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a b s t r a c t 

When grazed intensively, grasslands can result in biodiversity loss and increased greenhouse gas emis- 

sions. However, when grasslands are maintained using agroecological practices, they can create diverse 

habitats and act as carbon sinks. Carbon sequestration in soil is mediated by the soil microbial com- 

munity, which is largely affected by influxes of nutrients and the soil arthropod community. One such 

arthropod, the tunneling dung beetle Onthophagus taurus (Schreber 1759) incorporates animal dung into 

the soil, influencing both the soil microbial community and nutrient cycling. While dung beetles do af- 

fect the soil microbial community, there is a dearth of studies that examine the effect of tunneling dung 

beetles on soil microbial communities that may be associated with nutrient cycling. This study looks at 

the effect of the tunneling dung beetle O. taurus on the fungal, bacterial, and archaeal community of 

grassland soil in an in situ experiment in California’s Central Coast region, using eDNA metabarcoding of 

the 16S locus for bacteria and archaea and the ITS1 locus for fungi. We find that O. taurus has a clear ef- 

fect on the soil microbial community and its presence increases the abundance of soil microbes affiliated 

with degrading plant materials and carbohydrate metabolism. 

© 2023 The Authors. Published by Elsevier Inc. on behalf of The Society for Range Management. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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ntroduction 

Soil arthropods mediate the soil microbial community by influ- 

ncing nutrient additions through their feeding and nesting activi- 

ies ( Bardgett and van der Putten 2014 ). In turn, changes in the soil

icrobiome can have a profound influence on nutrient cycling and 

arbon sources and sinks in soils ( Nielsen et al. 2011 ; Schmidt et

l. 2011 ). As such, arthropod-mediated microbial communities of- 

er a means to regulate carbon and other nutrients and offer bio-

ontrol, which has economic importance for ranchers and climate 

itigation effort s. An arthropod group with especially significant 

otential to influence these dynamics are the dung beetles. 

Dung beetles are bioindicators of anthropogenic perturbations 

n different ecosystems ( Barragán et al. 2011 ; Barragán et al. 2021 ;

oriega et al. 2021 ) and also offer a variety of ecosystem ser-

ices via their nesting behaviors ( Nichols et al. 2008 ). Dung bee-

les consume the liquid portion of dung and also brood their larvae
✩ This work was supported by the Ruth and Alfred Heller Endowed Chair in 

groecology at the University of California, Santa Cruz. 
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n dung ( Nichols et al. 2008 ). There are three different functional

ypes of dung beetles: dwellers, which live in the dung and de-

osit their eggs in the dung; tunnelers, which tunnel underneath 

ung piles, burying brood balls in the tunnels; and rollers, which

oll dung balls away from dung piles, deposit their eggs in the

ung, and bury them in the soil ( Hanski and Cambefort 1991 ). The

cosystem services that dung beetles perform are particularly rele- 

ant in animal-grazed grasslands. Grazed grasslands, which occupy 

6% of the world’s terrestrial land ( Carswell et al. 2019 ), can either

e sources or sinks of greenhouse gases, depending on the emis-

ions from standing manure (methane and nitrous oxide) and car- 

on storage in the soil ( Hammer et al. 2016 ; Viglizzo et al. 2019 ;

rellano et al. 2023 ). Dung beetles affect greenhouse gas emissions

n pasture systems by eating and burying dung in the soil ( Slade

t al. 2016a ), and they also influence nitrogen, phosphorus, potas-

ium, and carbon cycling in soils ( Stanbrook et al. 2021 ). Through

heir activities, dung beetles alter the soil microbial community in 

razed grasslands ( Slade et al. 2016b ), although the exact changes

o the community and potential for improvements in global carbon 

nd nutrient cycling and availability are unclear. 

While many dung beetle studies characterize dung microbial 

ommunities or the microbiome of dung beetles themselves ( Estes 

t al. 2013 ; Franzini et al. 2016 ; Parker et al. 2020 ), there is a
nge Management. This is an open access article under the CC BY-NC-ND license 
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Figure 1. Experimental design and workflow. The first panel shows the dung beetle, Onthophagus taurus, and the setup of the enclosures. The second panel shows the inside 

of the enclosures, which were populated with 22, 6, or 0 (no) dung beetles, to which 400 g of dung was added, as well as where the dung and soil were sampled. Panel 

three shows sampling methodology. We collected the soil and dung on d 0, 11, 32, and 66 and extracted three samples from these enclosures. We assessed these samples for 

soil microbial composition using metabarcoding of the fungal ITS1 (“FITS ”) and 16S regions. Finally, we used Anacapa to identify taxa and did statistical analysis in R using 

the variables of Days in Experiment, Dung Beetle Abundance, Bucket Number, and Dung Beetle Abundance separated by Days in Experiment. 
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earth of research on dung beetle influence on the soil microbiome

sing next-generation sequencing (NGS) metabarcoding. While not 

omprehensive, NGS metabarcoding allows for identification of al-

ha and beta diversity patterns, as well as identification of can-

idate microbes in nutrient cycling in natural systems, which can

ndicate soil processes in ecosystems ( Fierer et al. 2013 ; Kroeger

t al. 2018 ). The United States ceased importing dung beetles in

he 1990s, but other countries have continued dung beetle in-

culation programs, with great success for manure management

 Noriega et al. 2020 ; Pokhrel et al. 2021 ). Microbiome NGS of

oils can be a valuable tool for further evaluating dung beetle

ntroduction programs and other management efforts to increase

ung beetle populations on ranches in the United States and for

elping ranchers understand the effects of dung beetles on soil

ealth. 

Here we present results from an in situ mesocosm experiment

t a working cattle ranch in central California, the United States,

oupled with metabarcoding to determine the influence of the ex-

tic tunneling dung beetle Onthophagus taurus (Schreber 1759) on

he soil bacterial, archaeal, and fungal community. This species is

ommon in the United States because the US Department of Agri-

ulture intentionally imported O. taurus in the 1970s in an effort to

ecrease fly populations, increase nutrient cycling, and aerate soils

n pasture systems ( Anderson and Loomis 1978 ). We asked if the

resence of O. taurus influences the soil microbial community and,

f so, if any specific bacterial, archaeal, or fungal families affected

re associated with nutrient cycling in the soil, specifically carbon

ycling. 

aterial and Methods 

ield design 

To determine how O. taurus abundance impacts soil microbial

ommunity composition, we established enclosures on recently 

razed, irrigated pasture at Paicines Ranch in Paicines, California
 Fig. 1 ) from June −August 2020. This consisted of six total en-

losures with two repetitions of three O. taurus abundance treat-

ents: none, low (6 beetles), and high (22 beetles). Enclosures

ere constructed of 22.73 L plastic buckets with the bottoms re-

oved, dug into the ground to a depth of 7 cm with minimal dis-

urbance to the soil inside the enclosures. Onthophagus taurus bee-

les were collected from a nearby field using a small tin pan cov-

red with mesh and cow dung, which prevents the beetles from

ying away, and kept for 1 −2 d in containers filled with dung and

oil. Cow dung was collected fresh (within several hours of be-

ng dropped), partitioned into 400-g samples, and frozen for 1 wk

rior at −20 °C following the methods of Manning et al. (2016) , to

nsure that all soil invertebrates were dead while preserving the

ung for O. taurus use. The pasture had been grazed 2 d before

stablishing the enclosures for 3 d with a mixed cow and sheep

erd consisting of 96 animal units (one animal unit is equal to

0 0 0 lb). Sixteen d before the enclosures were established, both

he pasture and all the experimental enclosures were planted with

 no-till drill with a cover crop mix of warm-season annual plants.

his was not part of the study design, but rather a consequence of

unning this experiment on a working ranch. We established the

nclosures on June 26, 2020. 

We placed defrosted dung into the enclosures and added O. tau-

us to two low (6 beetles) and two high (22 beetles) treatment en-

losures; two enclosures had no beetles. We chose the low and

igh treatments to mimic the range of abundance of beetles in

ung in the study sites (0 −22 beetles). The enclosures were cov-

red with a fine window screen plastic mesh to prevent the beetles

rom flying away. 

We took soil and dung samples four times from the center of

ach enclosure, at d 0, 11, 32, and 66. We collected approximately

0 mL from the first 0 −1 cm of soil into 50 mL falcon tubes. We

hose this shallow soil depth because changes in the soil micro-

ial community due to environmental perturbations are most eas-

ly detectable at the surface ( Barbour et al. 2022 ). All samples were

tored in a −80 °C freezer until DNA extraction. 
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Figure 2. DESeqII results. Number of families that are overrepresented between 

treatments (e.g., 0 vs. 6, 0 vs. 22, and 6 vs. 22 beetles) by days in experiment (0, 11, 

32, 66) for i) FITS and ii) 16S . 
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xtraction, PCR, sequencing 

DNA was extracted from soil and dung samples using the Qi-

gen DNeasy PowerSoil Kit (Qiagen, Germantown, MD) following 

he manufacturer’s instructions. We included dung samples to en- 

ure the microbial communities were consistent across treatments 

nd not driving the differences we saw in the enclosures. A blank

xtraction was included with each batch of 8 −24 samples. We am-

lified bacteria and archaea DNA communities with the 16S marker 

515F and 806R; Caporaso et al. 2011 ) and amplified fungal DNA

ommunities with the ITS1 marker (hereafter termed “FITS”; ITS5 

nd 5.8S; White et al. 1990 ; Epp et al. 2012 ). We constructed

extera-indexed libraries following triplicate amplification meth- 

ds described in Lin et al. (2021) ; more details are in Supplemental

ethods 1 (available online at [ 10.1016/j.rama.2023.07.007 ]). 

ioinformatics and statistical analyses 

We processed the Fastq files (sequence results, published in 

CBI under project PRJNA993284) through the Anacapa Toolkit 

 Curd et al. 2019 ), then decontaminated results and filtered taxa

ith fewer than 10 reads (see Supplemental Methods 1 for a de-

ailed description). 

We plotted rarefaction curves for soil samples and dung sam- 

les and selected rarefaction levels for diversity analyses that were 

ear the asymptote of the curves (Fig. S1, available online at 10.

016/j.rama.2023.07.007 ). Alpha and beta diversity analyses includ- 

ng community ordinations and permutational analysis of variance 

PERMANOVA) were performed in R using stats (R Core Team 2013;

 4.0.4), vegan ( Oksanen et al. 2022 ), Adespatial (Dray 2021 ), Phy-

oseq, and ggplot2 ( Wickham 2011 ). We measured differential abun-

ance between experiments with the DESeq2 package ( Love et al.

014 ) filtering samples to include taxa that have an abundance

reater than three reads in at least 10% of samples. We made the

ESeq object using a Wald test, local fitType, poscounts sfType, 

nd we set significance to be below an alpha of 0.01. Because we

erformed tests for each taxon, we adjusted all P values with Bon-

erroni correction before interpreting significance. 

esults 

Results produced a rich inventory of dung and soil micro- 

iomes. We found 47 phyla and 417 families in 16S bacterial and

rchaeal taxonomic sequences, and we found 8 phyla and 159 fam-

lies in FITS fungal sequences. Despite few biological replicates, 

amples from the same test groups were largely consistent in 

omposition and dominant taxa (Figs. S2 and S3, and Table S2.1

nd S2.2 available online at [ 10.1016/j.rama.2023.07.007 ]). Results 

howed that O. taurus drive differences in soil communities based 

n alpha diversity, beta diversity, and relative abundance of nutri- 

nt cycling candidate taxa. 

ommunity alpha and beta diversity 

Dung beetle abundance promoted FITS alpha diversity richness 

nd evenness in soil, but not in dung ( 16S was not significant af-

er Bonferroni correction). Increasing the days in experiment pro- 

oted 16S and FITS richness and evenness in dung but not soil

Table S2.3). We also found outliers based on local contribution to

eta diversity in dung but not soil, demonstrating the soil com-

ositional profiles were consistent within groups (Table S2.1 and 

2.2). 

We focused next on whether specific families were enriched 

n soil under different treatments over the course of the experi-

ent, using DESeq2 . Onthophagus taurus presence did change rela- 
ive abundance of certain families, but density of 6 versus 22 bee-

les did not affect many bacterial families. Similarly for FITS , there

ere more differences in the presence of O. taurus rather than

heir abundance ( Fig. 2 , Figs. S4 and S5, Tables S2.4 and S2.5). 

Community similarity analysis of beta diversity using Bray- 

urtis ordination plots show that over the course of days in the

xperiment, the soil communities with O. taurus separate from the 

oil communities without O. taurus ( Fig. 3 ). PERMANOVA test re-

ults show O. taurus abundance drives significant differences in 

oth 16S and FITS microbial profiles (Table S2.6 and S2.7), as does

ays in experiment, and the interaction between days in exper- 

ment and beetle abundance. Explanatory power in these PER- 

ANOVA results was consistently low (R 

2 < 0.2). 

iscussion 

This study found changes in soil microbial abundance and com- 

osition that are sensitive to presence of the tunneling dung bee-

le, O. taurus . While this study was a pilot study, it is proof of

oncept that even with low replication, in one site, community 

hanges are already significant on multiple levels. Onthophagus 

aurus presence affects soil fungal community richness and even- 

ess, but not dung microbiomes. The presence of Onthophagus tau- 

us drives changes in the composition of both bacterial/archaeal 

nd fungal soil microbial communities in a similar magnitude to 

he effect of time (days in experiment). Another study that used

NA fingerprinting found that days in experiment outweighs the 

ffect of dung beetles ( Slade et al. 2016b ), which is the case here

https://doi.org/10.1016/j.rama.2023.07.007
https://doi.org/10.1016/j.rama.2023.07.007
https://doi.org/10.1016/j.rama.2023.07.007


S. Lipton, R.S. Meyer and G. Richardson et al. / Rangeland Ecology & Management 91 (2023) 24–29 27 

Figure 3. Bray Curtis ordination. i) is a Bray Curtis ordination plot of 16S soil sam- 

ples with a minimum of 40 0 0 reads, showing the dissimilarity between communi- 

ties by sample. The ordination plot is split into the different sam ple times to show 

the clustering more clearly. Blue points are samples treated with no dung beetles, 

purple points are samples treated with 6 dung beetles, and red points are samples 

treated with 22 dung beetles. 
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or bacteria and archaeal communities, but not for fungal commu-

ities. This is likely because the turnover for bacteria and archaea

s generally rapid: the same microbial community would rarely

ersist a month later ( Hannula et al. 2019 ). Conversely, the fun-

al community is driven more by seasonal factors rather than time

 Hannula et al. 2019 ). Our finding that both abundance and time

ffects are significant individually and have a significant interac-

ion effect shows that O. taurus have an important impact on soil

ver time. While the explanatory power in the tests is low, the

icrobiome shifts explained by our PERMANOVA tests is consis-

ent with other soil metabarcoding results ( Lin et al. 2021 ). Also,

e note that the O. taurus effect was seen even with the pre-

xperiment seeding and subsequent plant growth, even though

lants have strong effects on the microbial community ( Reese et

l. 2018 ). Finally, while the sampling regime may have partially de-

troyed some of the soil material in each enclosure, we still see an

ffect based on O. taurus treatment. 

lpha diversity 

Several soil bacterial families that increase in representation

ith O. taurus abundance by d 32 are predominantly related to
utrient cycling or degrading plant materials. Although the abun-

ance of none of these families surpassed 4.33% of total reads in

ny treatment (Table S2.10), several families experienced signifi-

ant increases with O. taurus . Bacteria at d 32 included Bifidobac-

eriacae, which was 17 −29 times more common with O. taurus;

annocystaceae, which was 26 −55 times more common with O.

aurus; Cyclobacteriaceae, which was 1.9 −3.2 times more common

ith O. taurus; Polyangiaceae, which was 2.5 −2.9 times more com-

on with O. taurus; and Hyphomicrobiaceae, which was 3.3 −3.6

imes more common with O. taurus . These bacteria could be in-

icators of increased soil organic carbon content, given their role

n plant degradation and carbohydrate metabolism, while many

f the bacteria overrepresented in the no dung beetle treatment

eem to be rhizobia or other denitrifying bacteria common to

ry soils (Table S2.8). Cyclobacteriaceae contains species that de-

rade polysaccharides ( Pinnaka and Tanuku 2014 ), Polyangiaceae is

 soil microbe also found in decaying plant matter and may de-

rade cellulose ( Garcia and Müller 2014 ), Hyphomicrobiaceae con-

ains some nitrogen-fixing genera ( Oren and Xu 2014 ), Bifidobacte-

iaceae breaks down complex carbohydrates ( Eisenlord et al. 2013 ),

nd Nannocystaceae contains genera found in soils with decay-

ng plant matter ( Mohr et al. 2018 ). At d 66, samples from en-

losures with 6 and 22 O. taurus both have a higher represen-

ation of Bifidobacteriaceae, which was not found in any sam-

les without O. taurus and increased to 0.18% in low dung bee-

le treatments and 0.09% in high dung beetle treatments; Cytopha-

aceae, which was 1.6 to 2 times more common with O. tau-

us; as well as Cellulomonadaceae, which was 2.8 −3.8 times more

ommon with O. taurus; Isosphaeraceae, which was 32.1 −53.6

imes more common with O. taurus; and Verrucomicrobiaceae,

hich was 2.4 −2.5 times more common with O. taurus . Cytopha-

aceae has been shown to increase with the addition of bioor-

anic fertilizer in apple orchards in China ( Wang et al. 2016 ), Cellu-

omonadaceae decomposes plant derived macromolecules (Stacke- 

randt and Schumann 2014 ), Isosphaeraceae slowly decomposes

lant matter ( Ivanova et al. 2017 ), and Verrucomicrobiaceae

hows a positive correlation with genes associated with carbo-

ydrate metabolism in prairie soils of the Midwest ( Fierer et al.

013 ). 

At the end of the experiment (d 66), the 6 and 22 O. taurus

bundance enclosures have clear overrepresentation of the follow-

ng fungi: Clavicipitaceae, which was 4.4 −9 times more common

ith O. taurus; Lasiosphaeriaceae, which was 2.9 −5.3 times more

ommon with O. taurus; Bolbitiaceae, which was 248 −710 times

ore common with O. taurus; and Pluteaceae, which increased

rom 0% with no dung beetles to 0.04% with low dung beetle treat-

ent and 0.11% with high dung beetle treatment (Table S2.11).

lavicipitaceae is a soil saprophyte and potential insect pathogen

 Torres and White 2009 ). Lasiosphaeriaceae is commonly found in

erbivore dung ( Melo et al. 2015 ). The largest genus in the fam-

ly Bolbitiaceae, Conocybe, is commonly found in herbivore dung

nd grasslands ( Amandeep et al. 2015 ; Joshi et al. 2021 ). Pluteaceae

s common to wood and other decaying plant matter ( Justo et al.

011 ). Only one fungal family overrepresented in the no −O. tau-

us treatment was associated with dung: Sporormiaceae on d 32

 Phukhamsakda et al. 2016 ) (Table S2.9). 

While many of the microbes that significantly differed between

reatments have been implicated in roles that mitigate carbon and

itrogen cycling, we have not seen these mentioned in literature

bout soil carbon sequestration beyond Fierer et al. (2013) , who

iscuss the importance of Verrucomicrobiaceae in carbon seques-

ration. Most members of the family Nannocystaceae are as of yet

ncultivated, meaning that they can only be detected with metage-

omics ( Garcia and Müller 2014 ). The change in difference in FITS

eads show that dung incorporated into the soil by O. taurus cre-

tes a noticeable impact on the soil fungal microbial community,
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hough the exact families do not seem to indicate a change in func-

ion. 

mplications 

Onthophagus taurus influence the soil microbial community. 

ome of these microbes contribute to nutrient cycling, specifically 

uctuations in soil organic carbon and nitrogen content. We in- 

ended this experiment as a pilot experiment and as such it has

ow biological replicates. However, the clear compositional changes 

haped by O. taurus , as well as the consistency of our results

mong samples from the same test groups, offer opportunities to 

iscover the effects of dung beetles on the soil microbial com-

unity with larger studies in different kinds of environments. 

lthough this is a pilot study with one species of dung beetle,

razed pastures cover 26% of the world’s terrestrial land ( Carswell

t al. 2019 ) and there are 80 0 0 species of dung beetles worldwide

 Pokhrel et al. 2021 ), so noticing even small shifts with one species

ay be an indicator of the importance of this group of beetles on a

lobal stage. Further, most conventional livestock systems use par- 

siticides, which can reduce or eliminate dung beetle populations 

Li et al. 2023). Our research helps to validate that even a rela-

ively low presence of dung beetles can influence the soil micro-

ial community and that there may be a low population threshold

equired to activate these changes. Future in situ experiments will 

nclude assessments of soil organic carbon in addition to soil mi-

robial composition. Results from this and subsequent experiments 

ill inform management practices for ranchers who wish to im- 

rove nutrient cycling in their pastures. 

eclaration of Competing Interest 

The authors declare that they have no known competing finan-

ial interests or personal relationships that could have appeared to 

nfluence the work reported in this paper. 

cknowledgments 

Special thanks to the Paleogenomics lab at University of Cal- 

fornia, Santa Cruz, for feedback on the figures and manuscript

nd to Beth Shapiro’s Scientific Writing class for feedback on the

anuscript. Thank you to Paicines Ranch for letting us use their

and for the experiment and providing management data. 

upplementary materials 

Supplementary material associated with this article can be 

ound, in the online version, at doi: 10.1016/j.rama.2023.07.007 . 

eferences 

mandeep, K., 2015. Diversity of species of the genus Conocybe (Bolbitiaceae, Agar-

icales) collected on dung from Punjab, India. Mycosphere 6, 19–42 . 
nderson, J.R., Loomis, E.C., 1978. Exotic dung beetles in pasture and range land

ecosystems. California Agriculture 31–32 . 
rellano, L., Noriega, J.A., Ortega-Martínez, I.J., Rivera, J.D., Correa, C.M.A., Gómez-Ci-

fuentes, A., Ramírez-Hernández, A., Barragán, F., 2023. Dung beetles (Coleoptera: 

Scarabaeidae) in grazing lands of the Neotropics: a review of patterns and re-
search trends of taxonomic and functional diversity, and functions. Frontiers in

Ecology and Evolution 11 . 
arbour, K.M., Weihe, C., Allison, S.D., Martiny, J.B.H., 2022. Bacterial community re-

sponse to environmental change varies with depth in the surface soil. Soil Biol-
ogy and Biochemistry 172, 108761 . 

ardgett, R.D., van der Putten, W.H., 2014. Belowground biodiversity and ecosystem
functioning. Nature 515, 505–511 . 

arragán, F., Labastida, J., Ramírez-Hernández, A., 2021. Response of dung beetle di-

versity to three livestock management systems in drylands of central Mexico.
Journal of Arid Environments 193, 104598 . 

arragán, F., Moreno, C.E., Escobar, F., Halffter, G., Navarrete, D., 2011. Negative im-
pacts of human land use on dung beetle functional diversity. PLOS ONE 6,
e17976 . 
arswell, A.M., Gongadze, K., Misselbrook, T.H., Wu, L., 2019. Impact of transition
from permanent pasture to new swards on the nitrogen use efficiency, nitrogen

and carbon budgets of beef and sheep production. Agriculture, Ecosystems &
Environment 283, 106572 . 

aporaso, J.G., Lauber, C.L., Walters, W.A., Berg-Lyons, D., Lozupone, C.A., Turn- 
baugh, P.J., Fierer, N., Knight, R., 2011. Global patterns of 16S rRNA diver-

sity at a depth of millions of sequences per sample. PNAS 108 (suppl 1), 
4516–4522 . 

urd, E.E., Gold, Z., Kandlikar, G.S., Gomer, J., Ogden, M., O’Connell, T., Pipes, L.,

Schweizer, T.M., Rabichow, L., Lin, M., Shi, B., Barber, P.H., Kraft, N., Wayne, R.,
Meyer, R.S., 2019. Anacapa toolkit: an environmental DNA toolkit for process-

ing multilocus metabarcode datasets. Methods in Ecology and Evolution 10, 
1469–1475 . 

ray, S., Bauman, D., Blanchet, G., Borcard, D., Clappe, S., Guenard, G., Jombart, T.,
Larocque, G., Legendre, P., Madi, N., and Wagner, H. H. 2021. adespatial: multi-

variate Multiscale Spatial Analysis. 0.3-14. Available at: https://CRAN.R-project. 

org/package=adespatial . Accessed August 5, 2023. 
isenlord, S.D., Freedman, Z., Zak, D.R., Xue, K., He, Z., Zhou, J., 2013. Microbial

mechanisms mediating increased soil C storage under elevated atmospheric n 
deposition. Applied and Environmental Microbiology 79, 1191–1199 . 

pp, L.S., Boessenkool, S., Bellemain, E.P., Haile, J., Esposito, A., Riaz, T., Erséus, C.,
Gusarov, V.I., Edwards, M.E., Johnsen, A., Stenøien, H.K., Hassel, K., Kauserud, H.,

Yoccoz, N.G., Bråthen, K.A., Willerslev, E., Taberlet, P., Coissac, E., Brochmann, C.,

2012. New environmental metabarcodes for analysing soil DNA: potential for 
studying past and present ecosystems. Molecular Ecology 21, 1821–1833 . 

stes, A.M., Hearn, D.J., Snell-Rood, E.C., Feindler, M., Feeser, K., Abebe, T., Ho-
topp, J.C.D., Moczek, A.P., 2013. Brood ball-mediated transmission of microbiome 

members in the dung beetle, Onthophagus taurus (Coleoptera: Scarabaeidae). 
PLOS ONE 8, e79061 . 

ierer, N., Ladau, J., Clemente, J.C., Leff, J.W., Owens, S.M., Pollard, K.S., Knight, R.,

Gilbert, J.A., McCulley, R.L., 2013. Reconstructing the microbial diversity and 
function of pre-agricultural tallgrass prairie soils in the United States. Science

342, 621–624 . 
ranzini, P.Z.N., Ramond, J.-B., Scholtz, C.H., Sole, C.L., Ronca, S., Cowan, D.A., 2016.

The gut microbiomes of two pachysoma macleay desert dung beetle species
(Coleoptera: Scarabaeidae: Scarabaeinae) feeding on different diets. PLOS ONE 

11, e0161118 . 

arcia, R., Müller, R., 2014. The family Polyangiaceae. In: Rosenberg, E., DeLong, E.F.,
Lory, S., Stackebrandt, E., Thompson, F. (Eds.), The prokaryotes: deltaproteobac- 

teria and epsilonproteobacteria. Springer, Berlin, Germany, pp. 247–279 . 
ammer, T.J., Fierer, N., Hardwick, B., Simojoki, A., Slade, E., Taponen, J., Viljanen, H.,

Roslin, T., 2016. Treating cattle with antibiotics affects greenhouse gas emis-
sions, and microbiota in dung and dung beetles. Proceedings of the Royal So-

ciety B 283, 20160150 . 

annula, S.E., Kielak, A.M., Steinauer, K., Huberty, M., Jongen, R., De Long, J.R.,
Heinen, R., Bezemer, T.M., 2019. Time after time: temporal variation in the ef-

fects of grass and forb species on soil bacterial and fungal communities. MBio
10 e02635–e02619 . 

anski, I., Cambefort, Y., 1991. Dung beetle ecology. Princeton University Press,
Princeton, NJ, USA Available at:. https://press.princeton.edu/books/hardcover/ 

9780691634593/dung- beetle- ecology . Accessed August 5, 2023 . 
vanova, A .A ., Naumoff, D.G., Miroshnikov, K.K., Liesack, W., Dedysh, S.N., 2017.

Comparative genomics of four isosphaeraceae planctomycetes: a common pool 

of plasmids and glycoside hydrolase genes shared by Paludisphaera borealis 
PX4T, Isosphaera pallida IS1BT, Singulisphaera acidiphila DSM 18658T, and Strain 

SH-PL62. Frontiers in Microbiology 8 . 
oshi, M., Bhargava, P., Bhatt, M., Kadri, S., Shri, M., Joshi, C.G., 2021. Bolbitiaceae. In:

Joshi, M., Bhargava, P., Bhatt, M., Kadri, S., Shri, M., Joshi, C.G. (Eds.), Mushrooms
of Gujarat. Springer, Singapore, pp. 23–28 . 

usto, A., Vizzini, A., Minnis, A.M., Menolli, N., Capelari, M., Rodríguez, O., Maly-

sheva, E., Contu, M., Ghignone, S., Hibbett, D.S., 2011. Phylogeny of the
Pluteaceae (Agaricales, Basidiomycota): taxonomy and character evolution. Fun- 

gal Biology 115, 1–20 . 
roeger, M.E., Delmont, T.O., Eren, A.M., Meyer, K.M., Guo, J., Khan, K., Ro-

drigues, J.L.M., Bohannan, B.J.M., Tringe, S.G., Borges, C.D., Tiedje, J.M., 
Tsai, S.M., Nüsslein, K., 2018. New biological insights into how deforesta-

tion in amazonia affects soil microbial communities using metagenomics and 

metagenome-assembled genomes. Frontiers in Microbiology 9 . 
in, M., Simons, A.L., Harrigan, R.J., Curd, E.E., Schneider, F.D., Ruiz-Ramos, D.V.,

Gold, Z., Osborne, M.G., Shirazi, S., Schweizer, T.M., Moore, T.N., Fox, E.A.,
Turba, R., Garcia-Vedrenne, A.E., Helman, S.K., Rutledge, K., Mejia, M.P., Mar-

wayana, O., Munguia Ramos, M.N., Wetzer, R., Pentcheff, N.D., McTavish, E.J.,
Dawson, M.N., Shapiro, B., Wayne, R.K., Meyer, R.S., 2021. Landscape analyses

using eDNA metabarcoding and Earth observation predict community biodiver- 

sity in California. Ecological Applications 31, e02379 . 
ove, M.I., Huber, W., Anders, S, 2014. Moderated estimation of fold change and

dispersion for RNA-seq data with DESeq2. Genome Biology 15 . 
anning, P., Slade, E.M., Beynon, S.A., Lewis, O.T., 2016. Functionally rich dung bee-

tle assemblages are required to provide multiple ecosystem services. Agricul- 
ture, Ecosystems & Environment 218, 87–94 . 

elo, R., 2015. The genus Podospora (Lasiosphaeriaceae, Sordariales) in Brazil. My-

cosphere 6, 201–215 . 
ohr, K.I., Moradi, A., Glaeser, S.P., Kämpfer, P., Gemperlein, K., Nübel, U., Schu-

mann, P., Müller, R., Wink, J., 2018. Nannocystis konarekensis sp. Nov., a novel
myxobacterium from an Iranian desert. International Journal of Systematic and 

Evolutionary Microbiology 68, 721–729 . 

https://doi.org/10.1016/j.rama.2023.07.007
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0001
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0002
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0003
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0004
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0005
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0006
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0007
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0008
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0009
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0010
https://CRAN.R-project.org/package=adespatial
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0012
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0013
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0014
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0015
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0016
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0017
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0018
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0019
https://press.princeton.edu/books/hardcover/9780691634593/dung-beetle-ecology
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0021
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0022
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0023
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0025
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0026
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0027
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0028
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0029
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0030


S. Lipton, R.S. Meyer and G. Richardson et al. / Rangeland Ecology & Management 91 (2023) 24–29 29 

N  

 

N  

 

N  

 

 

 

N  

 

O  

 

 

O  

 

P  

 

P  

 

 

P  

 

 

P  

 

R  

 

S  

 

 

S  

 

S  

 

S  

 

S  

T  

 

V  

 

W  

 

W  

 

 

W

ichols, E., Spector, S., Louzada, J., Larsen, T., Amezquita, S., Favila, M.E., 2008. Eco-
logical functions and ecosystem services provided by Scarabaeinae dung beetles.

Biological Conservation 141, 1461–1474 . 
ielsen, U.N., Ayres, E., Wall, D.H., Bardgett, R.D., 2011. Soil biodiversity and carbon

cycling: a review and synthesis of studies examining diversity-function relation-
ships. European Journal of Soil Science 62, 105–116 . 

oriega, J.A., Floate, K.D., Génier, F., Reid, C.A.M., Kohlmann, B., Horgan, F.G.,
Davis, A.L.V., Forgie, S.A., Aguilar, C., Ibarra, M.G., Vaz-de-Mello, F., Ziani, S.,

Lobo, J.M., 2020. Global distribution patterns provide evidence of niche shift by

the introduced African dung beetle Digitonthophagus gazella . Entomologia Ex-
perimentalis et Applicata 168, 766–782 . 

oriega, J.A., March-Salas, M., Castillo, S., García-Q, H., Hortal, J., Santos, A.M.C.,
2021. Human perturbations reduce dung beetle diversity and dung removal

ecosystem function. Biotropica 53, 753–766 . 
ksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., Minchin,

P. R., O’Hara, R. B., Simpson, G. L., Solymos, P., Stevens, M. H. H., Szoecs, E.,

and Wagner, H. 2022. vegan: Community Ecology Package (2.5-7). Available at:
https://CRAN.R-project.org/package=vegan . Access date August 15, 2023. 

ren, A., Xu, X.W., 2014. The family Hyphomicrobiaceae. In: Rosenberg, E.,
DeLong, E.F., Lory, S., Stackebrandt, E., Thompson, F. (Eds.), The Prokary-

otes: Alphaproteobacteria and Betaproteobacteria. Springer, Berlin, Germany, 
pp. 247–281 . 

arker, E.S., Newton, I.L.G., Moczek, A.P., 2020. (My microbiome) would walk 10,0 0 0

miles: maintenance and turnover of microbial communities in introduced dung
beetles. Microbial Ecology 80, 435–446 . 

hukhamsakda, C., Ariyawansa, H.A ., Phillips, A .J.L., Wanasinghe, D.N., Bhat, D.J.,
McKenzie, E.H.C., Singtripop, C., Camporesi, E., Hyde, K.D., 2016. Additions to

Sporormiaceae: introducing two novel genera, Sparticola and Forliomyces, from
Spartium. Cryptogamie, Mycologie 37, 75–97 . 

innaka, A.K., Tanuku, N.R.S., 2014. The family Cyclobacteriaceae. In: Rosenberg, E.,

DeLong, E.F., Lory, S., Stackebrandt, E., Thompson, F. (Eds.), The prokaryotes:
other major lineages of bacteria and the archaea. Springer, Heidelberg, Germany,

pp. 551–575 . 
okhrel, M.R., Cairns, S.C., Hemmings, Z., Floate, K.D., Andrew, N.R, 2021. A review

of dung beetle introductions in the antipodes and North America: status, op-
portunities, and challenges. Environmental Entomology 50, 762–780 . 
eese, A.T., Lulow, K., David, L.A., Wright, J.P., 2018. Plant community and soil con-
ditions individually affect soil microbial community assembly in experimental

mesocosms. Ecology and Evolution 8, 1196–1205 . 
chmidt, M.W.I., Torn, M.S., Abiven, S., Dittmar, T., Guggenberger, G., Janssens, I.A.,

Kleber, M., Kögel-Knabner, I., Lehmann, J., Manning, D.A.C., Nannipieri, P.,
Rasse, D.P., Weiner, S., Trumbore, S.E., 2011. Persistence of soil organic matter

as an ecosystem property. Nature 478, 49–56 . 
lade, E.M., Riutta, T., Roslin, T., Tuomisto, H.L., 2016a. The role of dung beetles in

reducing greenhouse gas emissions from cattle farming. Scientific Reports 6,

18140 . 
lade, E.M., Roslin, T., Santalahti, M., Bell, T., 2016b. Disentangling the ‘brown world’

faecal-detritus interaction web: dung beetle effects on soil microbial properties.
Oikos 125, 629–635 . 

tackebrandt, E., Schumann, P., 2014. The family Cellulomonadaceae. In: Rosen-
berg, E., DeLong, E.F., Lory, S., Stackebrandt, E., Thompson, F. (Eds.), The Prokary-

otes: Actinobacteria. Springer, Berlin, Germany, pp. 163–184 . 

tanbrook, R., Harris, E., Jones, M., Wheater, C.P., 2021. The effect of dung beetle size
on soil nutrient mobilization in an afrotropical forest. Insects 12, 141 . 

orres, M.S., White, J.F., 2009. Clavicipitaceae: free-living and saprotrophs to plant
endophytes. In: Schaechter, M. (Ed.), Encyclopedia of microbiology. Academic

Press, Cambridge, MA , USA , pp. 422–430 . 
iglizzo, E.F., Ricard, M.F., Taboada, M.A., Vázquez-Amábile, G., 2019. Reassessing the

role of grazing lands in carbon-balance estimations: meta-analysis and review.

Science of the Total Environment 661, 531–542 . 
ang, L., Yang, F.E.Y., Yuan, J., Raza, W., Huang, Q., Shen, Q., 2016. Long-term appli-

cation of bioorganic fertilizers improved soil biochemical properties and micro-
bial communities of an apple orchard soil. Frontiers in Microbiology 7 . 

hite, B.T., Lee, S., Taylor, J., 1990. Amplification and direct sequencing of fungal ri-
bosomal RNA genes for phylogenetics. In: Innis, M.A., Gelfand, D.H., Sninsky, J.J.,

White, T.J. (Eds.), PCR protocols: a guide to methods and applications. Academic

Press, Cambridge, MA , USA , pp. 315–322 . 
ickham, H., 2011. Ggplot2. WIREs Computational Statistics. 3, 180–185 . 

http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0031
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0032
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0033
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0034
https://CRAN.R-project.org/package=vegan
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0036
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0037
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0038
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0039
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0040
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0041
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0042
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0043
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0044
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0045
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0046
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0047
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0048
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0049
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0050
http://refhub.elsevier.com/S1550-7424(23)00086-6/sbref0051

	Onthophagus taurus Increases Soil Microbes Associated with Nutrient Cycling in California Pastureland Soils
	Introduction
	Material and Methods
	Field design
	Extraction, PCR, sequencing
	Bioinformatics and statistical analyses

	Results
	Community alpha and beta diversity

	Discussion
	Alpha diversity

	Implications
	Declaration of Competing Interest
	Acknowledgments
	Supplementary materials
	References




