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Abstract

The environment surrounding invertebrates can influence the physiology of larval off-
spring. Dung beetles provide several significant ecological functions, including dung
breakdown, fly control and nutrient cycling. Cattle diet influences the chemical and phys-
ical constituents of dung, of which pH is considered critical. Few studies have assessed
this, though a pH of 6.3 is the lowest threshold for dung beetle reproduction. We inves-
tigated the effects of an introduced and widespread dung beetle (Onthophagus binodis)
on cattle dung pH (7.3, 6.0 and 5.0) and pH on O. binodis reproduction, offspring pheno-
typic traits and development time. Dung beetle presence increased the A pH (more alka-
line) within dung pads after 96 h. Dung beetles produced broods in dung with a pH of
5.0, though in fewer numbers compared with the other pH treatments. Larval develop-
ment was delayed in pH 5.0 with an average of 50 days compared with 44 days in dung
with pH 6, 7, and the control (7.3). Smaller broods (ellipsoid volume [mm®]) were pro-
duced in dung with a pH of 5.0 compared with pH 6.0 and 7.0, and offspring emerging
from broods produced from dung with a pH of 6.0 were larger compared with the other
pH treatments. Our results show that dung pH is important for brood production and
progeny phenotypic traits of O. binodis, an agricultural ecosystem engineer and that
there is no experimental evidence to support the suggestion that dung pH influences the

provisioning of broods in this species.
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the physiology of dung beetles (Dadour & Cook, 1996: Heddle, Hem-
mings, Burns, & Andrew, 2023). Increasing the pH of grain-fed cattle

The environment surrounding invertebrates can influence the physiol-
ogy of larval offspring. Abiotic factors known to influence the
physiology of invertebrates include temperature, rainfall, soil moisture
and pH, with pH impacting the availability of nutrients within soil envi-
ronments (Neina, 2019; Nicol et al., 2008; Pietri & Brookes, 2008). The
influence of pH on terrestrial invertebrates has primarily focused on soil
pH influence, with a limited understanding of the impact
on coprophagous insects (Dadour & Cook, 1996; Meyer et al,, 1978;

Morgan & Schmidt, 1966). Notably, the diet of livestock can influence

dung increased the pupal weight of Haematobia irritans L. 1758
(Diptera: Muscidae) (Morgan & Schmidt, 1966). The inverse occurs for
mortality as a decrease in dung pH results in an increase in mortality of
Musca autumnalis DeGeer 1776 (Meyer et al., 1978).

The fodder for livestock varies depending on location, with fod-
der quality fluctuating across seasons with changing soil, rainfall and
temperature patterns, and pasture management programmes (Cobon
et al., 2020; Issah et al., 2021; Perera et al., 2020; Schoenian, 2020;
Willoughby, 1959). Pasture-grazed

livestock may require
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supplementary feeding, particularly during summer when there is lim-
ited rainfall and herds are maintained above paddock carrying capacity
(Moore et al., 2009) or during periods of drought or lush growth
(Moore et al., 2009). Common supplements include hay, silage and
grains (oats, barley, wheat, lupins, etc.), distributed directly onto the
soil or via field bins (Cheng et al., 1998; Greenwood et al., 2018). Fur-
thermore, grain feeding is used intensively in feedlots to increase the
body fat and improve the growth rates of livestock (Dadour &
Cook, 1996; Greenwood et al., 2018).

The effect of supplementary feeding on the physiochemical quali-
ties of livestock dung, and its subsequent colonisation by dung bee-
tles, is poorly understood (Dadour & Cook, 1996). The proportion of
grain within the diet of livestock influences many factors of the chem-
istry of dung, including pH, moisture, starch, nitrogen and carbon con-
centrations, organic matter and neutral detergent fibre (Ali
et al., 2021; Gittings & Giller, 1998; Wheeler & Noller, 1977). The for-
aging diet of cattle influences the pH of cattle dung (Dadour &
Cook, 1996; Meyer et al., 1978; Morgan & Schmidt, 1966), with
grass-based diets of cattle resulting in dung pH of 6.92 (Meyer
et al,, 1978) to 7.02 (Dadour & Cook, 1996), alfalfa hay diets resulting
in dung pH between 6.9 and 7.4 (Meyer et al., 1978) and grain feeding
reducing cattle dung to 6.3 (Dadour & Cook, 1996) and 5.58 (Meyer
et al,, 1978). The magnitude of these effects is influenced by seasonal
changes in pasture quality and livestock physiology, as seen in New
South Wales, where the pH of cattle dung varied from 6.75 in
November to 7.67 in April (Kaur et al., 2021).

The single study on dung beetle reproduction on grain-fed cattle
dung by Dadour and Cook (1996) demonstrated that Onthophagus bino-
dis produced more brood balls on dung derived from cattle grazing pas-
ture compared with grain-fed cattle dung. Both the survival of the F1
progeny and the size of the progeny were also greater on pasture-fed
cattle dung (Dadour & Cook, 1996). Dadour and Cook (1996) hypothe-
sized that cattle dung with a pH below 6.3 would not allow dung beetle
reproduction. Some species of dung-dwelling invertebrates are able to
survive in acidic dung, with the horn fly (H. irritans) being capable of
reproducing at pH 5.5 (Morgan & Schmidt, 1966). Additionally, face fly
(M. autumnalis) was able to survive in dung with a pH of 5.58; however,
the mortality rate increased with increasing proportions of ground ear
corn, which decreased the pH of cattle dung (Meyer et al., 1978).

Dung beetle activity also affects the chemical composition of dung
over time (Holter & Scholtz, 2007). Dung beetles are known to feed on
microbial biomass within the dung pad (Holter, 2016; Holter &
Scholtz, 2007), the process of which causes shredding of the dung pad,
which reduces pest fly reproduction (Ridsdill-Smith et al, 1987;
Ridsdill-Smith & Hayles, 1990; Ridsdill-Smith & Matthiessen, 1988;
Tyndale-Biscoe & Vogt, 1996). Furthermore, dung beetle processed
dung provides a higher C:N ratio diet to the larvae within the brood
than that in raw dung (Byrne et al, 2013; Holter, 2016; Holter
et al., 2002; Holter & Scholtz, 2007; Shukla et al., 2016).

Ecological and pest issues may ensue from the low pH of cattle
dung. Increased dung acidity may deter dung beetles and other impor-
tant dung fauna, resulting in dung accumulation and a subsequent

decline in pasture coverage due to smothering (Doube, 2018). Dung
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beetles provide significant ecosystem services, including the break-
down of dung, fly control and nutrient cycling (Doube, 2008; Heddle
et al., 2021; Nichols et al., 2008). Prior to the successful establishment
of 26
(Bornemissza, 1976), the cattle dung pads would remain on the sur-

introduced dung beetle species in  Australia
face with only periodic breakdown by native dung beetles
(Bornemissza, 1976; Doube et al., 1991; Tyndale-Biscoe, 1994;
Tyndale-Biscoe, 1996). If dung is frequently below pH 6.2 (the hypo-
thetical tolerance of dung beetles (Dadour & Cook, 1996)), this pro-
vides a problematic niche for flies, with a known tolerance to pH 5.6
(Meyer et al., 1978), to reproduce without competition.

In this study, we manipulated the pH of cattle dung to focus on
one component of dung chemistry, to test the hypothesis that in cat-
tle dung with a pH of 6.3 or less, dung beetles cannot successfully
reproduce (Dadour & Cook, 1996). Specifically, we investigated dung
beetle reproduction and survival through artificial pH manipulation of
dung, as well as the reciprocal effects of dung beetle activity on dung
pH. We predict that both reproductive outputs and the survival of F1
progeny in broods will decline in dung of pH 6 and lower and that cat-
tle dung pH will negatively influence the phenotypic traits and devel-
opment time of progeny. Further, this study investigated whether

dung beetles influence the rate of change of pH inside dung pads.

METHODS
Dung collection

Dung was collected from a property north of Ebor, NSW (-30.32,
152.39), where cattle are rotationally grazed on pasture comprised of a
mixture of native and introduced grass species. The property is in the
high rainfall basalt zone on the Ebor Plateau, which is approximately
1200 m above sea level with an annual rainfall of 1200 mm. Dung was
collected on 18 January 2021, which was 2 months post-cattle drench-
ing. Dung was homogenised upon returning to the laboratory, packaged
and stored at —4°C. When required, dung was defrosted at room tem-
perature and homogenised with a paint mixer. Sub-samples (~100 g
each) of fresh dung were taken to measure the starting pH and mois-
ture content of the original dung. Moisture content was measured by
weighing and drying the samples in an oven at 60°C for 7 days. The
dung pH was measured directly on five homogenised sub-samples with
a pH electrode (HANNA, pHep4: HI98127). Fresh cattle dung had a pH
of 7.36 (+0.06 SE) and a moisture content of 86.1% (+0.70).

Dung beetle culture

O. binodis individuals were collected from a property 10 km west of
Armidale NSW from March to April 2022. Due to low populations
of other species, trials were limited to this species (Heddle, Hem-
mings, & Andrew, 2023). O. binodis was collected through live trap-
ping, which consisted of multiple traps with a 1 kg dung pad bait
placed upon a pot with 50% sand and 50% vermiculite (Figure S1).
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Traps were set up at 8 AM and collected 24 h later. Dung and sand/
vermiculite were sieved for live beetles on collection.

Cultures of O. binodis were reared and maintained in a
temperature-controlled glasshouse (day 25+ 2°C, night 20 £ 2°C,
16L:8D) with artificial lighting (PHILIPS© TLD 36W/840). These con-
ditions were maintained for the cultures and experiments. O. binodis
was separated by sex and kept in different 5 L containers, which were
partly filled with a 50:50 sand and vermiculite mix and moistened to
2% w/w. Beetles were fed the same dung (as above) every Tuesday
and Friday. Culture boxes were emptied on a fortnightly basis with
the removal of dead beetles and used dung, with live beetles being

placed into fresh containers.

Experiment 1: Dung beetle impact on dung pH

To test how the presence of dung beetles influenced the pH of cattle
dung pads, we manipulated the dung pH using 1.0 M hydrochloric acid
(HLO15-2.5L-P, CAS No. 7647-01-0). Initially, hydrochloric acid was
tested against several other products—cream of tartar, vinegar and
acetic acid—to determine how much of each chemical was required to
adjust dung pH to 5.0 without creating an unusable dung. Hydrochloric
acid was the simplest and most consistent chemical to attain the
required range of pH values. Two pH treatments were selected
(pH 5.0, pH 6.0 and control pH 7.3), to which treatments had the dung
beetle species O. binodis applied or withheld. For every 1000 g of cattle
dung, 141 mL of total liquid (based on 141 mL HCI to attain pH 5.0)
was added to the dung pad, which resulted in equivalent moisture con-
tent across the treatments. A total of 10 replicates of each pH treat-
ment by dung beetle presence/absence were run for the duration of
the experiment. The experiment was set up as a randomised complete
block design using Agricolae (de Mendiburu & de Mendiburu, 2019).
Artificially manipulated dung pads (250 g) were placed into an enclo-
sure consisting of a 3L cylindrical container 2/3 filled with a 50:50
sand/vermiculite mixture, which was moistened to 2% w/w with RO
water. Treatments with dung beetles had one pair of O. binodis added
to the enclosure at O h and were retained for the full 96 h.

Dung pH was measured at five points internal by removing the sur-
face layer of dung and a further five points across the surface of the
dung pad prior to the introduction of dung beetles to the enclosure (O h)
and at 3, 6, 9, 12, 24, 36, 48, 60, 72 and 96 hours after introduction. At
the end of the 96-h period, dung pads were measured and removed from
enclosures and containers emptied to determine the presence/absence
of broods in beetle present treatments. We determined the overall delta
pH (A pH) for each replicate by calculating the difference between the

pH at 96 and O h and averaging this across all replicates.
Experiment 2: Impact of pH on dung beetle
reproduction

To test how dung pH influences dung beetle reproduction, we fol-

lowed the above methodology to manipulate dung pH for three

Physiological Entomology: - 179
How Insects Work - Linking Genotype to Phenotype. Sockty

treatments (pH 5, 6 and 7) and untreated control (pH 7.3). A total of
10 replicates of each pH treatment were conducted for a minimum
of 21 days, with any adult beetle deaths recorded and dead adult indi-
viduals replaced the following week (day 7 or 14). Beetle weight and
length, excluding head and pronotum width, were measured before
introduction to the enclosure. pH-adjusted dung pads (200 g) were
placed into an enclosure consisting of a 3 L cylindrical container 2/3
filled with a 50:50 sand/vermiculite mixture, which was moistened to
2% w/w with RO water. Dung was replaced every 3-4 days with
fresh dung added at the same time. Of note, pH-5-treated dung from
both experiments became covered by a fungus after a few days,
which was identified to the class of Zygomycetes (T. Elliot & T. Lebel
personal comms., Figure S2). This fungus was found on all pH-
5-treated dung pads and did not appear to influence the response of
dung beetles as it primarily colonised the pad surface.

At the end of each 7-day period, each container was emptied and
sifted to remove beetles and whole broods. Incomplete broods were
excluded from brood calculations. Remaining beetles were placed into
fresh containers of the same treatment as they had previously occu-
pied. In the event males died, the death was noted, and a new male
was added to the replicate, and the replicate continued. When a
female beetle died, this replicate was reset to day O and run for a fur-
ther 21 days. This was to ensure pH influence on brood size and prog-
eny could be traced back to the original female.

To determine if the pH had an influence on brood size, broods
were randomly split into two groups, with the first group being
destructively measured. All broods were cleaned of sand and vermicu-
lite, and the fresh weight of individual broods was taken using a 120 g
scale. Using callipers (precise to 0.01 mm; Kingcrome © K11105), the
equatorial and polar diameter was recorded and then halved to get
the radius. Then, using the equation 4/3.1t.a2.c (a = equatorial radius;
¢ = polar radius), we determine the volume of each individual brood.
After measuring the fresh broods, these broods were labelled and
placed into an oven at 60°C for 7 days to determine the dry weight.
In the event that only 1-2 broods were produced, these broods were
measured before being placed into the second group (below).

To determine the development (days), progeny size (mm) and
brood mortality, the remaining broods were placed in a bed of vermic-
ulite, which were placed into an incubator set at 23°C with 70%
humidity (Thermoline, TRH-300-SD). The development days for indi-
vidual beetles were recorded and averaged by taking the initial start
date and the changeover date (days 7 and 14) to provide the ‘average’
start date. The number of days between the emergence date and the
average start date was used to calculate the average days to emer-
gence. Finally, upon emergence, beetles were measured to determine
the influence of pH on the progeny beetle size. The pronotum width
and the length of the pronotum and elytra were measured by the
emerging progeny to determine the beetle size (Radtke &
Williamson, 2005). To determine brood mortality, leftover broods
were carefully opened and inspected for the presence of an egg, head
capsule, pupae or dead adult. The number of broods that died out of
the total broods produced in individual replicates determined the life

stage mortality.
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Statistical analysis

All statistical analyses were implemented in R studio 3.4.3 (R Core
Team, 2022), using the framework of generalised linear mixed-effects
models or two-way analysis of variance (ANOVA). All data are pre-
sented as evidence-based practices (Muff et al., 2022).

For experiment one, we tested the A pH for normality using
Shapiro-Wilk tests (Royston, 1992) and identified that the data were
not normally distributed. We ran two-way ANOVAs using a type
3 chi-squared test to determine the influence of surface or internal
measurement. As it was significant, we subsequently subsetted the
data by surface or internal measurement for further analysis. Surface
and internal A pH was not normally distributed, resulting in a two-
way ANOVA using rank transformations (Conover & Iman, 1981).
Tukey’s Honest Significant Difference post hoc tests were conducted
to determine significant differences for A pH (Abdi & Williams, 2010).

For the second experiment, generalised linear mixed-effect
models were fitted with a Gaussian family and were fitted with the
functions ‘glmmTMB’ from the package glmmTMB (Magnusson
et al., 2017). These models were simulated with a refit as False,
plot = True and n = 1500. For generalised linear mixed models, we
checked for under and overdispersion with the functions ‘simulateRe-
siduals’ and ‘testResiduals’ from the DHARMa package (Hartig &
Hartig, 2017). An analysis of the deviance table was run using a type
3 Chi-Squared test. Models were adjusted using Bonferroni in the
function ‘emmeans’ from the package Ismeans (Lenth & Lenth, 2018).
Post hoc comparisons were made with ‘emmeans’ using the ‘pairs’
function. The model predicted values were determined using
‘emmeans’ (package Ismeans (Lenth & Lenth, 2018)), with final values
showing 95% confidence intervals and letters used to notify where
significant differences were observed. All models use the Gaussian
family, with the exception of the dry weight of broods, a
Gaussian family with a log-link function was used, and data was
reverse-transformed for graphing purposes. For F1 progeny mortality,
a Poisson distribution best fits with a log link on angular transformed
data. Logistic transformations, which can be preferred over angular
transformations (Warton & Hui, 2011), were also considered for pro-
portions but led to the same conclusions. We broke down the mortal-
ity into the life stage in which the brood died (i.e., egg, larval or beetle)

and ran a general linear model as above.

RESULTS
Experiment 1: Dung beetle impact on dung pH

There was very strong evidence for a difference in A pH between sur-
face and dung pad samples (F = 609.13, df = 1, p < 0.0001). On the
surface of the dung pad, there was no difference in A pH between
the treatment without dung beetles compared with dung beetles
(p = 0.99). There was very strong evidence that with beetles, A pH
was higher (less acidic) at the surface of the dung pad compared to
the internal dung (p < 0.0001), and internal A pH with beetles was

HEDDLE ET AL.

higher compared to internal A pH without beetles (p < 0.0001)
(Figure S3). Similarly, without dung beetles, A pH on the surface was
also higher compared to internal A pH (p < 0.0001).

Natural variation in the dung pad surface pH was observed, with
no influence resultant for treatments with/without dung beetles
(Figure S3). On the surface of the dung pads, there was very strong
evidence to suggest differences between pH treatments for A pH
(F = 63.96, df = 2, p < 0.0001). There was no evidence for an influ-
ence by dung beetle presence (F=0.19, df =1, p = 0.66) nor an
interaction between pH treatment and dung beetle presence for A pH
(F=0.20, df =2, p =0.82). Rapid pH increases (acidity decrease)
occurred in the first 6 h on the surface of dung pads, though the
change after 6 h was minimal. The median A pH values with and with-
out dung beetles on the surface were 2.3, 2.3 and 1.6 for pH 5, pH 6
and the control, respectively, with dung beetles. Without dung bee-
tles, the A pH was 2.2, 2.3 and 1.5 in pH 5, pH 6 and the control,
respectively (Figure S3).

Analysis of the internal A pH revealed strong evidence for an
interaction between dung beetle presence and pH treatment
(F =9.76, df = 2, p = 0.0002). Very strong evidence of differences in
A pH between treatments with and without dung beetles was identi-
fied in pH5 (p=0.0004), pH 6 (p <0.0001), and in the control
(p < 0.0001). Median A pH values for treatments with dung beetles
were 1.2, 1.4 and 1.2 in pH 5, pH 6 and the control, respectively.
Comparatively, median A pH values for treatments without dung bee-
tles were lower at 0.7, 0.9 and 0.2 in pH 5, pH 6 and the control,

respectively.

Experiment 2: The impact of pH on dung beetle
reproduction

Brood production

In total, 1073 broods were produced by O. binodis from all treatments;
120, 314, 332 and 307 broods were produced in dung with pH 5,
pH 6, pH 7 and from control dung pads. There was a weak effect of pH
treatment on brood production of O. binodis (y?341 = 6.74,p=0.081)
while no effect was found over time (weeks) (;(22,1 =2.45,p=0.29),
and there was no evidence for an interaction between pH treatment
and week (y%5, =7.03, p=0.32) (Figure 1a).

Brood size—Ellipsoid volume and dry weight

To calculate brood ellipsoid volume (mm®), 143, 65, 147 and
156 broods were used from the control, pH 5, pH 6 and pH 7, respec-
tively. The maximum median brood size was 4200 mm?® at pH 6 and
7, whereas the smallest was 3700 mm? at pH 5 (Figure 1c). For the
ellipsoid volume of broods, differences were significant between pH
treatments (y%3; = 10.64, p=0.014) but no evidence of differences
over time (week) (;(221 =2.46,p=0.29) and there was no interaction
between pH treatment and week (y2,,=9.43,p=0.15). Post hoc
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FIGURE 1 (a)Predicted mean broods produced (+/— 95% confidence level [CL]) across the different pH treatments, (b) predicted mean
mortality of broods (angular transformed data) (+/— CL), (c) predicted mean ellipsoid volume (mm°®) (+/— CL) and (d) predicted mean development
days (+/— CL). Shape indicates raw data of pH treatment with: circle indicating pH 5, triangle indicating pH 6, square indicating pH 7 and the plus
(+) indicating control treatments. Significant differences are indicated with letters. For (a), 1073 broods were produced by O. binodis from all
treatment: 120, 314, 332 and 307 broods were produced in dung with pH 5, pH 6, pH 7 and from control dung pads. For (b), 477 broods were
utilised. For (c), 143, 65, 147 and 156 broods were used from the control, pH 5, pH 6 and pH 7, respectively. For (d), 365 broods successfully
emerged, of which 7.1%, 26.6%, 36.4% and 29.9% came from pH 5, 6, 7 and the control, respectively.

testing showed very strong evidence for differences between pH5
and pH 6 (p=0.002) and pH 5 and pH 7 (p =0.004), while there was
only weak evidence for differences between pH 5 and control (0.05).
The pH treatment had no effect on the dry weight of the
broods (y%3; =0.096,p=0.99) (Figure S5). To analyse the effects of
pH over time (week) on brood dry weight (g), 486 broods were mea-
sured randomly across treatments for F1 emergence. From the con-
trol, pH 5, 6 and 7, respectively, 143, 40, 147 and 156 broods were
measured. However, the number of broods produced within a treat-
ment had a negative influence on the dry weight of

broods (2194 =73.20,p <0.0001).

Brood mortality

Of the 477 broods incubated for F1 development from the original
brood production, 420 broods resulted in emerging progeny (88.1%
emergence overall). Of the broods that did not survive F1 emer-
gence, three were accidentally killed during 60-day post-
experiment checking and were excluded. Of the remaining broods,
9% died at the egg stage and 9.4% at the larval stage. A small num-
ber (1.6%) of beetles died after pupation, resulting in failed emer-

gence. The lowest survival percentage was observed at pH 5 (49%),

with progressively higher survival at pH 6 (79.3%), control (84.2%)
and pH 7 (91.3%).

There was very strong evidence that pH treatment influenced
survival of F1 progeny (;(231 =28.41, p <0.0001, arcsine transformed)
(Figure 1b) with mortality significantly higher between pH5 and all
other treatments: pHé (p=0.001), pH7 (p<0.0001) and control
(p=0.020). No evidence was found for differences of mortality
between pH6 and pH7 (p=0.15), pH 6 and the control (0.96), nor
between pH 7 and control (p =0.13). 43.9% of broods survived to the
emergence in pH 5.0 dung compared to 78.9%, 89.3% and 80.6% for
pH 6.0, pH7.0 and control treatments, respectively. When overall
mortality is broken down by larval stage, there was no evidence for
pH treatment influencing mortality (x23,1:0.26,p:0.97, angular
transformed) whereas there was moderate evidence of differences
between life stages (y?,; =7.47,p=0.024) (Table S2). The interac-
tion between pH and life stage showed weak evidence of differ-
ences (y%; =10.91,p=0.091).

F1 development time

Across all treatments, 420 broods successfully emerged, of which
7.1%, 26.6%, 36.4% and 29.9% came from pH 5, 6, 7 and the control,

85U8017 SUOWLLIOD 8A1Ia1D) 3|qeot|dde ay) Aq peuenob a1e SsoiLe VO ‘8SN JO Sa|nJ o} Akeiq1T8UljUQ 3|1 UO (SUOTHIPUOD-PUB-SWBILI0O" A3 1M Ae1q U1 |UO//:SdNY) SUORIPUOD pue SWS 1 841 88S *[7202/60/60] U0 Akeiqiauljuo AB|IM ‘luwn|y sprppY Jo AseAlun AQ 9eb2T Ueyd/TTTT 0T/I0p/W0d A8 | Ake.d 1 puluo's eunoa.//:sdny Wwolj pepeoumoq ‘€ ‘vZ0Z ‘ZE0ESIET



182 Physiological Entomology:

How Insects Work - Linking Genotype to Phenotype

respectively. pH had a very strong effect on the development time of
O. binodis (y?3,=16.32,p<0.0001) (Figure 1d), no evidence was
found for differences over time (week) (2,4 =2.86,p=0.24) and no
evidence was found for an interaction between pH treatment and
time (week) (y21=7.26,p=0.30). Strong evidence was found to
suggest differences in the development of F1 progeny between pH 5
and pHé6 (p<0.0001), pH5 and pH7 (p<0.0001) and between
pH 5 and control (p < 0.0001). There was no difference in F1 develop-
ment time between pH 6 and pH 7 (p=1.000), pH 6 and the control
(p=0.24) and between pH 7 and the control (p=0.21). Mean devel-
opment time for progeny was 50.2, 44.5, 44.5 and 43.5 days for pH 5,
pH 6, pH 7 and the control, respectively (Figure 1d).

F1 progeny size—Length and pronotum width

To determine the influence of pH on the length and pronotum width
of O. binodis a total of 420 beetles were measured across all treat-
ments (Table S1). There was moderate evidence to suggest an interac-
tion between pH treatment and time (week) on O. binodis length
(r%s1=13.12,p=0.041). At week 1, there was moderate evidence
to indicate differences between pH5 and pHé (p=0.030), very
strong evidence for differences between pH 6 and pH7 (p <0.0001)
and between pH 6 and the control (p <0.0001). There was no evi-

dence to suggest differences between pH treatments within week
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2 or 3. Beetles from pH 6 in week 1 were 8.6% larger compared with
pH5 and pH 7 while also being 9.0% larger than the control beetles
(Figure 2a). Post hoc testing indicated no difference in weeks 2 and
3 for beetle length across pH treatments (Figure 2a).

Strong evidence was found to suggest the interaction between
pH treatment and time (week) (;(26,1 =17.63,p=0.0072) was influen-
tial on pronotum width (Figure 2b). Sex was tested in the model but
was found not to influence the model and was, therefore, removed.
Strong evidence was found to indicate differences between week
1 pH6 and pH5 (p=0.026), pH7 (p=0.0001) and control
(p<0.0001). No evidence was found for any further differences
between weeks and pH treatments. Beetle pronotum width in pH 6 in
week 1 was consistently larger than pH 5, pH 7 and the control: 9.4%,
8.8% and 11%, respectively. From week 2, there were no clear differ-
ences. At week 3, pronotum width in pH 6 was 26.2% greater than
at pH 5.

DISCUSSION

In this study, we demonstrate that O. binodis can successfully breed at
pH 6.0; further, it can breed at pH 5, albeit at a reduced capacity in
egg production and development rate, larval development, and sur-
vival of F; progeny. Additionally, our study has shown that pH 6.0

appears to be around the optimum pH for O. binodis beetle length and
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FIGURE 2 (a) Mean beetle length (mean +/— 95% confidence interval) across different pH treatments and (b) mean pronotum width (mean
+/— 95% confidence interval) across different pH treatments by 3 weeks, which the trial was conducted. Shape indicates raw data of pH
treatment with: Circle indicating pH 5, Triangle indicating pH 6, square indicating pH 7 and the plus (+) indicating control treatments. Significant
differences are indicated with letters. A total of 420 beetles were measured from all treatments.
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pronotum width, which has previously not been observed. This study
focused only on pH, independent of other dung parameters, and pro-
vides evidence to reject the hypothesis put forward by Dadour and
Cook (1996) that dung beetles cannot breed in dung with a pH below
6.3. Furthermore, our study has shown that the presence of dung bee-
tles, in itself, influences the pH inside the dung pad after 96 h of
colonisation.

The nutrient availability within soils is influenced by proximal pH
and is likely to affect the nutrient composition and growth of
microbes in dung (Neina, 2019; Nicol et al, 2008; Pietri &
Brookes, 2008). At pH 5.0 in soil compared with pH 6.0 and 7.0, nitro-
gen, phosphorus, sulphur, calcium and magnesium availability
decreases while iron, manganese, boron, copper and zinc content
becomes more readily available (Binkley & Vitousek, 1989; Lucas &
Davis, 1961). The nutrient availability may have resulted in longer and
wider beetles in pH 6.0 dung and may have resulted in the higher
mortality of pH 5 brood balls. It was beyond the scope of this study to
determine the microbial and nutritional availability in different dung
pH treatments, though it is likely that pH 5.0 treatments did nega-
tively affect the beneficial microbes and symbionts within the repro-
ductive broods (Byrne et al., 2013). Grain-fed dung has a different
microbial community due to the different microbes required for
breaking down grain in the rumen and intestines of cattle (Pitta
et al., 2014; Sim et al., 2022; Van Vliet et al., 2007). How these differ-
ences in microbes vary based on diet and the impact on dung beetles
should be investigated.

The diet of livestock is important in that it can change the chemi-
cal and physical parameters of the dung (Dadour & Cook, 1996). The
pH of cattle dung varies between animals fed pastures compared with
grain, resulting in a more acidic dung (Dadour & Cook, 1996). Higher
nitrogen, phosphorus and water-soluble NH," occur in dung when
cattle are fed with grain over pasture (Hao et al., 2009). Further, the
growth stage of pastures can influence the nutritional content of
dung, with higher nitrogen dung content from young plant growth
stages, and a higher fibrous dung content found in older plant
growth stages (Albon & Langvatn, 1992; Demment & Van
Soest, 1985; Fryxell, 1991; Hansen et al., 2009; Marell et al., 2006).
High-fibre diets characterised by low nitrogen have a high C:N ratio
compared with high-nitrogen, low-fibre diets in cattle (Van Vliet
et al., 2007). Conversely, grain-fed cattle results in lower pH dung
(Dadour & Cook, 1996) and carbohydrate content (Nortey
et al., 2007). Dung beetles were released into Australia to combat two
economically significant pest species, the Bush Fly (Musca vetustis-
sima, Walker) and the Buffalo Fly (Haematobia exigua, de Meijere
1906) (Diptera: Muscidae) (Bornemissza, 1960; Bornemissza, 1970;
Bornemissza, 1976). The pH tolerance for these two Diptera species
is unknown, although relatives of these species have known pH toler-
ances. Given dung beetles were able to survive albeit at a reduced
capacity to breed down to pH 5, grain-fed dung may produce a fragile
ecotone between the functional capacity of dung beetles and flies. It
is important to further investigate whether the pH of dung or other
factors of dung composition (especially from grain) influence the fly-

dung beetle interaction.
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If there is a difference between the tolerance of key copropha-
gous invertebrates (Diptera and Coleoptera) for pH and or other die-
tary factors, there is the potential for the ecosystem services in
agricultural landscapes to be left unfulfilled. As both flies and dung
beetles have been shown to tolerate dung pH below 6.0, the competi-
tion at this niche boundary is likely to be greater than at higher dung
pH levels. Dung beetles may have a competitive advantage, as we
demonstrated that dung beetle activity changes the internal pH of
dung pads. Equivalent studies are required on flies to determine if fly
reproduction has similar buffering capacity. Furthermore, local adapta-
tions to grain-fed cattle, in regions where the practice is more com-
mon, may also enable dung beetles to utilise a niche resource and
have a localised adaptation.

The chemical and physical property parameters within dung pads,
including dung pad moisture, nitrogen/carbon content, ash/organic
matter content, carbohydrate content and pH, likely affect dung bee-
tle breeding time and success (Dadour & Cook, 1996; Edwards, 1991;
Holter, 2016). Natural pH ranges of cattle dung have been shown to
be influenced by the feeding regime, with ranges from 5.58 to 6.24
with grain-based diets (Dadour & Cook, 1996; Meyer et al., 1978;) to
6.75 to 7.67 in pasture-reared cattle (Barth et al., 1994; Dadour &
Cook, 1996; Jost et al, 2011; Kaur et al, 2021; Kirchmann &
Witter, 1992; Meyer et al., 1978). Given that dung beetles can both
reproduce in low-pH dung and change the internal pH of dung pads
to be more suitable, the ecosystem services provided by dung beetles
may not be reduced in low-pH dung from grain-fed cattle. As both
microbial processes and dung beetle activity increase dung pad pH
(acidity decrease) (Castro-Ramos et al., 2022), then perhaps the pH is
not the limiting factor of ecosystem services provided by dung beetle
communities.

The rapid rise of dung pH in the pH 5.0 treatment and moderate
rise in pH in the pH 6.0 and 7.0 treatments are likely the result of
microbial activity (Kazuhira et al., 1991), and specifically nitrogen pro-
cessing (Kadlec & Knight, 1996; Saeed & Sun, 2012; Vymazal, 2007).
Ammonification (N to NH3) occurs optimally between pH 6.5 and 8.5,
while nitrification occurs optimally at pH 8.0 and is limited below
pH 6.0 (Kadlec & Knight, 1996; Saeed & Sun, 2012; Vymazal, 2007).
There is no knowledge of how dung beetles influence microbial pro-
cessing, although decomposition cycles are expected to be inextrica-
bly linked and contribute to the internal pH of dung pads. Brood ball
production by tunnellers (paracoprids) inhibits ammonia volatilisation
and promotes the proliferation of aerobic bacteria, thus enhancing
nitrification (Kazuhira et al., 1991). Aeration by tunnels also facilitates
nitrogen mineralisation (Bertone et al., 2006). The production of
ammonia from urea or organic acids is commonly used to counteract
acidity by microbes and raise pH (less acidic), and is rapidly increased
under aerobic conditions (Krulwich et al, 2011; Pennacchietti
et al., 2018). Furthermore, the nutrient cycling processes of microor-
ganisms are affected by grain-based diets, which create lower pH
environments in dung (Aarons et al., 2009; Carpinelli et al., 2020;
Maldonado et al., 2019). Nutrients are tied up in lower pH dung pads,
as seen with soil nutritional availability and microbial abundance
(Beadle, 1966; Brady et al, 2008; Neina, 2019; Pietri &
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Brookes, 2008; Penn & Camberato, 2019; Simek & Cooper, 2002).
The microbiota of the dung beetle intestinal tract also plays a role in
the processing of dung (Ebert et al., 2021; Shukla et al., 2016; Suarez-
Moo et al., 2020). The beetles in this study were all collected from
pasture-reared farms rather than grain-based farms. This likely influ-
ences the gut microbiota of dung beetles, which may influence the
tolerance of different diets and nutrient variations.

The pH of dung is the bi-product of the diet and is associated
with differing nutritional contents of the dung. pH binds nutrients
within dung pads similar to soil nutritional availability and microbial
abundance (Beadle, 1966; Brady et al., 2008; Neina, 2019; Penn &
Camberato, 2019; Pietri & Brookes, 2008; Simek & Cooper, 2002). In
our study, grass-fed dung was chemically manipulated using hydro-
chloric acid to a lower pH, whereas Dadour and Cook (1996) com-
pared grain-derived dung to pasture-derived cattle dung. This may
have exacerbated different outcomes between our study and Dadour
and Cook (1996), as carbohydrates within the cattle diet will increase
the carbohydrate output in dung. Carbohydrates were beyond the
scope of this study, though dietary shifts caused by pH will manipu-
late dung parameters in different ways and might induce a different
response by coprophagous insects. The rumen undergoes chemical
changes to tolerate the grain in livestock diet (Yang et al., 2001),
which could, in turn, result in higher dung carbohydrate concentra-
tions. How different dung beetle species respond to pH and different
dung nutrition is poorly understood and warrants further
investigation.

Prior to this research, little was known about the influence of pH
on brood production and the size of dung beetle broods. We have
demonstrated that more broods were produced in pH 6, pH 7 and
control dung (pH 7.3) compared with pH 5, but there was no differ-
ence in the brood dry weight across all treatments. More broods were
produced by O. binodis in annual pasture-derived dung, which had a
higher pH (7.02) compared with dung derived from grain-fed cattle
(6.22 and 6.24) (Dadour & Cook, 1996). This degree of variation in
brood production was not observed between the lab-manipulated pH
treatments from 6 to 7. O. binodis can produce up to 14 broods per
female per week depending on dietary and seasonal factors (Ridsdill-
Smith, 1986), which suggests pH is not the only factor influencing
brood production. Dung beetle reproduction within pasturelands has
been shown to be influenced by a range of factors, including pasture
quality (Kaur et al., 2021; Ridsdill-Smith, 1986), mammalian species
(Gittings & Giller, 1998) and ruminant versus non-ruminant
(Edwards, 1991), all of which influence the quality of dung. The
effects of dung quality on dung beetles and their reproduction are
widely observed (Dadour & Cook, 1996; Kaur et al., 2021; Ridsdill-
Smith, 1986). The interaction between grain and the resulting pH of
cattle dung and the negative influence on O. binodis reproduction is
clear (Dadour & Cook, 1996). However, different dung beetle species
may be tolerant to different dung qualities, and there are still many
aspects of the effects of the dung environment on reproductive suc-
cess that require investigation.

The size (length and pronotum width) of dung beetle progeny in
this study was impacted by pH, with the largest O. binodis progeny

HEDDLE ET AL.

produced at pH 6. This is contrary to previous findings, with larger
O. binodis being produced in pasture-derived dung, with a pH of
7, compared with grain-fed dung with a pH of 6.2 (Dadour &
Cook, 1996). If pH was negatively influencing the progeny size, it is
likely that this would produce a decreasing size trend for the progeny
in our study. Dung beetle body size is important in dung removal, and
the efficiency of removal increases with increasing body size (Nervo
et al., 2014; Piccini et al., 2018). When species are influenced by the
diet, either positively or negatively (Heddle et al., 2023), they will have
an advantage or disadvantage compared to other species. This in turn
can influence the ecosystem function of species and the reproductive
effort exhibited by individuals and individual species (Servin-Pastor
et al., 2021). Body size is an important factor for ecosystem services
(dung removal) (Nervo et al., 2014), thus, any negative influence of
dung characteristics, which influence the progeny size, will negatively
influence the ecosystem services.

Progeny size has been associated with non-genetic traits such as
the dung provision by adults (Cook, 1993; Juliano, 1985). Much of the
variation in size within dung beetle populations is attributed to envi-
ronmental pressure that is applied to the breeding adults (Fox &
Czesak, 2000). The provisioning of broods with greater amounts of
dung influences the horn morphological traits and brood masses
of dung beetles (Cook, 1988; Cook, 1990; Eberhard, 1982; Hunt &
Simmons, 2000; Hunt & Simmons, 2004). Larger male beetles are able
to provide more dung by working cooperatively with reproductive
females compared with smaller beetles of the same species
(Cook, 1988; Cook, 1993). We found, however, that there was no
influence of dung pH on brood size (dry weight) and, thus, brood pro-
visioning. The larger beetles produced at pH 6 compared with all
other treatments may be due to greater nutrient availability or benefi-
cial fungal growth within the broods, optimizing the progeny size.
However, the direct link between the provisioning of broods and F4
progeny was not recorded as broods were destructively sampled. The
results do indicate that pH does influence body size and future studies
could determine the mechanisms behind this. The research conducted
has shown that dung pH does influence the number of broods pro-
duced, but not to the degree outlined by Dadour and Cook (1996).

The evidence acquired in this research refutes the broad hypothe-
sis originally put forward that dung beetles cannot reproduce in dung
with a pH lower than 6.3 (Dadour & Cook, 1996). There were, how-
ever, unexpected effects of the dung pH, mainly in regards to the
length of beetles being larger at pH 6 compared with the other pH
treatments. The question remains: is it the pH that influences the
changes observed by Dadour and Cook (1996), or is it the grain diet
and subsequent dung quality influencing the results? Further research
is needed to investigate the influence of grain feeding on the repro-
duction of dung beetles and, further, the impact of other supplemen-
tary feed types. Additional studies should investigate the link between
cattle diet, dung microbiota and dung beetle production and their gut
microbiota. While this study identifies the flaws in the original
hypothesis of Dadour and Cook (1996), further work is required to
determine the tolerance of a range of dung beetle species in

acidic dung.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

Data S1. Supporting Information.

Figure S1. Live trap used to capture O. binodis in the paddocks around
Armidale, NSW.

Figure S2. pH 5 fungus on the surface of the dung pad (a) and under
the microscope (b).

Figure S3. A pH of dung pads with measurements taken 1) internally
and 2) the surface of the dung pad over 96 hours. Dung beetle treat-
ment is with beetles (dark grey) and without beetles (light grey).
Figure S4. mean pH (4-/- SE) of dung pads over 96 hours 1) internally
and 2) externally across different dung pH treatments. Solid line indi-
cates treatments with dung beetles, dashed line indicates treatments
without dung beetles for individual pH treatments. Circles indicates a
treatment which commenced at pH 5, triangle indicates a treatment
of pH 6 and square with a control treatment.

Figure S5. Predicted mean dry weight (g) of broods with 95% confi-
dence intervals. Raw data is presented as points behind confidence
intervals. Significant differences are indicated with letters.
143, 65, 147 and 156 broods were used from the control, pH 5, pH
6 and pH 7 respectively.

Table S1. Summary of the life stage mortality of O. binodis progeny.
Data presented as percent (%) of broods in total. Bold numbers indi-
cate strong evidence of differences for mortality.

Table S2. Summary table of number of F1 progeny which emerged
were measured and analysed for F1 statistics.
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