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Abstract 

 

Earth’s biodiversity is undergoing substantial changes in response to anthropogenic stressors, 

creating a need for efficient methods of assessing biodiversity, particularly in soil ecosystems 

where sampling remains challenging. Soil vibroacoustics - the use of substrate-borne 

vibrations or sounds to quantify or detect below-ground biological activity – offers a 

potentially rapid and scalable approach to sampling soil fauna, but several methodological 

gaps remain. There is currently a lack of standardisation across studies. For example, few 

studies have compared sensor performance, evaluated sampling procedures, or quantified 

how soil conditions influence attenuation in field settings. We assessed the performance of 

three sensors in dry-season tropical soils: an Aquarian H1a hydrophone (‘Hydrophone’), a JrF 

C-Series Pro contact microphone (‘JrF’), and a JrF sensor attached to a metal waveguide 

(‘Waveguide’). To test attenuation, sensors were positioned at varying distances from a buried 

speaker that emitted impulse tones (short broadband signals). The Waveguide approach was 

not suitable for dry, compacted soil because insertion caused structural damage to the 

waveguide. Recorded amplitudes did not differ significantly between sensors, but the 

Hydrophone exhibited a significantly higher signal-to-noise ratio (how clearly signals can be 

detected above unwanted background noise), whereas the JrF recorded significantly higher 

maximum frequencies in sandy soil. These differences may influence the detection of low 

amplitude vibrations from soil faunal activity. Soil type, compaction, moisture, temperature, 

and tree cover had minimal effects on attenuation and frequency loss. Further methodological 

refinement across different soil systems and geographical regions is vital for progressing soil 

vibroacoustic research.  
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1. Introduction 

 1 

Earth’s ecosystems are degrading rapidly due to anthropogenic stressors such as climate 2 

change, habitat transformation, and pollution. Anthropogenic impacts on biodiversity have 3 

been studied extensively in aboveground terrestrial systems, yet comparatively few studies 4 

have focused on soil ecosystems (Cameron et al., 2018; Guerra et al., 2020). Despite this, soils 5 

are vital to global biodiversity and ecosystem functioning, with an estimated 59% of all Earth’s 6 

species living in the soil (Anthony et al., 2023). Therefore, improving our understanding of 7 

below ground biodiversity and their associated ecosystem functions, which underpin human 8 

livelihoods, is essential (Bardgett & van der Putten, 2014; Lavelle et al., 2006). 9 

 10 

Large-scale and long-term biodiversity assessments require effective sampling methods, yet 11 

monitoring soil biodiversity remains challenging due to the labour-intensive and time-12 

consuming extraction and identification required by traditional methods (e.g., soil coring, 13 

sieving, and hand-sorting; Edwards, 1991; van Klink et al., 2022). In recent years, there has 14 

been considerable development in alternative methods such as eDNA (Sahu et al., 2023; Y. 15 

Zhang et al., 2025) and passive acoustic monitoring (PAM) – the use of sounds to monitor 16 

species, environments and behaviours (Sugai et al., 2019).  17 

 18 

Animals above and below the soil generate mechanical waves or substrate-borne 19 

sounds/vibrations (for consistency, we use the term ‘vibration’ throughout the manuscript), 20 

that can be detected using acoustic and vibrational sensors (Hill & Wessel, 2016), providing a 21 

potential means of detecting and quantifying below-ground biological activity. Soil 22 

vibroacoustics is a new term (Robinson et al., in prep.), yet research in this area dates back to 23 
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the 1990s (Palestrini et al., 1990; Mankin, 1998) and early 2000s (Brandhorst-Hubbard et al., 24 

2001; Zhang et al., 2003), with the field growing considerably in recent years. Vibroacoustic 25 

monitoring offers benefits compared with traditional methods of sampling soil biodiversity; it 26 

is less destructive and invasive, while also allowing for high temporal resolution – making it 27 

easier to capture both diel and seasonal patterns in activity (Metcalf et al., 2024; Robinson et 28 

al., 2024). Soil vibroacoustic research can therefore support long-term conservation and 29 

restoration projects by providing a rapid and efficient method of assessing biodiversity and 30 

ecosystem condition. However, there have only been a handful of ecologically linked 31 

vibroacoustic studies in this substrate thus far, and considerably more methodological 32 

research is required to develop a robust method of sampling biodiversity.  33 

 34 

Several key knowledge gaps remain in soil vibroacoustics (Taylor et al., 2026), including the 35 

lack of standardised methods and vibroacoustic libraries (e.g., Mankin, 2024), alongside 36 

challenges in developing and applying appropriate analytical techniques. Crucially, little is 37 

known about how vibroacoustic sensors perform under different soil conditions. Mankin et al. 38 

(2000) compared an accelerometer and electret microphone for detecting subterranean 39 

insects, while Mankin et al. (2010) described acoustic and vibrational approaches for 40 

monitoring soil fauna; however, neither systematically quantified sensor performance across 41 

different soil conditions. Researchers have used a variety of sensors, with those in the early 42 

2000s tending to use accelerometers (Mankin et al., 2000, 2001), geophones (Mankin & 43 

Benshemesh, 2006), or electret microphones (Mankin et al., 2000, 2007). Recently, 44 

piezoelectric sensors or contact microphones have been used for ecological monitoring 45 

(Farina & Mullet, 2025; Robinson et al., 2023). The absence of standardised recording 46 

approaches may limit comparability and reproducibility, while differences in sensor sensitivity, 47 
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frequency response, and soil coupling could influence the detection and quantification of soil 48 

fauna. Direct comparisons of sensor performance are therefore urgently needed to inform 49 

standardised monitoring approaches. 50 

 51 

Many soil-dwelling taxa actively or incidentally produce low-frequency vibrations, typically 52 

below 5000 Hz (Görres & Chesmore, 2019; Rauth & Vinson, 2006). For example, Japanese 53 

rhinoceros beetle (Trypoxylus dichotomus) pupae produce vibrations below 500 Hz (Kojima et 54 

al., 2012), whilst some ant and termite species stridulate between 1000 – 5000 Hz (Casacci et 55 

al., 2013; Hager & Kirchner, 2013). However, the distance over which current sensors can 56 

reliably detect these low-frequency soil-borne vibrations across different soil conditions 57 

remains poorly understood. 58 

 59 

Determining the detection radius of each vibroacoustic sensor is important for defining the 60 

effective sampling volume, understanding species-specific bias, and assessing sampling 61 

completeness in diversity studies. The detection radius can be estimated by quantifying 62 

changes in amplitude over distance and determining the maximum range at which the 63 

vibration remains detectable by a sensor (Conrad et al., 2024). For example, Mankin et al. 64 

(2000) recorded insects in laboratory and field conditions and could identify insects with 65 

almost 100% reliability at <30 cm away in the laboratory, whilst reliability dropped to ~75% in 66 

the field due to environmental background noise.  67 

 68 

Detection distance can be mediated by species-specific vibration amplitudes or frequencies, 69 

which determine vibration transmission. For instance, a study assessing the attenuation of 70 

sound in stored grain found that the degree of attenuation (the decrease in amplitude of a 71 
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wave travelling through a medium) tripled from 0.02 dB cm-1 at 500 Hz to 0.06 dB cm-1 at 3 72 

kHz (Hickling & Wei, 1995), indicating that species which produce high frequency vibrations 73 

may be harder to detect at distance due to more rapid attenuation. Detection distance is also 74 

affected by the levels of background noise relative to the target signal, typically quantified as 75 

the signal-to-noise ratio (SNR). Sensor-specific characteristics, such as intrinsic sensor noise or 76 

sensitivity to the lower frequency range, can influence the magnitude of background noise 77 

detected. SNR presents a particular challenge in soil vibroacoustic research, as background 78 

noise – often below 500 Hz – overlaps with the frequency range of many target vibrations. 79 

Therefore, a sensor with a low SNR (i.e., higher levels of background noise proportionate to 80 

the signal) will likely reduce detectability of particular species within recordings. 81 

Consequently, evaluating the SNR of different sensors is critical for assessing their suitability 82 

for ecological field studies.  83 

 84 

Physical soil conditions can influence attenuation and, consequently, the effective detection 85 

radius of each sensor, as demonstrated by laboratory studies examining the effects of soil 86 

type, compaction, and moisture content on vibroacoustic waves. Sabatier et al. (1990) found 87 

that sand had the highest attenuation (i.e., greatest loss of wave energy) when compacted 88 

and dry, while clay and loess soil had substantially higher attenuation when compacted and 89 

wet. Oelze et al. (2002) discovered that attenuation was generally lower in more loosely 90 

compacted and drier soils, with variations in each soil type, whilst Lo et al. (2007) found that 91 

increasing water saturation produced a non-linear response in attenuation, with signal loss 92 

being greatest at intermediate moisture levels in most soils.  93 

 94 
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Although relatively few studies have directly examined the influence of soil temperature on 95 

vibroacoustic attenuation, temperature-dependent effects on vibrational waves have been 96 

demonstrated in other solid and sedimentary materials (Ye et al., 2024; Zou et al., 2015). For 97 

example, Zou et al. (2015) simulated how temperature influences attenuation in seafloor sand 98 

sediments and found that, at low frequencies, attenuation increases with temperature. While 99 

the geophysical studies are useful for understanding how different physical conditions may 100 

impact the detection range of soil fauna, these studies use measurements from simulations 101 

or controlled conditions in lab-based conditions and do not account for the heterogeneity of 102 

soils (e.g., rocks, roots, burrowing). Therefore, translating these results into a realistic 103 

ecological context remains a necessity.  104 

 105 

Here, we compare the performance of three different sensor setups in seasonally dry tropical 106 

soils. Specifically, we focus on: (1) Differences in the amplitude and frequency response, and 107 

signal-to-noise ratio (SNR) of vibroacoustic sensors across two soil types (sand, clay); (2) The 108 

influence of physical conditions (soil type, compaction, moisture content, temperature, tree 109 

cover (as a proxy for presence of roots)) on attenuation and frequency loss. We predicted that: 110 

(1) The vibroacoustic sensors will differ in their effectiveness at detecting soil-borne vibrations, 111 

owing to differences in sensor design, frequency response, and coupling to the soil matrix, 112 

and (2) Physical conditions will have soil-type-specific impacts on attenuation and frequency 113 

loss.  114 

 115 

Our study therefore assesses the performance of sensors and quantifies the influence of 116 

physical conditions on attenuation, with implications for determining a suitable ecological soil 117 
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sensor for drier, warmer habitats and discovering potential biases involved with recording in 118 

different soils.  119 

 120 

2. Methods 121 

 122 

2.1. Study area 123 

 124 

Sampling was conducted in the savanna grasslands of Laikipia County and Meru County in the 125 

central highlands of Kenya (located at 0.11 – 0.34° latitude and 37.07 – 37.53° longitude). We 126 

collected data in three conservancies situated either side of the Laikipia-Meru boundary: Lewa 127 

Wildlife Conservancy, Borana Conservancy, and Lolldaiga Conservancy. The elevation of this 128 

region is between 1400-2400 m. Average annual rainfall is typically between 400-600 mm 129 

(Giesen et al., 2017; Shaw et al., 2002) with considerable interannual variation.  130 

 131 

Soil type varies across the study site. Lewa Wildlife Conservancy and Borana Conservancy are 132 

dominated by black cotton soil. These Vertisol soils are composed of an average of 50% clay 133 

(predominantly montmorillonite) and 24% sand (Young et al., 1998), and are high in humus, 134 

phosphorus, and ammonia. Black cotton soils (hereafter, ‘clay soil’) experience deep cracking 135 

during the dry season and high soil erosion rates during the wet season due to the shrink and 136 

swell properties of montmorillonite. Lolldaiga Conservancy is dominated by red soil. The red 137 

soils are Nitisol soils which average 74% sand and 24% clay content (Augustine, 2003) and are 138 

rich in iron and aluminium oxides. Red soils (hereafter ‘sandy soil’) experience less interannual 139 

variation in structure (less cracking) than black cotton soils, owing to lower montmorillonite 140 

content.  141 
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  142 

2.2. Field data collection 143 

 144 

We assessed the ability of our sensors to detect vibrations at twenty-one 50 × 50 m study plots 145 

(11 in sandy soil and 10 in clay soil) during the dry season in central Kenya (June–August 2024), 146 

when sites were accessible, which is consistent with the timing of most ecological surveys in 147 

the region. For sandy soil, we collected data from five plots with low tree cover (<25% tree 148 

cover) and six plots with high tree cover (>25% tree cover), while clay soil comprised five plots 149 

in each category. Sites were therefore broadly balanced between areas with low and high tree 150 

cover due to the potential impacts of tree roots. 151 

 152 

2.2.1. Vibroacoustic recordings  153 

 154 

 We collected recordings at three sampling points in each plot, yielding a total of 63 different 155 

sampling points (three per plot x 21 plots) across the study. 156 

 157 

At each sampling point we compared three sensor setups: an Aquarian H1a hydrophone 158 

(sensitivity of -185 dB re 1V for a sound pressure of 1 µPa, with a frequency range from 1 Hz 159 

to 100 kHz; www.aquarianaudio.com/h1a-hydrophone.html; hereafter referred to as 160 

‘Hydrophone’, but owing to the direct contact with the soil this sensor is effectively operating 161 

as a contact microphone); a JrF C-Series Pro contact microphone (no formally published 162 

sensitivity or frequency response specifications; www.jezrileyfrench.co.uk/contact-163 

microphones; hereafter referred to as ‘JrF’); and a JrF sensor attached to a metal waveguide 164 

(2 mm diameter, 15 mm length solid copper rod; hereafter referred to as ‘Waveguide’). 165 

http://www.aquarianaudio.com/h1a-hydrophone.html
http://www.jezrileyfrench.co.uk/contact-microphones
http://www.jezrileyfrench.co.uk/contact-microphones
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Despite the JrF sensor not having formally published specifications, it was selected due to its 166 

broad frequency response and use in previous ecological studies (Farina & Mullet, 2025; 167 

Metcalf et al., 2024; Robinson et al., 2023).  168 

 169 

Each of the three sensors was attached to an AudioMoth 1.2.0 170 

(www.openacousticdevices.info/audiomoth) using Aquarian PA1 hydrophone buffer 171 

amplifiers (www.aquarianaudio.com/pa1.html) to ensure impedance matching (the similarity 172 

between the sensors and recording system that maximises energy transfer), signal 173 

amplification, and preservation of the sensors’ full frequency response (Fig. S1).  In this study, 174 

the AudioMoths act only as a miniature recording device; once equipped with an external 175 

sensor, the AudioMoth’s built-in microphone is bypassed. We soldered a 3.5 mm jack onto the 176 

circuit board of the AudioMoths to attach the buffer amplifiers (see Open Acoustic Devices 177 

(2024)).  178 

 179 

We placed the sampling points in a triangle, each 10 m from the plot centre at bearings 0o, 180 

135o, and 225o (and sampling points spaced 20 m apart from each other; Fig. 1a). At each 181 

sampling point, we dug a central hole 20 cm deep into the soil into which we inserted a 182 

speaker. We used a Minirig Mini 2 (https://minirigs.co.uk/speakers/bluetooth-minirig-mini-2) 183 

as the speaker, featuring a 52 mm driver and an integrated 15 W RMS amplifier, with a nominal 184 

frequency response of 65 – 16,000 Hz. Audio signals were delivered via Bluetooth connection, 185 

and the speaker’s compact size (84 x 53 mm; 312 g) allowed for consistent positioning across 186 

sampling points. The speaker was wrapped in plastic at the beginning of each new field day to 187 

prevent ingress of water and soil particulates (Fig. S2). We ensured that the wall of the hole  188 

http://www.openacousticdevices.info/audiomoth
http://www.aquarianaudio.com/pa1.html
https://minirigs.co.uk/speakers/bluetooth-minirig-mini-2
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 189 

 190 

Figure 1 Example study plot (a) and sampling points (b) for the experiment. In (a), each triangle represents a sampling point. The sampling points 

are positioned in a triangle, each 10m away from the plot centre. In (b), the semi-circles represent the holes where we placed the sensors. The 

flat surface facing the speaker is where the sensors were situated alongside each other (and in contact with the wall of the hole). The semi-

circle with the solid line shows where we began the experiment on each branch, moving inwards at 25cm intervals (semi-circles with dashed 

lines) toward the speaker. 
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facing the direction of North was flat before placing the speaker in the soil against the hole 191 

wall, to maximise the contact between the speaker and the soil. Because the speaker was in 192 

direct contact with the soil, it acted as a source of substrate-borne vibrations, replicating the 193 

type of signals targeted by vibroacoustic sensors during field surveys. We added the displaced 194 

soil back on top and compressed the reinstalled soil three times using similar force to 195 

standardise compaction.  196 

 197 

We dug a 15 cm deep and 10 cm wide hole at 100 cm distance from the speaker in the exact 198 

direction the speaker was facing, ensuring that the wall of the hole closest to the speaker was 199 

at 100 cm (Fig. 1b). We also flattened the wall of this hole facing the speaker, to maintain close 200 

soil/sensor contact and to place the sensors equidistantly from the speaker. We positioned 201 

the Hydrophone and JrF sensors in the hole alongside each other and 15 cm deep. We placed 202 

the sensors in close contact with the flat wall of the hole and compressed the displaced soil 203 

on top using the same method as described above. Sampling with the Waveguide involved 204 

inserting it directly into undisturbed soil adjacent to the excavation containing the 205 

Hydrophone and JrF. AudioMoths were switched to DEFAULT mode (continuous recording in 206 

.WAV format, 48 kHz sample rate, medium gain). We played three repetitions of a broadband 207 

impulse tone from the speaker at a fixed volume setting. The broadband impulse tone 208 

comprises a high-amplitude transient onset followed by an exponential decay lasting ~300 ms. 209 

Spectral energy at onset extended from 0 – 22 kHz, with higher frequency components 210 

decaying more rapidly than lower frequencies over time (see Fig. S3 for spectrogram). We 211 

then switched the AudioMoths to OFF, to attain individual sound files for each distance, 212 

equating to approximately 30 second per recording. We repeated the above process at three 213 

more distances: 75 cm, 50 cm, and 25 cm away from the speaker (the whole line of holes is 214 
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hereafter known as a ‘branch’). Each sampling point had a triplet of branches at bearings 0o, 215 

135o, and 225o (Fig. 1b). We did not record during windy or rainy conditions, as this would 216 

have introduced background noise in our frequency range of interest. 217 

 218 

2.2.2. Soil conditions 219 

 220 

We measured soil compaction, moisture content, and temperature owing to their potential 221 

impact on attenuation in substrates (Lo et al., 2007; Oelze et al., 2002; Sabatier et al., 1990). 222 

 223 

Soil compaction was calculated using a pocket penetrometer (Mousavi et al., 2021; Yasun et 224 

al., 2020). We pressed the pocket penetrometer into the soil at three random locations 225 

between each hole until insertion reached the manufacturer-specified depth indicator (6 226 

mm). Therefore, we attained 108 values of soil compaction per plot (3 per hole x 4 holes x 3 227 

branches x 3 sampling points). The pocket penetrometer gives values between 0 and 4.5 kg 228 

cm-2. The compaction measurements were taken before temperature and moisture content 229 

as these methods may have affected the structure of the soil.  230 

 231 

We used a UBIBOT soil temperature sensor (www.ubibot.com/products/soil-temperature-232 

humidity-probe) to measure soil temperature. We pushed the three probes of the sensor 5 233 

cm into the soil at one random location at each sampling point. We took one reading per 234 

sampling point as the soil temperature sensor takes at least 20 minutes for accurate 235 

measurements. Therefore, we obtained three temperature values per plot. 236 

 237 

http://www.ubibot.com/products/soil-temperature-humidity-probe
http://www.ubibot.com/products/soil-temperature-humidity-probe
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We used a HH2 moisture meter (www.delta-t.co.uk/product/hh2) to quantify soil moisture 238 

content. We pushed the two probes of the moisture meter 5 cm into the soil at three random 239 

locations between each hole. Therefore, we attained 108 values of moisture content per plot.  240 

 241 

2.3. Data extraction  242 

 243 

We used RavenPro 1.6.5 (K. Lisa Yang Center for Conservation Bioacoustics at the Cornell Lab 244 

of Ornithology., 2024) to view and measure our recordings. We calculated spectrograms using 245 

the following parameters: a Hann window with 75% overlap, a Discrete Fourier Transform 246 

(DFT) size of 4096 (frequency grid spacing = 11.72 Hz), a window size of 256, and a contrast 247 

setting of 75%.  248 

 249 

We used the measurement tool to select the three broadband impulse tones (per recording) 250 

on the spectrogram. For each impulse, a 12,000-sample temporal window was selected from 251 

the onset, and the frequency bounds were adjusted to include the highest frequency at which 252 

energy was visibly present in the spectrogram. We also selected 12,000 samples from an 253 

adjacent section of the recording without impulse activity to represent ambient conditions 254 

(‘noise’) for signal-to-noise ratio (SNR) calculations. The upper frequency bound of each noise 255 

selection was matched to that of the corresponding impulse tone selection, ensuring that 256 

signal and noise measurements were extracted over identical spectral ranges. Therefore, we 257 

measured three impulse tones and three areas of background noise in each recording. See 258 

supplementary materials (Fig. S4) for further information on this process.  259 

 260 

http://www.delta-t.co.uk/product/hh2/
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We extracted the values of peak amplitude (a measure of the highest recorded amplitude 261 

within the selection; here provided in RavenPro relative units U), maximum frequency (highest 262 

frequency recorded in hertz, i.e., the upper boundary of the selection), and in-band power 263 

(total spectral power within the selection, measured in decibels) from each selection. 264 

Terminology was adapted from RavenPro for clarity (e.g., ‘peak amplitude’ in this study is 265 

defined as ‘maximum amplitude’ in RavenPro, and ‘maximum frequency’ in this study as ‘high 266 

frequency’ from RavenPro). The signal-to-noise ratio (SNR) was calculated by subtracting noise 267 

in-band power (dB) from signal in-band power (dB). 268 

 269 

We initially aimed to measure impulse tones from all recording distances. However, the 270 

impulse tones at 75 cm and 100 cm were not consistently detectable above background 271 

conditions. Due to this low SNR and therefore limited analytical reliability, the impulse tone 272 

measurements from these distances were excluded from further analyses, and our analyses 273 

focused on 25 cm and 50 cm distances only. For the remaining 25 cm and 50 cm distance data, 274 

we also excluded observations with an SNR below our threshold of 6 dB to minimise 275 

measurement errors derived from weak or noise-dominated signals. 276 

 277 

We quantified attenuation from peak amplitude by comparing mean peak amplitudes 278 

measured at 25 cm and 50 cm from the speaker. Attenuation captures relative changes in 279 

signal strength across distance and is therefore more directly linked to soil transmission 280 

properties than raw peak amplitude measurements. An attenuation coefficient (α) was 281 

calculated assuming exponential decay of peak amplitude with distance: 282 

 283 

 284 
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 where A(d) is the peak amplitude at distance d. We rearranged this equation to calculate α 285 

using peak amplitude measurements at 25 cm and 50 cm: 286 

 287 

 288 

 289 

We quantified loss of high-frequency content (hereafter referred to as ‘frequency loss’) during 290 

signal transmission using the change in maximum frequency between recording distances. 291 

Frequency loss complements the attenuation coefficient by quantifying the reduction in high-292 

frequency components during propagation. Frequency loss was calculated as the absolute 293 

difference between 25 cm and 50 cm from the speaker (frequency loss = maximum frequency 294 

at 25cm – maximum frequency at 50 cm). Higher values therefore indicate a greater reduction 295 

in high-frequency components of the impulse during transmission through the soil.  296 

 297 

2.4. Data analysis 298 

 299 

We conducted all statistical analyses using R version 4.5.2 (R Core Team, 2025) within RStudio 300 

version 2026.01.0 (Posit team, 2026). We used the tidyverse range of packages (Wickham et 301 

al., 2019) for data wrangling, exploration, and visualisation. We used lme4 (Bates et al., 2015) 302 

for fitting linear mixed-effects models using Guassian error distributions. 303 

 304 

2.4.1. Comparison of sensors  305 

 306 

Three measurements were used to quantify sensor performance: peak amplitude (the 307 

maximum recorded amplitude of the impulse tone), maximum frequency (the highest 308 
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frequency component detected within the impulse), and signal-to-noise ratio (SNR; the ratio 309 

of the impulse signal amplitude to background noise levels, indicating detection clarity). For 310 

each of these measurements, used as response variables in analyses, we calculated the mean 311 

of the three impulse tones per sensor recording at each distance from the speaker. 312 

 313 

We fitted separate mixed-effects models for each response variable (peak amplitude, 314 

maximum frequency, and SNR). Peak amplitude and maximum frequency were log-315 

transformed using a log(1+x) transformation to improve normality and homogeneity of model 316 

residuals. Our models included sensor and soil type as categorical fixed effects, along with 317 

their interaction. We did this to test the overall difference between the sensors across both 318 

soil types, but also to test how each sensor performed within each soil type. We included site 319 

as a random intercept effect in all models to account for repeated measurements within study 320 

plots. Our models therefore took the form: acoustic measurement ~ sensor * soil type + 321 

(1|site).  322 

 323 

Model assumptions were assessed using the DHARMa package (Hartig, 2016). We checked for 324 

patterns in the simulation-based residual diagnostics, including tests of residual uniformity 325 

and overdispersion. We used analysis of variance (ANOVA) on the fitted models to evaluate 326 

the significance of fixed effects. Where significant effects were detected, we conducted post 327 

hoc pairwise comparisons using the emmeans package (Lenth & Piaskowski, 2017), applying 328 

Tukey adjustments for multiple comparisons. Estimated marginal means were used to 329 

compare sensor performance within each soil type. 330 

 331 

2.4.2. Influence of physical conditions 332 
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 333 

To assess the influence of physical conditions on attenuation and frequency loss, analyses 334 

were conducted using recordings from the JrF sensor only. This reduced dataset size, 335 

minimised variation associated with differences in sensor sensitivity and noise characteristics, 336 

and reduced the likelihood of detecting statistically significant effects with limited biological 337 

relevance due to the large sample size. The JrF sensor was selected because of its common 338 

use in soil vibroacoustic research (Farina & Mullet, 2025; Metcalf et al., 2024; Robinson et al., 339 

2023). We used soil type, compaction, moisture content, temperature, and tree cover as our 340 

measures of physical conditions. Prior to analysis, we calculated soil compaction and moisture 341 

content values at 50 cm from the speaker by averaging the 25 cm and 50 cm values, to 342 

represent the mean soil conditions along the transmission path between the speaker and the 343 

sensors. We also centred and scaled (z-scores) all continuous variables (compaction, moisture 344 

content, temperature) prior to analysis to facilitate model convergence and comparability of 345 

effect sizes. Collinearity among predictors was assessed using variance inflation factors (VIF), 346 

with values > 3 considered indicative of potential concern. 347 

 348 

We fitted separate linear models for each response variable (attenuation coefficient (α) and 349 

frequency loss). Both models included soil type, tree cover, and scaled environmental 350 

predictors (compaction, moisture, and temperature), as well as interaction terms between soil 351 

type and each continuous predictor to test for soil-type-specific effects. An additional 352 

interaction between compaction and moisture was included to account for their potential 353 

combined influence on the transmission of vibrations. We analysed attenuation coefficient 354 

using linear mixed-effects models, and site was included as a random intercept to account for 355 

non-independence of observations within sampling sites. In contrast, frequency loss was 356 
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analysed using standard linear models, as inclusion of a random effect for site was not 357 

supported by exploratory analyses. We validated and tested the significance of our models 358 

using the same methods as described above.   359 

 360 

3. Results 361 

 362 

Although the primary aim of this study was to compare the performance of three sensors, 363 

field conditions constrained deployment of the Waveguide setup. Despite being widely used 364 

in temperate soils, the tropical savanna soils during the dry season in Kenya were highly 365 

compacted, which prevented insertion of the copper waveguide without causing damage to 366 

the waveguide (which would, in turn, affect sensor performance). Consequently, this type of 367 

waveguide setup was deemed unsuitable for dry and hard tropical soils, and analyses focus 368 

on the Hydrophone and JrF sensors only.  369 

 370 

We analysed a total of 350 recordings (Hydrophone, n = 177; JrF, n = 173; approximately 2 371 

hours of total recording time). We removed a total of 105 (4.8%) impulse tone measurements, 372 

as they were below our SNR threshold of 6 dB. This comprised 3.9% (n = 43) Hydrophone 373 

measurements, and 5.8% (n = 62) JrF measurements. By distance, 1.2% (n = 13) of excluded 374 

measurements were collected at 25 cm and 8.6% (n = 92) at 50 cm from the speaker. 375 

 376 

3.1. Comparison of sensors  377 

 378 

We found no significant difference in recorded peak amplitude of the impulse between 379 

sensors (F = 1.97, P = 0.161), and there was no significant interaction between sensor and soil 380 
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type (F = 1.83, P = 0.177), indicating that sensor performance was consistent across soil types 381 

(Fig. 3a). Although soil type had a significant effect on peak amplitude (F = 5.49, P = 0.030), 382 

this is not considered further here, as the attenuation coefficient provides a more appropriate 383 

metric for comparing physical conditions. 384 

 385 

Analysis of maximum frequency of the impulse revealed a significant interaction between 386 

sensor and soil type (F = 24.4, P < 0.001), suggesting that the frequency-detection capabilities 387 

of the sensors varied between soil types (Fig. 3b). Post-hoc analyses indicated that the JrF 388 

sensor recorded over 1.34 times higher geometric mean maximum frequency (i.e., detected 389 

higher frequencies) than the Hydrophone sensor in sandy soil (P < 0.001), whereas no 390 

significant differences were observed in clay soil (P = 0.409).  391 

 392 

We found significant differences in SNR between sensors (F = 8.81, P = 0.003), with no 393 

significant interaction between sensor and soil type (F = 0.25, P = 0.616), indicating that the 394 

difference between the sensors was consistent between soil types (Fig. 3c). Across both soil 395 

types, the arithmetic mean SNR for the Hydrophone was over 1.11 times higher than the JrF 396 

sensor, indicating that the Hydrophone recordings generally contained clearer vibrations that 397 

were more distinguishable from the sensor noise floor and environmental noise. 398 

 399 
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 400 

a)

b)

c)

PSensor = 0.161
PSensor x Soil = 0.177

PSensor < 0.001***
PSensor x Soil < 0.001***

PSensor = 0.003**
PSensor x Soil = 0.616 



23 
 

Figure 3 Differences in recorded peak amplitude (a), maximum frequency (b), and SNR (c) 401 

between the Hydrophone and JrF sensors. For panels (a) and (b), soil type is shown on the x-402 

axis, visualising sensor differences within each soil. For panel (c), data are pooled across soil 403 

types and sensor is shown on the x-axis, highlighting the overall effect of sensor on SNR and 404 

reflecting the absence of a significant sensor × soil type interaction. For all plots, the effects 405 

of sensor and the sensor and soil type interaction are shown above in text (***P < 0.001, **P 406 

< 0.01, *P < 0.05). The boxplots show median (horizontal crossbar) and interquartile ranges, 407 

with individual data points overlaid. For peak amplitude and maximum frequency, the 408 

datapoints are log-transformed, as this is consistent with the analytical approach for both 409 

variables.  410 

 411 

3.2. Influence of physical conditions  412 

 413 

Soil conditions varied across sites, with compaction ranging from 0.4 – 4.5 kg cm-2 (median = 414 

2.9 kg cm-2) and temperature from 18.1 – 38.7 °C (median = 30.1 °C). Soil moisture ranged 415 

from 0 – 22.1 % (median = 3.2 %), with approximately 62% of measurements occurring under 416 

very dry conditions (< 5% moisture).  417 

 418 

We found no significant effects of soil type, compaction, moisture content, temperature, or 419 

tree cover on the attenuation coefficient (P > 0.05 for all; Table S1). Additionally, no significant 420 

interactions were detected between soil type and soil conditions, nor between compaction 421 

and moisture content (P > 0.05 for all; Table S1).  422 

 423 
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Although the attenuation coefficient (α) did not differ with our environmental variables, mean 424 

peak amplitude (± 95% CI) declined from 3,899 U (3,506 – 4,293 U) at 25 cm to 1,878 U (1,642 425 

– 2,114 U) at 50 cm across all conditions (Figure S5). This represents 52% reduction in 426 

amplitude between the two distances, suggesting high levels of attenuation.  427 

 428 

We found no significant effects of soil type, compaction, moisture content, temperature, or 429 

tree cover on frequency loss (P > 0.05 for all; Table S2). We did, however, find a significant 430 

interaction between compaction and moisture (t = 2.170, P = 0.031), suggesting that the effect 431 

of compaction on frequency loss varied with soil moisture conditions (Fig. 5). Model 432 

predictions indicated that moist compacted soils attenuate higher frequencies more than 433 

drier compacted soils (Fig. 5). We found no significant interactions between soil type and our 434 

soil conditions (P > 0.05 for all; Table S1). The emitted impulse contained frequencies up to 435 

22,000 Hz, whereas mean maximum recorded frequency was 1,652 Hz at 25 cm and 981 Hz 436 

at 50 cm, indicating substantial attenuation of higher frequencies over this relatively short 437 

distance (Fig. S6). 438 

 439 

 440 

 441 

 442 

 443 

 444 

 445 

 446 

 447 
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 448 

 449 

 450 

 451 

 452 

 453 

 454 

 455 

 456 

 457 

 458 

Figure 5 The relationship between soil compaction and frequency loss (Hz) changes depending 459 

on soil moisture content. In wetter soils, increasing compaction is associated with a greater 460 

loss of high-frequency components of the impulse than in drier soils. Lines show model-461 

predicted relationships at low (−1 SD), mean, and high (+1 SD) moisture levels, with shaded 462 

areas representing 95% confidence intervals. Compaction is standardised (z-score; mean = 0), 463 

with negative and positive values indicating below- and above-average compaction, 464 

respectively. Higher frequency loss values indicate greater reductions in frequency. The effect 465 

the compaction and moisture content interaction is shown above in text (***P < 0.001, **P < 466 

0.01, *P < 0.05). 467 

 468 

 469 

 470 

 471 

PCompaction x Moisture = 0.031*
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4. Discussion 472 

 473 

To our knowledge, this is the first quantitative field-based study that directly evaluates and 474 

compares the performance of vibroacoustic sensors in a soil substrate, building on prior 475 

comparisons of vibroacoustic sensors (Mankin et al., 2000; Mankin et al., 2010). We found 476 

that recorded amplitudes of our impulse tone (0 – 22 kHz) did not differ significantly between 477 

the Hydrophone and JrF, but key sensor specifications such as SNR and frequency sensitivity 478 

did significantly differ between sensors. We found minimal effects of physical conditions on 479 

both the attenuation and frequency loss of our recorded impulse.  480 

 481 

4.1. Comparison of sensors 482 

 483 

A key aim of this study is to aid methodological development of vibroacoustic research in 484 

seasonally dry tropical soils. Although we set out to test the waveguide approach, and despite 485 

its widespread use in temperate systems (e.g., Maeder et al., 2022; Robinson et al., 2023), it 486 

could not be used at our site because the soils were dry and compacted. This result highlights 487 

the importance of evaluating sensor effectiveness under local soil conditions before 488 

undertaking ecological surveys. However, we only trialled a thin (2 mm diameter) copper 489 

waveguide in this study – more robust waveguides may be able to effectively penetrate dry 490 

and compacted soils but would require hammering into the soil and could cause vibrational 491 

stress to below-ground fauna. 492 

 493 

Sensor performance differed depending on the variable considered. Despite finding no 494 

difference in the recorded amplitude, signal-to-noise ratio (SNR) differed between both 495 
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sensors. The higher SNR for the Hydrophone may be due to lower intrinsic sensor noise, 496 

differences in physical coupling (the degree of contact and signal transfer between the sensors 497 

and surrounding soil matrix), and/or a reduced sensitivity to the lower frequency range where 498 

background noise is concentrated (< 500 Hz) compared with the JrF sensor. Soil invertebrates 499 

can produce low amplitude and low frequency vibrations (Kojima et al., 2012; Rauth & Vinson, 500 

2006). For example, a study found that fire ants (Solenopsis invicta Buren) stridulate between 501 

200 – 600 Hz (Rauth & Vinson, 2006). A higher SNR (i.e., lower levels of background noise 502 

proportionate to the signal) will therefore likely increase the ability to detect and classify low 503 

amplitude vibrations from soil fauna (Mankin et al., 1998; Mankin et al., 2000), especially in 504 

the lower frequency range where background noise dominates. Soil fauna also generate low-505 

frequency passive vibrations through activities such as feeding, movement, or burrowing 506 

(Lacoste et al., 2018). As passive vibrations could potentially provide useful taxonomic, 507 

functional, or behavioural data, it important that a sensor is able to accurately detect these 508 

vibrations above the noise floor. However, we note that the effect size between our sensors 509 

was relatively small for this difference in SNR (approximately 10% higher in the Hydrophone), 510 

indicating that the observed difference in SNR is unlikely to translate into substantial 511 

differences in the detection of soil faunal activity. 512 

 513 

We found significant differences in maximum detected frequency, driven by the JrF sensor 514 

consistently detecting the higher frequencies of the impulse tone better than the Hydrophone 515 

in sandy soil. Despite the broadcast impulse tone containing frequencies up to 22,000 Hz, 516 

frequencies detected after propagation through the soil were largely restricted to below 2,500 517 

Hz, indicating strong attenuation of higher-frequency components. However, the frequencies 518 

retained after propagation still fall within the range of vibrations produced by soil 519 
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invertebrates (Mankin & Benshemesh, 2006; Stroud et al., 2025). For example, the ant 520 

Myrmica scabrinodis stridulates at approximately 1450 Hz (Casacci et al., 2013), two species 521 

of scarab beetle larvae (Melolontha melolontha, M. hippocastani) stridulate between 1700 – 522 

3000 Hz (Görres & Chesmore, 2019), and termite species (Macrotermes natalensis, 523 

Odontotermes spp.) stridulate between 1000 – 5000 Hz (Hager & Kirchner, 2013). Therefore, 524 

greater sensitivity to higher frequencies may improve the detection and classification of soil 525 

fauna producing high-frequency vibrations, suggesting that frequency response 526 

characteristics are an important consideration alongside SNR when evaluating sensors for soil 527 

biodiversity sampling. However, the observed difference in maximum detectable frequency 528 

between sensors was dependent on soil type, highlighting the importance of physical 529 

parameters on vibration detection. Both sensors also showed high levels of variation in 530 

recorded amplitude and maximum frequency of the impulse, suggesting potential variation in 531 

physical coupling to the soil which can influence detection of vibrations. As the effects of 532 

physical coupling were not quantified in this study, further research is needed to determine 533 

the extent to which this may influence detection and classification of soil fauna activity.  534 

 535 

4.2. Influence of physical conditions 536 

 537 

Our studied physical conditions had minimal impacts on attenuation or frequency loss. These 538 

results contrast previous studies which have found effects of soil type, compaction, and 539 

moisture content on attenuation (Lo et al., 2007; Oelze et al., 2002; Sabatier et al., 1990). 540 

Firstly, the lack of differences across our physical conditions may reflect the restricted range 541 

of soil moisture in tropical soils during seasonal dry periods, with over 60% of our 542 

measurements falling between 0–5% moisture content. Where a broader range of soil 543 
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conditions occurs, variation in vibrational attenuation may be more pronounced. Secondly, 544 

the cited geophysical studies were conducted in laboratory conditions where the 545 

heterogenous nature of the substrate could be controlled, whereas, in our field study, there 546 

would have been additional factors that could have affected attenuation, such as rock 547 

abundance, variation in pore size distribution and soil particle shape, or faunal activity (e.g., 548 

burrows), which were not explicitly accounted for. Thirdly, we measured soil moisture content 549 

and temperature at 5 cm depth due to equipment limitations, which may not fully represent 550 

conditions at our 15 cm recording depth. We also used plot-level tree cover as a proxy for root 551 

presence in the soil rather than directly quantifying local root density around each sampling 552 

point, which may also limit the interpretation of these results. We did find a significant 553 

interaction between compaction and moisture content when analysing frequency loss in both 554 

soil types combined. Our results suggest that moist compacted soils attenuate higher 555 

frequencies more than drier compacted soils. This effect is likely due to changes in soil 556 

structure and particle coupling, which in turn influence the attenuation of higher frequencies 557 

(Oelze et al., 2002).    558 

 559 

We also found an approximate 50% reduction in mean amplitude between 25 cm and 50 cm 560 

from the speaker, indicating rapid attenuation over short distances. This is further supported 561 

by the recordings collected at the 75 cm and 100 cm distances from the speaker, in which the 562 

measured impulse tones consistently fell below our SNR threshold, preventing reliable 563 

detection of the impulse. This high level of attenuation is consistent with previous soil studies 564 

which suggest that the effective detection range of sensors is highly localised, especially for 565 

species which produce higher frequency vibrations. For example, Mankin et al. (1998) found 566 

that insects were detectable within approximately 20 cm of the sensor, whilst Maeder et al. 567 
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(2022) estimated an effective detection radius of 30 – 100 cm. These findings suggest that soil 568 

vibroacoustic monitoring is inherently localised, with effective detection distances likely to 569 

remain relatively short under most physical conditions. 570 

 571 

5. Implications  572 

 573 

Our results suggest there is a trade-off between the two sensors in SNR and frequency 574 

detection. The Hydrophone detected clearer signals above the noise floor across both soil 575 

types, whereas the JrF sensor showed greater sensitivity to higher frequencies in sandy soils. 576 

However, owing to the relatively small differences in performance and the substantial 577 

disparity in cost (currently [2026] the Hydrophone is more than three times the cost of the 578 

JrF), the JrF sensor appears to be a suitable and cost-effective option for ecological monitoring 579 

projects. This is particularly relevant in studies where multiple sensors are deployed across 580 

habitats and budget constraints are a key limitation. In contrast, the Hydrophone may be more 581 

appropriate for smaller-scale studies (e.g., behavioural experiments), where fewer sensors are 582 

required and its higher unit cost may be justified by the improved signal clarity. However, the 583 

extent to which these differences translate to detection of biological vibrations in field 584 

conditions remains to be determined.  585 

 586 

Whilst we have quantified the performance of different sensors and the influence of physical 587 

conditions on attenuation in dry tropical soils, how these patterns vary across other soil types 588 

remains unknown. Our results demonstrate that sensor choice may influence vibroacoustic 589 

data and should therefore be carefully considered when designing studies or interpreting 590 

differences among datasets. We therefore stress the need for further methodological 591 
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standardisation within the field of soil vibroacoustics. For example, there have been few soil 592 

vibroacoustic studies conducted in the tropics, and therefore it is vital to test the effectiveness 593 

of sensors in a more diverse range of soil types. For instance, in softer soils where the 594 

Waveguide approach is viable, it is important to evaluate how this approach performs relative 595 

to Hydrophone and JrF sensors.  596 

 597 

However, methodological standardisation is not solely limited to considerations of sensors and 598 

an understanding of how physical conditions affect attenuation. For example, owing to the 599 

high level of attenuation in soil, researchers need to determine the appropriate number of 600 

recording areas per sampling site to ensure that representative data are obtained. In addition, 601 

the optimal recording schedule should be established to best capture soil fauna activity, 602 

including key factors such as time of day recorded and sampling duration (i.e., number of 603 

hours or days the sensors are deployed). It is also vital that more research is conducted on 604 

describing both active (e.g., stridulations) and passive (e.g., movement) vibrations produced 605 

by soil fauna. Expanding vibroacoustic libraries of soil fauna (Mankin, 2024) is a key step 606 

towards improving understanding of species-specific biases in detection range and developing 607 

more accurate classification (e.g., machine learning) and data processing methods (e.g., 608 

acoustic indices) within recordings for reliably quantifying biodiversity. 609 

 610 

6. Conclusions  611 

 612 

Our results suggest that sensor choice may be more influential than physical conditions for 613 

the detection of soil fauna in seasonally dry tropical soils. However, these findings are specific 614 

to our study system and may not translate to other soil types or habitats. We recommend 615 
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further research comparing sensor performance, particularly assessing how physical 616 

conditions and sensor-soil coupling influence vibrational transmission across different 617 

geographical regions.  618 

 619 

Acknowledgements 620 

 621 

The authors thank the Natural State Research Centre for logistical support, with special thanks 622 

to the field team. The authors are grateful to the management, rangers, and research staff of 623 

Lewa, Borana, and Lolldaiga conservancies for granting access and providing security and 624 

guidance during the fieldwork. The authors thank the Kenyan Government for permission to 625 

conduct this research (NACOSTI/P/25/4175323). JHT is grateful for funding provided by the 626 

NERC ACCE Doctoral Training Partnership (grant number NE/S00713X/1) and Natural State 627 

Research Centre.  628 

 629 

Author contributions 630 

 631 

Jonathan H. Timperley: Conceptualisation, methodology, investigation, formal analysis, 632 

writing – original draft. Dickson Mure, Kisiidi Maiyani, Immaculée Namahirwe, and Margaret 633 

Njuguna: Investigation and project administration. Lucy K. Smyth and Matt S. Rogan: 634 

Conceptualisation and project administration. Jonathan E.M. Baillie: Conceptualisation, 635 

resources, and project administration. Jafford N. Rithaa: Supervision and project 636 

administration. Catherine L. Parr and Louise Roberts: Conceptualisation, methodology, 637 

writing – review and editing, and supervision. All authors contributed critically to the drafts 638 

and gave final approval for publication. 639 



33 
 

 640 

References 641 

 642 

Anthony, M. A., Bender, S. F., & van der Heijden, M. G. A. (2023). Enumerating soil 643 

biodiversity. Proceedings of the National Academy of Sciences, 120(33). 644 

https://doi.org/10.1073/pnas.2304663120 645 

 646 

Augustine, D. J. (2003). Long-term, livestock-mediated redistribution of nitrogen and 647 

phosphorus in an East African savanna. Journal of Applied Ecology, 40(1), 137–149. 648 

https://doi.org/10.1046/j.1365-2664.2003.00778.x 649 

 650 

Bardgett, R. D., & van der Putten, W. H. (2014). Belowground biodiversity and ecosystem 651 

functioning. Nature, 515(7528), 505–511. https://doi.org/10.1038/nature13855 652 

 653 

Bates, D., Mächler, M., Bolker, B., & Walker, S. (2015). Fitting Linear Mixed-Effects Models 654 

Using lme4. Journal of Statistical Software, 67(1). https://doi.org/10.18637/jss.v067.i01 655 

 656 

Brandhorst-Hubbard, J. L., Flanders, K. L., Mankin, R. W., Guertal, E. A., & Crocker, R. L. 657 

(2001). Mapping of Soil Insect Infestations Sampled by Excavation and Acoustic 658 

Methods. Journal of Economic Entomology, 94(6), 1452–1458. 659 

https://doi.org/10.1603/0022-0493-94.6.1452 660 

 661 

Cameron, E. K., Martins, I. S., Lavelle, P., Mathieu, J., Tedersoo, L., Gottschall, F., Guerra, C. A., 662 

Hines, J., Patoine, G., Siebert, J., Winter, M., Cesarz, S., Delgado-Baquerizo, M., Ferlian, 663 

https://doi.org/10.1073/pnas.2304663120
https://doi.org/10.1046/j.1365-2664.2003.00778.x
https://doi.org/10.1038/nature13855
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1603/0022-0493-94.6.1452


34 
 

O., Fierer, N., Kreft, H., Lovejoy, T. E., Montanarella, L., Orgiazzi, A., … Eisenhauer, N. 664 

(2018). Global gaps in soil biodiversity data. Nature Ecology & Evolution, 2(7), 1042–665 

1043. https://doi.org/10.1038/s41559-018-0573-8 666 

 667 

Casacci, L. P., Thomas, J. A., Sala, M., Treanor, D., Bonelli, S., Balletto, E., & Schönrogge, K. 668 

(2013). Ant Pupae Employ Acoustics to Communicate Social Status in Their Colony’s 669 

Hierarchy. Current Biology, 23(4), 323–327. https://doi.org/10.1016/j.cub.2013.01.010 670 

 671 

Conrad, T., Roberts, L., Steiger., S., & Ringlein, M. (2024). Vibrations from the crypt: 672 

Investigating the possibility of vibrational communication in burying beetles. 673 

Entomologia Experimentalis et Applicata, 172(12), 1154-1165. 674 

https://doi.org/10.1111/eea.13519 675 

 676 

Edwards, C. A. (1991). The assessment of populations of soil-inhabiting invertebrates. 677 

Agriculture, Ecosystems & Environment, 34(1–4), 145–176. 678 

https://doi.org/10.1016/0167-8809(91)90102-4 679 

 680 

Farina, A., & Mullet, T. C. (2025). Composition and Dynamics of the Sonosphere Along a Soil-681 

Surface Ecotone at an Agricultural Site in Northern Italy: A Preliminary Approach. 682 

Geosciences, 15(2), 34. https://doi.org/10.3390/geosciences15020034 683 

 684 

Görres, C.-M., & Chesmore, D. (2019). Active sound production of scarab beetle larvae opens 685 

up new possibilities for species-specific pest monitoring in soils. Scientific Reports, 9(1), 686 

10115. https://doi.org/10.1038/s41598-019-46121-y 687 

https://doi.org/10.1038/s41559-018-0573-8
https://doi.org/10.1016/j.cub.2013.01.010
https://doi.org/10.1111/eea.13519
https://doi.org/10.1016/0167-8809(91)90102-4
https://doi.org/10.3390/geosciences15020034
https://doi.org/10.1038/s41598-019-46121-y


35 
 

 688 

Guerra, C. A., Heintz-Buschart, A., Sikorski, J., Chatzinotas, A., Guerrero-Ramírez, N., Cesarz, 689 

S., Beaumelle, L., Rillig, M. C., Maestre, F. T., Delgado-Baquerizo, M., Buscot, F., 690 

Overmann, J., Patoine, G., Phillips, H. R. P., Winter, M., Wubet, T., Küsel, K., Bardgett, R. 691 

D., Cameron, E. K., … Eisenhauer, N. (2020). Blind spots in global soil biodiversity and 692 

ecosystem function research. Nature Communications, 11(1), 3870. 693 

https://doi.org/10.1038/s41467-020-17688-2 694 

 695 

Hager, F. A., & Kirchner, W. H. (2013). Vibrational long-distance communication in the 696 

termites Macrotermes natalensis and Odontotermes sp. Journal of Experimental 697 

Biology, 216(17), 3249–3256. https://doi.org/10.1242/jeb.086991 698 

 699 

Hartig, F. (2016). DHARMa: Residual Diagnostics for Hierarchical (Multi-Level / Mixed) 700 

Regression Models. In CRAN: Contributed Packages. 701 

https://doi.org/10.32614/CRAN.package.DHARMa 702 

 703 

Hickling, R., & Wei, W. (1995). Sound transmission in stored grain. Applied Acoustics, 45(1), 704 

1–8. https://doi.org/10.1016/0003-682X(94)00017-P 705 

 706 

Hill, P.S.M., & Wessel, A. (2016). Biotremology. Current Biology, 26(5), 187-191. 707 

https://doi.org/10.1016/j.cub.2016.01.054 708 

 709 

https://doi.org/10.1038/s41467-020-17688-2
https://doi.org/10.1242/jeb.086991
https://doi.org/10.32614/CRAN.package.DHARMa
https://doi.org/10.1016/0003-682X(94)00017-P
https://doi.org/10.1016/j.cub.2016.01.054


36 
 

K. Lisa Yang Center for Conservation Bioacoustics at the Cornell Lab of Ornithology. (2024). 710 

Raven Pro: Interactive Sound Analysis Software (Version 1.6.5) [Computer software]. 711 

The Cornell Lab of Ornithology. Available from https://www.ravensoundsoftware.com/. 712 

 713 

Kojima, W., Takanashi, T., & Ishikawa, Y. (2012). Vibratory communication in the soil: pupal 714 

signals deter larval intrusion in a group-living beetle Trypoxylus dichotoma. Behavioural 715 

Ecology and Sociobiology, 66(2), 171-179. https://doi.org/10.1007/s00265-011-1264-5  716 

   717 

Lacoste, M., Ruiz, S., & Or, D. (2018). Listening to earthworms burrowing and roots growing – 718 

acoustic signatures of soil biological activity. Scientific Reports, 8(1), 10236. 719 

https://doi.org/10.1038/s41598-018-28582-9 720 

 721 

Lavelle, P., Decaëns, T., Aubert, M., Barot, S., Blouin, M., Bureau, F., Margerie, P., Mora, P., & 722 

Rossi, J.-P. (2006). Soil invertebrates and ecosystem services. European Journal of Soil 723 

Biology, 42, S3–S15. https://doi.org/10.1016/j.ejsobi.2006.10.002 724 

 725 

Lenth, R. V., & Piaskowski, J. (2017). emmeans: Estimated Marginal Means, aka Least-726 

Squares Means. In CRAN: Contributed Packages. 727 

https://doi.org/10.32614/CRAN.package.emmeans 728 

 729 

Lo, W.-C., Yeh, C.-L., & Tsai, C.-T. (2007). Effect of soil texture on the propagation and 730 

attenuation of acoustic wave at unsaturated conditions. Journal of Hydrology, 338(3–4), 731 

273–284. https://doi.org/10.1016/j.jhydrol.2007.02.034 732 

 733 

https://www.ravensoundsoftware.com/
https://doi.org/10.1007/s00265-011-1264-5
https://doi.org/10.1038/s41598-018-28582-9
https://doi.org/10.1016/j.ejsobi.2006.10.002
https://doi.org/10.32614/CRAN.package.emmeans
https://doi.org/10.1016/j.jhydrol.2007.02.034


37 
 

Maeder, M., Guo, X., Neff, F., Schneider Mathis, D., & Gossner, M. M. (2022). Temporal and 734 

spatial dynamics in soil acoustics and their relation to soil animal diversity. PLOS ONE, 735 

17(3), e0263618. https://doi.org/10.1371/journal.pone.0263618 736 

 737 

Mankin, R.W., Hubbard, J., & Flanders, K. (2007). Acoustic Indicators for Mapping Infestation 738 

Probabilities of Soil Invertebrates. Journal of Economic Entomology, 100(3). 739 

Mankin, R.W. (2024). Bug Bytes. Available at: Https://Www.Ars.Usda.Gov/Southeast-740 

Area/Gainesville-Fl/Cmave/Insect-Behavior-and-Biocontrol-Research/People/Richard-741 

Mankin/Sound-Library/ (Accessed 12 January 2026). 742 

 743 

Mankin, R.W., & Benshemesh, J. (2006). Geophone detection of subterranean termite and 744 

ant activity. Journal of Economic Entomology, 99(1), 244–250. https://doi.org/ 745 

10.1603/0022-0493(2006)0992. 746 

 747 

Mankin, R.W., Brandhorst-Hubbard, J., Flanders, K. L., Zhang, M., Crocker, R. L., Lapointe, S. 748 

L., McCoy, C. W., Fisher, J. R., & Weaver, D. K. (2000). Eavesdropping on Insects Hidden 749 

in Soil and Interior Structures of Plants. Journal of Economic Entomology, 93(4), 1173–750 

1182. https://doi.org/10.1603/0022-0493-93.4.1173 751 

 752 

Mankin, R.W., Crocker, R. L., Flanders, K. L., & Shapiro, J. P. (1998). Acoustic detection and 753 

identification of insects in soil. The Journal of the Acoustical Society of America, 754 

103(5_Supplement), 2826–2826. https://doi.org/10.1121/1.421933 755 

 756 

https://doi.org/10.1371/journal.pone.0263618
https://www.ars.usda.gov/Southeast-Area/Gainesville-Fl/Cmave/Insect-Behavior-and-Biocontrol-Research/People/Richard-Mankin/Sound-Library/
https://www.ars.usda.gov/Southeast-Area/Gainesville-Fl/Cmave/Insect-Behavior-and-Biocontrol-Research/People/Richard-Mankin/Sound-Library/
https://www.ars.usda.gov/Southeast-Area/Gainesville-Fl/Cmave/Insect-Behavior-and-Biocontrol-Research/People/Richard-Mankin/Sound-Library/
https://doi.org/10.1093/jee/99.1.244
https://doi.org/10.1093/jee/99.1.244
https://doi.org/10.1603/0022-0493-93.4.1173
https://doi.org/10.1121/1.421933


38 
 

Mankin, R.W., Lapointe, S. L., & Franqui, R. A. (2001). Acoustic Surveying of Subterranean 757 

Insect Populations in Citrus Groves. Journal of Economic Entomology, 94(4), 853–859. 758 

https://doi.org/10.1603/0022-0493-94.4.853 759 

 760 

Mankin, R.W., Hodges, R. D., Nagle, H. T., Schal, C., Pereira, R. M., & Koehler, P. G. (2010). 761 

Acoustic Indicators for Targeted Detection of Stored Product and Urban Insect Pests by 762 

Inexpensive Infrared, Acoustic, and Vibrational Detection of Movement. Journal of 763 

Economic Entomology, 103(5), 1636–1646. https://doi.org/10.1603/EC10126 764 

 765 

Metcalf, O. C., Baccaro, F., Barlow, J., Berenguer, E., Bradfer-Lawrence, T., Chesini Rossi, L., do 766 

Vale, É. M., & Lees, A. C. (2024). Listening to tropical forest soils. Ecological Indicators, 767 

158, 111566. https://doi.org/10.1016/j.ecolind.2024.111566 768 

 769 

Mousavi, F., Abdi, E., Ghalandarayeshi, S., & Page-Dumroese, D. S. (2021). Modeling 770 

unconfined compressive strength of fine-grained soils: Application of pocket 771 

penetrometer for predicting soil strength. CATENA, 196, 104890. 772 

https://doi.org/10.1016/j.catena.2020.104890 773 

 774 

Oelze, M. L., O’Brien, W. D., & Darmody, R. G. (2002). Measurement of Attenuation and 775 

Speed of Sound in Soils. Soil Science Society of America Journal, 66(3), 788–796. 776 

https://doi.org/10.2136/sssaj2002.7880 777 

 778 

Open Acoustic Devices. (2024). Using AudioMoth with External Electret Condenser 779 

Microphones. Available at: https://github.com/OpenAcousticDevices/Application-780 

https://doi.org/10.1603/0022-0493-94.4.853
https://doi.org/10.1603/EC10126
https://doi.org/10.1016/j.ecolind.2024.111566
https://doi.org/10.1016/j.catena.2020.104890
https://doi.org/10.2136/sssaj2002.7880
https://github.com/OpenAcousticDevices/Application-Notes/blob/master/Using_AudioMoth_with_External_Electret_Condenser_Microphones/Using_AudioMoth_with_External_Electret_Condenser_Microphones.pdf


39 
 

Notes/blob/master/Using_AudioMoth_with_External_Electret_Condenser_Microphone781 

s/Using_AudioMoth_with_External_Electret_Condenser_Microphones.pdf.  782 

Palestrini, C., Zunino, M., & Zucchelli, M. (1990). Sound production in the Larvae of 783 

Geotrupes spiniger (Marsham) (Coleoptera: Geotrupidae)). Bioacoustics, 2(3), 209–216. 784 

https://doi.org/10.1080/09524622.1990.9753133 785 

 786 

Posit team. (2026). RStudio: Integrated Development Environment for R (2026.01.0. Available 787 

at: http://www.posit.co/). Posit Software, PBC. 788 

 789 

R Core Team. (2025). R: A Language and Environment for Statistical Computing (Available at: 790 

https://www.R-Project.org/). R Foundation for Statistical Computing. 791 

 792 

Rauth, S. J., & Vinson, S. B. (2006). Colony Wide Behavioral Contexts of Stridulation in 793 

Imported Fire Ants (Solenopsis invicta Buren). Journal of Insect Behavior, 19(3), 293–794 

304. https://doi.org/10.1007/s10905-006-9026-3 795 

 796 

Robinson, J. M., Annells, A., Cavagnaro, T. R., Liddicoat, C., Rogers, H., Taylor, A., & Breed, M. 797 

F. (2024). Monitoring soil fauna with ecoacoustics. Proceedings of the Royal Society B: 798 

Biological Sciences, 291(2030). https://doi.org/10.1098/rspb.2024.1595 799 

 800 

Robinson, J. M., Breed, M. F., & Abrahams, C. (2023). The sound of restored soil: using 801 

ecoacoustics to measure soil biodiversity in a temperate forest restoration context. 802 

Restoration Ecology, 31(5). https://doi.org/10.1111/rec.13934 803 

 804 

https://github.com/OpenAcousticDevices/Application-Notes/blob/master/Using_AudioMoth_with_External_Electret_Condenser_Microphones/Using_AudioMoth_with_External_Electret_Condenser_Microphones.pdf
https://github.com/OpenAcousticDevices/Application-Notes/blob/master/Using_AudioMoth_with_External_Electret_Condenser_Microphones/Using_AudioMoth_with_External_Electret_Condenser_Microphones.pdf
https://doi.org/10.1080/09524622.1990.9753133
https://www.r-project.org/
https://doi.org/10.1007/s10905-006-9026-3
https://doi.org/10.1098/rspb.2024.1595
https://doi.org/10.1111/rec.13934


40 
 

Sabatier, J., Hess, H., Arnott, W., Attenborough, K., Romkens, M., & Grissinger, E. (1990). In 805 

situ measurements of soil physical properties by acoustical techniques. Soil Science 806 

Society of America Journal, 54(3), 658–672. 807 

https://doi.org/10.2136/sssaj1990.03615995005400030006x 808 

 809 

Sahu, A., Kumar, N., Pal Singh, C., & Singh, M. (2023). Environmental DNA (eDNA): Powerful 810 

technique for biodiversity conservation. Journal for Nature Conservation, 71, 126325. 811 

https://doi.org/10.1016/j.jnc.2022.126325 812 

 813 

Shaw, M. T., Keesing, F., & Ostfeld, R. S. (2002). Herbivory on Acacia seedlings in an East 814 

African savanna. Oikos, 98(3), 385–392. https://doi.org/10.1034/j.1600-815 

0706.2002.980303.x 816 

 817 

Stroud, J. L., Kalkowski, M. K., Hassall, K. L., Treadway, M., Fannon, J., Keith, A., Ruiz, S., & 818 

Attenborough, K. (2025). The Use of Ecoacoustics to Monitor Soil Ecology: A Critical 819 

Review With Reference to Earthworms. European Journal of Soil Science, 76(6). 820 

https://doi.org/10.1111/ejss.70229 821 

 822 

Sugai, L. S. M., Silva, T. S. F., Ribeiro, J. W., & Llusia, D. (2019). Terrestrial Passive Acoustic 823 

Monitoring: Review and Perspectives. BioScience, 69(1), 15–25. 824 

https://doi.org/10.1093/biosci/biy147 825 

 826 

Taylor, A. F., Breed, M. F., Abrahams, C., Annells, A., Bradfer-Lawrence, T., Cavagnaro, T., 827 

Görres, C.-M., Gossner, M. M., Liddicoat, C., Linke, S., Metcalf, O. C., Roberts, L., 828 

https://doi.org/10.2136/sssaj1990.03615995005400030006x
https://doi.org/10.1016/j.jnc.2022.126325
https://doi.org/10.1034/j.1600-0706.2002.980303.x
https://doi.org/10.1034/j.1600-0706.2002.980303.x
https://doi.org/10.1111/ejss.70229
https://doi.org/10.1093/biosci/biy147


41 
 

Sørensen, L. V., Sun, X., Timperley, J. H., & Robinson, J. M. (2026). Hums in the humus: 829 

opportunities and challenges for soil ecoacoustics. Trends in Ecology & Evolution. 830 

https://doi.org/10.1016/j.tree.2025.12.007 831 

 832 

van Klink, R., August, T., Bas, Y., Bodesheim, P., Bonn, A., Fossøy, F., Høye, T. T., Jongejans, E., 833 

Menz, M. H. M., Miraldo, A., Roslin, T., Roy, H. E., Ruczyński, I., Schigel, D., Schäffler, L., 834 

Sheard, J. K., Svenningsen, C., Tschan, G. F., Wäldchen, J., … Bowler, D. E. (2022). 835 

Emerging technologies revolutionise insect ecology and monitoring. Trends in Ecology & 836 

Evolution, 37(10), 872–885. https://doi.org/10.1016/j.tree.2022.06.001 837 

 838 

Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L., François, R., Grolemund, G., 839 

Hayes, A., Henry, L., Hester, J., Kuhn, M., Pedersen, T., Miller, E., Bache, S., Müller, K., 840 

Ooms, J., Robinson, D., Seidel, D., Spinu, V., … Yutani, H. (2019). Welcome to the 841 

Tidyverse. Journal of Open Source Software, 4(43), 1686. 842 

https://doi.org/10.21105/joss.01686 843 

 844 

Yasun, A. S., Shafiqu, Q. S. M., & Jabar, L. H. (2020). Soils field compaction ratio estimation 845 

using field pocket penetrometer tool readings. 020012. 846 

https://doi.org/10.1063/5.0000094 847 

 848 

Ye, Y., Chen, Y., Chen, Y., Li, Z., Chen, Y., Zeng, Y., & Li, J. (2024). Soil temperature detection 849 

based on acoustic method and improved Wyllie model. Geoderma, 448, 116948. 850 

https://doi.org/10.1016/j.geoderma.2024.116948 851 

 852 

https://doi.org/10.1016/j.tree.2025.12.007
https://doi.org/10.1016/j.tree.2022.06.001
https://doi.org/10.21105/joss.01686
https://doi.org/10.1063/5.0000094
https://doi.org/10.1016/j.geoderma.2024.116948


42 
 

Young, T. P., Okello, B., Kinyua, D., & Palmer, T. M. (1998). KLEE: A long-term multi-species 853 

herbivore exclusion experiment in Laikipia, Kenya. African Journal of Range & Forage 854 

Science, 14(3), 94–102. https://doi.org/10.1080/10220119.1997.9647929 855 

 856 

Zhang, M., Crocker, R. L., Mankin, R., Flanders, K. L., & Brandhorst-Hubbard, J. L. (2003). 857 

Acoustic Estimation of Infestations and Population Densities of White Grubs 858 

(Coleoptera: Scarabaeidae) in Turfgrass. Journal of Economic Entomology, 96(6), 1770–859 

1779. https://doi.org/10.1093/jee/96.6.1770 860 

 861 

Zhang, Y., Lu, W., Xing, K., Guo, F., Du, Q., Zhang, X., Zhang, F., Qian, Z., & Li, F. (2025). 862 

Environmental DNA as a tool for soil health monitoring and unveiling new ecological 863 

frontiers. Ecological Indicators, 174, 113438. 864 

https://doi.org/10.1016/j.ecolind.2025.113438 865 

 866 

Zou, D., Williams, K. L., & Thorsos, E. I. (2015). Influence of Temperature on Acoustic Sound 867 

Speed and Attenuation of Seafloor Sand Sediment. IEEE Journal of Oceanic Engineering, 868 

40(4), 969–980. https://doi.org/10.1109/JOE.2014.2365072 869 

 870 

https://doi.org/10.1080/10220119.1997.9647929
https://doi.org/10.1016/j.ecolind.2025.113438
https://doi.org/10.1109/JOE.2014.2365072

