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Abstract.   Maintaining multiple ecological functions (“multifunctionality”) is crucial to 
sustain viable ecosystems. To date most studies on biodiversity-ecosystem functioning (BEF) 
have focused on single or few ecological functions and services. However, there is a critical 
need to evaluate how species and species assemblages affect multiple processes at the same 
time, and how these functions are interconnected. Dung beetles represent excellent model 
organisms because they are key contributors to several ecosystem functions. Using a novel 
method based on the application of 15N-enriched dung in a mesocosm field experiment, we 
assessed the role of dung beetles in regulating multiple aspects of nutrient cycling in alpine 
pastures over appropriate spatial (up to a soil depth of 20 cm) and temporal (up to 1 yr after 
dung application) scales. 15N isotope tracing allowed the evaluation of multiple interrelated 
ecosystem functions responsible for the cycling of dung-derived nitrogen (DDN) in the soil and 
vegetation. We also resolved the role of functional group identity and the importance of inter-
actions among co-occurring species for sustaining multiple functions by focusing on two differ-
ent dung beetle nesting strategies (tunnelers and dwellers). Species interactions were studied by 
contrasting mixed-species to single-species assemblages, and asking whether the former per-
formed multiple functions better than the latter. Dung beetles influenced at least seven ecolog-
ical functions by facilitating dung removal, transport of DDN into the soil, microbial 
ammonification and nitrification processes, uptake of DDN by plants, herbage growth, and 
changes in botanical composition. Tunnelers and dwellers were found to be similarly efficient 
for most functions, with differences based on the spatial and temporal scales over which the 
functions operated. Although mixed-species assemblages seemed to perform better than single-
species, this outcome may be dependent on the context. Most importantly though, the different 
functions were found to be interconnected sequentially as reveled by analyzing 15N content in 
dung, soil and vegetation. Taken together, our current findings offer strong support for the 
contention that the link between biodiversity and ecosystem functions should be examined not 
function by function, but in terms of understanding multiple functions and how they interact 
with each other.
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Introduction

Biotic communities are essential for providing eco-
logical functions and ecosystem services to human society 
(Naeem et  al. 2012). Most research to date has high-
lighted the importance of organisms for enhancing single 
or few ecological functions (Hooper et al. 2005, Cardinale 
et  al. 2006). However, natural ecosystems are defined 
by many processes and are conserved for multiple func-
tions (“multifunctionality”) (Hector and Bagchi 2007, 
Gamfeldt et al. 2008, Lefcheck et al. 2015). Accumulated 
evidence suggests that the effect of biotic assemblages 
may be different, and potentially stronger, when multiple 
functions are analyzed together (Hector and Bagchi 

2007, Gamfeldt et al. 2008). In the context of increasing 
efforts to understand the effects of diversity on multi-
functionality different approaches have been developed, 
each of them with some pros and cons (Byrnes et  al. 
2014). The single functions approach (adopted in this 
study) considers a collection of functions and asks how 
many processes are achieved based on the community 
structure (Duffy et  al. 2003). This approach may be 
limited or even biased if functions are analyzed in iso-
lation and synergies among processes are ignored (Byrnes 
et al. 2014). Research on multifunctionality still remains 
scarce, and most studies have been focused on temperate 
grassland plants (Zavaleta et  al. 2010, Mouillot et  al. 
2011, Maestre et al. 2012, Byrnes et al. 2014) and bacterial 
biofilms (Peter et al. 2011). There is therefore a critical 
need to empirically investigate and examine the contri-
bution of different model systems (e.g., invertebrate and 
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vertebrate species) to the complex interrelations between 
multiple ecosystem functions (Reiss et al. 2009, Cardinale 
et al. 2011, Maestre et al. 2012, Lefcheck et al. 2015) over 
space and time (Gagic et al. 2015).

Dung beetles (Coleoptera Scarabaeoidea) are one of 
the most important components of the detritivorous soil 
fauna associated with dung, and represent a notable 
example of organisms that play a key role in ecosystem 
functioning (Nichols et al. 2008). Through the manipu-
lation of livestock feces for feeding and nesting processes, 
dung beetles contribute to dung removal, bioturbation, 
nutrient cycling, and plant growth enhancement (Nichols 
et  al. 2008), that may benefit agricultural and pastoral 
ecosystems. They are broadly classified into three main 
functional groups based on their nesting strategies 
(Halffter and Edmonds 1982). Tunneler species dig 
tunnels beneath the dung pat where they bury brood 
balls, dweller species lay eggs and brood their larvae 
inside the pat or just at the soil-dung interface, wheras 
roller species transport dung balls some distance away 
from the dung pat before burial below the soil surface.

The importance of dung beetles for agro-pastoral eco-
systems has been recognized and widely debated (Nichols 
et al. 2008). However, most empirical studies have only 
focused on their dung removal efficiency (Rosenlew and 
Roslin 2008, O’Hea et al. 2010, Beynon et al. 2012, Nervo 
et al. 2014, Tixier et al. 2015) or a few ecological functions 
(e.g., dung removal, grass growth and seed dispersal) 
(Slade et  al. 2007, Braga et  al. 2013, Slade and Roslin 
2016). Moreover, very few studies have explored the 
effects of dung beetles on the chemical properties of soils 
(Yokoyama et  al. 1991, Yamada et  al. 2007). Soil 

detritus-feeding fauna is an important ecosystem com-
ponent in regulating microbial abundance and com-
munity structure, and hence the processes controlling 
organic matter (OM) decomposition and nutrient release 
(Speight et al. 1999, Bardgett and Wardle 2010). Dead 
OM provides both resources and habitat for different ele-
ments of the decomposer food web (Wardle 2002) that, in 
turn, influences ecosystem processes by controlling the 
availability of plant growth-limiting nutrients during 
OM decomposition, and consequently the aboveground 
vegetation community.

Based on these considerations, we assessed the role of 
dung beetles in regulating multiple ecosystem processes 
related to nutrient cycling in alpine pastures (Fig.  1), 
including dung removal, downward transport of dung-
derived nitrogen (DDN), mineralization (ammonifi-
cation and nitrification) processes, nutrient uptake by 
plants, herbage growth, and botanical composition 
(sensu Allen et  al. 2011). We focused on dung beetle 
nesting strategies by contrasting functions provided by 
tunnelers and dwellers, and hypothesized that (1) dung 
beetle functional groups influence ecosystem processes to 
different extents, with tunnelers being more effective than 
dwellers; (2) interactions of co-occurring species (mixed-
species assemblages containing four species) enhance 
multiple ecosystem functions more effectively than those 
of single-species (single-species assemblages); (3) the eco-
logical functions are interconnected and the effects of 
species and species assemblages on the processes can 
change across different spatio-temporal scales. We tested 
these hypotheses by means of a mesocosm field exper-
iment utilizing 15N-enriched dung to trace the fate of 

Fig. 1.  Scheme of the spatiotemporally scaled experimental set up. A total of 72 mesocosms were set in the field, subdivided into 
two experimental units of 36 mesocosms (six replicates) each. Dung removed, total N content of the residual dung, total and dung-
derived N content in soil total N, ammonium and nitrate pools, herbage growth, and total and dung-derived N content in plant 
tissues, were evaluated after 1 month (unit 1) and after 1 yr (unit 2). Herbage growth and its total and dung-derived N content were 
determined after 3 months (unit 2). In both experimental units, half of the mesocosms (18, 3 replicates) received 15N enriched dung, 
while the other half received natural abundance dung. The dung pat drawn in light grey indicates the absence of analyses (3 months).
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DDN through the different ecosystem processes con-
sidered, and to evaluate the spatial (up to a soil depth of 
20 cm) and temporal (up to 1 yr after dung application) 
patterns of these processes. To the best of our knowledge, 
there have been no previous attempts at studying the pro-
visioning of multiple ecological functions by dung beetles 
using stable isotope tracers.

Materials and Methods

Experimental site and collection of focal species

After a pilot study carried out in summer 2012, the 
present research was carried out between June 2013 and 
June 2014 in an alpine pasture, dominated by graminoid 
species, within a protected area (Oasi Zegna) located in 
a Site of Community Interest (SCI IT11300002) 
(45°40′16″ N; 8°05′07″ E, N-W Italy, about 1400  m 
a.s.l.). This study focused on Nardus-dominant grass-
lands in the Alps, which are widespread on N-poor areas 
in montane, subalpine and alpine belts (Mucina et  al. 
1993). Indeed, even though it is only one of the 90 pasture 
types in the Western Alps, it represents about 17% of 
total semi-natural grassland in this area (Cavallero et al. 
2007). The climate is classified as sub-oceanic with a 
mean annual temperature and rainfall of 7.2°C and 
1951  mm, respectively. Inceptisol is the dominant soil 
order in the area (IPLA 2007). The topsoil (0–15 cm) has 
organic carbon (C) and total N contents of 148.8 g C/kg 
and 10.6 g N/kg, respectively.

Dung beetles were collected in this area by hand or 
using dung-baited pitfall traps. Four tunneler species 
(Anoplotrupes stercorosus [Scriba, 1796], Trypocopris 
pyrenaeus [Charpentier, 1825], Onthophagus fracticornis 
[Preyssler, 1790], Geotrupes stercorarius [Linnaeus, 1768]) 
and four dweller species (Teuchestes fossor [Linnaeus, 
1758], Acrossus depressus [Kugelann, 1792], Parammoecius 
corvinus (Erichson 1848], Acrossus rufipes [Linnaeus, 
1758]) were used in the experiment. These species were 
the most abundant of the local assemblage, which is char-
acterized by 27 species belonging to three families and 
two functional groups (Scarabaeidae and Geotrupidae as 
tunnelers, and Aphodiidae as dwellers) (Tocco et  al. 
2013). Collected beetles were transferred to terraria until 
the start of the experiment.

Mesocosm field experiment

Dung removal, soil N cycling and plant community 
dynamics were evaluated through experimental field 
mesocosms. Four experimental treatments (dung pats 
with one and four species of tunnelers (Tun1, Tun4) or 
dwellers (Dwe1, Dwe4)), and a control without dung and 
beetles (Soil-only) were compared to a baseline control 
containing dung without beetles (Dung-only). Dung-only 
was used as a baseline control to evaluate the contri-
bution of dung beetles in affecting ecosystem functioning. 
The number of individuals in each treatment with beetles 

was varied in order to maintain the same total beetle 
biomass within each functional group, as detailed in 
Nervo et al. (2014). The total beetle biomass in the treat-
ments with tunnelers (Tun1 = Tun4 = 1.634 g) was double 
that of treatments with dwellers (Dwe1 = Dwe4 = 0.864 g), 
which reflected approximately the proportion of indi-
viduals between the two functional groups under natural 
field conditions in the study area (Tocco et al. 2013). The 
most abundant species in the area (Anoplotrupes ster-
corosus for tunnelers—Tun1, and Teuchestes fossor for 
dwellers—Dwe1) were adopted for the monocultures.

Fresh cattle dung, which was anthelmintic free, was 
collected from a closed barn in a livestock farm and 
homogenized. No insects or larvae were found in the 
dung samples. A 15N-enriched dung was obtained by 
adding 22.84 g of enriched (NH4)2SO4 (10 at.% 15N) dis-
solved in 1 L of deionized water to 24 kg of dung, while 
natural abundance dung was obtained by adding an 
equivalent amount of natural abundance (NH4)2SO4. 
Prior to use, both enriched and natural abundance dung 
were incubated for 72 h at room temperature to allow 
for appropriate incorporation of the applied label into 
the dung organic matter (Shepherd et  al. 2000). The 
initial dung had an organic C content of 406 g C/kg, a 
total N content of 18  g  N/kg, and an NH4

+ concen-
tration of 4.56 mg N/kg, all expressed on a dry weight 
basis, while the moisture content, expressed on a fresh 
weight basis, was 87.2%. The 15N-enriched and natural 
abundance dung had δ15N values of 1222.6‰ and 6.2‰, 
respectively.

Seventy-two experimental mesocosms were con-
structed by using cylindrical frames (PVC pipes, 40 cm 
diameter, 15  cm height) inserted into the ground to a 
depth of 10  cm, and randomly assigned to the experi-
mental treatments and controls. Two experimental units 
were considered: (1) 36 frames were used to analyze eco-
system functions after 1  month, and (2) 36 frames to 
analyze ecosystem functions after 3  months and 1  yr 
(details of sampling are given below). Each experimental 
unit included six replicates, distributed in six adjacent 
plots (four treatments and two control/plot  ×  6 repli-
cates  =  36). The control treatments served to evaluate 
dung removal, N cycling and plant community dynamics 
supported by detritivourus fauna (e.g., earthworms) 
other than dung beetles. Prior to the beginning of the 
experiment, aboveground biomass within each experi-
mental frame was cut to a height of 3 cm (using a Makita 
grass trimmer) to simulate a high grazing intensity. For 
each of the treatments and controls receiving dung, a 
600  g fresh dung pat was placed on the ground in the 
middle of each pipe. All pipes were covered by nylon 
mesh cloth in order to prevent the escape and/or arrival 
of dung beetles, and to give all mesocosms the same 
experimental conditions. To evaluate the fate of the 
DDN in the soil profile and plant tissues, three out of the 
six replicates received 15N enriched dung, while the other 
three received natural abundance dung to account for 
isotope fractionation.
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Dung, soil and vegetation sampling and analyses

Dung.—Dung residues were collected after 1 month (July 
2013) and 1 yr (June 2014) from the appropriate meso-
cosms, and dry mass, total N and organic C were deter-
mined to evaluate the transfer and loss of material. The 
absolute amount of N in the residual dung was calculat-
ed as the product of dry mass and total N content of the 
dung residues. Mass of dung removed was expressed as a 
percentage of the initial dung mass as follows: [1 − (mass 
of residual dry dung/mass of initial dry dung)] × 100.

Soil.—Soil samples were collected after 1  month and 
1 yr. Five replicate soil cores (1.5 cm in diameter) were 
sampled from each mesocosm beneath the dung pat, 
where present. Each core was divided into 5-cm depth 
sections, and combined to obtain four soil samples from 
each mesocosm (0–5, 5–10, 10–15 and 15–20 cm). After 
removal of visible belowground plant parts and homoge-
nization by passing through a 2 mm sieve, fresh soil sam-
ples were immediately analyzed for mineral N (NH4

+ 
and NO3

–) and 15N stable isotope composition of both 
N pools, while separate soil aliquots were dried, sieved 
(<0.5 mm) and analyzed for total N, and δ15N (described 
in Analytical methods).

Vegetation.—The vegetation features assessed through-
out the study period were herbage growth, nutrient up-
take by plants, and botanical composition.

Aboveground biomass was collected before the 
beginning of the experiment (pre-treatment phytomass), 
1  month later (July 2013), 3  months later (September 
2013), and 1  yr later (July 2014). In the pre-treatment 
aboveground samples, green biomass was manually sep-
arated from dead material (e.g., litter and old stems and 
leaves). In the post-treatment samples, this partition was 
not necessary, due to the absence of dead biomass. The 
green aboveground biomass was dried in a forced draft 
oven to a constant weight at 60°C to determine forage dry 
matter. Dried samples of aboveground biomass were 
ground with a Cyclotec mill (Foss Tecator, Hoganas, 
Sweden, 0.5  mm screen) and analyzed for total N and 
δ15N to evaluate nutrient uptake.

Botanical composition was determined in every frame 
in June 2013 (pre-treatment surveys), in order to test the 
homogeneity of the study area, and 1  year later (June 
2014) in order to assess if some changes had occurred. At 
each experimental frame, the vertical point-quadrate 
method (Daget and Poissonet 1971) was applied along 
100 cm permanent vegetation transects. Each vegetation 
transect had a circular shape concentric with each exper-
imental frame and all the species touching a steel needle 
were identified and recorded at every 2 cm interval (i.e., 
50 measurements of vegetation per transect). For each, 
the species frequency (SFi) of occurrence (e.g., the number 
of occurrence within the 50 measurement point), which is 
an estimate of species canopy cover (Gallet and Rozé 
2001, Lonati et al. 2009), was calculated. Frequency of 
occurrence values were converted into estimates of 

percentage species cover (SC). Since rare species are often 
missed by this method, a complete list of occasional 
species (e.g., the species not recorded along the transects) 
occurring within each experimental frame was also 
recorded and a minimum value of 0.3 for SC was assigned 
to each (Kohler et al. 2004, Tasser and Tappeiner 2005). 
All plant species recorded were attributed to two func-
tional groups according to the Landolt indicator value 
for soil nutrient content (index NLandolt; Landolt et  al. 
2010): oligotrophic (e.g., species growing in nutrient-poor 
environment, NLandolt = 2) and mesotrophic (NLandolt = 3 
or 4) species. The SC of oligotrophic and mesotrophic 
species was calculated for each experimental frame. The 
average NLandolt, weighted for SC, within each experi-
mental frame was also calculated according to Probo 
et al. 2013.

Analytical methods

Organic C and total N content of dung residues, soil 
and biomass samples were determined by dry combustion 
(NA2100; CE Instruments, Milan, Italy), while stable 
15N isotope ratios of soil and biomass samples were 
determined by elemental analysis coupled to a continuous 
flow isotope ratio mass spectrometer (Delta Plus XP; 
Thermo Finnigan, Bremen, Germany). Concentrations 
of NH4

+ and NO3
– were determined spectrophotometri-

cally in 1 mol/L KCl extracts (1:10 soil:solution ratio) as 
described by Cucu et al. (2014). 15N abundances of NH4

+ 
and NO3

– in soil extracts were determined by a combi-
nation of micro-diffusion and 15N stable isotope analysis 
(Brooks et al. 1989, Stark and Hart 1996, Schleppi et al. 
2006). Briefly, appropriate volumes of soil extract con-
taining about 50 μg N were transferred into plastic dif-
fusion tubes and the total volume adjusted to about 
60 mL with 0.7 mol/L KCl to adjust the ionic strength of 
the solution. For isotopic analysis of NH4

+, a teflon-
coated, citric acid trap was added to the diffusion tubes 
that were immediately sealed after addition of 0.2 g MgO, 
gently shaken and incubated for 7 d at 25°C to allow for 
complete diffusion of NH3 onto the acid trap. For iso-
topic analysis of NO3

–, acid traps were added to soil 
extracts that had been previously diffused for the removal 
of NH4

+. After addition of 0.4  g Devarda’s alloy to 
reduce NO3

– to NH3, the tubes were resealed and allowed 
to diffuse for another 7  d. All acid traps were subse-
quently transferred to Sn capsules, dried over concen-
trated H2SO4 and analyzed for δ15N as described above.

The 15N abundances were used to determine the 
fraction of dung-derived N (fDDN) in soil and vegetal 
biomass N pools. We applied a mixing model: 
fDDN = (δ∗

s
−δs)∕(δ∗

d
−δd) where δ∗

s
 and δs are the δ15N 

values of N pools in mesocosms receiving enriched or 
natural abundance dung, respectively, while δ∗

d
 and δd are 

the δ15N values of enriched and natural abundance dung, 
respectively. Dung-derived N was subsequently calcu-
lated as the product of fDDN and the N content of that 
pool. In some soil samples, the low NO3

– concentrations 
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did not allow for determination of isotopic composition 
by micro-diffusion (e.g., depth 10–20 cm after 1 month 
and depth 5–20 cm after 1 yr); however the contribution 
of any DDN in this pool to the total available N was 
considered to be nonetheless negligible.

Statistical analyses

The effects of different experimental treatments on the 
proportion of dung removed, N loss from dung, and soil 
N cycling were tested using Generalized Linear Mixed 
effects Models (GLMMs), with the plot as a random 
effect. Total N content in plant tissues, aboveground 
biomass, SC of functional groups, and average NLandolt 
were also tested using GLMMs with the plot identity spec-
ified as a random effect—in these cases all the variables 
sampled in 2013 were specified as an offset in order to 
consider relative changes from the start year (Zuur et al. 
2009). The experimental treatments and controls were 
considered separately (Tun1, Tun4, Dwe1, Dwe4, 
Soil-only, Dung-only), and modeled as independent cate-
gorical variables. Dung-only was used as a reference level 
for all the analysis. The interaction effect between the 
treatments and the depth (four soil layers at 0–5, 5–10, 
10–15, 15–20 cm) was tested for all the variables related to 
soil samples. When the interaction effect was significant, 
four separate models (one for each depth) were run (e.g., 
see NH4

+ and 15N abundance of NH4
+); otherwise the 

effect of depth was added to the model as an additive 
factor (e.g., see NO3

− and 15N abundance of NO3
−, and 

total N and DDN). The effects of mixed vs. single-species 
assemblages (Tun1 vs. Tun4, and Dwe1 vs. Dwe4) were 
evaluated within each functional group using GLMM 
and tested for all the dung, soil, and vegetation variables. 
Tun1 and Dwe1 were used as reference levels for all the 
analysis, respectively, for tunnelers and dwellers. Visual 
inspection of frequency distributions and Shapiro–Wilk 
tests confirmed the normality of errors in most cases. The 
gamma distribution was specified otherwise.

Percentage species cover of every plant species within 
each frame was analyzed using the Multiple Response 
Permutation Procedures (MRPPs; distance measure: 
Bray–Curtis) to test the homogeneity in the botanical 
composition of plant communities before the beginning 
of the experiment and to assess differences between treat-
ments and controls 1 yr later.

All analyses were carried out using R 3.0.3 (R 
Development Core Team 2013) with glmmADMB 
packages, except for MRPP analysis which were carried 
out using PC-ORD (McCune and Mefford 1999).

Results

Dung removal

The percentage of dung removed from the soil surface 
was significantly higher in tunnelers (Tun1, Tun4) than in 
the baseline control (Dung-only) after 1 month, and in 

both functional groups after 1 yr (Tables 1 and 2). On 
average, tunnelers removed about 49% and dwellers 24% 
of the dung after 1 month, 80% and 84%, respectively, 
after 1 yr.

Transport of dung-derived nitrogen into the soil

The presence of dung beetles (Tun1, Tun4, Dwe1, 
Dwe4) led to higher total nitrogen (N) loss from residual 
dung with respect to baseline controls (Dung-only) after 
1  month and 1  yr. Similarly, after both 1  month and 
1 year, organic C applied with the dung pat was lost to a 
greater extent in the presence of dung beetles with respect 
to the control (Tables 1 and 2). Total N in the soil was not 
influenced by treatments (Table 1), but decreased with soil 
depth (Table 3). The fraction of total soil DDN was rela-
tively low, with values <10%. Nevertheless, the amount of 
total DDN was significantly greater in all treatments with 
respect to controls at all soil depths after 1 month and, 
conversely, significantly smaller (with the exception of 
Dwe4) at the 0–5 cm depth after 1 yr (Tables 1 and 3).

Mineralization processes (ammonification  
and nitrification)

Total soil NH4
+ concentrations generally showed a 

decreasing trend with soil depth and time (Fig. 2). NH4
+ 

content in the first 10  cm was higher in controls 
(Dung-only) with respect to the controls without dung 
(Soil-only) after 1 month, while no significant differences 
were observed at greater depths (Fig. 2A). In some cases 
the presence of dung beetles (Tun1, Tun4, Dwe1 and 
Dwe4 at different depths) significantly increased the con-
centrations of both total and dung-derived NH4

+ with 
respect to Dung-only after 1 month (Table 1, Fig. 2A).

After 1  yr, NH4
+ concentrations were greater in 

Soil-only, Tun1 and Tun4 than in Dung-only, but mainly 
limited to the 0–5  cm depth (Table  1, Fig.  2B). Tun4 
tended to have higher dung-derived NH4

+ concentra-
tions compared to Dung-only at 0–5 and 15–20 cm, while 
Dwe4 showed an opposite trend in correspondence of the 
first soil layer.

Total NO3
– concentrations also showed a decreasing 

trend with soil depth and time (Fig. 2). Similar NO3
− con-

centrations were observed in Soil-only and Dung-only 
along the soil profile after 1 month. In presence of dung 
beetles (both tunnelers and dwellers), NO3

− concentra-
tions were significantly higher with respect to Dung-only 
in all soil layers after 1 month (Table 1, Fig. 2A). Although 
total NO3

− concentrations were relatively low and 
decreased rapidly with soil depth, DDN contributed sig-
nificantly to the total NO3

− pool in the first two soil layers 
(67% and 45% of total NO3

− at 0–5 and 5–10 cm, respec-
tively) after 1  month. Dung-derived NO3

− concentra-
tions at 0–5  cm were significantly higher in all the 
treatments with dung beetles with respect to the baseline 
controls, and only in Tun4 at 5–10 cm (Table 1, Fig. 2A). 
Total availability of NH4

+ and NO3
– has been especially 
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Table 2.  Dung removal, nitrogen and carbon loss from the dung.

Experimental treatments  
and controls

After 1 month After 1 yr

Dung 
removed 

(% initial d.w.)

Total N in 
residual 

dung (g N)

Organic C 
in residual 
dung (g C)

Dung 
removed (% 
initial d.w.)

Total N in 
residual 

dung (g N)

Organic C in 
residual 

dung (g C)

Controls Dung-only 13 ± 1.5 1.49 ± 0.26 26.26 ± 2.36 58 ± 12 0.77 ± 0.37 10.71 ± 4.97
Dwellers Dwe1 23 ± 7 1.13 ± 0.14 22.11 ± 2.10 83 ± 5 0.35 ± 0.13 4.86 ± 1.60

Dwe4 24 ± 12 1.13 ± 0.17 21.79 ± 3.52 85 ± 4 0.27 ± 0.08 4.24 ± 1.33
Tunnelers Tun1 41 ± 20 1.00 ± 0.36 17.77 ± 5.99 70 ± 8 0.56 ± 0.09 7.70 ± 1.17

Tun4 57 ± 33 0.66 ± 0.54 11.88 ± 9.55 90 ± 8 0.24 ± 0.12 3.38 ± 1.70

Notes: Dung removed expressed as the percentage of initial dry dung weight (d.w.), total N and organic C in the residual dung 
after 1 month and 1 yr for dwellers, tunnelers and controls. Data are means ± SE.

Table 1.  Effects of experimental treatments on function variables over space and time.

Ecological 
functions

Variables  
analyzed

After 1 month After 1 yr

Dwe1 Dwe4 Tun1 Tun4
Soil- 
only Dwe1 Dwe4 Tun1 Tun4

Soil- 
only

(1) Dung removal % Dung removed (+)*** (+)*** (+)*** (+)*** (+)** (+)***
(2) �N and C loss 

  from dung
(a) N (−)* (−)* (−)** (−)*** (−)*** (−)*** (−)* (−)***
(b) C (−)* (−)*** (−)*** (−)*** (−)*** (−)* (−)***

Transport of N 
and DDN in 
soil

(a) N
(b) 15N—I–IV (+)*** (+)*** (+)* (+)*** (−)*,† (−)*,† (−)***,†

(3) �Ammonification 
processes

(a) Ammonium
I (−)* (−)*** (+)* (+)*** (+)***
II (−)***
III (+)* (+)* (+)**
IV (+)* (+)*

(b) 15N-Ammonium
I (+)* (−)* (+)#

II (+)*
III
IV (+)** (+)**

(4) �Nitrification 
  processes

(c) Nitrate—I–IV (+)*** (+)* (+)** (+)*** (−)* (−)** (−)* (−)* (−)***
(d) 15N-Nitrate

I (+)*** (+)# (+)* (+)*** (−)# (−)*** (−)*** (−)***
II (+)*** Not measured

(5) Nutrient uptake (a) �N in plant 
  tissues

(+)**

(b) �15N in plant 
  tissues

(−)* (+)* (+)*** (+)*

(6) Herbage growth Dry aboveground 
biomass

(+)*** (+)*

(7) �Botanical 
  composition

(a) N landolt Not measured (+)*
(b) �% mesotrophic 

sp.
(+)**

(c) �% oligotrophic 
sp.

Notes: Results of GLMMs comparing functions between treatments and controls (Dung-only is the reference category) after 
1 month and 1 yr. Results of herbage growth and nutrient uptake after 3 months, not presented in the table, showed higher DDN 
uptake in Dwe4 and Tun4 compared to Dung-only.

The symbols in parenthesis “+” or “−” refer to the model parameter estimates and indicate if  the correlations are positive or 
negative, while “*” refers to the P-values.

Significance codes: ***P <0.001; **P < 0.01; *P < 0.05; #P = 0.05.
† Results refer only to the 0–5 cm soil layer. I, II, III, IV refer to the four depths considered.
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enhanced in the first soil layer (0–5  cm) by the mixed-
species assemblages of tunnelers and dwellers (Fig. 2A).

An opposite trend between treatments and controls 
was observed after 1 year, where higher NO3

− concentra-
tions were measured in Dung-only with respect to both 
Soil-only and amended treatments in the presence of 
dung beetles, along the whole soil profile (Table  1, 
Fig. 2B). After 1 yr, DDN still contributed around 33% 
of the total NO3

− pool in the 0–5 cm soil depth, but the 
trend reversed, because dung-derived NO3

− concentra-
tions were significantly lower in all treatments with 
respect to the baseline controls (Table 1, Fig. 2B).

Nutrient uptake by plants

No differences in total N uptake by plants were 
observed between treatments and baseline controls over 
time (except for Dwe4 after 1 yr). DDN on average con-
tributed about 39% of the total N uptake by the plants 
after 1 month, 27% after 3 months and 14% after 1 yr 
(Table 1, Fig. 3). The presence of dung beetles did not 
influence the uptake of DDN after 1 month, except for 
Tun4 that showed lower DDN uptake compared to 
Dung-only. In contrast, Tun4 and Dwe4 after 3 months, 
and Dwe1, Dwe4 and Tun4 after 1  yr, showed a 

significantly greater uptake of DDN with respect to the 
baseline controls (Table 1, Fig. 3).

Herbage growth

No differences in aboveground biomass were detected 
among treatments and baseline controls after one and 
3  months. However, herbage growth was significantly 
greater in Tun4 and Dwe4 compared to Dung-only after 
1 yr (Table 1, Fig. 3).

Botanical composition

The sward of the study area was dominated by olig-
otrophic species (mainly represented by Nardus stricta, 
Avenella flexuosa, and Potentilla erecta) and few mes-
otrophic species (mainly represented by Festuca nigrescens 
and Carex pilulifera). The species cover of plants (SC) was 
homogeneous over the study area before the beginning of 
the experiment (Table 4). However, MRPP analysis high-
lighted some changes in the plant species cover after 1 yr 
in Soil-only (t  =  −3.32; P  =  0.004) and Dung-only 
(t = −1.92; P = 0.040) compared to Tun4. Both the average 
N Landolt index, and SC of mesotrophic species increased 
significantly in Tun4 compared to Dung-only, while the 

Table 3.  Soil nitrogen over space and time.

Treatment

After 1 month After 1 yr

Total N ± SE 
(g N/kg)

DDN ± SE 
(g N/kg) DDN%

Total N ± SE 
(g N/kg)

DDN ± SE 
(g N/kg) DDN%

Depth  
0–5 cm

Dung-only 10.58 ± 0.54 0.32 ± 0.16 3.0 13.08 ± 0.80 1.43 ± 0.56 11.0
Dwe1 10.93 ± 0.21 0.75 ± 0.33 6.9 13.57 ± 0.64 1.34 ± 0.28 9.9
Dwe4 10.57 ± 0.61 0.69 ± 0.05 6.5 13.38 ± 0.76 1.43 ± 0.35 10.7
Tun1 10.05 ± 0.30 0.45 ± 0.13 4.5 12.43 ± 0.61 0.60 ± 0.06 4.8
Tun4 10.77 ± 0.45 0.86 ± 0.16 8.0 12.28 ± 0.60 0.98 ± 0.32 8.0

Soil-only 10.27 ± 0.25 – – 11.12 ± 0.70 – –
Depth 

5–10 cm
Dung-only 6.67 ± 0.66 0.06 ± 0.04 1.0 8.12 ± 0.45 0.12 ± 0.03 1.4

Dwe1 6.05 ± 0.44 0.09 ± 0.03 1.5 8.2 ± 0.63 0.13 ± 0.02 1.6
Dwe4 6.18 ± 0.26 0.04 ± 0.01 0.7 8.22 ± 0.54 0.17 ± 0.02 2.0
Tun1 6.57 ± 0.60 0.12 ± 0.06 1.8 7.75 ± 0.46 0.15 ± 0.02 2.0
Tun4 6.73 ± 0.54 0.16 ± 0.04 2.3 8.15 ± 0.54 0.11 ± 0.02 1.3

Soil-only 6.47 ± 0.34 – – 6.85 ± 0.55 –
Depth  

10–15 cm
Dung-only 5.55 ± 1.38 0.01 ± 0.00 0.2 5.23 ± 0.52 0.05 ± 0.02 1.0

Dwe1 4.4 ± 0.28 0.04 ± 0.02 1.0 6.07 ± 0.49 0.05 ± 0.01 0.9
Dwe4 4.42 ± 0.33 0.03 ± 0.01 0.6 5.63 ± 0.62 0.08 ± 0.01 1.5
Tun1 4.58 ± 0.75 0.03 ± 0.02 0.6 5.63 ± 0.42 0.08 ± 0.02 1.5
Tun4 4.93 ± 0.58 0.09 ± 0.01 1.8 5.48 ± 0.30 0.07 ± 0.02 1.4

Soil-only 4.18 ± 0.40 – – 4.48 ± 0.32 – –
Depth  

15–20 cm
Dung-only 3.80 ± 0.56 0.00 ± 0.00 0.1 4.07 ± 0.44 0.03 ± 0.01 0.7

Dwe1 5.12 ± 1.67 0.04 ± 0.03 0.8 4.48 ± 0.29 0.03 ± 0.00 0.7
Dwe4 4.54 ± 1.17 0.04 ± 0.01 0.9 4.06 ± 0.53 0.06 ± 0.03 1.6
Tun1 4.28 ± 0.97 0.03 ± 0.01 0.6 4.28 ± 0.41 0.03 ± 0.00 0.7
Tun4 3.58 ± 0.46 0.04 ± 0.00 1.0 4.32 ± 0.39 0.04 ± 0.00 0.9

Soil-only 3.17 ± 0.36 – – 3.1 ± 0.21 – –

Note: Concentrations of total and dung-derived nitrogen (DDN) in soil at the four different depths (0–5, 5–10, 10–15, 15–20 cm) 
after 1 month and 1 yr from dung pat deposition.
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Fig. 2.  Soil concentrations of ammonium and nitrate over space and time. Total (white bars ± SE) and dung-derived (black 
bars ± SE) soil mineral nitrogen concentrations (NH4

+, NO3
−) at the four soil depths after (A) 1 month and (B) 1 yr. Soil-only shows 

no black bars because they were dung-free mesocosms. Black bars are only shown for dung-derived NO3
− for the first two soil layers 

(0–5 cm, 5–10 cm) after 1 month, and for the first layer (0–5 cm) after 1 year because the low NO3
− concentrations prevented 

isotopic analyses.
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SC of oligotrophic species did not differ between treat-
ments and baseline controls (Table 1).

Single vs. mixed-species assemblages

In most cases mixed-species assemblages performed 
better than single-species ones (Table 5). Tun4 removed 
significantly higher percentages of dung, enhanced N and 
C loss from dung, and increased the incorporation of 
DDN along the soil profile compared Tun1 after 1 month.

At the same time, total NH4
+ concentrations were sig-

nificantly lower in Tun4 compared to Tun1 at 0–5  cm, 
while the dung-derived NH4

+ concentrations significantly 
increased between 5 and20  cm. Total NO3

− and dung-
derived NO3

− concentrations were significantly higher in 
Tun4 compared to Tun1 along the soil profile (Table 5). 
After 1 yr, Tun4 removed significantly higher percentages 
of dung, reduced N loss from dung, and increased 

concentrations of total NH4
+, dung-derived NH4

+, and 
dung-derived NO3

− at 0–5 cm compared to Tun1.
DDN uptake by plants was significantly lower in Tun4 

than Tun1 after 1 month, but this relationship reversed 
after 3  months and 1  yr. Herbage growth, N Landolt 
index, and the SC of mesotrophic species significantly 
increased after 1 yr in Tun4 compared to Tun1 (Table 5).

Dwe4 significantly increased dung-derived NO3
− con-

centrations at 0–10 cm compared to Dwe1 after 1 month. 
After 1  yr, Dwe4 showed significantly higher dung-
derived NH4

+ concentrations at 0–5 cm, and lower dung-
derived NO3

−. Herbage growth was significantly higher 
in Dwe4 compared to Dwe1. DDN uptake by plants was 
significantly higher in Dwe4 compared to Dwe1 after 
1 month, 3 months and 1 yr (Table 5).

Discussion

Identifying the best way to evaluate ecosystem func-
tions simultaneously is a core question for current 
biodiversity-ecosystem functioning (BEF) research 
(Byrnes et al. 2014). In this study, we reviewed how func-
tional groups and species assemblages simultaneously 
affect multiple processes, and how these functions are 
interconnected across space and time. Below, we respond 
to the three hypotheses presented in the introduction, 
before turning to the general implications of our study on 
BEF research.

Tunnelers and dwellers are similarly efficient for most of 
the functions

Tunnelers and dwellers were found to be similarly effi-
cient for most of the functions, with some differences 
based on spatial and temporal scales over which the 

Fig. 3.  Variation of plant tissue nitrogen content and plant biomass over time. Total (white bars ± SE) and dung-derived (black 
bars ± SE) nitrogen content in aboveground plant tissues and plant growth (grey plots ± SE) after 1 month, 3 months and 1 yr. 
Soil-only shows no black bars because they were dung-free mesocosms.

Table  4.  P-values of the Multiple Response Permutation 
Procedures (MRPPs; distance measure: Bray–Curtis). Anal-
yses performed to test differences in botanical composition 
between treatments and controls before the beginning of the 
experiment.

Botanical composition

Dung-
only

Soil-
only

Dwe1 Dwe4 Tun1

Dung-only
Soil-only 0.914
Dwe1 0.820 0.980
Dwe4 0.439 0.689 0.521
Tun1 0.823 0.923 0.876 0.754
Tun4 0.574 0.746 0.523 0.675 0.783
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functions operated. Our findings on dung removal are 
mostly in line with those reported in previous papers 
(Rosenlew and Roslin 2008, Beynon et al. 2012, Kaartinen 
et al. 2013, Nervo et al. 2014). Tunnelers were twice as 
efficient with respect to dwellers in dung removal after 
1 month, although this difference was no longer observed 
after 1 yr. Short-term differences between the two func-
tional groups were mainly linked to their nesting strat-
egies and mean body size (e.g., Nervo et al. 2014). The 
presence of tunnelers and dwellers led to higher total N 
loss from residual dung, probably due to the transport of 
dung-derived material into the soil in the short term. 
However, we cannot exclude other N losses through 
ammonia (NH3) volatilization and/or nitrification/deni-
trification processes occurring inside the dung pat 
(Penttilä et al. 2013, Iwasa et al. 2015). In some cases, the 
presence of dung beetles significantly increased the con-
centrations of both total and dung-derived NH4

+ with 
respect to the dung-only controls after 1 month. This sug-
gests that the transport of dung material along the soil 

profile may be accompanied by microbially driven 
ammonification of exogenous organic N and release of 
dung-derived NH4

+. However, the difference in total 
topsoil NH4

+ content between treatments receiving dung 
and the controls without dung was generally greater than 
the actual contribution of dung-derived NH4

+. This sug-
gests a greater mineralization of soil organic N in the 
treatments with dung beetles, highlighting that the 
priming effect determined by the input of an easily decom-
posable energy source (Kuzyakov et al. 2000) was further 
enhanced by beetles. Dung beetles also enhanced both 
total and dung-derived nitrate (NO3

−) concentrations 
with respect to the dung-only controls after 1 month in 
all soil layers, suggesting a significant influence on 
microbial nitrification processes. This partly involved the 
nitrification of dung-derived NH4

+ resulting in a signif-
icant 15N enrichment of the nitrate pool. NO3

− concen-
trations in dung beetle treatments were not higher than 
controls after 1 yr, suggesting that beetles may have only 
temporarily favored microbial nitrification.

Table 5.  Effects of mixed vs. single-species assemblages.

Ecological  
functions

Variables  
analyzed

After 1 month After 1 yr

Dwe1 Dwe4 Tun1 Tun4 Dwe1 Dwe4 Tun1 Tun4

(1) Dung removal % Dung removed (+)* (+)***
(2) �N and C loss 

  from dung
(a) N (−)* (−)***
(b) C (−)*** (−)***

Total N and DDN 
in soil

(a) N
(b) 15N—I–IV (+)*

(3) �Ammonification 
  processes

(a) Ammonium
I (−)** (+)*
II
III
IV

(c) 15N-Ammonium
I (+)*** (+)***
II (+)***
III (+)***
IV (+)*

(4) �Nitrification 
  processes

(b) Nitrate—I–IV (+)*
(d) 15N-Nitrate

I (−)*** (+)*** (−)*** (+)***
II (+)* (+)*** Not measured

(5) Nutrient uptake (a) N in plant tissues
(b) 15N in plant tissues (+)*** (−)*** (+)** (+)#

(6) Herbage growth Dry aboveground 
biomass

(+)* (+)***

(7) �Botanical 
  composition

(a) N landolt Not measured (+)*
(b) �% Mesotrophic 

  species
(+)*

(c) �% Oligotrophic 
  species

Notes: Results of GLMMs comparing functions between Tun1 (reference level) vs. Tun4, and Dwe1 (reference level) vs. Dwe4 
after 1 month, and 1 yr. There were no significant differences between mixed and single- species assemblages after 3 months.

The symbols in parenthesis “+” or “−” refer to the model parameter estimates and indicate if  the correlations are positive or 
negative, while “*” refers to the P-values.

Significance codes: ***P <0.001; **P < 0.01; *P < 0.05; #P = 0.05.
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We expected that mineralization processes would be 
more enhanced in the presence of tunnelers than dwellers 
due to their burying activity, but surprisingly both func-
tional groups were similarly efficient. Dung beetle activ-
ities may have enhanced microbial activity (Slade et al. 
2015) and consequently OM mineralization due to an 
increase in aerobic conditions inside the dung pat and 
mainly at the dung-soil interface for dwellers. In contrast 
to colonized dung, the dung pat without beetles retained 
moisture and anaerobic conditions for a longer time span 
(Yokoyama et al. 1991, Bang et al. 2005). These condi-
tions may have delayed mineralization as well as nitrifi-
cation processes in the control, as confirmed by lower 
15N-NH4

+ and 15N-NO3
− concentrations compared to 

the dung beetle treatments after 1 month.
The enhanced N availability in the topsoil in the 

presence of dung beetles, as a consequence of enhanced 
transport and mineralization of dung material, also 
favored plant N uptake. Stable isotope analyses of plant 
tissues found that the presence of dung beetles signifi-
cantly increased the plant uptake of DDN in presence of 
both functional groups (especially mixed-species assem-
blages). However, whereas an increase in plant-available 
DDN in the presence of dung beetles was already 
observed after 1 month, the increase in plant DDN was 
only observed after 3 months and 1 yr. Microbial immo-
bilization of available N may have competed with plants 
for nutrient uptake during the first month after dung 
application, and may have therefore delayed plant uptake 
of available N. In fact, microbial immobilization is one 
of the primary mechanisms involved in the retention of 
mineral N, and the balance between N mineralization 
and immobilization depends on the C:N ratio of the 
organic substrate and soil (Hodge et al. 2000).

The effects of dung beetles on nutrient availability and 
uptake influenced the vegetation. Mixed-species assem-
blages of tunnelers and dwellers enhanced herbage 
growth but this increase was observed only after 1  yr. 
This was in accordance with the characteristics of the 
study area, which was dominated by oligotrophic species 
(mainly Nardus stricta) that respond less rapidly to vari-
ations in fertility compared to mesotrophic species 
(Fransen et al. 1998). Apparently, our results cannot be 
extended to all vegetation types (e.g., Yamada et  al. 
2007). However, the implications of our results may be 
considered important at a large geographic scale consid-
ering that Nardus stricta-dominated grasslands are the 
most widespread vegetation type in the Western Alps. 
Changes in soil nutrient availability did not affect the list 
of plant species but it affected the percentage cover of the 
plant functional groups (oligotrophic and mesotrophic 
species). Our results showed that dung beetles signifi-
cantly influenced the botanical composition of pastures 
by increasing the cover of mesotrophic species and con-
sequently increasing the weighted average NLandolt. At 
the same time, the cover of the oligotrophic species 
remained constant 1 yr after the treatments, probably due 
to their physiological limitation for N uptake (Fransen 

et al. 1998, Lonati et al. 2015). This ecological function, 
never measured before (Nichols et  al. 2008), was pro-
vided especially by mixed-species assemblages of tun-
nelers which were found to greatly increase N availability 
in soil and nutrient uptake by plants.

Mixed-species perform better than  
single-species assemblages

The influence of mixed and single-species assemblages 
on the provisioning of ecosystem functions depended on 
the functional group and the ecosystem functions con-
sidered, in addition to the spatial and temporal scales 
over which the functions operated. As a caveat, we rec-
ognize that our experimental design precludes generaliza-
tions on the role of diversity in affecting multifunctionality, 
mainly because the limited number of individuals for 
each species did not allow us to test all the species in mon-
ocultures. However, our results seem to suggest that in 
most cases the interactions among co-occurring species 
enhanced ecosystem functions, especially in tunnelers,  
but see Manning et al. (2016). The tunneler species used 
in these assemblages had different sizes, and displayed 
different methods of dung exploitation and diet activity 
(Halffter and Edmonds 1982, Palestrini and Rolando 
2001, Nervo et al. 2014). We hypothesize that different 
tunnel dimensions, lengths and shapes might have accel-
erated the transfer of N from dung to soil and, conse-
quently, nutrient availability for plant uptake. Variation 
in nesting patterns and body size in mixed assemblages of 
dwellers may also have been important. The species used 
in the monocoltures (Teuchestes fossor) was larger than 
the other dwellers (with the exception of Aphodius 
rufipes), and exhibited a peculiar soil-ovipositing nesting 
behavior.

Multiple functions tie into each other over space and time

Most of the studies over the past decade have used a 
single-function perspective, or rather addressed the con-
sequence of species loss on single processes (Gamfeldt 
et al. 2008). The use of single functions as proxies for the 
overall ecosystem functioning may ignore other important 
ecosystem processes (Rosenfeld 2002), and be highly mis-
leading, especially if research ultimately aims to provide 
insights for management and conservation. With a focus 
on nutrient cycling, in this study we integrated the single 
functions approach (Byrnes et  al. 2014) adopted to 
evaluate the relationship between diversity and ecological 
multifunctionality, with a 15N stable isotope tracing 
method. The use of 15N stable isotope tracing allowed us 
to investigate the complexity of the interlinked ecosystem 
functions, and to trace the fate of dung-derived N through 
the soil N cycle and its contribution to plant nutrition. 
We found strong evidence that different ecosystem func-
tions are sequentially interconnected. Indeed, a certain 
portion of total N content in soil derived from dung 
(<10%), as well as ammonium (~38% at 0–5  cm after 
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1 month) and nitrate (~67% at 0–5 cm after 1 month), 
showing a strong interconnection among transport, 
ammonification, and nitrification processes. These pro-
cesses were found to strongly influence nitrogen uptake: 
approximately 39%, 27%, and 14%, respectively, of dung 
derived N contributed to total N uptake after 1 month, 
3  months and 1  yr. Consequent changes in herbage 
growth and botanical composition were evident after 
1  yr. Taken together, our current findings offer strong 
support for the contention that the links between biodi-
versity and ecosystem functions should be examined not 
function by function, but in terms of understanding mul-
tiple functions and how they interact with each other.

The single functions approach helps to shed light on 
which and how many processes drive trends in multifunc-
tionality, but additional evidence provided by stable 
isotope tracing allowed us to evaluate spatial and temporal 
trends in the processes controlling the fate of dung-derived 
N. The univariate perspective that addresses single time 
and space scales has the potential to generate erroneous 
conclusions about the functional role of biodiversity 
(Rosenfeld 2002, Duffy et al. 2005, 2007, Srivastava and 
Vellend 2005, Nichols et al. 2016). For example, minerali-
zation processes were enhanced by beetles after 1 month, 
but the influence on nutrient uptake and herbage growth 
were detected only later. In particular, the stable isotope 
tracing allowed us to reveal functions (e.g., N uptake by 
plants) that would have not been evident otherwise.

Conclusions

Based on our findings, we can highlight important 
issues in biodiversity and ecosystem functioning research. 
First, ecosystem functions were found to tie into each 
other sequentially, giving evidence of the importance of 
analyzing multiple functions together and not in iso-
lation. Second, applying our current approach of using 
15N-isotope tracers to trace multiple functions and their 
interrelations offers a strong tool for dissecting multiple 
functions at various spatio-temporal scales. Third, the 
choice of the variables that describe functions (i.e., % of 
dung removed, mineral nitrogen, herbage growth) and the 
spatio-temporal scale may affect our conclusions on BEF.
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