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Ivermectin causes adverse

effects on the metabolic rate and
thermoregulatory capacity of Dung
beetles

M. A. Urrutia, V. Cortez & J. R. Verd(™

Ivermectin (IVM), a commonly used endectocide in livestock, has been shown to produce adverse
effects in dung beetle ecology, physiology, reproduction, and even their ecosystem services. However,
the ever-growing ecological importance of thermoregulation and its associated metabolic demand in
dung beetles has not received as much focus regarding the effects of this drug. Here, we evaluated
experimentally the effects caused by IVM in the metabolic rate and thermoregulation of Ateuchetus
cicatricosus (Lucas, 1846), using a standardized ecotoxicity test based on thermolimit respirometry
combined with infrared thermography (TLR-IR). The total capacity of excess heat regulation (iTR) and
the caloric metabolic rate (MR) gave the most sensitive responses to IVM ingestion. The inhibition
concentration at 50% (IC,), a relevant toxicity threshold used to calculate the concentration of IVM
that provokes a response half way among the inhibition responses obtained showed that iTR was
impacted at 0.39 pg g1, while the MR was compromised at 0.24 pg g*. Applying a TLR-IR procedure
has not only revealed how the MR of active thermoregulators is crucial for their adaptation in warm
and competitive environments, but also shown the potential of this method to be applied in real-world
scenarios like cattle-farming regions, where the need to assess the direct impact of endectocides like
IVM is vital to update and enhance regulation guidelines of these pharmaceuticals.
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Ivermectin (IVM) is the most widely used antiparasitic drug in cattle in some regions of the world because
it is both relatively inexpensive and highly effective against endo- and ectoparasites'. Due to their actions
on glutamate-gated chloride ion channels (GluCl), the glycine receptor (GlyR) and the y-aminobutyric acid
receptor (GABA), IVM interferes with the transmission among nervous and muscular cells, which are present
in nematodes and arthropods®?. Invertebrates (target and non-target organisms) display ataxia and death as a
result of inhibition of inter-neural and neuromuscular transmission. Among the non-target organisms affected
by these substances, dung beetles are particularly sensitive*. The evidence has overwhelmingly pointed to the
silent, but devastating effects IVM has on dung beetles*®. As early as 1993 there were already descriptions on
how the ingestion of cattle dung with traces of the drug was causing a gradual loss of mobility and weight
loss, culminating in the death of coprophagous insects’. Since then, a host of other studies have discovered the
effects of IVM on dung beetles across their life cycle including female reproduction®, fecundity rates®!°, adult
emergence rates'!"!4, and even at the physiological level in their sensory and locomotor capacity™>!® as well as a
biomagnification of the drug in various tissues of these insects'.

The thermoregulatory capacity, and its associated metabolic requirement, in dung beetles is another
physically demanding trait that has not received as much focus in the literature with regard to the possible effects
of IVM ingestion!”!%. Recognized now as an important trait that can determine a species’ thermal niche'®, and
thus its competitive advantage for resources?’~24, the thermoregulatory capacity in dung beetles is thought to be
modulated by, among other traits, their endothermy®?’, body mass®®, exoskeletal structure?®-*!, endoskeletal
and tracheal system anatomy®, time of activity?>? elevational distribution®***, and even seasonality®>. Of
particular importance in winged dung beetles, thermoregulation has been specifically analyzed through the
aerobic respiration of the individuals (O, uptake and CO, production) during flight'***%¢ where the rate of
heat transfer from the thorax to the abdomen during this activity greatly determines its thermoregulatory
capacity?>¥.
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Based on what is known so far on the mode of action of IVM on the neuromuscular system in dung beetles,
it is very likely that ingesting the drug will also affect their ability to reduce excess body heat through the
respiratory spiracles along with the help, sometimes, of abdominal contractions that accelerate the decrease in
body temperature?. Related to respiration, the metabolic rate of dung beetles could also be altered in situations
of thermal stress due to excess heat.

In order to demonstrate this potential impact of IVM, an ecotoxicity test is first proposed, where individual
dung beetles are fed with a controlled amount of dung spiked with different concentrations of IVM, followed by
a thermolimit-respirometry (TLR-IR) method to measure both the metabolic rate and the excess heat regulation
capacity, taking the total amount of drug ingested as the main determining factor for the observed results. To
analyze these possible effects of IVM, an ecotoxicological test was performed using a thermolimit respirometry
technique with infrared thermography (TLR-IR). The objective of the present study was to determine, through
dose vs. response curves, the concentrations of IVM that significantly affected the thermoregulation capacity
and metabolic rate of dung beetles, using Ateuchetus cicatricosus (Lucas, 1846) as a model species.

Results
Of the 68 individuals that underwent the ecotoxicity test, 52 completed the tests and were used in the TLR-IR
phase of the experiment. Of the 20 individuals assigned to the T1000 treatment, the highest concentration of
IVM, seven did not survive long enough to pass on to the thermolimit-respirometry trials. One individual
from the T1 treatment was discarded given its rapid deterioration in health observed at an early stage of the
ecotoxicity test. No bias was observed due to possible starvation caused by the ingestion of feces with high
IVM concentrations, so the average amount of IVM ingested by the individuals increased linearly as the IVM
concentration of the selected treatments increased (F=73.7, Adj. R%2=0.84, p<0.001, d.f. = 50; Table 1; Fig. 1).
Symptoms of intoxication appeared at different times depending on the treatment used, with earlier symptoms
being observed at higher concentrations of IVM used in the treatments (Table 1). The T1000 group, which had
the highest concentration of IVM in its manure treatment, was the first group to show slow and uncoordinated
movement when moving, and an inability to extend the antennal lamellae. These symptoms of intoxication for
this group were observed in all individuals, varying in time between 3 and 12 days (8.50 + 3.43 days, on average;
n=12), of treatment with IVM (Table 1). The T100 group started to present the same symptoms between 9 and
21 days (16.13 +4.22, on average; n=11) and as in the previous case, all treated individuals suffered symptoms
of intoxication. The T10 group presented these symptoms at 24 days, although they were only observed in two
individuals of the total (24.00+0.00, on average; n=10). Finally, in the T1 and Control groups, no individual
(n=10 and n=9, respectively) showed symptoms of intoxication during the development of the bioassays.
Thermoregulation capability (iTR) and metabolic rate (MR) of A. cicatricosus decreased as a function of
the concentration of IVM contained in the feces and ingested by the individuals iTR: F=23.69, Adj. R*=0.32,
p<0.001, d.f. = 50; MR: F=15.07, Adj. R%2=0.23, p<0.001, d.f. = 50; Table 1). For iTR, an IC,, value of 0.39 pg
g™ (95% CI: 0.11 to 1.90 pg g™') was found, while for the MR we obtained an IC, value of 0.24 ug g™ (95% CI:
0.02 to 1.54 pug g™'), signaling the minimum amount of drug that causes a 50% inhibition response. An increase
in IVM ingestion accompanied a strong reduction in the ability of A. cicatricosus to release the excess heat
generated in the thorax as well as diminish its metabolic rate (Fig. 2).

Discussion
Thermolimit-respirometry coupled with infrared thermography has allowed the visualization of differences in
the state of health of individuals with varying degrees of intoxication with IVM. This procedure incorporates the
observation of the behavior of the test subject, the body temperature measurement with infrared thermography,
and the exhalation of CO, per breath (VCO,) of the individual, all taking place and being recorded
simultaneously with the least possible amount of interference, unnecessary manipulation, or damage to the
individuals**?>%, The data logging of the V/CO, across the entire heat stress experiment has been fundamental
in further understanding the physiological mechanism of thermoregulation of A. cicatricosus®. Real-time
infrared thermography has allowed us to accurately identify the Heat Regulation Temperature (HRT) and the
Maximum Critical Temperature (CT,__ )%, which were necessary to calculate the two ecophysiological variables
selected for the study (iTR and MR).

Although continuous flow respirometry has been previously used to study the effect of cadmium exposure on
the metabolic rate of Hymenoptera”, or the metabolic rate of Thaumatotibia leucotreta (Meyrick, 1913) under

Treatments | Dung ingested (g) | IVM intake (ug g™') | Symptoms? (days) | iTR® (°C min™!) | MRS (W g™!) | HRT! (°C) CT, . (°C)
Control 78.47 +3.47 0 N.S. 2.96+1.38 1.32+0.58 43.02+£2.01 |49.34+2.01
T1 69.32+3.90 0.02+0.01 N.S. 3.00+£0.78 1.08+0.45 45.08+1.99 | 49.76+1.49
T10 60.80+5.93 0.20+0.05 24.00£0.00 2.56+0.49 1.20+0.39 44.82+1.40 | 49.81+1.17
T100 17.65+1.77 0.41+0.24 16.13+4.22 1.46+0.78 0.42+0.16 43.06+£1.25 | 49.69+1.65
T1000 8.44+0.55 1.21+0.70 8.50+3.43 0.63+0.78 0.39+0.22 44.04+£3.07 | 49.80+2.65

Table 1. Values of Ivermectin (IVM) ingested by Ateuchetus cicatricosus, appearance of intoxication symptoms
and ecophysiological variables measured from TLR-IR assays (mean + SD) for each treatment. *Days until

first symptoms began manifesting. "Capacity of excess heat regulation. “Metabolic rate. ‘Heat Regulation
Temperature. ‘Maximum Critical Temperature.
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Fig. 1. Boxplots for the ingestion of ivermectin (IVM) across the treatment groups. Four concentrations
of IVM (1, 10, 100, and 1000 pg kg~! dung fresh weight) and a control were used for the ecotoxicity test.
The red dots denote the average amount of ingested endectocide per treatment, normalized by body weight
(Control =0, without IVM, T1=0.019 pg g™!, T10=0.196 pg g1, T100=0.409 pg g~!, T1000=1.212 pg g™!)
while the red bars show the standard deviations. Controls not included because of log transformation.

thermal and water stress situations®’, few studies have applied the combined TLR-IR procedure®. A study on
the effects of three types of anesthesia (cold, CO, anoxia, or N, anoxia) on the thermal tolerance and metabolic
rate of Drosophila suzukii (Matsumura, 1931) observed sex differences in MR and CTmax values after exposure
to low temperatures*!.

The current approach combining TLR with IR provides several options to investigate in greater detail the
ecophysiological mechanisms of insects when subjected to different poisoning scenarios by endectocides,
pesticides, and other ecotoxic substances, which could help in the development of updated environmental
regulations for veterinary medical products and similar drugs.

The results showed that an increasing ingestion of IVM reduces the ability of A. cicatricosus to remove excess
body heat under conditions of thermal stress. This phenomenon could be related to the progressive paralysis
of the muscular system observed in arthropods*>*2. The inability of the studied individuals to effectively
contract their abdominal muscles may lead to a malfunction of the active thermoregulation mechanism through
abdominal pumping?’, and therefore, the ability to decrease their body temperature under thermal stress (iTR).
Likewise, the metabolic rate (MR), during the thermal stress phase, decreased as the intake of IVM increased,
which is directly related to the analyzed rate of CO, production (V' CO,). Respiration in this group of insects is
regulated by the system of opening and closing of the respiratory spiracles and, in the case of A. cicatricosus, also
by the abdominal pumping mechanism that acts as a facilitator of the expulsion of CO, through the tracheal
system. Since the spiracles depend, in turn, on the capacity of the abdominal muscles to function correctly, the
inhibition that occurs as a result of the action of IVM could explain the reduction in the MR of the affected
individuals. Contrary to the results, Villada-Bedoya et al.'® observed an increase in the MR in individuals of
Euoniticellus intermedius (Reiche, 1848) that were fed with IVM-containing dung. This difference in results is
probably due to the methodological limitations of this study. First, a single and very low concentration of IVM
was used in the study (10 pg kg™!), which limits the potential real impact of the drug on the MR of dung beetles
over a logarithmic series of concentrations. In addition, the CO, analyzer used does not allow the detection and
recording of individual measurements of such small organisms, so the measurements were made using several
individuals at a time, which could lead to a lack of precision in the measurements obtained and the interpretation
of the results. In the present work, the TLR-IR assay allowed the recording of the entire MR sequence of each
individual separately under various degrees of intoxication, allowing the fitting of the best dose-response models
and an accurate calculation of IC, values for each physiological mechanism.

The IC, ) values obtained from the iTR and MR responses to IVM ingestion were extremely low. Given that
the concentrations used are sublethal in the short term, with the exception of 1000 ug kg™! that can produce
ataxia and death in a few days, it is necessary to extrapolate these results in a real field scenario. Thus, for
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Fig. 2. Ivermectin ingestion response curves for (A) the heat exchange capability (iTR) and (B) the metabolic
rate (MR) of Ateuchetus cicatricosus. The shaded areas represent the 95% confidence intervals. The IC,, values
denote the amount of IVM ingested per gram of individual that provokes a response half way among the
inhibition responses obtained.

greater understanding, taking any of the two IC, values, a theoretical calculation of the number of days required
feeding in cattle dung with different residual concentrations of the drug to reach or even surpass these IC,;
values could be established. First, we would have to estimate the average daily amount of excrement consumed
by a healthy adult of A. cicatricosus. Based on the results of the “Control” group, an individual of A. cicatricosus
presented an average daily intake of 0.76 g of fresh cow excrement. Considering that the concentration of IVM in
cow excrement after the first day of treatment to cattle is 500 pg kg™! (Iglesias et al.*), it would only take one day
of ingestion for an individual to reach the highest IC value of 0.39 ug g™!, while from the third day of treatment,
with an IVM concentration of 530 pg kg™, it would take less than a day of feeding to exceed the ecotoxicity
parameters. Even after a week of elimination of IVM residues®’, the concentration found in cattle excrement by
the authors was 270 pg kg!, an amount that would only require between one and two days of ingestion for the
thermoregulation capacity and metabolic rate of A. cicatricosus to be affected. What is more serious is that the
excrement of cattle treated with IVM presents significant IVM residues up to 60 days after treatment*?, which
implies a devastating effect on the health of dung beetle species. Although this estimate is based exclusively on
one species, the IC, values were normalized by the weight of the individual, which could represent a value that
can be extrapolated to other species. However, the volume of excrement ingestion at the individual level for other
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species is unknown; therefore, we cannot generalize to all known species, since we must consider other variables
that could vary the IC, | obtained. For example, the type of cattle excrement could influence the amount of IVM
ingested per gram of dung®#4-4, the type of digestive tract in different species of dung beetles*” (Miller 1961)
could determine the amount of excrement ingested per day and the digestion time, the types of mouthparts
determines the size of the particles they filter or crush (hard diet versus soft diet)*3-, among other traits. Given
the diversity of dung beetles, it is impossible to generalize the possible scenarios of exposure, however, the results
obtained showed that IVM residues in dung are harmful throughout the entire elimination period, even when
concentrations could already be considered relatively low, which accentuates their danger for the survival of
coprophagous fauna in extensive livestock systems.

Materials and methods

Collection, selection and Preparation of beetles

Ateuchetus cicatricosus (Lucas, 1846) was selected as the model species for the experiment. This species, in
addition to having been used in previous ecotoxicology studies>!>°!, has had its thermoregulation behavior
studied®. Adult dung beetles of A. cicatricosus were collected from the Dofiana Biological Reserve (DBR-ICTS),
an ivermectin-free site within Dofiana National Park (Huelva), in southern Spain during October of 2022.
The individuals were kept in plastic containers (60x40x40 cm) at 20 °C until they were placed in a climate
chamber at the laboratory at 29£1: 21+1 °C (L: D), 80+ 5% relative humidity with a photoperiod of 14:10 (L:
D) to simulate the conditions from the site of collection. For the bioassays, only individuals in good health were
used, without amputated body parts or bruises produced in the field or during collection and transport. For the
selected individuals, the ecotoxicity test began no later than two weeks after the date of collection from the field
to minimize the bias generated by stress as a result of being in an unfamiliar environment. This work conforms
to the Spanish legal requirements, including those relating to conservation and welfare. Additionally, beetle
collection was conducted with the relevant permissions related to collection and field study within Dofiana
National Park (PI2022/03).

Ecotoxicity test

Collection and Preparation of Dung

Cow dung from untreated cattle was collected at the DBR-ICTS in Dofana National Park. The feces (~20 kg)
were homogenized using an electric paint mixer. If not used immediately, dung was cooled (1 °C) until its usage.
Ivermectin concentrations were selected according to the literature>!°. Four concentrations in fresh dung, 1.0, 10,
100, and 1000 pg kg™! plus an untreated control were used. These treatments were made by dissolving ivermectin
(1% IVM; Ivomec Merial) in absolute ethanol (Merck KGaA, Darmstadt, Germany). For each treatment (T1,
T10, T100, and T1000), a 2 ml aliquot of IVM was added to 200 g portions of fresh dung and subsequently
mixed for 30 min with a kitchen machine mixer. For the untreated control, absolute ethanol was added at the
same quantity of dung. Residual ethanol was removed by evaporation for one hour before transferring the dung
treatments to the individual experimental units, with the rest being stored at 1 °C until their use.

Laboratory bioassay design

Each individual experimental unit consisted of a plastic container (15x 10x7) cm with shredded moist paper
towels as substrate containing one dung beetle. No food was given to the selected individuals for three consecutive
days, immediately before the start of the trial, to induce their appetite and homogenize their feeding state. Twelve
individuals were randomly assigned to the different treatments (Control, T1, T10, and T100) and 20 individuals
were assigned to the T1000 group due to the increased possibility of mortality during the first days of the diet.
Beetles were sexed, numbered, and weighed (fresh body mass) prior to the first day of the trial. Based on previous
protocols>!>?!, dung was supplied in 3 ml portions on a 6 cm Petri dish, avoiding contact with the substrate
to better estimate the amount of IVM ingested per individual. Every three days, the unconsumed dung was
removed and measured (in ml) using an assigned calibrated plastic syringe. Following this, the plastic containers
were cleaned, new moist, shredded paper towels were placed, and a new 3 ml portion of dung treatment was
given. Following the symptom pattern described and used in a previous study’, (1) the ability of the individual
to walk in a coordinated manner, and (2) reflex avoidance movements of the scape-pedicel joint of the antennae
were recorded. For every individual upon positive confirmation of these symptoms, which are sequential in
time, the date and description of these were logged down. The experimental units were placed in the laboratory
at a relative humidity of 80+ 5% and temperatures of 25+ 1: 21+1 °C in a light/dark (LD) regime respectively.
The selected LD was 14:10 throughout the course of the ecotoxicity test. Upon the first symptoms recorded in the
treatments the TLR-IR phase would begin by selecting the affected individuals along with a random selection of
a control individual, reducing a possible bias in the commencement time of the tests for the treatments. For each
individual, on the day of the TLR-IR procedure its final weight and symptoms was registered.

Thermolimit respirometry and infrared thermography (TLR-IR) test

To determine the effects of IVM ingestion on the thermoregulation and metabolic rate of A. cicatricosus, carbon
dioxide emissions (V' CO,) were recorded using the TLR-IR technique following the protocol previously described
by Verdu et al.>*?>. Each individual of A. cicatricosus was placed into a flow-through respirometer measurement
chamber made of methacrylate (15x5x5 cm). The selected individual was adjusted to a strip of polyurethane
at the roof of the chamber by a metal pin that was adhered to the pronotum of the subject with melted silicon,
leaving the specimen unable to make any other point of contact within the chamber. Alongside the individual,
3 cm apart, a dead specimen previously killed by freezing and dehydrated at 80 °C for 48 h, was placed in the
same manner to act as a reference to ambient temperature. A clear polypropylene film, 80 pum thick, was used as
the cover of the frontal face of the chamber. This film was transparent to infrared radiation but retained the CO,
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within the chamber. The chamber was placed above a precision digital hotplate (J.P. Selecta, Barcelona, Spain),
and a temperature increase rate of 0.32 °C min™!, from 25 to 60 °C, was applied inside the chamber. Next, dry
CO,-free air at 150 ml min™" was pumped through the chamber by an inlet hose connected at the side closest to
the individual, and evacuated through an outlet hose connected at the opposite extreme. A gas pump Q-P103
(Qubit Systems Inc., Kingston, Ontario, Canada) was used for the described air flow, and the rate was controlled
by a gas pressure blow-off valve (Qubit Systems Inc., Kingston, Ontario, Canada) connected to a G-265 gas
controller and monitor (Qubit Systems Inc., Kingston, Ontario, Canada). The relative humidity, dew point,
and water vapor in the chamber were monitored by an RH-300 system (Sable Systems Int., North Las Vegas,
U.S.A.). The carbon dioxide concentration of air produced by the individual was detected and measured with a
Li7000 IR gas analyzer (LiCor, Lincoln, NE, U.S.A.). Carbon dioxide data was recorded using a UI2 interface.
A BL-2 unit (Sable Systems International, North Las Vegas, USA) was used for the automated baselining of
gas measurements. Data conversion into carbon dioxide production (VCOZ, in ml h™!), and measurements
corresponding to metabolic rate calculation were performed using Expedata software (Sable Systems Int., North
Las Vegas, US.A.).

Synchronized to the TLR assays, body temperature and beetle activity were recorded with a FLIR
ThermaCAM P620 thermal infrared camera placed 20 cm from the chamber to record the body temperatures
and movements of the test subject through IR sequences at 10 frames s™!. Body temperatures for each individual
were measured using temperature profiles through the ThermaCAM TM Researcher software (v. 2.9). Cuticle
emissivity of A. cicatricosus was adjusted to 0.81 according to a previous study?*. Correction of temperature by
partial polypropylene absorption was made using a beetle partially covered with the polypropylene film and by
measuring the IR emission at different temperatures (20-60 °C).

Of the various ecophysiological traits that have been described previously in the literature employing the
TLR-IR procedure**?, the total capacity of excess heat regulation (iTR) and the total emission of CO, (V'CO,),
as a measure of the metabolic rate (MR), were selected as the main response variables under analysis in relation
to the amount of ingested IVM. Both variables were measured within the range of body temperatures from the
Heat Regulation Temperature (HRT) to the maximum Critical Temperature (CT, . ) (Fig. 3). VCO,, measured
in ml h™!, was subsequently transformed into metabolic units (W)*45%53,

Data analyses
Since the logarithmic increase in IVM concentration of the treatments can sometimes cause a significant
reduction in the capacity to ingest feces’, the relationship between the increase in IVM concentration and intake
by each individual was analyzed. In addition, the relationship between the ecophysiological variables selected
and the IVM concentration ingested by the individuals of each treatment was analyzed. These analyses were
performed using linear regression and slope tests™!° with the ‘stats’ package (v. 4.4.0) and the ‘ggplot2’ package
(v.3.5.1).

The IVM concentration that inhibited 50% of both the iTR and MR variables (IC,;) was calculated from the
dose-response curves using dose-response and inhibition models. GraphPad Prism software (v10, San Diego,
USA) was used to perform these statistical analyses.
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Fig. 3. Representative TLR-IR bioassays showing the ecophysiological characteristics of: (A) an individual of
Ateuchetus cicatricosus fed with dung without IVM during the heat stress response, and (B) an individual of A.
cicatricosus fed with dung with IVM (100 pg kg™"). CO, rates are shown in blue, body temperature of the live
individual in green and the control (dead individual) in grey. Shaded areas represent the total capacity of excess
heat regulation (iTR) (in yellow) and the metabolic rate (MR) (in blue) measured from the Heat Regulation
Temperature (HRT) to the maximum Critical Temperature (CT ).

Data availability
The dataset analysed during the current study are available from http://hdl.handle.net/10045/147878.
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