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Abstract

Effects of the antiparasitic drug eprinomectin were studied on the dung beetles,
Onthophagus lenzii Harold and the rare species, Copris ochus Motschulsky by pour-
on administrations (500 pg kg™') in Japan. Eprinomectin was detected in cattle
dung from 1 to 7 or 14 days after treatment, with a peak at 1 day after treatment in
two experiments. In O. lenzii, adult survivals and numbers of brood balls constructed
were significantly reduced in dung from eprinomectin-treated cattle at 1 and 3 days
post-treatment in experiment 1, and adult emergence rates were extremely reduced in
dungat 1, 3, and 7 days post-treatment. In C. ochus, adult survivals were significantly
reduced in dung at 3 days post-treatment (experiment 1), and equivalent levels to the
control were restored in dung at 7 and 14 days post-treatment (experiment 2).
Numbers of brood balls of C. ochus were nil in dung at 3 days (experiment 1), and
significantly reduced in dung at 7 days (experiment 2) post-treatment compared
with control. Adult emergence rates of C. ochus were 100 and 71.6% in dung from con-
trol cattle in experiments 1 and 2, respectively. However, no oviposition was ob-
served in dung at 3 days post-treatment, and all offspring died at egg or the first
instar larval stage in dung from 7 and 14 days post-treatment. Feeding activities of
O. lenzii and C. ochus were significantly inhibited in dung from treated cattle at 1-3
days and 3 days post-treatment, respectively, returning to levels of the control at 7
days post-treatment.
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Introduction

Macrocyclic lactones for veterinary endectocides that are
currently used worldwide include avermectin (ivermectin,
doramectin, and eprinomectin) and milbemycin (moxidectin).
In particular, ivermectin has been used all over the world; it
not only controls gastrointestinal nematodes and arthropod
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parasites of livestock but also gets rid of pest flies by residual
active ingredient in feces (Miller et al., 1981; Benz, 1985;
Drummond, 1985). However, parasiticide residues in dung
are not selective. They kill non-target insects, which would
otherwise accelerate degradation of the dung (Wall &
Strong, 1987; Madsen et al., 1990; Floate et al., 2002, 2005). In
particular, dung beetles provide important ecosystem services
in soil fertility and pest control by transporting and decompos-
ing dung in pastures (Bornemissza, 1970; Nichols et al., 2008).
Adverse effects of ivermectin residues on the larval survival
and reproduction of dung beetles have been reported by
Ridsdill-Smith (1988), Wardhaugh & Rodriguez-Menendez
(1988), Houlding et al. (1991), Fincher (1992), Holter et al.
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(1993), Lumaret et al. (1993), Sommer et al. (1993), Kriiger &
Scholtz (1997), Dadour et al. (1999), Errouissi et al. (2001),
Iwasa et al. (2005, 2007), and Pérez-Cogollo et al. (2015).
Interference with dung degradation throughout reduction of
abundance and activity of dung beetles could damage the
productivity of pasture.

Eprinomectin was recently introduced to the animal health
industry, and it has a broad spectrum of activity and high effi-
cacy for cattle, including lactating cows (Schoop et al., 1996a, b).
Furthermore, eprinomectin can be applied to milking cows
with zero milk holding time because eprinomectin has lower
transferability than other avermectins (Williams et al., 1997;
Reist et al., 2011; Gokbulut et al., 2012; Mason et al., 2012).
Effects of eprinomectin on non-target coprophagous insects
have been studied in only a few papers in some countries
(Wardhaugh et al., 2001; Floate et al., 2002; Lumaret et al.,
2005; Iwasa & Sugitani, 2014), and no information is available
about its toxic effects on medium- and large-sized dung
beetles. This study was performed to estimate the effects of
eprinomectin by a pour-on application on the survival, repro-
duction, and feeding activity of the dung beetles Onthophagus
lenzii Harold and Copris ochus Motschulsky (Coleoptera:
Scarabaeidae), which are important dung-degrading species
in Japan.

Materials and methods
Cattle used and dung collection

The experiments were conducted in the pasture of Yachiyo
Farm southwest of Obihiro City, Hokkaido, Japan. Six
Holsteins (breeding cows, aged 10-25 months) were selected.
On 1 June 2015 (experiment 1) and 6 June 2016 (experiment 2),
eprinomectin (Eprinex Topical; Merial, Haarlem, The
Netherlands) was applied topically on the back from the
withers to the tail head of cattle by pour-on formulation at
the recommended dose of 500 pg kg™ of body weight. Ten
Holsteins (breeding cows, aged 10-35 months) were used as
controls. The cattle were fed mainly with green grass com-
posed of Kentucky bluegrass, timothy, and ladino clover.

Fresh dung pats were collected from treated and control
groups on the day prior to treatment and at 1, 3, 7, 14, and
21 days after treatment. During collection, each dung pat
was thoroughly mixed and stored at —20°C until used.

Determination of eprinomectin concentration

The concentration of eprinomectin in the feces was deter-
mined using high-performance liquid chromatography
(HPLC) following the method of Payne et al. (1995) with
some modifications. A 5 g dung sample on each date after
treatment was analyzed. The extraction was carried out with
homogenization (Physcotron, Microtec Co., Ltd) at 10,000
rpm for 1 min (instead of sonication), and the concentration
was calculated from the calibration curve of a standard solu-
tion. The determination limit of concentrations was deter-
mined at 0.05 ppm.

The effect of eprinomectin on survival and reproduction of
O. lenzii

O. lenzii is a medium-sized dung-burying beetle, which is
distributed throughout Japan. A 50 g dung sample collected
from treated (1, 3, and 7 days after treatment in experiment 1)
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and control cattle was placed on andosol (15 cm depth) in a
plastic container (12 cm diameter x 18 cm depth). Three male—
female pairs were placed on dung in each container, which
was covered with gauze and maintained at 22°C and the light
regime of 16L:8D. Dung samples were replaced with fresh ones
once per week for 2 months. At that time, andosol from each
container was sieved to collect and record the numbers of
brood balls produced by the beetles. The balls were placed in
a plastic cup (5 cm diameter x 3 cm depth) with andosol and
kept at 22°C (light regime 16L:8D) until adult emergence.
Rearing tests were replicated five times for each collection
date of dung from treated and control cattle.

The effect of eprinomectin on survival and reproduction of
C. ochus

C. ochus is the largest dung-burying beetle in Japan; it is dis-
tributed in Japan, Korea, and China. A 100 g sample of dung
collected at 3 days after treatment in experiment 1 and control,
and collected at 7 and 14 days after treatment in experiment 2
and control, were placed on andosol (30 cm depth) in a plastic
container (30 cm diameter x 40 cm depth). One male—female
pair was placed on dung in each container, and the rims of
containers were wrapped in gauze. Feces were replaced with
fresh samples once per week for 90 days; this period corre-
sponds to the breeding season (July-September) of C. ochus
in Japan. At that time, andosol from each container was sieved
to collect the brood balls produced by the beetles every 30
days. The balls collected were placed in a plastic cup (12 cm
diameter x 6 cm depth) with andosol and until adult emer-
gence. Rearing tests of adults and larvae were replicated ten
times for each collection date of dung from treated and control
cattle at 22°C with a light regime of 16L:8D.

The effects of eprinomectin on feeding activity of O. lenzii and
C. ochus

Each dung sample in the rearing container was inspected
when it was replaced with fresh dung, and the level of feeding
(F) was assessed on an arbitrary scale of 04 based on
Wardhaugh & Rodriguez-Menendez (1988) with some modi-
fications (i.e., 0 = no feeding; 1 = one feeding trace on surface of
dung; 2 =feeding trace of two or more; 3 = most feces was
eaten, but surface part of dung was left; 4=all of the feces
was decomposed into fiber or carried to a burrow).

Statistical analysis

The log-rank test was used to test for differences in the
adult mortality between controls and treatments. Then, a mul-
tiple testing adjustment of P-values was applied using the
Bonferroni method for each comparison between the groups.
The Bonferroni correction required setting the significance
level at 0.0083 (=0.05/6; O. lenzii in experiment 1) or 0.0167
(=0.05/3; C. ochus in experiment 2).

The generalized linear mixed models (GLMMs) with
Poisson error and log-link function were used to test the num-
bers of brood balls and feeding levels, and the GLMMs with
binomial error and log-link function were used to test the
adult emergence rates. The numbers of brood balls and
adult emergence rates were response variables, days of dung
post-treatment were explanatory variables, and replicates
were random effects. In the feeding activity, feeding levels
on each date were the response variables; days after the
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Fig. 1. Eprinomectin concentrations in dung (ppm of wet weight) after treatment (500 pg kg™") in experiments 1 and 2. No eprinomectin was

detected in both controls (experiments 1 and 2).
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Fig. 2. Accumulated adult mortality of O. lenzii in dung from control and eprinomectin treated cattle in experiment 1. Different letters
indicate significant differences (P < 0.0083) among control and treatments (log-rank test followed by the Bonferroni correction).

beginning of rearing and type of dung were explanatory vari-
ables, and replicates were random effects. Significance levels
for comparisons on these tests were adjusted by Tukey’s meth-
od. All tests were performed using R 3.2.4. Software (R
Development Core Team 2016).

Results
Determination of eprinomectin concentration

Eprinomectin in cattle dung attained maximal concentra-
tion at 1 day after treatment, followed by marked declines at
3 and 7 days, and it was not detected at 14 days or later in
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experiments 1 and 2 (fig. 1). No eprinomectin was detected
in control dung of both control experiments.

The effects of eprinomectin on adult survival, brood ball
production, emergence, and feeding activity of O. lenzii

Adult mortalities of O. lenzii in dung at 7 days post-
treatment were not significantly different from those in control
dung from 14 to 56 days after the beginning of rearing (fig. 2).
However, in dung at 1 and 3 days post-treatment, adult mor-
talities significantly increased from 21 to 56 days, and attained
100% at 42 and 35 days after the start of rearing, respectively
(fig. 2; x* = 39.8, P < 0.0083; x* = 33.7, P < 0.0083). The numbers
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Table 1. Number of brood balls constructed and adult emergence
rates of O. lenzii in dung from control and eprinomectin-treated
cattle in experiment 1.

Days after No. of brood balls/  Adult emergence
treatment female (mean +SD) rate (%) (mean + SD)

Control - 17.0 £ 5.5%(85) 41.9+225
Treatment 1 0 0

3 0.4+0.9°(2) ob

7 18.8 +5.72(94) 45+64°

Each value is a mean of five replicates involving three pairs of each
parent.

Values in parentheses are total numbers of brood balls.

In each column, means not associated with the same letter differ at
P <0.05 among control and treatments (GLMM followed by
Tukey’s multiple comparisons).

of brood balls per female were 17.0 in dung from control cattle,
but no brood balls were constructed in dung at 1-day post-
treatment. In dung at 3 days post-treatment, the numbers of
brood balls were significantly reduced (table 1, Z=-5.2,
P <0.001), and an equivalent level to the control was restored
at 7 days post-treatment. The adult emergence rate was 41.9%
in dung from control cattle, but that in dung at 3 and 7 days
post-treatment was significantly reduced (table 1; Z = —5.04,
P <0.001).

Fig. 3 shows the estimates of accumulated feeding activity
of O. lenzii per dung pat from control and treated cattle. There
were no significant differences in feeding rates at 7 days
post-treatment. However, in dung from 1 and 3 days post-
treatment, feeding rates were significantly suppressed com-
pared with control (Z=-4.7, P<0.001; Z=-3.1, P<0.05,
respectively).

The effects of eprinomectin on adult survival, brood ball
production, emergence, and feeding activity of C. ochus

Table 2 shows the adult mortality, numbers of brood balls
constructed, and adult emergence rate of C. ochus at 3, 7, and
14 days post-treatment in dung from control and treated cattle
in experiments 1 and 2. In dung from control cattle in experi-
ments 1 and 2, accumulated adult mortalities of C. ochus were
10 and 20%, respectively, until 90 days after the beginning
of rearing. However, in dung from 3 days post-treatment (ex-
periment 1), accumulated adult mortalities were 90% at 60
days and 100% at 90 days after the beginning of rearing,
showing a marked difference with controls (60 days:
x*=18.1, P <0.0083; 90 days: x> =30.2, P <0.0083, respective-
ly). Meanwhile, normal adult mortalities, which were equiva-
lent to the level of controls, were restored at 7 and 14 days
post-treatment (experiment 2) at all dates after the beginning
of rearing. The numbers of brood balls constructed per female
in control dung were 4.3 (experiment 1) and 4.4 (experiment 2),
but there were no brood balls in dung at 3 days (experiment 1)
post-treatment. The numbers of brood balls in dung at 7 days
post-treatment were significantly reduced (experiment 2;
Z=-2.7, P<0.05), and an equivalent level to the control
was restored at 14 days post-treatment. In dung from control
cattle, adult emergence rates were 100% (experiment 1) and
71.6% (experiment 2). However, there was no oviposition in
dung at 3 days post-treatment, and all offspring died at an
early stage of development (egg or first instar of larva) in
dung at 7 and 14 days post-treatment (data not shown).
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Fig. 4 shows the estimates of accumulated feeding activity
of C. ochus per dung pat from control and treated cattle (experi-
ments 1 and 2). The feeding levels of C. ochus in dung at 3 days
post-treatment were significantly suppressed from 7 to 49 days
after the beginning of rearing between control and treatment
(experiment 1; Z=-7.6, P <0.001). However, there were no
differences in the feeding levels at 7 and 14 days post-
treatment between control and treatment (Z=0.3, P=0.95;
Z =-1.3, P=0.35, respectively).

Discussion

In previously published studies eprinomectin pour-on for-
mulation was found to cause dung contamination for 1-29
days post-treatment with a peak at 2 or 3 days post-treatment
(Lumaret et al., 2005; Iwasa & Sugitani, 2014). Present results
which showed a peak at 1 day post-treatment are different
from those of above literatures. Moreover, the maximum de-
tectable level of eprinomectin in this study was 3-5 times high-
er than those of preceding studies (Lumaret et al., 2005; Iwasa
& Sugitani, 2014). Cook et al. (1996) and Iwasa et al. (2007, 2008)
reported that concentrations of ivermectin and moxidectin in
dung can be affected by the diet of cattle. In the present study,
the site and diet were the same as in a preceding study (Iwasa
& Sugitani, 2014). Sommer et al. (1992) suggested that ivermec-
tin concentrations in cattle dung increased by the metaboliza-
tion of organic matter in field exposed pats. It seems likely that
the difference of concentrations of eprinomectin residues in
dung was attributed to other factors such as contents of organ-
ic matter and moisture in dung which were affected by wea-
ther and the condition of cattle (age, body weight, diarrhea).
It is, therefore, necessary to clarify the relation between the
quality of dung and eprinomectin residues.

Other works have shown that dung from cattle treated
with ivermectin had no effect on the survival of adult beetles
which were small-to-medium sizes, such as Caccobius,
Euoniticellus, Liatongus, and Onthophagus (Fincher, 1992;
Lumaret et al., 1993; Iwasa et al., 2005, 2007). In large dung bee-
tles, however, ivermectin residues in dung caused a high mor-
tality for newly emerged adults of Copris hispanus Linnaeus,
Onitis belial Fabricius (Wardhaugh & Rodriguez-Menendez,
1988), and matured adults of Copris acutidens Motschulsky
and C. ochus (Iwasa et al., 2007). In dung from cattle treated
with eprinomectin, there was also no effect on survival of ma-
tured adults of Caccobius jessoensis Harold and Liatongus min-
utus Motschulsky (Iwasa & Sugitani, 2014). Wardhaugh et al.
(2001) reported that dung from eprinomectin-treated cattle
had no effect on matured adult survival of Onthophagus taurus
Schreber, but mortality of newly emerged adults increased in
dung at 3 days post-treatment. The present results for adult
mortalities of two species (figs 1 and 2 and table 2) show
that high concentrations (0.45-1.5 ppm) of eprinomectin
after treatment at the recommended pour-on dose cause a
high adult mortality in O. lenzii and C. ochus. We suggest
that the effect of eprinomectin on adult survival varies by spe-
cies even in the same genus (Onthophagus). Furthermore, dung
beetles belonging to the genus Copris may have a higher
drug sensitivity to eprinomectin than other genera same as
ivermectin.

It has been reported that there were no effects of ivermectin
on production of brood balls of Euoniticellus intermedius Reiche
(Fincher, 1992), Onthophagus gazella Fabricius (Fincher, 1992;
Sommer & Nielsen, 1992), Diastellopalpus quinquedens Bates
(Sommer et al., 1993), C. jessoensis, and L. minutus (Iwasa
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Fig. 3. Accumulated feeding activity (F) of O. lenzii in dung from control and eprinomectin treated cattle in experiment 1. Different letters
indicate significant differences (P < 0.05) among control and treatments (GLMM followed by Tukey’s multiple comparisons).

Table 2. Accumulated adult mortality, number of brood balls constructed, and adult emergence rates of C. ochus in dung from control and

eprinomectin-treated cattle in experiments 1 and 2.

Days after Adult mortality (%) No. of brood balls/ Adult emergence
treatment . - female (mean + SD) rate (%)
Days after the beginning of rearing
30 60 90

Experiment 1 Control 10.0+21.1 10.0+21.1 10.0+21.1 4.3+1.1(43) 100

3 30.0+34.9 90.0 + 31.6* 100* 0 0
Experiment 2 Control 10.0 £ 21.1° 15.0 = 24.2° 20.0+25.8% 4.4+28" (44) 71.6+24.9

7 15.0 +£24.2° 20.0+25.8% 25.0 £26.4* 22+2.6°(22) 0

14 15.0+24.2° 15.0+24.2° 20.0 £25.8% 3.8+1.8" (38) 0

Each value is a mean of ten replicates involving one pair of parents each.

Values in parentheses are total numbers of brood balls.

*Significantly different vs. control in experiment 1 (log-rank test: P < 0.05).
In each column, means not associated with the same letter differ among control and treatments in experiment 2 (adult mortalities: log-rank
test followed by the Bonferroni method, P <0.0167, numbers of brood balls: GLMM followed by Tukey’s multiple comparisons, P < 0.05).

et al., 2007). However, the numbers of brood balls of C. hispa-
nus were reduced in dung from ivermectin-treated cattle at 3
days post-treatment (Wardhaugh & Rodriguez-Menendez,
1988), and those of Onthophagus landolti Harold decreased at
concentrations of 0.1, 1.0, and 10.0 ppm in dung spiked with
ivermectin (Pérez-Cogollo et al., 2015). Moreover, there were
no brood balls and/or oviposition of C. acutidens and
C. ochus in dung from ivermectin-treated cattle at 1 day after
treatment (Iwasa et al., 2007). In dung from eprinomectin-
treated cattle, there was no effect on the number of brood
balls of C. jessoensis and L. minutus (Iwasa & Sugitani, 2014).
In newly emerged adults of O. taurus, however, brood balls
in dung from eprinomectin-treated cattle decreased at 3 days
post-treatment (Wardhaugh et al., 2001). The present results
suggest that a high concentration of eprinomectin residues in
dung could cause a significant reduction in the numbers of
brood balls of O. lenzii and C. ochus, and its effect may persist
longer in C. ochus.

In most cases, larval survivals or adult emergence rates of
dung beetles (Aphodius, Caccobius, Copris, Diastellopalpus,
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Digitonthophagus, Euoniticellus, Liatongus, and Onthophagus)
decreased in dung from ivermectin-treated cattle (Wardhaugh
& Rodriguez-Menendez, 1988; Fincher, 1992; Lumaret et al.,
1993; Sommer et al., 1993; Kriiger & Scholtz, 1997; Errouissi
et al., 2001, Wardhaugh et al., 2001; Iwasa et al., 2007).
However, there are few reports on the effects of eprinomectin
on larvae of dung beetles. Wardhaugh et al. (2001) showed that
eprinomectin residues in dung at 3-7 days post-treatment
reduced the larval survival of O. taurus. Adult emergence
rates of C. jessoensis and L. minutus were reduced in dung
from eprinomectin-treated cattle at 1-3 days post-treatment
(Iwasa & Sugitani, 2014). The present results show that adult
emergence rates of O. lenzii and C. ochus were reduced at 1, 3,7
days and 3, 7, 14 days post-treatment, respectively (tables 1
and 2). The period during which eprinomectin-treated cattle
produce dung toxic to larvae of O. lenzii is consistent with
that of O. taurus, and both periods are longer than those for
C. jessoensis and L. minutus. Iwasa et al. (2007) suggested that
the effect of ivermectin on the larval survival of small dung
beetles such as C. jessoensis is short-term in comparison with
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Fig. 4. Accumulated feeding activity (F) of C. ochus in dung from control and eprinomectin treated cattle in experiments 1 and
2. *Significantly different vs. control in experiment 1 (GLMM: P <0.05). Values followed by same letters within each day after the
beginning of rearing are not significantly different in experiment 2 (GLMM followed by Tukey’s multiple comparisons: P < 0.05).

medium-sized dung beetles. The same phenomenon may be
present in dung from cattle treated with eprinomectin.

As shown in the present results, all offspring of C. ochus
died at an early stage (egg or first instar of larva) in dung
from 14 days post-treatment (table 2), although epriomectin
was undetected in it (fig. 1). Doherty et al. (1994) reported
that the adult emergence rates of O. gazella were severely re-
duced at a very low concentration (0.008 ppm) in dung direct-
ly spiked with abamectin. It is possible that dung from 14-days
post-treatment with undetectable residues of eprinomectin
(<0.05 ppm) could cause a high toxicity against the early
stage of C. ochus. Copris species are listed as ‘rare’ or ‘endan-
gered’ species in many prefectures of Japan (Hori, 2005).
Iwasa et al. (2007) suggested that the decrease of C. ochus in
Japan is partly attributed to the contamination of dung with
anthelmintic drugs such as ivermectin. For evaluation of eco-
toxicity of drugs used in pastures, attention should be paid to
impact on the population of dung beetles such as Copris spe-
cies, which show a high drug sensitivity.

Wardhaugh & Rodriguez-Menendez (1988) showed that
the feeding activity of C. hispanus was greatly suppressed at
1-8 days after treatment by ivermectin injection. In their
field experiment, Dadour et al. (1999) reported that dung dis-
persal by O. taurus decreased at 7 and 10 days after treatment
in dung from cattle treated with ivermectin by injection. Dung
removal by O. landolti was inhibited in dung which was spiked
with ivermectin at 0.1, 1.0 and 10.0 ppm (Pérez-Cogollo et al.,
2015). The present results indicate that dung from cattle
treated by pour-on formulation at the recommended dose of
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eprinomectin causes a high concentration of eprinomectin re-
sidues, associated with the suppression of feeding of O. lenzii
and C. ochus. This concentration occurred in dung produced at
3 days post-treatment when adult survival was also affected
(fig. 1 and table 2).

It is known that avermectin acts on both glutamate-gated
and GABA-gated chloride channels in nerve and muscle
cells of invertebrates, resulting in somatic paralysis and
death (Cully et al., 1994; Arena et al., 1995). Verdu et al.
(2015) reported that ivermectin in dung decreased the olfac-
tory and locomotor capacities of Scarabaeus cicatricosus
Lucas, and it caused a significant negative effect on foraging
success. Eprinomectin may have an effect on the feeding activ-
ity of dung beetles in the same mode of action as ivermectin,
causing reduction of adult survival.

Our results show a significant effect of eprinomectin on
survival, reproduction, and feeding activity of two species of
dung beetles which have an important function in dung dis-
persal and decomposition in Japan. Further study is necessary
to clarify the effect of eprinomectin on other dung beetles in-
habiting dung pats and to evaluate the impact of this drug on
dung degradation in the pasture.
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