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Abstract. A chamber, named SOIL-INSECT toolbox, was developed to analyse the effect of various factors on the behaviour of
soil-dwelling insects. It is equipped with sensors that continuously monitor the concentration of CO2 in the different compartments
of the chamber without disturbing the air balance in the soil. The chamber can be adapted to study different stimuli, including volatile compounds, both in the presence and absence of plants. The chamber was tested using the larvae of Melolontha spp., which
confirmed its suitability for carrying out complex studies on insect-insect and insect-plant-microbiome interactions in a complex
environment such as soil. The results of behavioural experiments using L3 larvae of Melolontha spp. in sterilized and natural soils
revealed that the soil condition affected the behaviour of the larvae, likely due to its effect on the soil microbiome and physicochemical characteristics.

INTRODUCTION

The knowledge on belowground interactions between
root-feeding insects, plants and the soil microbiome are
still limited, in spite of the recent increase in studies on
soil biodiversity (Shikano et al., 2017; Mercado-Blanco
et al., 2018) and its relations with plant health (Zvereva
& Kozlov, 2012; Thompson et al., 2017). Interactions between soil-living herbivorous insects, plants and the soil
environment form a complex network, but of great practical importance for agriculture and forestry. Indeed, the
complexity of the soil environment (Ariño et al., 2008), the
patchy distribution of soil pests (Schmidt & Hurling, 2014)
and the consequent difficulties in monitoring them, together with the limited number of active substances available
for their control, have resulted in an increased risk of damage to crops. In this context, a better understanding of the
mechanisms underlying plant-insect interactions and the
behaviour of insects, as well as the influence of the soil
microbiome, including that of the entomopathogenic species, could result in the development of new strategies for
managing soil pests.
The difficulties encountered in behavioural studies of
plant-insect interactions of soil-herbivores are related to
not only the physical, chemical and biological characteristics of soil, but methodological. For instance, the host-plant
localization process by soil-dwelling larvae is still unclear,

even though the release of several secondary metabolites
in the form of volatile organic compounds (VOCs) are
known to act as repellents, attractants or signalling agents
for soil herbivores (Loreto & Schnitzler, 2010; Arimura
et al., 2011; Bustos-Segura & Foley, 2018; Paudel et al.,
2019). In addition, VOCs from the soil microbiome (either
plant-associated or free living) are known to influence the
behaviour of herbivorous insects (Biere & Bennett, 2013;
Hassani et al., 2018; Grunseich et al., 2020). Nevertheless,
a major plant metabolite attracting soil insects to plant
roots is carbon dioxide (Johnson & Gregory, 2006). On the
other hand, plant roots are not the only belowground emitters of CO2, as soil living animals and microorganisms also
release this compound as a result of respiration and decomposition of organic matter. The framework within which
soil-insects and plants interact is further complicated by
the characteristics of soil. Spreading of volatile compounds
in the belowground soil-air complex differs significantly
from their spread in atmospheric air as it depends on soil
structure, pore space and overall soil properties (Rolston,
2005). Moreover, the techniques used to analyse volatile
compounds in soil should be adapted to these specific conditions. As the gas exchange in soil is a passive processes
(Stępniewski et al., 2011; Smith et al., 2018), the procedure
for collecting volatile substances should be also based on
static techniques, which only slightly disturb the natural
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Fig. 1. Schematic drawing of the observation chamber (80 cm × 25 cm x 3 cm) used in the experiments – side view of the chamber, which
was divided into a grid made of 80 interspaces (each of 5 cm × 5 cm size). The stars on A5 (grey) or P5 (black) indicate the air or CO2
inlets, respectively; the grey rectangular area (G–J:2–4) in the middle of the chamber is the location of larvae at the beginning of each
assay; the letter S indicates the position of three CO2 sensors.

environmental balance (McAlary et al., 2014a, b). Considering all these aspects, there is still the need for designing
semi-natural systems (e.g. mesocosms), which will facilitate the study of the behaviour of soil-herbivores and the
different factors that affect them.
Here we present a new kind of arena, named SOILINSECT toolbox, which could be used for studying the
behaviour of soil-dwelling insects subjected to different
conditions (e.g. VOCs, plants, microbiome, etc.). It was
tested using the larvae of Melolontha spp., which are polyphagous pests causing severe damage to many horticultural and forestry plants (Dolci et al., 2006; Głowacka &
Sierpińska, 2012; Wagenhoff et al., 2014; Malusá et al.,
2020; Pedrazzini et al., 2021). The validation of the system
was carried out using a gradient of synthetic CO2 as attractant, assessing also the interference of the soil microbiome
on the larvae activity.
MATERIALS AND METHODS
Testing the chamber

The distribution of the larvae was observed using a specially
constructed chamber (80 cm wide × 25 cm long × 3 cm deep)
made of transparent plexiglass (5 mm thick), which is illustrated
in Fig. 1. The observation device was divided into 80 grids in 16
vertical and 5 horizontal rows (each grid is 5 cm × 5 cm). Inside
the chamber, on the inner side of the front of the removable lid,
three carbon dioxide sensors were attached (in the middle and at
both ends of the lid) for monitoring the CO2 concentration during the assay (the chamber assembly is shown in Fig. S1). Each
carbon dioxide sensor (CDM7160-C00, Figaro) was connected
via a FT232 USB UART Board (mini) converter (Waveshare) to
a laptop through a mini B-USB cable. The data were collected
using ConcMeasure dedicated application (Figaro Engineering
Inc., Japan) and stored in csv files. Each sensor monitored CO2
concentration at 2s intervals during the whole assay (5 h). To
minimize the contact of the electronic system of the sensor with
soil they were each placed in a plastic string bag with a small hole
enabling direct contact of the sensor with the soil (in addition the

whole module was protected by a 1 mm mesh, which prevented
soil entering the bag, Fig. S2).
Chamber validation tests

The chamber was first filled with peaty soil without insects to
validate the chamber air tightness before it was used to evaluate
the behaviour of Melolontha spp. larvae. Peaty soil was selected
because it as an ideal substrate for such studies. CO2 concentration was monitored inside (in the vicinity of the CO2 inlet) and
outside (just at the edge of the chamber, in the nearest position
to the CO2 inlet) the chamber, as well as in the room where the
experiment was carried out. The conditions in the assay were the
same as in the behavioural experiments (i.e. for almost 5 h carbon
dioxide was supplied at a flow of 18.0 ml min–1). A separate assay
was carried out to evaluate the soil CO2 background inside the
chamber in the absence of additional CO2.
Behaviour of larvae of Melolontha spp.

L3 larvae of Melolontha spp. were dug up at different locations
in Poland and maintained individually in 200 ml plastic containers filled with soil from the field from which they were collected
and kept at 12–14°C. They were fed pieces of carrot ad libitum.
Two days (48 h) before the start of the experiments they were
starved and kept at room temperature. Only individuals in good
condition and active were used in the experiments and only once.
Before each experiment the chamber was filled with 4.3 ± 0.1
kg sterilized (3 h at 150°C) or non-sterile peaty soil (sieved with
2 mm mesh) having approx. 10% moisture level, which is typical
for the soil of the fields from which the larvae were collected. Ten
L3 larvae of Melolontha spp. were placed in the middle of the
chamber (columns G–J Fig. 1). The removable lid was fastened to
the chamber using clamps; there was an EPDM rubber gasket at
edge of the lid in contact with the other elements of the chamber,
which ensured the whole system was air tight. The chamber was
then covered with black plastic foil to assure complete darkness.
During each experiment the chamber was supplied with synthetic air at one end of the chamber (grey star Fig. 1), and CO2
(approx. 2.1% in synthetic air) from the second end of the device (black star Fig. 1). The flow rate of the gases was controlled
using a flow meter and set at 18.0 ml min–1. The gas supply and
CO2 concentrations were continually monitored at the three points
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Fig. 2. Carbon dioxide concentrations (Fig. 2A) and number of larvae (Fig. 2B) observed in the three compartments of the chamber with
natural and sterilized soil. Means ± SD, n = 5. Different letters indicate significant differences between the compartments of the chamber
(abc for CO2 concentrations and xyz for number of larvae) based on ANOVA and Tukey’s post-hoc test at p ≤ 0.05.

inside the chamber. The arena consisted of three zones: neutral,
which was in the middle of the chamber, and air or CO2 zones,
which were close to the respective gas inlet. At the end of experiment the position of each individual grub was recorded in terms
of where it was in the grid square and zone of the chamber. There
were 5 replicates of each experimental treatment, resulting in testing the response of 50 larvae of Melolontha spp. in both sterile
and non-sterile soil to carbon dioxide. After each experiment the
chamber was washed with detergent, rinsed with distilled water,
dried and surface sterilized by exposure to UV light for 20 minutes.
Statistical analysis

CO2 concentrations and numbers of larvae in the three zones
(air, neutral and CO2) were compared statistically using R software version 3.5.0 (R Core Team, 2019). The Shapiro-Wilk test
was used to verify whether data followed a normal distribution,
and the Levene’s test was used to verify the homogeneity of variances. The data were then analysed using ANOVA and differences between means tested using Tukey’s test at p ≤ 0.05 with HSD
test function from the “agricolae” package of the R software.

RESULTS

The results of the validation tests on the chamber are
summarized in Fig. S3. The preliminary tests confirmed
the tightness of the system: no significant difference between CO2 concentrations near the chamber and in the
room where it was housed and significantly higher CO2
concentrations in the chamber nearest the gas supply. The
carbon dioxide concentration in the direct vicinity of the
gas supply was also significantly higher than in the soil,
indicating that this system could be used for determining
the response of insects to CO2.
Carbon dioxide concentration in the CO2 compartment
was significantly higher than in the neutral or air zones of
the chamber in all experiments (Fig. 2A, statistical analysis
of results in Table S1). In each experiment, CO2 concentrations measured in the neutral zone were slightly higher
than in the air zone (Table S1), although not statistically
202

significant. CO2 concentrations measured in the sterile
soil were more variable than those recorded in nonsterile
soil, with the coefficient of variation ranging from 23.5 to
37.4% for sterile soil and from 9.7 to 22.9 for nonsterile
soil (Table S1).
L3 larvae of Melolontha spp. were attracted to the carbon
dioxide source. In both of the soils tested the average number of larvae observed in the CO2 zone was always higher
than in the two other compartments (Fig. 2B and Table
S1). The difference between number of larvae recorded in
the CO2 and air zones was always statistically significant
(Fig. 2B), indicating that L3 larvae were attracted 4-fold or
2-fold more by CO2 than by synthetic air in nonsterile and
sterile soil, respectively. Moreover, the number of larvae
recorded in the neutral compartment was always comparable (no significant differences) with the number recorded
in the air zone, regardless of the type of soil used.
To visualize the strength of the response of L3 larvae of
Melolontha spp. to carbon dioxide we analysed the spatial
distribution of each individual inside the chamber (Fig. 3).
The locations of larvae in the CO2 zone in sterile soil was
more randomly distributed than in nonsterile soil, where
the distribution was more uniform and consistently close to
the CO2 inlet, indicating a straight movement of the larvae
towards the inlet.
DISCUSSION

A chamber (SOIL-INSECT toolbox) for studying soildwelling insects was designed for analysing the effect of
various factors on the behaviour of insects. The chamber
is larger than a similar one used to study western corn
rootworm larvae (Vemmer et al., 2016) and can be used to
simultaneously monitor several individuals, thus enabling
studies of tri-trophic (Shikano et al., 2017) and insect-insect interactions (Erwin et al., 2013), which are important
for understanding the behaviour of soil-dwelling pests. The
inclusion of passive CO2 sensors in the chamber for con-
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Fig. 3. Visual representation of the recorded positions of L3 larvae of M. melolontha at the end of the experiments with both soil treatments. The number of larvae present in each square (as in Fig. 1) of the chamber is recorded. The stars indicate the synthetic air (grey)
and CO2 (black) inlets.

tinuously monitoring carbon dioxide concentration without altering the soil gas flow dynamics, is a key feature
of this system. The use of this kind of sensors makes this
system better than those based on the analysis of collected
soil-air samples, which sampling induces unnatural soilair circulation and disturbs the normal diffusion process of
gases in soil (Rolston, 2005). The passive headspace collection of VOCs from the chamber could be also possible
using polydimethylsiloxane sorbent in the form of silicone
tubes (Kallenbach et al., 2015), which could be placed in
the chamber instead of, or together with, the CO2 sensors.
The system could be considered as derived from the
rhizobox system, designed for studying the root system
architecture and rhizosphere properties (Sas Paszt & Zurawicz, 2005; Neumann et al., 2009). The device presented,
in addition to the above features, can be used to observe the
movements of soil-dwelling insects and monitor soil carbon dioxide concentrations (and VOCs) at the same time,
and could be used to sample the roots and rhizospheres of
plants added to the system.
Olfactometers are regularly used to study the behaviour
of aboveground insects (Turlings et al., 2004; Biasazin et
al., 2018). However, monitoring soil-dwelling insects must
overcome the impossibility of directly observing insects in
soil. The recent development of highly sensitive sensors

for acquiring the noise produced from the activity insects/
larvae provided an opportunity for studying larvae in soil
(Görres & Chesmore, 2019). Their specific noise patterns
can be used to locate and even identify individuals of two
species of Melolontha. However, preliminary studies carried out with the Soil-Insect toolbox revealed it was difficult to correlate the number of larvae to strength of the
noise signal. Acoustic analysis could thus be a promising
qualitative method for use in ecological studies. Another
method explored in our laboratory was the use of microchips attached to insects (Karpelson et al., 2008). There are
several kinds of microchips, which using radio frequency
identification technology (RFID) can record the signal
from individual insects only a few centimetres apart, like
those used for goods tagging, which would make it possible to follow tagged insects even in soil (Moreau et al.,
2011). However, the possible adverse effect of the microchip on insect movement or the difficulties of attaching it
in a way that does not interfere with the insect’s behaviour,
prevented us from using this technology.
We tested the Soil-Insect toolbox for studying the movement of larvae of Melolontha spp. towards different stimuli in soil, using carbon dioxide as a simple attractant.
L3 larvae of Melolontha spp. moved towards the source
of carbon dioxide in the chamber. Plant roots release CO2
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into the rhizosphere during respiration (Kuzyakov & Larionova, 2005), which could act as a common cue for soil
herbivores in locating plant roots. This was the case for
species such as the giant rhinoceros beetle Trypoxylus dichotomus (Kojima, 2015) and the much smaller western
corn rootworm (Bernklau et al., 2004). Studies on the role
of CO2 in host plant localization by soil-dwelling insects
were thoroughly reviewed by Johnson & Gregory (2006).
Experiments conducted by Reinecke et al. (2008) using an
artificial substrate (vermiculite) confirmed this mechanism
of attraction for larvae of M. melolontha. Interestingly,
carbon dioxide readily diffuses in soil over relatively long
distances (Hinsinger et al., 2005), therefore besides functioning as signalling compound for host-plant localization
it could function as a carrier gas for other signalling substances such as VOCs.
In addition to validating the suitability of the new chamber for studying the behaviour of soil-dwelling insects, this
study addressed whether the microbiome of soil could influence the orientation of larvae of Melolontha spp. in the
soil. The attractiveness of CO2 depended on whether the
soil was natural or sterilized. In the latter, less than half
of the larvae in the arena moved towards the CO2 inlet,
whereas about 50% or more grubs were attracted in case of
non-sterilized natural soil. Natural soil is a complex multiphase, non-homogeneous substrate in terms of structure,
porosity and nutrient content, highly colonized by microorganisms with a microbial biomass carbon representing
0.6–1.1% of soil organic carbon (Fierer et al., 2009). The
soil microbiome contributes to the emission of VOCs in
soil, with several compounds identical to those contained
in root volatiles (Schenkel et al., 2015). Unsterilized soil
might have provided a better habitat odour for the larvae
in terms of background volatiles. The sterilization process
used in the present study has surely affected the soil microbial content and, consequently, their capacity to emit
VOCs, which could account for the differences observed
between the two soils in terms of the orientation of the
larvae to the CO2 source. In addition, the soil sterilization could have also influenced its physical structure and
chemical characteristics, as was reported in different soils
after 30 min of heating at 150°C (Badía & Martí, 2003).
Therefore, considering the complexity of the structure and
texture of soil as well as the chemical characteristics of the
microbial VOCs (lipophilic compounds with high vapor
pressure and a low molecular weight) (Kanchiswamy et
al., 2015; Schenkel et al., 2015), it could be hypothesized
that the modifications induced by the sterilization process
affected the CO2 flow and concentration in the soil and the
production of microbial VOCs, which resulted in the differences between natural and sterilized soil.
The scattered pattern of the grubs in the arena might
be due to the shape of the CO2 “cloud” in the soil. In the
atmosphere, odour plumes depend on air movements and
take the form of a “chemical trail” (Murlis et al., 1992).
It can be speculated that similar trails might also be present in soil and changes in the physical characteristics of
soil could have affected shape of the chemical trail and,
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thus, the differences observed in the orientation of larvae
in the two soils. However, soil physical conditions, particularly moisture or liquid phase dispersion, temperature
and gaseous diffusion, are the major factors influencing the
transport of CO2 and air/odour movement in soil (Fang &
Moncrieff, 1999; Shen et al., 2013), which ultimately affects the behaviour of soil dwelling larvae. Therefore, further experiments are needed to investigate the effect of soil
type, moisture and other physical-chemical properties on
both gas/odour movement and the behaviour of larvae of
Melolontha spp.
In conclusion, the SOIL-INSECT toolbox developed
proved suitable for studying the behaviour of soil-dwelling
L3 larvae of Melolontha spp. This chamber can be adapted for studying different stimuli, including volatile compounds, in the presence or absence of plants, without disturbing the air balance in the soil. Therefore, this chamber
is suitable for carrying out complex studies on plant-insect
interactions, including insect-insect and insect-plant-microbiome interactions in soil.
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Supplementary material follows (Table S1, Figs S1–S3).
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Table S1. Data recorded at the end of each replicate of the different treatments and results of the statistical analyses.
Treatment

Nonsterile soil

Replicate

Number of larvae

Neutral zone

CO2 zone

Air zone

Neutral zone

CO2 zone

1

0.3004

0.3836

1.0890

1

2

7

2

0.2495

0.3402

1.1008

2

2

6

3

0.2270

0.3886

1.3364

2

1

7

4

0.2050

0.4459

1.6823

1

1

8

5

0.1596

0.3978

1.3245

2

0

8

22.86

9.66

18.44

1

0.6521

1.0028

1.4691

2

2

6

2

0.5786

1.0912

1.8625

4

2

4

3

0.3489

0.7108

1.3259

3

3

4

4

0.3939

0.8105

1.2454

2

4

4

5

0.2500

0.3462

0.9824

0

5

5

37.40

36.78

23.53

Coeff. Variation %

Sterile soil

Carbon dioxide concentration [%]
Air zone

Coeff. Variation %

ANOVA and post-hoc Tukey’s test results
Carbon dioxide concentration in the three compartments (p < 0.001)
Variant

Compartment

Nonsterile soil

Sterile soil

Nonsterile soil

Sterile soil

Air zone

Neutral zone

CO2 zone

Air zone

Neutral zone

CO2 zone

Air zone

–

0.836

0.000

0.616

0.005

0.000

Neutral zone

0.836

–

0.000

0.999

0.069

0.000

CO2 zone

0.000

0.000

–

0.000

0.011

0.996

Air zone

0.616

0.999

0.000

–

0.150

0.000

Neutral zone

0.005

0.069

0.011

0.150

–

0.003

CO2 zone

0.000

0.000

0.996

0.000

0.003

–

Average number of larvae in the three compartments (p < 0.001)
Variant

Nonsterile soil

Sterile soil

206

Compartment

Nonsterile soil

Sterile soil

Air zone

Neutral zone

CO2 zone

Air zone

Neutral zone

Air zone

–

0.989

0.000

0.938

0.179

CO2 zone
0.001

Neutral zone

0.989

–

0.000

0.649

0.053

0.000

CO2 zone

0.000

0.000

–

0.000

0.000

0.006

Air zone

0.938

0.649

0.000

–

0.649

0.013

Neutral zone

0.179

0.053

0.000

0.649

–

0.000

CO2 zone

0.001

0.000

0.006

0.013

0.000

–
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Fig. S1. Structure of the arena. A – removable lid with seal and attached sensors; B – chamber filled with soil and larvae of Melolontha
spp. just before fastening the lid with clamps; C – chamber was kept in darkness during the experiment.
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Fig. S2. Carbon dioxide sensor with cables connected to the computer, before placing it in a protective string bag lined with a 1 mm mesh
(A). There is a hole in the mesh so that the sensor was in direct contact with soil (B) and the sensor was placed in bag (C) and tightly
secured within the string bag (D).
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Fig. S3. Carbon dioxide concentrations in the various compartments during the validation tests and the statistical analysis of the results.
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