 July	 in	2016.	
During	each	round	of	measurements,	visits	to	 individual	 farms	were	spread	over	
two	consecutive	days.	To	avoid	any	confounding	effects	of	weather,	 farms	were	
visited	in	pairs	consisting	of	an	organic	and	a	conventional	farm.		

5.2.2	Experimental	design	

5.2.2.1	Effects	of	farming	system	(Organic	vs	conventional)	
Within	 the	 grass	 sward	 of	 each	 farm,	we	 set	 up	 5	 blocks	 each	 encompassing	 3	
treatments:	a	dung	pat	 freely	 colonized	by	beetles,	a	 control	pat	 from	which	all	
beetles	were	excluded	by	a	mesh,	and	a	sentinel	sample	pat	used	to	sample	the	
dung	beetle	community	(Fig.	2).		

	
Figure	 2:	Experimental	 design	 for	 the	 comparison	of	 conventional	 and	 organic	
farms.	 The	 left-hand	 part	 of	 the	 figure	 shows	 the	 approximate	 positions	 of	 the	
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blocks	inside	the	grass	sward	of	each	farm	(n=4	farms	×2	farming	systems),	whereas	
the	 right-hand	 part	 describes	 the	 treatments	within	 each	 block	 (n=5	 blocks	 per	
farm):	a	dung	pat	freely	colonized	by	beetles,	a	control	pat	from	which	all	beetles	
were	 excluded	 by	 a	 mesh,	 and	 a	 sentinel	 pat	 used	 to	 sample	 the	 dung	 beetle	
community.	

To	 avoid	 any	 previous	 colonization	 by	 insects,	we	 collected	 the	 dung	 inside	 the	
milking	 building	 of	 the	 respective	 farm.	 	 No	 cow	 in	 the	 herd	 was	 treated	 with	
antibiotics	or	anthelmintics.	The	dung	was	then	homogenized	before	being	divided	
into	experimental	pats	of	1kg	each.	Dung	pats	were	created	on	two	consecutive	
days	(31th	of	May	and	1st	of	June)	and	the	beetle	community	of	each	sentinel	pat	
(n=5	per	farm)	was	checked	5	days	after	the	beginning	of	the	experiment).	
	
	
	
5.2.2.2	Effects	of	macrohabitat,	microhabitat	and	microclimate	within	farm	
To	evaluate	the	influence	of	macro-	and	microhabitat	on	the	functioning	of	dung-
associated	communities,	we	selected	one	of	the	four	organic	farms	(Fig.	1).	Here,	
we	focused	on	the	two	dominant	macrohabitats:	open	grass	sward	and	semi-open	
pasture	rich	in	trees,	henceforth	called	‘open	grass	sward’	vs	‘semi-open	pasture’,	
respectively.	Within	each	of	these	macrohabitats,	we	distributed	five	blocks,	each	
encompassing	seven	treatments	 (i.e.	a	 total	of	70	dung	pats;	Fig.	3).	Treatments	
were	 named	 according	 to	 the	 presence	 or	 absence	 of	 Beetles	 (B+	 and	 B-),	 to	
whether	the	pats	were	surrounded	by	open-top	chambers	(OTCs;	described	in	Slade	
and	 Roslin	 2016)	 or	 not	 (C+,	 C-),	 which	were	 designed	 to	 either	 experimentally	
elevate	 Temperature	 or	 to	 allow	 ambient,	 control	 temperatures	 (T+,	 T-,	
respectively).	For	an	evaluation	of	the	heating	effect	achieved,	see	Supplementary	
material,	Text	2;	for	full	details	on	all	treatments	implemented,	see	Supplementary	
material,	Text	3.		
	

	
	

Figure	3:	Experimental	design	for	examining	the	effects	of	microhabitat	within	a	
focal	organic	farm.	The	left-hand	part	of	the	figure	shows	an	example	of	a	block	in	
an	open	microhabitat.	The	right-hand	part	shows	the	7	treatments	included	in	each	



 

 157	

block,	 with	 10	 blocks	 spread	 across	 two	 macrohabitats	 (5	 blocks	 in	 each)	 and	
multiple	 different	 microhabitats	 (one	 per	 block).	 Treatments	 were	 named	
according	to	the	presence	or	absence	of	Beetles	(B+	and	B-,	respectively;	indicated	
by	beetle	or	crossed-over	beetle	underneath	the	figure),	to	whether	the	pats	were	
surrounded	 by	 Chambers	 or	 not	 (C+,	 C-),	 which	 were	 designed	 to	 either	
experimentally	elevate	the	Temperature	or	to	allow	ambient,	control	temperatures	
(T+,	T-,	respectively;	red	versus	blue	cones).	From	treatment	C-T-B-,	beetles	were	
excluded	by	a	separate	type	of	enclosures	(see	Appendix	for	detail,	here	symbolized	
by	 a	 cross-hatched	white	 cylinder).	 Treatment	 C-T-B+	 corresponds	 to	 treatment	
Beetles	in	Fig.2,	C-T-B-	corresponds	to	Control	in	Fig.2,	and	treatment	S	to	treatment	
Sentinel	sample	in	Fig.2.	

To	prevent	any	influence	of	heating	devices	interfering	with	colonization	by	beetles,	
all	pats	(except	the	ones	from	which	beetle	colonization	was	excluded	by	a	mesh)	
were	first	left	fully	exposed.	After	5	days,	when	we	assumed	that	colonization	had	
occurred	 (see	 Koskela	 and	 Hanski	 1977;	 Roslin	 2000),	 we	 erected	 the	 heating	
structures	and	started	the	measures	of	functions	provided	by	the	beetle	community	
(i.e.	dung	removal),	by	weighting	each	wet	dung	pat	(see	below).	At	the	same	time,	
the	 beetles	 colonizing	 the	 sentinel	 samples	 of	 Treatment	 7	 were	 extracted,	
identified	and	counted.			

5.2.3	Measuring	ecological	functions	

As	 metrics	 of	 ecosystem	 functioning,	 we	 measured	 dung	 removal	 rates	
(changes	in	the	wet	mass	of	the	dung	pats;	see	Supplement,	Text	3)	and	the	dry	
mass	of	dung	remaining	at	the	end	of	the	experiment.	Wet	mass	was	recorded	at	
increasing	time	intervals:	on	day	1,	7,	14,	21,	28	and	42,	corresponding	to	31st	of	
May,	6th,	13th,	20th,	27th	of	 June	and	11th	of	 July,	 respectively.	To	 facilitate	 these	
measures,	we	placed	a	standard	piece	of	metallic	mesh	under	all	dung	pats	(as	in	
Slade	and	Roslin	2016	and	in	Piccini	et	al.	2018),	with	a	mesh	size	large	enough	(3	
cm)	not	to	interfere	with	the	behavior	of	tunneling	dung	beetles.		

5.2.4	Statistical	analysis	

To	model	 our	 observations	 of	 dung	 weights,	 we	 used	 generalized	 linear	 mixed	
effects	models.	Each	model	was	fitted	using	the	'lmerTest'	package	in	R	(v3.2.1;	R	
Development	Core	Team	2005),	assuming	an	identity	link	and	normally	distributed	
errors.	P-values	were	estimated	using	type	III	F-tests	with	the	Satterthwaite	(1946)	
approximation	of	the	relevant	degrees	of	freedom.		
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5.2.4.1	Community	composition	
Does	 dung	 beetle	 community	 composition	 differ	 between	 farming	 systems	 and	
among	farms?		
To	 compare	 community	 composition	 between	 farming	 systems	 (organic	 vs	
conventional),	we	created	separate,	univariate	models	of	pat-level	species	richness	
(sensu	the	observed	number	of	species),	species	abundances	and	total	biomass	as	
linear	functions	of	 farming	system	and	farm	identity,	both	treated	as	categorical	
variables.	We	assumed	 the	number	of	 species	 to	be	Poisson	distributed,	 and	all	
other	responses	to	adhere	to	a	normal	distribution.	
	
	
Does	 dung	 beetle	 community	 composition	 differ	 between	 macrohabitats	 within	
farms?	
To	evaluate	whether	natural	dung	beetle	communities	vary	between	macrohabitats	
(open	 grass	 sward	 vs	 semi-open	 pasture)	 within	 the	 same	 farm,	 we	 modelled	
species	 richness,	 overall	 abundance	 and	 total	 biomass	 as	 functions	 of	
macrohabitats,	specifying	a	Poisson	distribution	of	errors.	To	test	for	overdispersion	
among	microhabitats,	we	 compared	 the	 ratio	 between	Pearson	 residuals	 of	 the	
model	and	the	degrees	of	freedom	to	a	c2	distribution	with	df=1.	Here,	we	had	one	
observation	(from	the	sentinel	pat;	Fig.	3)	from	each	of	five	blocks	in	each	of	the	
two	macrohabitats.	Significant	overdispersion	would	thus	imply	that	microhabitat	
influences	the	community	structure	of	dung	beetles.			
	
5.2.4.2	Ecosystem	functioning	
Are	there	differences	in	ecosystem	functioning	at	the	levels	of	farming	systems	and	
farms?	
	 DUNG	REMOVAL	RATES	–	To	estimate	the	functional	efficiency	of	different	dung	
beetle	communities	at	the	level	of	farming	systems,	the	wet	mass	of	dung	pats	was	
modelled	as	 a	 linear	 function	of	day	 (a	 continuous	 variable),	 beetle	presence	 (a	
discrete,	binomial	variable:	dung	pats	with	vs	without	beetles)	and	farming	system	
(a	 discrete,	 binomial	 variable:	 organic	 vs	 conventional),	 and	 the	 interactions	
between	them	(Beetles	×	System,	Beetles	×	Day,	System	×	Day	and	Beetles	×	Day	×	
System),	all	of	them	treated	as	fixed	effects.	To	adjust	for	block-level	effects,	we	
assumed	 a	 hierarchical	 random	 structure	 with	 dung	 pats	 nested	 under	 blocks	
(corresponding	to	the	5	areas	within	each	pasture;	see	Fig	2)	nested	under	farms	
(Farms|Blocks|Pats)	within	Systems.	Here,	our	main	 interest	 is	 in	the	interaction	
Beetles	×	Day	×	System,	as	describing	how	the	effect	of	beetles	on	dung	pat	weight	
differed	between	farming	systems	over	time.	
	 Since	we	did	not	find	any	detectable	differences	between	farming	systems	
(Beetles	×	Day	×	System:	F1,316.3=0.15,	p=0.70),	we	next	 tested	 for	differences	 in	
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dung	removal	rates	at	the	level	of	individual	farms,	modelling	dung	wet	weights	as	
a	linear	function	of	day,	presence/absence	of	beetles	and	their	interactions	(Beetles	
×	 Farm,	 Beetles	 ×	 Day,	 Farm	 ×	 Day	 and	 Beetles	 ×	 Day	 ×	 Farm).	 Here,	 our	main	
interest	is	in	the	interaction	Beetles	×	Day	×	Farm,	as	describing	how	the	presence	
of	beetles	differed	among	farms	over	time.	To	adjust	for	block-level	effects,	we	used	
a	hierarchical	random	structure	with	dung	pats	nested	under	blocks	(Blocks|Pats).	
	 REMAINING	 DUNG	MASS	 –	 To	 test	 for	 differences	 among	 farming	 systems	 in	
overall	dung	removal,	we	modelled	the	dry	weight	of	dung	pats	remaining	on	the	
soil	 surface	 as	 a	 linear	 function	 of	 beetle	 presence/absence	 (dung	 pats	 with	 vs	
without	 beetles),	 farming	 system	 (organic	 vs	 conventional)	 and	 the	 interactions	
between	 them	 (Beetles	 ×	 System),	 as	 categorical	 variables.	 Farm	 identity	 was	
included	 as	 a	 random	 intercept	 in	 the	model.	 Here,	 our	main	 interest	 is	 in	 the	
interaction	Beetles	×	System,	as	describing	how	the	effect	of	beetle	presence	on	
dung	weight	differed	between	farming	systems.	
	 Since	we	did	not	detect	any	significant	differences	between	farming	system	
over	days	(Beetles	×	Day	×	Farm:	F1,304.25=1.91,	p=0.07),	we	tested	for	differences	in	
remaining	dung	mass	at	the	level	of	individual	farms.	Dry	dung	was	modelled	as	a	
linear	 function	 of	 presence/absence	 of	 beetles	 and	 farms	 and	 their	 interactions	
(Beetles	×	Farm),	as	categorical	variables.	Note	that	in	this	case,	we	had	only	one	
pat	per	treatment	and	block,	hence	block	was	not	included	in	the	analysis.	
	
Does	ecosystem	functioning	vary	among	macro-,	microhabitats	and	microclimate	
over	time?	
	 DUNG	REMOVAL	RATES	–	To	evaluate	whether	ecosystem	functioning	differed	in	
relation	to	macrohabitats	and	temperature	within	the	focal	organic	farm,	wet	dung	
weights	 were	 modelled	 as	 a	 linear	 function	 of	 beetle	 presence/absence,	
temperature	 (experimentally	warmed	 versus	 ambient)	 and	macrohabitats	 (open	
grass	sward	vs	semi-open	pasture)	and	their	 interactions.	Measurement	day	was	
included	as	a	fixed,	continuous	effect	capturing	gradual	loss	of	mean	weight	over	
time.	We	also	included	all	two-	and	three-way	interactions:	Macrohabitat	×	Beetles	
×	Day,	Temperature	×	Beetles	×	Day,	Temperature	×	Beetles,	Temperature	×	Day,	
Beetles	×	Day	and	Macrohabitat	×	Day.	Variation	at	the	level	of	pats	nested	under	
blocks	(different	parts	of	the	macrohabitat)	was	included	as	a	random	effect.	Here,	
our	main	 interest	 is	 in	 the	 interaction	 terms	Macrohabitat	 ×	 Beetles	 ×	 Day	 and	
Temperature	 ×	 Beetles	 ×	 Day,	 as	 capturing	 how	macrohabitat	 and	 temperature	
affect	 dung	 mass	 decay	 rates	 over	 days	 in	 presence/absence	 of	 beetles.	 Since	
interaction	 Macrohabitat	 ×	 Beetles	 ×	 Day	 proved	 non-significant,	 (F1,264.5=0.05,	
p=0.83),	as	did	Temperature	×	Beetles	×	Day	(F1,267.5=0.21,	p=0.64),	we	investigated	
the	 differences	 between	 microhabitats.	 To	 evaluate	 whether	 ecosystem	
functioning	 differed	 at	 this	 level,	 wet	 dung	 weights	 were	 modelled	 as	 a	 linear	



 

 160	

function	of	microhabitats	 (Blocks),	 beetle	presence/absence	 and	days,	 and	 their	
interactions	(Blocks	×	Beetles	×	Day).	Variation	at	the	level	of	the	dung	pat	and	the	
macrohabitat	was	 included	 as	 random	 factors.	Here,	 our	main	 interest	 is	 in	 the	
interaction	 terms	 Block	 ×	 Day	 and	 Block	 ×	 Day	 ×	 Beetles,	 as	 capturing	 how	
microhabitat	affects	dung	mass	decay	rates	over	days.		
	 REMAINING	 DUNG	 MASS	 –	 To	 estimate	 functional	 consequences	 of	
macrohabitat	and	temperature	variation,	dry	dung	weights	recorded	at	the	end	of	
the	experiment	were	modelled	as	 a	 linear	 function	of	beetle	presence/absence,	
temperature	 (experimentally	warmed	 versus	 ambient),	macrohabitats,	 and	 their	
two-	and	three-way	interactions	(Beetles	×	Temperature	×	Macrohabitat)	as	fixed	
categorical	effects,	and	Blocks	as	a	random	effect.	Here,	our	main	interest	is	in	the	
terms	Beetles	×	Macrohabitat,	Beetles	×	Temperature	and	Beetles	×	Temperature	
×	Macrohabitat,	as	capturing	how	macrohabitat	and	temperature	affect	remaining	
dung	mass	in	presence/absence	of	beetles.	Since	interaction	Beetle	×	Temperature	
×	 Macrohabitat	 proved	 non-significant	 (F1,43.99=1.027,	 p=0.32),	 as	 did	 Beetle	 ×	
Macrohabitat	 (F1,43.99=0.73,	 p=0.39)	 and	 Beetle	 ×	 Macrohabitat	 (F1,43.99=0.02,	
p=0.88),	 we	 investigated	 the	 differences	 between	 microhabitats.	 To	 evaluate	
whether	 ecosystem	 functioning	 differed	 at	 this	 level,	 wet	 dung	 weights	 were	
modelled	as	linear	function	of	microhabitats	(Blocks),	beetle	presence/absence	and	
their	 interactions	(Blocks	×	Beetles).	Here,	our	main	 interest	 is	 in	the	 interaction	
term	 Block	 ×	 Beetles,	 as	 capturing	 how	 block-level	 variation	 in	 the	 dung	 beetle	
community	interact	with	microhabitat	in	affecting	remaining	dung	mass.		
	
5.2.4.3	Relationships	between	community	composition	and	ecosystem	functioning		
To	establish	whether	variation	in	community	composition	at	the	level	of	farming	
system,	 macro-	 and	 microhabitat	 translate	 into	 differences	 in	 functioning,	 we	
correlated	 remaining	 dung	mass	 with	metrics	 of	 the	 dung	 beetle	 communities.	
More	specifically,	we	compared	the	dry	mass	remaining	of	each	dung	pat	to	dung	
beetle	species	richness,	total	beetle	biomass,	and	beetle	abundance	for	the	overall	
experiment	 (45	 observation),	 at	 the	 level	 of	 the	 farming	 system	 (with	 25	
observations	within	the	organic	system;	20	observations	within	the	conventional	
system),	 within	 the	 focal	 organic	 farm	 (with	 30	 observations)	 and	 within	 each	
macrohabitat	within	this	farm	(with	15	observations	per	macrohabitat).		
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5.3	Results	

5.3.1	Community	composition	

Does	 dung	 beetle	 community	 composition	 differ	 between	 farming	 systems	 and	
among	farms?	

A	 total	 of	 8	 species	 (Aphodius	 ater,	 A.	 erraticus,	 A.	 fossor,	 A.	
heamorrhoidalis,	A.	 pedellus,	A.	 puntatosulcatus,	A.	 pusillus,	A.	 rufipes)	 and	 791	
individual	dung	beetles	were	 collected	 in	 the	8	 farms.	Overall	 abundances	were	
highly	similar,	with	355	individuals	recorded	in	organic	farms	and	364	individuals	in	
conventional	 farms.	There	were	no	detectable	differences	 in	 species	 richness	or	
diversity	 at	 the	 level	 of	 farming	 systems	 (Species	 richness:	 F1,12=0.12,	 p=0.73;	
Overall	dung	beetle	abundance:	F1,12=0.02,	p=0.90).	Yet,	the	total	biomass	of	dung	
beetles	per	dung	pat	was	higher	on	conventional	farms	than	on	organic	farms	(total	
biomass:	 mean	 0.26g±	 SD	 0.29	 and	 0.15g±	 SD	 0.15,	 respectively,	 F1,12=4.18,	
p=0.049).	At	 the	 level	of	 individual	 farms,	we	 found	significant	differences	 in	all	
aspects	of	community	attributes:	species	richness	(F6,12=6.54,	p<0.001;	Fig.	S2A	in	
Appendix),	 overall	 dung	 beetle	 abundance	 (F6,12=8.33,	 p<0.001;	 Fig.	 S2B	 in	
Appendix)	and	total	biomass	(F6,12=6.51,	p<0.001;	Fig.	S2C	in	Appendix).	

	
Do	dung	beetle	communities	vary	with	macro-	and	microhabitats	within	farms?	
	 Dung	beetle	communities	did	not	differ	between	macrohabitats	(open	grass	
sward	 vs	 semi-open	 pasture)	 within	 the	 same	 farm	 (Species	 richness:	 Z9=-0.43,	
p=0.67;	 Overall	 dung	 beetle	 abundance:	 Z9=-1.19,	 p=0.23;	 Total	 Biomass:	
F1,9=0.582,	p=0.47).		
At	 the	 level	 of	 microhabitats,	 we	 found	 underdispersion	 in	 terms	 of	 species	
richness	 (c2=2.33,	 dispersion=0.291),	 and	 overdispersion	 in	 terms	 of	 overall	
abundance	(Abundance:	c2=16.21,	dispersion=2.03).	Thus,	species	richness	seems	
no	 more	 clumped	 among	 blocks	 than	 assumed	 by	 a	 Poisson	 process,	 whereas	
abundance	is	indeed	clumped	by	microhabitats.	

	

5.3.2	Ecosystem	functioning	

Are	there	differences	in	ecosystem	functioning	at	farming	system	and	farm	levels?	
DUNG	 REMOVAL	 RATE	 –	 Overall,	 dung	 removal	 rates	 decreased	 over	 time	 (Time:	
F1,259.5=90.15,	 p<0.001)	 and	 treatments	 with	 beetles	 removed	 more	 dung	 than	
beetle-free	controls	(Beetles:	F1,308.15=74.72,	p<0.001).	However,	pats	 in	different	
farming	 systems	 exhibited	 different	 dung	 removal	 rates	 (Day	 ×	 System:	
F1,316.3=6.81,	p=0.009,	Fig.4A),	with	dung	mass	decreasing	quicker	in	conventional	
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farms	–	 irrespective	of	beetle	presence.	The	wet	weight	of	pats	with	vs	without	
beetles	decayed	at	different	 rates	 in	both	systems	 (Beetles	×	Day:	 F1,316.3=15.47,	
p<0.001,	Fig.4B),	so	that	beetle	presence	accelerated	dung	removal	rates.	In	terms	
of	the	effects	deemed	most	interesting	a	priori	–	i.e.	whether	the	beetle	community	
characteristics	of	conventional	farms	were	associated	with	removal	rates	different	
from	those	of	organic	farms	(captured	by	interactions	Beetles	×	System	and	Beetles	
×	Day	×	System)	–	we	found	no	detectable	imprint	(Beetles	×	System:	F1,259.6.15=0.98,	
p=0.32;	Beetles	×	Day	×	System:	F1,316.3=0.153,	p=0.69).		
At	 the	 level	of	 individual	 farms,	dung	wet	weights	differed	among	 farms	 (Farm:	
F1,139.26=26.92,	 p<0.001),	 with	 the	 presence/absence	 of	 beetles	 (Beetles:	
F1,274.8=126.22,	p<0.001)	 and	over	 time	 (Time:	F1,304.25=302.27,	p<0.001).	Overall,	
beetle	presence	had	a	larger	effect	on	dung	weights	on	some	farms	than	on	others	
(Beetles	×	Farm:	F1,274.8=4.09,	p<0.001,	Fig.	4D),	and	the	effect	of	beetle	presence	
varied	in	time	(Beetles	×	Day:	F1,304.25=19.95,	p<0.001).	Overall	decay	rates	likewise	
differed	between	farms	(Farm	×	Day:	F1,304.25=14.18,	p<0.001;	Fig.	4C),	but	variation	
among	farms	in	decay	rates	with	beetle	presence	was	only	marginally	significant	
(Beetles	×	Day	×	Farm:	F1,304.25=1.91,	p=0.07).	
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Figure	4:	Differences	in	dung	wet	weights	among	A)	farming	systems,	B)	pats	with	
versus	 without	 beetles,	 C)	 individual	 farms	 over	 time,	 and	 D)	 pats	 with	 versus	
without	beetles	on	individual	farms.	In	A),	solid	lines	refer	to	conventional	farms,	
dashed	lines	to	organic	farms;	 in	panels	B)	and	D)	solid	 lines	refer	to	treatments	
with	beetle	present,	dashed	lines	to	treatments	from	which	beetles	were	absent.	
Line	styles	in	C)	identify	individual	farms,	with	the	same	styles	used	in	D).	The	data	
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points	 show	partial	 residuals,	with	 the	 lines	 derived	 from	 the	 generalized	 linear	
mixed	effects	models	described	in	2.	Materials	and	methods.	

REMAINING	DUNG	MASS	–	There	were	no	detectable	differences	in	the	effect	of	
dung	beetle	presence/absence	among	farming	system	on	the	dry	weight	of	dung	
remaining	at	 the	end	of	 the	experiment	 (Beetles	 ×	 System:	F1,69.9=0.01,	p=0.92).	
Overall,	less	dung	remained	in	the	presence	than	absence	of	dung	beetles	(Beetles:	
F1,69.9=26.98,	p<0.001).	Moreover,	the	total	amount	of	dry	dung	remaining	at	the	
end	of	the	experiment	did	not	differ	between	farming	system	(System:	F1,6=2.81,	
p=0.14).	At	the	farm	level,	again	less	dung	remained	in	the	presence	of	beetles	than	
in	 the	 absence	 of	 them	 (Beetles:	 F1,64=28.12,	 p<0.001,	 Fig	 5a),	 and	 the	mass	 of	
remaining	 dung	 differed	 significantly	 among	 individual	 farms	 (Farm:	 F7,64=7.13,	
p<0.001,	Fig	5b).	In	this	context,	the	impact	of	beetle	presence	on	remaining	dung	
mass	was	similar	across	farms	(Beetles	×	Farms:	F7,64=1.28,	p=0.27).		

	

	
	
Figure	5:	Differences	in	remaining	dung	mass	(dry	weight)	among	a)	dung	pats	with	
versus	without	access	by	beetles	and	b)	individual	farms.	Figure	a)	shows	estimates	
(dark	 grey	 line)	 and	 confidence	 intervals	 (light	 grey	 intervals)	 for	 farms	 in	 the	
presence	vs	absence	of	beetles.	Figure	b)	shows	estimates	per	farm.	All	data	points	
show	 partial	 residuals,	 with	 estimates	 derived	 from	 the	 GLMMs	 described	 in	
Materials	and	methods.	
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Does	ecosystem	functioning	vary	among	macro-	and	microhabitats	over	time?	

DUNG	 REMOVAL	 RATES	 –	 Overall,	 dung	 wet	 weight	 decreased	 over	 time	
(F1,231.6=687.44,	 p<0.001)	 but	 neither	 macrohabitats	 (F1,15.8=0.23,	 p=0.64)	 nor	
temperature	 (experimentally	 warmed	 vs	 ambient	 temperature;	 F1,243.92=0.06,	
p=0.81)	affected	average	dung	wet	weight.	The	decay	of	dung	weight	over	 time	
differed	 marginally	 between	 macrohabitats	 (Macrohabitat	 ×	 Day:	 F1,231.6=2.90,	
p=0.09),	 and	 the	 presence/absence	 of	 beetles	 did	 not	 change	 this	 pattern	
(Macrohabitat	 ×	 Beetles:	 F1,257.8=0.06,	 p=0.80).	 Similarly,	 the	 decay	 of	wet	 dung	
weight	 did	 not	 differ	 detectably	 between	 temperatures	 (Temperature	 ×	 Day:	
F1,231,6=0.00,	 p=0.96),	 and	 the	 presence/absence	 of	 beetles	 did	 not	 affect	 this	
pattern	(Temperature	×	Beetles:	F1,261.1=0.14,	p=0.71).		
Overall,	 the	 average	 wet	 weight	 of	 dung	 differed	 among	 microhabitats	
(F9,223.8=3.94,	 p<0.001),	 with	 dung	 weight	 decreasing	 significantly	 over	 time	
(F1,210.4=752.27,	p<0.001)	but	not	being	affected	by	beetle	presence	(F1,232.5=0.89,	
p=0.35).	 The	 decay	 rate	 of	 dung	 weight	 differed	 between	 microhabitats	
(Microhabitat	 ×	 Day:	 F9,209.8=1.95,	 p=0.046),	 but	 was	 unmodified	 by	 the	
presence/absence	of	beetles	(Microhabitat	×	Beetles:	F9,229.8=1.20,	p=0.29).	Overall,	
the	presence/absence	of	beetles	left	no	detectable	imprint	on	the	specific	rate	of	
dung	weight	decay	in	this	experiment	(Day	×	Beetles:	F1,238.0=0.89,	p=0.35).		

REMAINING	 DUNG	MASS	 –	 The	 amount	 of	 dung	 remaining	 at	 the	 end	 of	 the	
experiment	differed	in	the	presence	versus	absence	of	beetles	(F1,43.99=5.01,	p=0.03,	
with	 a	 lower	 amount	 in	 the	 presence	 of	 beetles	 than	 in	 their	 absence)	 but	 not	
between	 macrohabitats	 (Macrohabitat:	 F1,8.5=0.30,	 p=0.60)	 or	 temperatures	
(experimentally	 warmed	 vs	 ambient	 temperature;	 F1,43.99=0.99,	 p=0.33).	 The	
presence/absence	 of	 beetles	 did	 not	 modify	 the	 impact	 of	 macrohabitat	
(Macrohabitat	 ×	 Beetles:	 F1,43.99=1.03,	 p=0.40)	 or	 temperatures	 (Temperature	 ×	
Beetles:	F1,43.99=0.02,	p=0.88).	At	the	level	of	microhabitats,	the	amount	of	dry	dung	
did	 differ	 among	 blocks	 (F9,40=3.58,	 p=0.002),	 with	 a	 lower	 amount	 of	 dung	
remaining	in	the	presence	than	absence	of	beetles	(mean	104±20SD	and	115±20SD,	
respectively;	F1,40=5.08,	p=0.03).	Dung	beetle	presence	did	not	modify	the	impact	
of	microhabitat	(Microhabitat	×	Beetles:	F1,40=0.43,	p=0.91).		

5.3.3	Relationships	between	community	composition	and	ecosystem	functioning		

Overall,	we	found	no	significant	correlation	between	remaining	dung	mass	
and	the	total	biomass	of	dung	beetles	present	in	the	dung	pats	(scored	at	the	time	
when	the	sentinel	dung	pats	were	sampled;	r=-0.18,	df=38,	p=0.26).	Neither	did	we	
find	any	significant	correlation	with	species	richness	(r=-0.07,	df=38,	p=64)	or	with	
beetle	abundance	(r=-0.25,	df=38,	p=0.12).		
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Within	the	organic	system,	remaining	dung	mass	was	positively	correlated	
with	 beetle	 abundance	 (r=0.44,	 df=18,	 p=0.05)	 but	 not	 with	 species	 richness	
(r=0.20,	df=18,	p=0.39)	or	with	total	beetle	biomass	(r=-0.03,	df=18,	p=0.89);	within	
the	conventional	system,	remaining	dung	mass	was	not	correlated	with	any	of	the	
variables	 (total	beetle	biomass:	 r=-0.18,	df=18,	p=0.44;	species	 richness:	 r=-0.31,	
df=18,	p=0.18;	beetle	abundance:	r=0.08,	df=18,	p=0.72).		

Among	the	two	macrohabitats	examined	within	the	focal	organic	farm,	we	
did	 not	 find	 any	 significant	 correlation	 between	 remaining	 dung	mass	 and	 total	
beetle	biomass	(r=-0.04,	df=28,	p=0.83),	beetle	abundance	(r=0.09,	df=28,	p=0.65)	
or	species	richness	(r=0.27,	df=28,	p=0.15).	By	contrast,	within	habitats,	we	found	
habitat-specific	patterns:	within	 the	open	grass	 sward,	 there	was	no	detectable	
correlation	between	remaining	dung	mass	and	metrics	of	beetle	communities	(total	
beetle	biomass:	r=-0.40,	df=13,	p=0.14;	beetle	abundance:	r=-0.27,	df=13,	p=0.34;	
species	 richness:	 r=0.35,	 df=13,	 p=0.19),	 but	 within	 the	 semi-open	 pasture,	
remaining	 dung	 mass	 was	 positively	 correlated	 with	 beetle	 abundance	 (r=0.56,	
df=13,	p=0.03),	marginally	correlated	with	total	biomass	(r=0.45,	df=13,	p=0.08)	and	
not	correlated	species	richness	(r=0.13,	df=13,	p=0.66).	

5.4	Discussion	

That	 biodiversity	 promotes	 ecosystem	 functioning	 is	 currently	 well	
established	(Hooper	et	al.	2012;	Tilman	et	al.	2014).	In	the	context	of	agriculture,	
organic	 farming	 systems	 seem	 to	 generally	 support	 higher	 levels	 of	 biodiversity	
than	conventional	 systems	 (Fuller	et	al.	2005;	Bengtsson	et	al.	2005;	Duru	et	al.	
2015).	This	may	convey	higher	rates	of	functioning	(Altieri	1999;	Batáry	et	al.	2013)	
such	as	augmented	biological	control	(Puech	et	al.	2014).	Yet,	in	the	present	study,	
we	observed	no	higher	dung	beetle	diversity	on	organic	than	conventional	farms.	
This	result	contrasts	with	earlier	findings	by	Hutton	and	Giller	(2003),	who	reported	
higher	 species	 richness	 and	 abundances	 of	 dung	 beetles	 on	 organic	 than	
conventional	cattle	farms.	Overall,	we	found	slightly	higher	total	biomass	of	dung	
beetles	on	 conventional	 farms	 than	on	organic	ones,	but	 this	difference	did	not	
translate	into	differential	provisioning	of	ecological	functions.	At	the	level	of	farms	
within	farming	systems,	dung	beetle	communities	did	differ	among	farms,	as	did	
ecological	 functions	 (i.e.	 dung	 removal).	 Within	 farms,	 we	 found	 less	 variation	
among	 macro-	 and	 micro-habitats,	 and	 among	 experimentally	 altered	
microclimates.	Below,	we	will	examine	each	of	these	findings	in	turn.	
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5.4.1	Ecosystem	functioning	does	not	differ	between	farming	systems	

In	 previous	 studies,	 organic	 farming	 has	 been	 found	 to	 reflect	 into	 an	
increased	species	richness	and	abundance	of	plants,	predatory	invertebrates,	bats	
and	birds	(Fuller	et	al.	2005;	Bengtsson	et	al.	2005).	Different	organisms	react	 in	
different	 ways	 to	 organic	 farming,	 with	 non-predatory	 insects	 and	 pests	 being	
identified	as	less	responsive	to	farming	system	than	other	guilds	(Bengtsson	et	al.	
2005).	Within	 this	 range	 of	 responses,	 several	 studies	 (Hutton	 and	 Giller	 2003;	
Geiger	et	al.	2010)	have	suggested	that	dung	beetle	diversity	may	be	promoted	by	
organic	farming,	both	in	terms	of	species	richness	and	abundance.	Other	studies	
have	 proposed	 that	 general	 differences	 in	 community	 structure	will	 reflect	 into	
differences	in	functioning.	Thus,	O’Hea,	Kirwan	and	Finn	(2010)	found	a	higher	total	
biomass	of	decomposers	in	general	(dung	beetles,	flies	and	earthworms)	to	reflect	
into	greater	dung	decomposition,	and	higher	dung	beetle	species	richness	has	been	
observed	to	translate	into	augmented	ecological	functioning	(Manning	et	al.	2017).		
	 Contrasting	with	these	previous	studies,	we	detected	no	differences	among	
farming	 systems	 in	 terms	 of	 dung	 beetle	 abundance	 or	 species	 richness.	 Total	
biomass	was	slightly	higher	 in	conventional	system	than	in	organic	system,	 likely	
due	to	a	slightly	higher	abundance	of	Aphodius	fossor	on	conventional	farms.	The	
lack	of	a	difference	in	community	metrics	was	matched	by	a	lack	of	a	difference	in	
functioning:	overall,	we	found	no	difference	between	farming	systems	in	terms	of	
dung	 removal	 rate	 or	 in	 the	 amount	 of	 dung	mass	 remaining	 at	 the	 end	of	 the	
season.		
	 Our	 findings	match	 with	 those	 of	 another	 study	 conducted	 in	 the	 same	
region:	Roubinet	et	al.	 (2017)	detected	no	differences	 in	the	densities	of	aphids,	
earthworms,	 or	 spiders	 between	 the	 farming	 systems	 of	 Central	 Sweden.	 This	
general	 lack	 of	 differences	 is	 probably	 due	 to	 the	 fact	 that	 in	 this	 region,	 the	
differences	between	the	two	farming	systems	are	 less	pronounced	than	in	some	
other	 areas	 of	 Europe	 (Jordbruksverket	 and	 SCB	 2014),	 with	 the	 local	 farmers	
showing	a	high	degree	of	environmental	consciousness.	Thus,	 in	 interviews	with	
local	farmers,	Andersson	et	al.	(2015)	found	relatively	high	use	of	pesticides	in	some	
intensively-cultivated	farms,	but	most	farmers	declared	themselves	uncomfortable	
with	using	pesticides	and	preferred	to	use	them	in	low	amounts.	Agrochemicals	in	
general	are	used	with	care	in	Central	Sweden,	and	are	considered	a	waste	of	time	
and	money	by	farmers	when	not	acutely	needed	to	control	pest	problems	(Weibull	
et	al.	2003).	Most	conventional	farmers	in	the	study	area	use	inorganic	fertilisers	
and	 herbicides,	whereas	 insecticides	 and	 fungicides	 are	 used	more	 seldom	 (e.g.	
Östman	et	al.	2001).	Across	Sweden,	a	general	attention	to	conservation	issues	and	
environment	 sustainability	 is	 reflected	 by	 the	 country	 achieving	 the	 highest	
environmental	 sustainability	 index	 among	 the	 twelve	 countries	 investigated	 by	
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Siche	et	al.	(2006).	Thus,	most	farms	in	our	study	region	are	extensively	rather	than	
intensively	managed,	regardless	of	farming	system	–	thereby	explaining	the	lack	of	
major	differences	in	dung	beetle	communities.	

5.4.2	Farm	management	matters	

	 In	an	agroecological	setting,	many	factors	may	enhance	the	abundance	of	
some	 taxa.	 Of	 these,	 only	 some	 are	 related	 to	 the	 farming	 system	 –	 and	most	
importantly,	variation	within	farming	systems	is	substantial	(Schneider	et	al.	2013;	
Puech	 et	 al.	 2014).	 Individual	 farmers	 can	 manage	 their	 field	 to	 increase	 the	
abundance	 of	 different	 organism	 groups.	 For	 example,	 biodiversity	may	 benefit	
from	an	increase	of	heterogeneity	within	farms	(Belfrage	et	al.	2015;	Fahrig	et	al.	
2015).	 In	 terms	of	 dung	beetles,	 the	maintenance	of	 a	 local	mosaic	 of	 different	
habitats	(e.g.,	open	pasture,	natural	or	semi-natural	micro-habitats)	by	the	rotation	
of	 cattle	 grazing	 areas	 has	 been	 found	 to	 promote	 diversity	 (Verdú	 et	 al.	 2007;	
Numa	et	al.	2012).	Thus,	the	most	important	factor	shaping	the	local	environment	
is	the	farmer,	through	his	or	her	management	decisions.	Not	only	will	the	farmer	
decide	on	what	farming	system	(conventional	or	organic)	to	adopt,	but	also	on	the	
specific	management	regime	to	implement.	In	this	context,	it	has	been	proposed	
that	 individual	 variation	 among	 farmers,	 and	 management	 decisions	 struck	 by	
him/her	may	equal	or	override	the	impact	of	farming	system	per	se	(Bengtsson	et	
al.	 2005).	 In	 the	 present	 study,	 we	 found	 large	 differences	 in	 dung	 beetle	
abundances	 among	 farms.	 This	 variation	 among	 farms	within	 the	 same	 farming	
systems	suggests	that	local	decisions	made	by	farmers	can	be	crucial	in	shaping	the	
local	 habitats	 and	 their	 dung	beetle	 communities.	 Indeed,	 in	 the	 central	 part	of	
Sweden,	 the	 effect	 of	 heterogeneity	 within	 farms	 has	 been	 shown	 to	 be	more	
effective	in	promoting	the	diversity	of	butterflies,	predatory	insects	and	the	plants	
of	field	margins	than	the	mere	conversion	to	organic	farming	(Weibull	et	al.	2000;	
Weibull	et	al.	2003;	Belfrage	et	al.	2015).		
	 In	terms	of	dung	beetles,	the	differences	in	species	richness,	abundance	and	
total	biomass	observed	among	 farms	will	 likely	 reflect	 farm-	and	 farmer-specific	
choices	with	respect	to	cattle	fodder,	grazing	regimes	and/or	field	management.	
The	resulting	differences	in	dung	beetle	community	composition	are	also	reflected	
in	 ecosystem	 functioning.	 Indeed,	 the	 presence	 of	 dung	 beetles	 in	 dung	 pats	
significantly	reduced	the	wet	weight	of	dung	left	on	the	surface	(i.e.	dung	removal	
rate)	among	farms	(Fig	4d)	and,	overall,	the	mass	of	dung	remaining	at	the	end	of	
the	 experiments	 differed	 significantly	 among	 farms	 (Fig.	 5b).	 Thus,	 farm-specific	
management	decisions	seem	to	affect	both	the	community	attributes	of	local	dung	
beetle	communities	and	associated	ecological	functioning.	
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5.4.3	The	importance	of	environmental	variation	

The	 imprint	 of	 environmental	 variation	 on	 dung	 beetle	 communities	
seemed	most	pronounced	at	the	farm	level,	whereas	within	a	single	focal	farm,	we	
detected	 no	 differences	 in	 community	 composition	 between	 either	 macro-	 or	
microhabitats.	Likewise,	the	provisioning	of	ecological	functions	varied	little	at	the	
within-farm	level.	Only	within	one	of	the	macrohabitats	(semi-open	pasture)	did	we	
find	 a	 positive	 correlation	 between	 dung	 beetle	 abundance	 and	 dung	 removal,	
whereas	in	other	environments	and	at	other	levels,	such	relationships	were	blurred	
or	missing.	This	lack	of	general	diversity-functioning	relations	may	be	related	to	the	
fact	 that	most	 of	 the	 variation	 in	 dung	 beetle	 abundances	 and	 species	 richness	
concerned	to	small-bodied	species,	which	may	be	less	efficient	in	removing	dung	in	
the	short	term	than	larger	species	(Rosenlew	and	Roslin	2008;	Nervo	et	al.	2014).	
Within	macro-habitats,	we	found	slight	differences	in	dung	beetle	abundance	and	
species	richness	among	microhabitats.	Such	differences	may	be	related	to	different	
biotic	and	abiotic	features	of	the	microhabitat,	such	as	microclimate	(Roslin	et	al.	
2009),	soil	type,	moisture,	leaf	and	vegetation	cover	(Mehrabi	et	al.	2014).	Even	if	
we	 detected	 significant	 differences	 in	 community	 composition	 among	
microhabitats,	 the	 provisioning	 of	 ecological	 functions	 did	 not	 differ	 among	
microhabitats.	

In	terms	of	experimentally-warmed	versus	control	mesocosms,	we	found	no	
differences	in	the	provisioning	of	ecological	functions.	Thus,	slight	variation	in	dung	
beetle	 community	 composition	among	macro-	 and	microhabitats	 is	 too	 small	 to	
translate	into	differences	in	functional	resilience	with	environmental	modification.	
These	patterns	agree	with	those	reported	by	Slade	and	Roslin	(2016),	who	found	
no	 effects	 of	 experimentally-manipulated	 microclimate	 on	 dung	 removal	 rates.	
However,	functional	resilience	may	depend	on	the	functions	investigated,	since	the	
same	study	highlighted	that	 interactions	between	species	 (specifically	Geotrupes	
stercorarius	 and	 A.	 fossor)	 interact	 with	 temperature	 in	 determining	 plant	
productivity	 (Slade	and	Roslin	2016).	 In	 the	current	 study,	we	 failed	 to	establish	
whether	other	functions	might	have	been	affected	by	microclimatic	manipulations.		

5.5	Conclusions	

Our	findings	confirm	that	factors	other	than	the	farming	system	may	be	crucial	in	
dictating	agrobiodiversity	–	and	that	local	decisions	made	by	farmers	can	thereby	
shape	 the	 composition	 of	 dung	 beetle	 communities	 and	 associated	 ecological	
functions.	 Thus,	 the	 maintenance	 of	 biodiversity	 and	 ecosystem	 functioning	
requires	closer	collaboration	with	farmers	and	foresters	(Jackson	2002),	scientists	
(Bengtsson	et	al.	2005)	and	policy	makers.	In	the	present	Swedish	system,	policies	
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aimed	 at	 emphasizing	 the	 impact	 of	 fine-scale	 management	 actions	 are	 an	
impotent	 supplement	 to	 general	 rules	 for	 certification	 under	 different	 farming	
systems.	In	cultivated	habitats,	conservation	strategies	are	de	facto	implemented	
by	farmers,	and	a	close	dialogue	between	academia,	policy	makers	and	farmers	is	
thus	of	utmost	importance.	Thus,	the	maintenance	of	biodiversity	and	ecosystem	
functioning	 requires	 closer	 collaboration	with	 farmers,	 foresters	 (Jackson	 2002),	
scientists	(Bengtsson	et	al.	2005)	and	policy	makers.	In	the	present	Swedish	system,	
policies	aimed	at	emphasizing	the	impact	of	fine-scale	management	actions	are	an	
impotent	 supplement	 to	 general	 rules	 for	 certification	 under	 different	 farming	
systems.	In	cultivated	habitats,	conservation	strategies	are	de	facto	implemented	
by	farmers,	and	a	close	dialogue	between	academia,	policy	makers	and	farmers	is	
thus	of	utmost	importance.		
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Appendix	
Text	1.	Criteria	for	organic	milk	production	in	Sweden	(KRAV)		
Sweden	 maintains	 a	 single	 environment	 labelling	 system	 for	 organic	 milk	
production:	KRAV	 (2016).	 The	main	 criteria	 for	 entering	 this	 scheme	encompass	
restrictions	 on	 the	 use	 of	 conventionally-produced	 fodder	 (maximum	 5%)	 and	
concentrated	 feed	 (maximum	 40%),	 requirements	 regarding	 feed	 composition	
(stating	 that	 all	 animals	must	 have	 free	 access	 to	 good	quality	 of	 roughage	 and	
grazing	hay	and	silage	must	be	included	in	animals’	ration;	usage	of	straw	is	only	
temporary	permitted)	and	 self-sufficiency	 in	 terms	of	 feed	production	 (of	which	
75%	has	 be	produced	on	 the	 farm	 itself),	 and	 rules	 requiring	 access	 to	 outdoor	
grazing	(stating	that	the	razing	period	has	to	span	at	least	2	months	per	year;	during	
the	grazing	period	the	cows	should	spent	at	least	12	hours	outdoors).	No	synthetic	
fertilisers	or	pesticides	are	allowed	(KRAV	2016).	
	
Text	2.	Evaluation	of	experimental	differences	in	microclimates		

To	record	the	impact	of	the	heating	chambers	on	the	local	microclimate,	the	
temperature	(above	ground)	of	each	chamber	was	monitored	by	data-loggers	(EL-
USB-#-LCD,	Lascar	electronics,	Salisbury	SP5	2SJ,	UK).	To	compare	the	temperatures	
inside	of	the	heating	chamber	to	natural	temperatures,	we	placed	at	least	two	data-
loggers	in	each	block:	one	in	a	non-warmed	chamber	and	one	in	a	heating	chamber.	
We	 then	 fitted	 generalized	 linear	 mixed-effect	 model	 of	 hourly	 temperatures	
(available	for	25	out	of	50	chambers)	as	a	function	of	measurement	time	and	days	
(both	 treated	 as	 a	 class-level	 variable	 to	 allow	 for	 any	 changes	 in	 temporal	
patterns),	 of	 warming	 treatment	 (warmed	 versus	 ambient	 chambers),	 and	 of	
macrohabitat	(open	grass	sward	vs	semi-open	pasture),	with	chamber	identity	as	a	
random	effect.	For	this,	we	used	data	from	the	full	duration	of	the	experiment.	

As	 intended,	 the	 experimental	 manipulations	 significantly	 increased	 the	
temperature	 in	 the	open	 top	 chambers	 as	 compared	 to	 the	 control	mesh	 cages	
(F1,7=48.02,	p<0.001;	Fig.	S1).	Temperatures	also	differed	significantly	between	days	
(F37,7=144.74,	p<0.001)	and	with	the	time	of	the	day	(F23,7=671.71,	p<0.001),	but	not	
between	the	two	macrohabitats	(open	grass	sward	vs	semi-open	pasture;	F1,7=2.86,	
p=0.09).	
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Figure	S1:	Average	temperature	in	heated	(red	line)	versus	ambient-temperature	
(blue	 line)	mesocosms	during	different	times	of	 the	day.	 Lines	show	the	hourly	
average	of	raw	temperatures	recorded	for	the	full	duration	of	the	experiments.	The	
shaded	areas	show	standard	deviations	around	these	means.	

Text	3.	Full	details	on	the	treatments	implemented	
To	evaluate	the	influence	of	macro-	and	microhabitat	on	the	functioning	of	dung-
associated	 communities,	 and	 the	 potential	 buffering	 effect	 of	 variation	 in	 dung	
beetle	 diversity,	 we	 selected	 one	 of	 the	 four	 organic	 farms	 (Fig.	 S1).	 Here,	 we	
focused	 on	 the	 two	 dominant	macrohabitats:	 open	 grass	 sward	 and	 semi-open	
pasture	 rich	 in	 trees	 including	 Scots	 pine	 (Pinus	 sylvestris),	 birch	 species	 (Betula	
pendula	 and	 B.	 pubescens)	 and	 Norway	 spruce	 (Picea	 abies),	 henceforth	 called	
‘open	 grass	 sward’	 vs	 ‘semi-open	 pasture’,	 respectively.	 Within	 each	 of	 these	
macrohabitats,	we	distributed	 five	 blocks,	 each	 encompassing	 seven	 treatments	
(i.e.	a	total	of	70	dung	pats).	Treatments	were	named	according	to	the	presence	or	
absence	of	Beetles	(B+	and	B-),	to	whether	the	pats	were	surrounded	by	open-top	
chambers	(OTCs;	described	in	Slade	and	Roslin	2016)	or	not	(C+,	C-),	which	were	
designed	to	either	experimentally	elevate	Temperature	or	not	(T+,	T-,	respectively;	
for	 an	 evaluation	 of	 the	 heating	 effects	 achieved,	 see	 Text	 1,	 above).	 Thus,	we	
arrived	 at	 a	 total	 of	 seven	 treatments:	 1)	 C+T+B+:	 an	 experimentally	 warmed	
treatment	consisting	of	dung	pats	covered	by	chambers	and	left	exposed	to	beetle	
colonization;	2)	C+T+B-:	an	experimentally	warmed	mesocosm	consisting	of	dung	
pats	covered	by	OTC	chambers	and	excluded	from	beetle	colonization;	3)	C+T-B+:	
an	 ambient	 temperature	 treatment	 consisting	 of	 dung	 pats	 left	 exposed	 beetle	
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colonization	 and	 then	 covered	by	 a	 similar-sized	 chamber	 composed	with	mesh	
without	lid;	4)	C+T-B-:	an	ambient	temperature	mesocosm	consisting	of	dung	pats	
excluded	from	beetle	colonization	and	covered	by	a	similar-sized	chamber	of	mesh	
and	 covered	 with	 a	 lid	 that	 excluded	 colonization;	 5)	 C-T-B+:	 an	 ambient	
temperature	 treatment	 consisting	 of	 dung	 pats	 left	 open	 to	 beetle	 colonization	
(without	any	chambers	or	cages;	thus,	this	treatment	corresponds	to	the	Beetles	
treatment	 represented	 in	 Fig.	 2	 in	 the	 main	 text);	 6)	 C-T-B-:	 a	 control	 pat	
surrounded	by	a	small	cage,	yielding	an	estimate	of	dung	decomposition	under	in	
the	 absence	 of	 beetles	 (note	 that	 this	 treatment	 equals	 the	Control	mesocosm	
represented	 in	 Fig.2	 in	 the	main	 text);	 7)	S:	 an	 ambient	 temperature	 treatment	
consisting	 of	 dung	 pats	 left	 open	 to	 beetle	 colonization	 and	 used	 as	 a	 sentinel	
sample	of	local	dung	beetle	community	structure,	yielding	an	estimate	of	species	
composition	 and	 abundance	 for	 each	 block	 (thus	 equaling	 the	 Sentinel	 sample	
represented	in	Fig.2	in	the	main	text).	

As	 a	 metric	 of	 ecosystem	 functioning	 in	 the	 different	 treatments,	 we	
measured	 changes	 in	 the	wet	mass	of	 the	dung	pats	 (see	main	 text,	Measuring	
ecological	functions).	Such	changes	in	wet	weight	will	reflect	both	desiccation	and	
actual	dung	removal	and/or	respiratory	loss	of	mass	by	pat-dwelling	species	(see,	
e.g.,	Rosenlew	and	Roslin	2008;	Kaartinen	et	al.	2013).	As	our	primary	interest	was	
in	the	relative	contributions	of	dung	beetles	to	decomposition	rates,	we	used	the	
Control	 treatment	 (see	 above)	 as	 a	 point	 of	 comparison:	 in	 this	 treatment,	 all	
changes	 in	 mass	 will	 reflect	 desiccation	 and	 microbial	 decomposition,	 with	 no	
contribution	by	macroscopic	invertebrates.	The	physical	structure	of	the	mesh	used	
here	has	been	shown	to	have	no	detectable	effect	on	desiccation	rates	(Kaartinen	
et	 al.	 2013).	 At	 the	 end	 of	 the	 experiment,	 we	 dried	 the	 remaining	 dung	 and	
weighted	 it	 as	 dry	 remained	 mass.	 By	 using	 dry	 weights	 as	 end	 weights,	 we	
controlled	for	any	difference	in	evaporation,	thereby	isolating	the	contribution	of	
the	insect	themselves	to	dung	removal.	
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Figure	S2: Differences	among	farms	for	community	attributes:	A)	species	richness;	
B)	 abundance	 and	 C)	 total	 biomass.	 Panels	 show	 estimates	 (dark	 grey	 line)	 and	
confidence	 intervals	 (light	 grey	 interval)	 for	 farms.	 All	 data	 points	 show	 partial	
residuals,	 with	 estimates	 derived	 from	 the	 GLMMs	 described	 in	 Materials	 and	
methods.	
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6.1	Discussion	

Through	an	approach	based	on	species	and	assemblage	characteristics,	it	is	
possible	 to	generalize	 results	 related	 to	specific	communities	and	ecosystems	to	
other	 similar	 contexts	 (Suding	 et	 al.	 2008;	 Moretti	 et	 al.	 2017).	 In	 addition,	
considering	different	ecological	functions	at	the	same	time	(i.e.	multifunctionality),	
it	is	possible	to	obtain	an	overview	of	whether	and	how	different	variables	influence	
different	 aspects	 of	 systems.	 Specifically,	 I	 assessed	 how	 dung-system	
multifunctionality	is	affected	by	species	traits	(i.e.	body	mass	and	nesting	strategy),	
assemblage	 features	 (species-,	 assemblage	 composition,	 density),	 environment	
variables	 (macro-,	micro-habitats	 and	microclimates)	 and	 their	 interactions.	 The	
findings	of	this	thesis	confirmed	that	ecosystem	functioning	is	context-dependent	
and	 it	 relied	 on	multiple	 factors	 -	 such	 as	 density,	 body	mass,	 nesting	 strategy,	
species	 identity	 and	 assemblage	 composition	 -	 and	 on	 the	 ecological	 functions	
investigated.	 Thus,	 I	 suggest	 an	 approach	 based	 on	 the	 analysis	 of	 multiple	
functions	to	better	understand,	manage	and	optimize	the	ecosystem	functioning	of	
systems.	 For	 istance	 we	 found	 that	 local,	 farm-	 and	 site-specific	 variations	 in	
environmental	 conditions	 are	 important	 factors	 influencing	 dung	 beetle	
communities	 for	ecosystem	functioning.	Thereby,	 from	an	applied	point	of	view,	
local	environment	variables	managed	by	farmers	in	their	own	property	can	shape	
the	local	dung	beetle	community	and	thus	ecosystem	functioning.	

	

6.1.1	Effects	of	species	traits	and	assemblage	features	

Body	mass	was	found	to	be	a	crucial	factor	for	several	ecological	functions	(but	
not	all)	in	different	experiments	in	this	project	(Table	1):	I)	in	Chapter	3,	despite	the	
constant	 total	biomass	 in	each	treatment,	 the	assemblage	with	 the	 largest	dung	
beetle	 C.	 lunaris	 had	 the	 highest	 effect	 on	 dung	 removal	 (in	 accordance	 with	
Kaartinen	et	al.	2013;	Nervo	et	al.	2014;	Lähteenmäke	et	al.	2015),	and	was	even	
more	efficient	than	the	mixed-species	assemblage;	II)	 in	Chapter	4,	between	two	
species	of	tunnelers	investigated,	the	larger-bodied	one	was	found	to	increase	seed	
germination	while	small-bodied	species	did	not	have	any	effect	on	germination;	III)	
in	 Chapter	 2	 monospecific	 assemblages	 with	 large-bodied	 beetles	 reduced	 CO2	
emissions	from	dung	pats.	

Even	 if	 species	 sensitivity	 to	 disturbance	 was	 found	 to	 be	 often	 related	 to	
species	body	mass	(Larsen	et	al.	2005),	 in	Chapter	2,	 I	 found	that	between	body	
mass	and	nesting	strategy	only	the	 latter	can	be	considered	a	response	trait	 for	
dung	beetle	species	in	Sweden	(Table	1).	Specifically,	tunneler	species	were	shown	
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to	be	more	extinction	prone	 than	dwellers,	 likely	due	 to	 their	 long	 larval	period	
inside	the	soil	that	makes	them	more	sensitive	to	environmental	changes	that	affect	
soil	 properties	 (e.g.	 temperature	 and	 humidity).	 Indeed,	 increasing	 drought	
conditions	and	the	reduction	of	grazing	pressure	all	over	Scandinavia	might	play	a	
crucial	 role	 in	 changes	 to	 soil	 conditions,	 especially	 water	 availability	 and	
temperatures.	 On	 the	 other	 hand,	 both	 nesting	 strategy	 and	 body	 mass	 were	
identified	as	effect	traits	(Table	1):	the	interaction	between	these	traits	influenced	
dung	 removal;	 separately,	body	mass	affected	 reduction	of	GHG	emissions	 from	
dung	pats	and	nesting	strategy	affected	soil	nutrient	content.		

Dung	beetle	abundance	in	dung	pats	(i.e	density)	was	not	found	to	be	an	effect	
trait	 per	 se;	 in	 fact	 the	 effect	 of	 abundance	 varies	 according	 to	 the	 species	
investigated	(in	accordance	with	Tixier	et	al.	2015).	Assemblages	with	high	density	
of	small-bodied	Onthophagus	 illyricus	were	found	to	be	not	as	efficient	as	those	
with	the	large-bodied	Copris	lunaris.	Indeed,	the	increase	of	Copris	lunaris	density	
increases	the	provisioning	of	ecological	functions	(i.e.	dung	removal	and	secondary	
seed	dispersal).	This	difference	in	the	density	effect	of	the	small-bodied	and	large-
bodied	beetles	was	even	more	evident	for	dung	removal,	in	which	remaining	dung	
amount	 increased	 with	 increasing	 density	 of	 the	 small-bodied	 beetle	 and,	
conversely,	decreased	with	increasing	density	of	the	large-bodied	beetles.	Thus,	in	
Chapter	4	the	interaction	between	body	size	and	abundance	was	found	to	affect	
differently	 dung-system	 functioning.	 In	 Chapter	 2	 I	 showed	 that	 overall	 the	
efficiency	in	ecosystem	functioning	increased	along	with	the	increase	in	body	mass	
and	density.	

Assemblage	 composition	 is	 a	 pivotal	 factor	 that	 influences	 ecosystem	
functioning	for	several	taxa	(Alvarez-Filip	et	al.	2013;	Wagg	et	al.	2013).	In	Chapter	
3,	 the	 assemblage	 composed	 of	 three	 species	 together	 was	 more	 efficient	 in	
reducing	 GHG	 emissions	 from	 dung	 pats	 than	 all	 the	 other	 monospecific	
assemblages.	 This	 is	 in	 accordance	 with	 previous	 studies	 that	 have	 shown	 that	
multi-species	 assemblages	were	more	 efficient	 in	 providing	 ecological	 functions	
than	monospecific	assemblages	(Beynon	et	al.	2012;	Nervo	et	al.	2014;	Nervo	et	al.	
2017).	This	 is	even	more	evident	 if	 species	belong	to	different	 functional	groups	
(Slade	et	al.	2007;	Gagic	et	al.	2015),	similarly	to	the	mixed	assemblages	of	this	study	
in	 Chapter	 3.	 This	 recognized	 pattern	 for	 multi-species	 assemblages	 might	 be	
related	to	facilitation	and/or	complementarity	effect,	species	can	mutually	benefit	
from	 each	 other’s	 presence	 in	 the	 dung	 through	 biophysical	 interactions	 and	
manipulation	 of	 dung.	 For	 instance,	 in	 Chapter	 3,	 the	 additive	 effect	 of	
monospecific	 assemblages	 of	 Aphodius	 fimetarius,	 Onthophagus	 coenobita	 and	
Sisyphus	schaefferi	on	GHG	reduction	was	 lower	than	the	 functional	effect	of	all	
species	combined	in	the	same	assemblages	(more	details	in	Appendix).		
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However,	the	efficiency	of	assemblages	depends	on	which	species	is	presented	
in	 the	 assemblage	 and	 on	 which	 function	 is	 investigated	 (Slade	 et	 al.	 2017).	 In	
accordance	 with	 this,	 I	 found	 that	 species	 identity	 is	 a	 pivotal	 factor	 for	
multifunctionality;	in	fact	different	species	have	different	effects	on	the	ecological	
functions	 investigated.	For	example,	 in	Chapter	3	C.	Lunaris	was	found	to	be	the	
most	efficient	in	dung	removal	but	at	the	same	time	it	increased	methane	emissions	
over	time.	
	
Table	1:	Trait	and	assemblage	feature	effect.	Shown	is	the	effect	of	traits	(nesting	
strategy	and	body	mass)	 and	assemblage	 features	 (density	 and	 composition)	on	
ecological	 functions:	 dung	 removal,	 reduction	 of	 greenhouse	 gas	 emissions,	 soil	
nutrient	content,	seed	dispersal	and	germination.	Combined	effect	of	more	than	
one	 trait	or	 feature	 is	 represented	by	a	 shared	box	between	different	 lines.	 “+”	
identifies	 positive	 effect	 of	 traits	 placed	 in	 the	 rows	on	 the	 ecological	 functions	
placed	in	the	columns;	“-“	a	negative	effect;	“0”	no-effect	and	“na”	not-analyzed	
effect.	 Pale	 grey	 identifies	 results	 presented	 in	 Chapter	 2,	 pale-dark	 grey	 those	
presented	in	Chapter	4	and	dark	grey	those	in	Chapter	3.	Boxes	presented	results	
that	belong	to	different	chapters	show	colored	circles	 that	 indicate	which	colors	
should	be	also	there.	

	
Dung	
removal	

GHG	
reduction	

Nutrient	
cycle	

Seed	
dispersal	

Seed	
germination	

Nesting	
strategy	

+	 +	 +	 na	 na	

+	 0	 0	 na	 na	

Body	mass	
+	 +	

0	 +	 +	

+/-	 na	 na	 +	 0	
Density	
Assemblage	
composition	

0	 +	 na	 na	 na	

	

6.1.2	Effects	of	farming	practices	and	environment	variables	

Recently	some	studies	have	highlighted	the	importance	of	understanding	the	
real	 complexity	 of	 species	 interactions	 (Bronstein	 et	 al.	 2014;	 Lurgi	 et	 al.	 2014;	
Roxburgh	2015;	Mayfield	et	al.	2017).	In	accordance	with	this	concept,	I	developed	
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a	field	experiment	where	dung	beetle	species	were	able	to	naturally	colonize	the	
dung	 pats.	 Therefore,	 I	 evaluated	 whether	 and	 how	 this	 natural	 community	
provides	ecological	functions	(i.e.	dung	removal)	in	relation	to	farming	practices	and	
environmental	variables	(macro-,	micro-habitats	and	microclimates).	

Farming	practices	have	been	demonstrated	to	be	one	of	the	main	factors	for	
shaping	biodiversity,	as	 the	use	of	pesticides,	 such	as	 insecticides,	and	synthetic	
fertilizers	affects	non-target	fauna,	such	as	dung	beetles	in	agroecosystems	(Geiger	
et	al.	2010).	Thus,	organic	farming	systems	in	which	the	use	of	these	products	is	not	
allowed	have	been	shown	to	support	higher	biodiversity	than	conventional	ones	
across	many	different	taxa	(Hutton	and	Giller	2003;	Fuller	et	al.	2005;	Duru	et	al.	
2015).	Conversely	to	what	expected,	in	Sweden	I	found	that	abundance	was	higher	
in	conventional	system	than	in	organic	one	but	this	difference	was	not	reflected	in	
ecosystem	 functioning.	 This	 result	might	 be	 related	 to	 the	 general	 attention	 to	
ecology	and	conservation	issues	of	Swedes.	Indeed,	Sweden	achieved	the	highest	
environmental	sustainability	index	among	twelve	countries	(Siche	et	al.	2006).	This	
overall	 pattern	 is	 reflected	 in	 agriculture,	 where	 farmers	 declared	 feeling	
uncomfortable	with	 using	 pesticides	 (Andersson	 et	 al.	 2015).	 Specifically,	 in	 the	
Uppsala	 area	 most	 of	 the	 conventional	 farmers	 use	 inorganic	 fertilizers	 and	
herbicides	but	avoid	 insecticides	and	 fungicides	 (Bommarco	1998;	Östman	et	al.	
2001;	Weibull	et	al.	2003).		

I	found	that	farms	showed	significant	differences	both	in	terms	of	dung	beetle	
community	 (species	 richness,	 abundance	 and	 total	 biomass)	 and	 ecological	
functions	associated.	Thus,	others	factors	than	farming	system	affected	dung	beetle	
communities	 and	 their	 associated	 ecological	 functions	 (in	 accordance	 with	
Bengtsson	et	 al.	 2005).	 Specifically,	 farmer-specific	 local	 choices	with	 respect	 to	
cattle	fodder,	grazing	regimes	and	overall	field	management	likely	have	a	stronger	
impact	 on	 shaping	 communities	 than	 farming	 systems	 per	 se	 and	 local	 macro-
habitats	(e.g.	 forest	presence).	Moreover,	 local	micro-habitat	conditions,	such	as	
soil	 type,	 moisture,	 leaf	 and	 vegetation	 cover,	 may	 have	 played	 a	 role	 in	
determining	dung	beetle	communities	(in	accordance	with	Nealis	1977;	Mehrabi	et	
al.	 2014).	 However,	 the	 slight	 differences	 found	 among	 microhabitats	 are	 not	
reflected	in	different	functioning.		

These	 findings	 confirm	 that	 local	 decisions	 made	 by	 farmers	 can	 shape	 the	
composition	of	dung	beetle	communities	and	associated	ecological	functions,	more	
than	farming	system	per	se.	Indeed,	even	if	farms	belong	to	a	system	(organic	or	
conventional),	 farmers	 have	 several	management	 options	 that	 can	modify	 local	
environment	 variables	 (such	 as	 vegetation	 cover,	 pasture	 rotation…)	 and	
consequently	modify	insect	community	(Bengtsson	et	al.	2005).	
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6.1.3	Conservation	implications	

Dung	 beetles	 are	 threatened	 by	 environmental	 factors	 such	 as	
unsustainable	 pastoral	 practises,	 changes	 in	 land	 management	 strategies,	 and	
implementation	of	veterinary	drugs	in	the	cattle	industry	(Negro	et	al.	2011;	Tocco	
et	 al.	 2012;	 Tocco	 et	 al.	 2013).	 21	 dung	 beetle	 species	 are	 threatened	 in	 the	
Mediterranean	area	(IUCN	2016),	76%	of	which	belong	to	the	tunneler	functional	
group,	 and	 61%	 of	 these	 tunnelers	 are	 also	 large-bodied.	 A	 general	 pattern	 of	
greater	 sensitivity	 to	 environment	 change	 in	 large	 tunneler	 species	 has	 been	
recognized	(Larsen	et	al.	2005;	Larsen	et	al.	2008;	Roslin	et	al.	2014).	Large	tunneler	
sensitivity	 might	 be	 attributed	 either	 to	 physical	 factors	 (e.g.	 metabolic	 and/or	
physiological	 factors)	 related	 to	 their	 body	 size,	 or	 to	 current	 changes	 in	 the	
landscape	such	as	increased	vegetation	height,	and	thus	lower	soil	temperatures,	
since	tunnelers	breed	in	soil	(Roslin	et	al.	2014).	As	a	result,	large	tunnelers	are	not	
only	 functionally	 important,	 but	 they	 are	 also	 prone	 to	 extinction	 (Larsen	 et	 al.	
2005).	We	found	that	the	high	abundance	of	large	species	in	dung	pats	resulted	in	
an	increase	in	dung	removed,	seed	dispersal	and	germination.	Thus,	the	decline	of	
large	dung	beetle	species	can	negatively	impact	ecosystem	functioning.		

Braga	et	al.	 (2013)	suggested	that	the	natural	ecosystem	functioning	may	
reflect	a	balance	between	beetle	abundance	and	presence	of	species	with	specific	
attributes	(body	size,	nesting	strategy,	etc.).	We	agree	that	the	optimal	provisioning	
of	ecological	functions	by	dung	beetles	depends	on	species	identity,	body	size	and	
abundance	 in	 dung	 pats.	 An	 increase	 in	 beetle	 relative	 abundance	 in	 dung	 pats	
might	bring	unexpected	results	 in	terms	of	ecological	 functions	provided,	as	was	
the	case	for	the	dung	removal	for	high	densities	of	the	small	species.	Conversely,	
an	 increase	 in	 the	 abundance	of	 large	 species	 in	dung	pats	might	provide	more	
ecological	 functions.	As	a	caveat,	we	recognize	that	the	evaluation	of	ecosystem	
functioning	 is	 context-dependent	 and	 varies	 with	 the	 ecological	 functions	
investigated	(Slade	et	al.	2017).	Thus,	species	that	are	crucial	for	the	provisioning	
of	 particular	 functions	 might	 be	 unimportant	 for	 other	 ecologically	 relevant	
functions	and/or	have	different	effects	due	to	the	co-presence	of	other	species	in	
dung	pats	(Piccini	et	al.	2017;	Slade	et	al.	2017).	

Moreover,	maintenance	 of	 grazing	 areas	with	 locally	 low	 vegetation	 can	
improve	soil	properties	(such	as	density,	temperature	and	moisture)	that	facilitate	
tunneler	 survival	 and	 reproduction	 during	 their	 long	 larval	 period	 (Roslin	 et	 al.	
2014).	 Thus,	 tunnelers	 presence	would	 facilitate	 ecosystem	 functioning	 in	 short	
term	(Nervo	et	al.	2017) 
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6.2	Conclusions 

Through	 a	 trait-based	 approach,	 I	 obtained	 a	 deep	 understanding	 of	
dynamics	and	mechanisms	in	dung	beetle	assemblages,	thus	enhancing	predictive	
capabilities	 for	 future	 perspectives.	 Trait-based	 approaches	 reduce	 context	
dependency	and	allow	the	generalization	of	results	related	to	specific	community	
and	ecosystems	to	other	similar	contexts	(Suding	et	al.	2008;	Moretti	et	al.	2017).	
Both	 traits	 investigated	 (i.e.	 body	 mass	 and	 nesting	 strategy)	 contributed	 to	
ecosystem	 functioning:	 together	body	mass	and	nesting	 strategy	 influence	dung	
removal	and	separately	GHG	reduction	and	nutrient	increase	into	soil,	respectively.	
Thus,	I	found	that	also	the	interaction	between	traits	is	one	of	the	major	drivers	for	
ecosystem	functioning.	The	combination	of	efficient	effect	traits	(such	as	body	mass	
and	 nesting	 strategy)	 and	 the	 diversity	 of	 different	 traits	 seems	 to	 be	 a	 good	
predictor	for	ecosystem	functioning	(Lavorel	and	Garnier	2002;	Gagic	et	al.	2015).	
However,	there	are	other	factors	that	were	proven	to	be	important,	like	the	period	
of	time	considered	(dwellers	are	as	efficient	as	tunnelers	over	a	long	period;	Nervo	
et	al.	2014;	Nervo	et	al.	2017)	and	the	ecological	functions	investigated	(Slade	et	al.	
2017).	Moreover,	 I	have	shown	that	 the	 link	between	effect	and	 response	 traits	
exists,	as	nesting	strategy	was	found	both	as	effect	and	response	trait.	In	Sweden,	I	
found	that	tunneler	species	have	been	proven	to	be	both	efficient	in	dung	removal	
and	in	enhancing	soil	nutrient	content	but	at	the	same	time	they	were	the	most	
prone	 to	 extinction.	 As	 a	 caveat,	 I	 recognize	 that	 also	 traits	 other	 than	 nesting	
strategy,	 not	 investigated	 in	 this	 project	 such	 as	 temperature	 tolerance	 and	
desiccation	resistance,	might	play	a	crucial	role	as	response	traits	and	consequently	
change	the	strength	of	the	response-effect	trait	link.		

I	investigated	whether	and	how	assemblage	features	(assemblage,	species	
composition	and	density)	can	be	a	crucial	factor	for	ecosystem	functioning	(Table	
1).	I	found	that	species	identity,	assemblage	composition	and	abundance	in	dung	
pats	 (i.e.	 density)	 influence	 provisioning	 of	 ecological	 functions	 and	 the	 result	
depends	on	which	ecological	function	was	investigated	(in	accordance	with	Slade	
et	al.	2017).	Indeed,	multi-species	assemblages	were	found	as	the	most	effective	in	
reducing	CO2-equivalent	emissions	from	dung	pats,	but	were	not	similarly	efficient	
in	 removing	 dung,	 for	 which	 function	 the	monospecific	 assemblage	with	Copris	
lunaris	was	found	the	most	effective	(Chapter	3).	Density	effects	might	depend	on	
species-size	 and/or	 species	 identity,	 as	 I	 obtained	 different	 results	 for	 the	 two	
species	 investigated.	 I	 found	that	the	 interaction	among	these	factors	may	bring	
unexpected	results,	high	density	of	the	small-bodied	tunneler	Onthophagus	illyricus	
that	 did	 not	 remove	 dung	 from	 surface.	 Conversely,	 through	 their	 movements	
beetles	spread	dung	and	slightly	increased	its	weight	by	incorporating	particles	of	
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soil	 into	dung.	Thus,	a	valuable	approach	 is	 to	 investigate	not	only	 the	effect	of	
single	 factors	 on	 ecosystem	 functioning	 but	 also	 their	 interactions,	 as	 I	 did	 by	
evaluating	the	combined	effect	of	body	mass	and	nesting	strategy	and	body	mass	
and	density.		

The	multifunctional	 perspective	 seems	 to	 be	 a	 fundamental	 requisite	 to	
increase	our	understanding	of	factor-ecosystem	function	relationships	(Manning	et	
al.	2016;	Slade	et	al	2017).	Overall,	some	traits	(e.g.	body	mass)	may	appear	more	
efficient	than	other	factors	(e.g.	density)	for	specific	functions	(e.g.	GHG	reduction,	
seed	 germination),	 but	 this	 is	 not	 correct	 if	 the	 analysis	 is	 extended	 to	 other	
functions	 (nutrient	 soil	 content,	 dung	 removal).	 Thus,	 this	 study	 highlighted	 the	
importance	of	a	multifunctional	approach	 to	better	understand	dynamics	within	
ecosystems.		

Through	 these	 findings	 regarding	 the	 effect	 of	 farming	 practices	 and	
environmental	 variables	 on	 dung	 beetle	 community	 and	 associated	 ecological	
functions,	 I	 suggest	 that	 a	 multi-level	 investigation	 is	 needed	 for	 a	 deep	
understanding	of	landscape	and	local	dynamics.	In	fact,	an	approach	based	purely	
on	farming	systems	(organic	vs	conventional)	may	not	explain	all	 the	differences	
found	among	farms	(Bengtsson	et	al.	2005).	Specifically,	in	experiment	described	in	
Chapter	V	local	decisions	made	by	farmers	were	found	even	more	important	than	
farming	 systems	 in	 shaping	 dung	 beetle	 community.	 Through	 their	 local	
management	 plans,	 farmers	 can	 modify	 environmental	 variables	 (such	 as	
vegetation	cover,	grazing	areas	within	the	 farm…)	that	can	modify	presence	and	
abundance	of	dung	beetle	species	and	their	associated	ecological	functions.	Thus,	
a	 multi-level	 approach	 was	 essential	 to	 understand	 that	 farmers	 can	make	 the	
difference	 for	 the	 insect	community	within	 their	 farms,	even	more	than	 farming	
systems.		

These	 findings	 confirm	 that	 ecosystem	 functioning	 is	 context-dependent	
and	 it	 relies	 on	multiple	 factors	 (such	 as	 trait	 and	 assemblage	 features),	 on	 the	
ecological	 functions	 investigated	 and	 on	 environmental	 variables	 (that	 can	 be	
shaped	by	farmers	throughout	managing	practices	such	as	grazing	regimes,	cattle	
fodder…).	Thus,	I	suggest	an	approach	based	on	the	analysis	of	multiple	functions	
at	multi-levels	(from	system	to	local	environment)	to	better	understand,	manage	
and	optimize	the	ecosystem	functioning	of	a	system.		

6.2.1	Future	prospects	

Dung	beetles	have	been	studied	since	the	beginning	of	the	XX	century.	More	
recently	 these	 taxa	 have	 been	 investigated	 as	 drivers	 of	 ecosystem	 multi-
functionality.	Even	if	several	research	areas	have	been	developed	on	dung	beetles,	
there	are	some	interesting	future	lines	emerging	from	this	thesis.		
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A	first	aspect	that	could	be	developed	regards	the	investigation	on	whether	
and	how	the	ecological	role	of	certain	species	or	of	species	assemblages	changes	in	
different	 regions	 in	 relation	 to	 different	 environmental	 variables.	 Even	 when	 a	
certain	animal	group	(e.g.	dung	beetles)	and	a	given	function	(e.g.	dung	removal)	
are	investigated,	ecosystem	functioning	may	change	in	relation	to	resource	type,	
temperature,	altitude,	longitude,	soil	type	vegetation	cover,	and	so	on.	Thus,	does	
a	given	species	provide	the	same	amount	of	ecological	functions	in	different	areas	
(for	example	in	Sweden	and	in	Italy)?	Is	provisioning	of	ecological	functions	related	
to	 species’	 intrinsic	 features	 and/or	 environment	 variables?	Do	 species	 that	 are	
locally	threatened	in	Sweden,	such	as	Onthophagus	spp,	provide	the	same	amount	
of	ecological	 functions	also	 in	other	countries,	 such	as	 Italy,	where	 they	are	not	
threatened?		

Following	 the	 idea	 of	 investigation	 of	 how	 environment	 variables	 affect	
provisioning	of	ecological	functions,	a	second	interesting	aspect	regards	the	effect	
of	spatial	variation	on	the	composition	and	structure	of	dung	beetle	communities	
and	 on	 provisioning	 of	 ecosystem	 processes	 in	 agro-pastoral	 ecosystems.	
Considering	 that	 dung	beetles	 can	 fly	 and	move	 to	 colonize	pastures	 1km	away	
(Roslin	 2000),	 the	 landscape	 surrounding	 the	 farms	matters.	 How	 do	 landscape	
heterogeneity,	 pasture	 presence	 (at	 high	 or	 low	 intensity)	 and	 grazing	 period	
influence	 dung	 beetle	 communities	 and	 associated	 provisioning	 of	 ecological	
functions?		
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Appendix		

1. Facilitation	effect	of	species	coexistence	in	dung	pats	

To	prove	the	facilitation	effect	of	species	coexistence	in	dung	pats,	I	used	data	on	
GHG	 reduction	 from	 dung	 pats	 published	 by	 Piccini	 et	 al.	 (2017).	 I	 investigated	
whether	the	additive	effect	of	each	species	(Aphodius	fimetarius	in	treatment	T1,	
Onthophagus	coenobita	in	treatment	T2	and	Sysiphus	schaefferi	in	treatment	T3)	is	
comparable	 to	 the	 effect	 of	 the	 coexistence	 of	 the	 same	 species	 together	
(treatment	T6).		
First	of	all,	I	evaluated	the	CO2eq	reduction	per	each	treatment.	Thus,	I	calculated	
the	 mean	 of	 the	 cumulative	 CO2eq	 emissions	 per	 each	 typology	 of	 terrarium	
(Control	C1,	monospecific	treatments	T1,	T2,	T3	and	mixed-species	treatment	T6)	
and	I	subtracted	means	for	treatments	(T1,	T2,	T3	and	T6)	from	the	mean	of	controls	
C1	with	dung	and	without	beetles.	Thus,	I	obtained	the	CO2eq	mean	reduction	per	
each	treatment.		
	
Table	A1:	Data	elaboration	of	CO2eq	emissions	derived	by	treatments	described	in	
Piccini	et	al.	2017.	

Treatment	 Species	 Beetle	
number	

CO2eq	 reduction	
per	treatment	

T1	 A.	fimetarius	 31	 113.3	g/m2	
T2	 O.	coenobita	 13	 787.02	g/m2	
T3	 S.	schaefferi	 6	 4315.8	g/m2	
T6	 A.	 fimetarius,	 O.	 coenobita,	 S.	

schaefferi	
11,	4,	2		 6405.88	g/m2	

 
To	 estimate	 the	 contribution	 of	 each	 beetle	 to	 the	 reduction	 of	 CO2eq	

emissions	to	atmosphere,	I	divided	the	mean	obtained	from	each	treatment	(T1,	T2	
and	T3)	by	the	number	of	beetles	presented	in	each	treatment	(for	treatment	T1:	
31	 A.	 fimetarius;	 T2:	 13	O.	 coenobita;	 T3:	 6	 S.	 schaefferi).	 Thus,	 I	 obtained	 on	
average:	

- Each	beetle	of	A.	fimetarius	species	reduced	3.65	g/m2of	CO2eq;	
- Each	beetle	of	O.	coenobita	species	reduced	60.	5	g/m2of	CO2eq;	
- Each	beetle	of	S.	schaefferi	species	reduced	719.3	g/m2of	CO2eq.	
In	order	to	compare	the	additive	effect	of	these	species	and	the	effect	of	the	

coexistence	of	the	same	species,	I	summed	the	CO2eq	reduction	per	each	species,	
multiplied	by	the	number	of	individuals	presented	in	treatment	T6	(11	beetles	per	
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A.	fimetarius,	4	for	O.	coenobita	and	2	for	S.	schaefferi),	and	I	compared	the	result	
with	the	actual	CO2eq	reduction	for	T6.	Thus,	I	obtained	that	the	additive	effect	of	
beetles	would	be	of	1720.8	g/m2	and	 the	effect	of	 coexistence	of	 species	 in	 the	
same	terrarium	is	in	mean	of	6405.88	g/m2.	Indeed,	the	reduction	effect	of	11	A.	
fimetarius	 +	4	O.	coenobita	 +	2	S.	 schaefferi	 is	 lower	 than	 the	one	derived	 from	
treatment	with	 the	 same	 species	 and	 the	 same	number	of	 individuals	 together:	
1720.8	g/m2	<	6405.88	g/m2.	
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