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ABSTRACT 27 

Since 70% of the world's crops depend on pollinators for production and concerns are 28 

growing regarding insect decline, it is essential to implement robust and efficient 29 

monitoring of pollinator activity. However, traditional methods of pollinator monitoring are 30 

generally time-consuming and destructive. With the rise of technology, passive methods 31 

are being developed using computer vision or acoustic recording coupled with machine 32 

learning, and are offering the possibility to increase the temporal and spatial coverage of 33 

biodiversity and ecosystem functions monitoring. Passive acoustic monitoring is a 34 

promising method for tracking pollinators. However, it has rarely been implemented, and 35 

has mostly used relatively old machine learning methods. Deep learning methods, 36 

originally, developed for image analysis are beginning to be used for acoustic monitoring 37 

of various taxa, including flying insects. Here we proposed a method for quantifying 38 

pollinator activity in sunflower fields, based on the automatic identification of sounds 39 

produced by their beating wings. We tested a random forest and a deep learning algorithm 40 

on acoustic recordings using a new open access software dedicated to acoustic biodiversity 41 

monitoring, named TadariDeep. We found a higher performance of deep learning 42 

compared to random forest algorithms for the classification of pollinator flight sounds. The 43 

comparison of the acoustic monitoring of insects with pollinator activity estimated from a 44 

common protocol based on visual observations validates this method. We found that 45 

acoustic monitoring coupled with deep learning sound recognition provides a more 46 

realistic view of pollinator activity than visual observations, thanks to continuous 47 

monitoring. Acoustic monitoring of pollinators using deep learning, therefore, appears as a 48 

reliable method to quantify pollinator activity and might be used to monitor insect 49 

pollination over large spatial and temporal scales. Further improvements are however still 50 

needed for the species identification of pollinators.  51 

Keywords: Convolutional neural networks, Data augmentation, Passive acoustic monitoring, 52 

Pollination services  53 



3 

 

Introduction 54 

Animal pollination is an essential ecological function involved in the reproduction of 90% of 55 

flowering plants, often through insects (Ollerton et al., 2011). In agricultural landscapes, 70% of 56 

major global food crops benefit from insect pollination, representing approximately 35% of the 57 

annual global food production (Klein et al., 2007). This makes insect pollination a major 58 

ecosystem service that is, however, being threatened by pollinator decline (Biesmeijer et al., 59 

2006; Potts et al., 2010; Zattara and Aizen, 2021). Because pollinator communities exhibit 60 

significant spatial and temporal variability (Gay et al., 2024; Reverté et al., 2019), pollinator 61 

monitoring is important to quantify pollinator activity over space and time and indirectly assess 62 

pollination services. 63 

Several methods are used to monitor insect pollinators. The most common involve 64 

capturing insects using pan traps or sweep nets along transects (O’Connor et al., 2019; Westphal 65 

et al., 2008). These are often used to make spatial comparisons of the pollinator diversity 66 

according to the landscape features and/or agricultural practices, to identify the interactions 67 

they establish with flowering plants (e.g. Crochard et al., 2022) and to study the contribution of 68 

insect-pollination to crop yield (e.g. Perrot et al., 2019). These methods usually involve the 69 

killing of captured individuals and are highly labor-intensive and time-consuming since they 70 

require a significant amount of time in the field to catch pollinators and in the laboratory to 71 

identify them (Montgomery et al., 2021). This high time cost tends to limit the spatial and 72 

temporal coverage of pollination studies.  73 

  Thanks to technological developments, passive and non-destructive methods of 74 

biodiversity monitoring are being developed (van Klink et al., 2022). In particular, bio-acoustic 75 

methods based on automatic sound classification with machine learning algorithms (Gibb et 76 

al., 2019), are already used to study birds (e.g., Kahl et al., 2021; Metcalf et al., 2022), bats (e.g., 77 

Kerbiriou et al., 2019; Roemer et al., 2021), and marine mammals (e.g., Shiu et al., 2020; Van 78 

Uffelen et al., 2017). Regarding insects, acoustic monitoring has already been developed to 79 

study the impact of anthropogenic pressures on Orthopteran communities (Jeliazkov et al., 80 

2016; Penone et al., 2013) but also for aquatic insects (Desjonquères et al., 2020; Gottesman et 81 

al., 2020). In the case of flying insects such as pollinators, they can be detected through the 82 

sound they make beating their wings in flight (Kawakita and Ichikawa, 2019). Early studies on 83 

pollinator acoustics focused mainly on bumblebees. They studied colony dynamics (Heise et 84 

al., 2020), the link between their characteristic sound frequencies and morphological traits 85 

known to play a role in pollination efficiency (Miller-Struttmann et al., 2017) or the specific 86 

identification of a limited number of bumblebee species (Gradišek et al. 2017) or bee and hornet 87 

species (Kawakita and Ichikawa 2019). Nevertheless, these studies rely on rather potentially 88 

outdated machine learning methods, such as support-vector machine or random forest, to 89 

identify and classify the sounds emitted by pollinators. Since 2016, a machine learning method 90 

relying on convolutional neural networks has become increasingly popular in bioacoustics 91 

(Stowell, 2022). This class of methods achieved breakthroughs in automatic image 92 

classification (Hicks et al., 2021; Mohanty et al., 2016; Weinstein, 2018) and can analyze the 93 

spectrograms of recorded sounds analogously. This method has been widely used because it is 94 

more efficient than classical machine learning methods, making fewer errors in sound 95 

classification, and it can be used for the monitoring of various taxa, such as birds, marine 96 

mammals, bats, fish (Stowell, 2022) and most recently flying insects (Folliot et al., 2022). 97 

https://www.zotero.org/google-docs/?VSkERR
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https://www.zotero.org/google-docs/?4CJC0t
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https://www.zotero.org/google-docs/?4N4P1r
https://www.zotero.org/google-docs/?K7Qj3m
https://www.zotero.org/google-docs/?xN8fmi
https://www.zotero.org/google-docs/?xN8fmi
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https://www.zotero.org/google-docs/?2oAJO0
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In this context, we aimed to develop a convolutional neural network for automatically 98 

recognizing and classifying sounds emitted by pollinators during their flight to quantify 99 

pollinator activity in agricultural fields. Sunflower is the most important oil crop in terms of 100 

cultivated area in Europe (FAOSTAT, 2020), and the yield increase due to insect pollination is 101 

estimated to be between 18% and 100% (i.e. doubling the yield) (Carvalheiro et al., 2011; 102 

Garibaldi et al., 2016; Greenleaf and Kremen, 2006; Perrot et al., 2019). Sunflower is mostly 103 

visited and pollinated by honeybees, which account for between 72 and 97.8% of pollinator 104 

visits (Bartual et al., 2018; Carvalheiro et al., 2011; Greenleaf and Kremen, 2006). This makes it 105 

a good candidate for monitoring the dynamics of pollinator activity, without necessarily 106 

knowing their species identity (Rader et al., 2016). Here, we first compared the performance of 107 

a deep learning method based on convolutional neural networks trained on spectrograms 108 

using the newly developed TadariDeep software (https://github.com/YvesBas/TadariDeep) 109 

with a random forest based method trained on sound events features using the Tadarida 110 

software. Then, to test the reliability of acoustic monitoring, we investigated whether the 111 

estimate of pollinator activity from continuous acoustic monitoring reflects those estimated by 112 

a classical method, i.e. replicated sweep net sampling along transects. We studied the 113 

relationship between the number of buzzes detected and the number of honeybees sampled 114 

along the transects both on the days of transect sampling and throughout the flowering period 115 

of the sunflower fields. 116 

 117 

Material & Methods 118 

A) Site description 119 

In 2020, we selected 30 sunflower fields from the Long-Term Social-Ecological Research site 120 

“Zone Atelier Plaine & Val de Sèvre” in South-West France. This research site is 435 km² and 121 

composed of 87% of cultivated areas (Bretagnolle et al., 2018 a,b), dominated by cereals and 122 

sunflowers, representing roughly 55% and 13% of the cultivated area, respectively. To promote 123 

heterogeneity in pollinator activity among sunflower fields, fields were selected to cover the 124 

landscape gradients of semi-natural habitats, sunflowers, and organic fields. Selected 125 

sunflower fields had an average area of 6 ha (± 4.6 SD). The flowering of these fields ranged from 126 

early July to mid-August, and lasted between 2 and 3 weeks per field. 127 

B) Acoustic records 128 

Recording device and records pretreatment 129 

         We used AudioMoth recorders, which are low-cost, small, and low-energy (Hill et al., 130 

2018) to perform audio recording (see SI.A for the description and parameters). In each field, 131 

approximately 20m from the field edge, we placed an Audiomoth 10 to 20 cm from a randomly 132 

selected sunflower head. A windscreen covered the Audiomoth to reduce the wind sound. We 133 

made continuous audio recordings between 6 am and 10 pm, at 16 kHz sampling rate, to cover 134 

the period between sunrise and sunset at our study site during July and August.  135 

We aimed to compare the performance of random forest and convolutional neural networks 136 

for pollinator buzz detection. This requires a training dataset, but to our knowledge there is no 137 

a database of annotated pollinator buzzes. To build our training dataset we proceeded in two 138 

https://www.zotero.org/google-docs/?BHXITf
https://www.zotero.org/google-docs/?BHXITf
https://www.zotero.org/google-docs/?BHXITf
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https://github.com/YvesBas/TadariDeep
https://www.zotero.org/google-docs/?X2RmHG
https://www.zotero.org/google-docs/?LV0hbr
https://www.zotero.org/google-docs/?LV0hbr


5 

 

steps. First, we manually annotated a restricted number of audio records for which we knew 139 

that pollinators were present (see “Step 1: Building the training datasets”). By annotating 60 140 

minutes of records, we obtained 225 pollinator sounds and 1627 other sounds. Second, to 141 

increase the size of our training dataset without spending too much time listening to recordings 142 

to manually annotate pollinator buzzes, we trained a random forest classifier on this initial 143 

training dataset and used it to identify pollinator buzzes in more than 400,000 audio recordings. 144 

Thanks to a stratified sampling of the results that were listened to and manually annotated, we 145 

obtained 12 644 extra pollinator sounds and 9 565 extra other sounds. 146 

These steps were achieved using the Tadarida toolbox (Bas et al., 2017) designed to analyze 147 

the recordings and build classifiers of sound events. To optimize the use of this toolbox, it was 148 

necessary to pre-process our recordings. We cut them into sub-records of 10 seconds thanks to 149 

Kaleidoscope (https://www.wildlifeacoustics.com/products/kaleidoscope-pro) software and 150 

thus obtained 4 014 996 10-second records. Then, Tadarida-L, a component of Tadarida 151 

toolbox, was used to detect sound events on spectrograms of all of these records (Table S1). 152 

Fast Fourrier Transformation window was set to a size of 1024 and an overlap of 75 % so that 153 

the time resolution is 16 ms, and the frequency resolution is 7.8 Hz. To train Tadarida-C 154 

classifiers to recognize flying pollinators from other sound events, we built several training 155 

datasets. For this, we proceeded in several steps. 156 

Step 1: Building the training datasets 157 

- Training dataset A 158 

Machine learning classification methods need a training dataset from which the algorithm 159 

learns to classify sound events into predefined categories. Such training datasets are made of 160 

labeled sound events, the labels corresponding to the classes into which sounds should be 161 

classified a posteriori. To ensure that our training dataset included pollinator sound events, we 162 

randomly selected the recordings from 12 out of 291 5-minute long observation sessions, 163 

representing 375 10-second long recordings, for which we knew that pollinators were present 164 

(see Supporting Information B). Sound events that Tadarida-L detected within these 375 165 

records were listened to and labeled using eight classes still using Tadarida-L. Three of the 166 

classes corresponded to pollinators "Apis mellifera", "Bombus sp.", and "Unidentified 167 

pollinator", which we could differentiate thanks to the visual observations made. Table S2 168 

presents the full list of classes and the number of sound events labeled correspondingly that 169 

constitute the training dataset A, comprising a total of 225 pollinator sound events. Then from 170 

this training dataset, we used Tadarida-C to build the first classifier based on a random forest 171 

algorithm, hereafter named “RF-0” (Fig. 1 and see the "Step 2: Classifier training" section for 172 

details).  173 

- Training dataset B 174 

To ensure that all possible sound conditions were represented in our training dataset, 10% 175 

of all records not coupled to the visual observations were randomly selected. Based on their 176 

acoustic features, we classified all sound events detected in these with our classifier “random 177 

forest-0” and obtained for each recording a confidence score for the "pollinator" class, which 178 

corresponds to the sum of the confidence scores of “Apis mellifera”, “Bombus sp.” and 179 

“Unidentified pollinator” classes. The higher the score, the more likely it is that the record 180 

contains a pollinator sound. We defined six pollinator score groups based on the confidence 181 

https://www.zotero.org/google-docs/?E8jCgn
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score of the “pollinator” class (i.e. 1: 0-0.5; 2: >0.5-0.6; 3: >0.6-0.7; 4: >0.7-0.8; 5: >0.8-0.9; 6: >0.9). 182 

To improve the training dataset, we wanted to increase the number of sound events in the 183 

“pollinator” class and correct the main errors made by the classifier “random forest-0” (not a 184 

pollinator but a high confidence score of the "pollinator" class). For this, we conducted a 185 

sampling of the recordings stratified by sunflower field and “pollinator” confidence score 186 

group, with the number of recordings sampled increasing with confidence score groups. All of 187 

these recordings were listened to and all sound events were labelled with Tadarida-L. We 188 

obtained a training dataset B with 17 classes of sounds and a total of 12 869 sound events 189 

corresponding to pollinators (Fig. 1 and Table S3 to see the list of classes and the number of 190 

sound events we had labeled per class). 191 

- Training datasets C & D 192 

Data augmentation consists of artificially increasing the size of the training dataset by 193 

sampling data to which a small modification is applied (Stowell, 2022). Our preliminary tests 194 

showed that the human voice could be the source of many classification errors. To improve the 195 

performance of our classifier in differentiating between pollinator sounds and human voice, we 196 

increased the class of sounds corresponding to the human voice. To do so, we collected human 197 

voice events from the Common Voice Corpus 9.0 database 198 

(https://commonvoice.mozilla.org/fr/datasets) and mixed these events with the events from 199 

the training dataset B, with an amplitude ratio randomly selected between 1% and 99%. A 200 

training dataset C was then created by adding to the training dataset B, 1700 of these events 201 

mixing human voice and sound events from our recordings in sunflower fields (Fig. 1c). In the 202 

same way, we created training dataset D by adding 3300 sound events mixing human voice 203 

mixing events and sound events from our recordings to the training dataset C (Fig. 1d). In the 204 

following, we only use the training datasets B, C, and D. 205 

Step 2: Classifier training 206 

We compared two different machine learning methods, i.e., random forest and 207 

convolutional neural networks, to classify sound events as pollinator flight sounds versus other 208 

sounds emitted in the same frequency band. To do so we used two softwares: Tadarida-C, a 209 

component of Tadarida toolbox (Bas et al., 2017) and TadariDeep 210 

(https://github.com/YvesBas/TadariDeep). The first allowed us to extract 269 acoustic features 211 

for each labelled sound event and train a classifier using a random forest classification. The 212 

second, based on computer vision, using Tensorflow 2.0.0 framework and transfer learning 213 

(MobileNet architecture), allowed to train a classifier based on convolutional neural networks. 214 

For this last method, we optimized the batch size and the number of iterations (nbepochs). For 215 

both methods, we used the training datasets B, C, and D, previously described, leading to a total 216 

of 15 classifiers (see Fig.1, and Table S4 for the characteristics of each classifier). 217 

It is also important to note that the detection process is the same for both machine learning 218 

methods. Nevertheless, with TadariDeep used for the convolutional neural networks, a filter 219 

was applied to limit short sound events with a small amount of information. Thus, only sound 220 

events with a duration of 90 ms or more were taken into account for this method. 221 

 222 

 223 

https://www.zotero.org/google-docs/?jBEhAv
https://www.zotero.org/google-docs/?E8jCgn
https://github.com/YvesBas/TadariDeep
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 224 

Figure 1: Overview of the building of training datasets and classifiers. The orange boxes 225 

represent the original datasets used to build the different training and test datasets. The 226 

arrows indicate the different operations performed during the building of the datasets. 227 

The green circles represent the random forest classifiers built with Taradida-C. The blue 228 

circles represent the convolutional neural networks classifiers built with TadariDeep. 229 

 230 

Step 3: Classifiers testing 231 

We tested the effectiveness of the random forest and convolutional neural network 232 

classifiers using a test dataset of 100 recordings per pollinator score group (as defined in the 233 

part “Training dataset B”). These recordings were randomly selected from the set of 8709 234 

unlabelled 10-second recordings for which we also had visual observation of the pollinator run 235 

(see section C of Materials and Methods below) after all sound events in these recordings had 236 

been classified with the classifier RF-1 (see Table S4).  237 

Thanks to the test dataset, we assessed the efficiency of our 15 classifiers to identify 238 

pollinators against other sounds with receiver operator characteristics (ROC) curves. These 239 

curves are generated based on the probability (confidence score) that the classifier classifies a 240 

pollinator sound event as a “pollinator” accounting for the specificity (inverse of false positive 241 

rate) and sensitivity (inverse of false negative rate). We made a ROC curve for each classifier we 242 

created. We calculated the area under the curve (AUC) which provides a summary of the 243 

classifier's performance. 244 

 245 

C) Reliability tests of continuous acoustic monitoring compared with a 246 

traditional monitoring method to estimate pollinator activity  247 

Comparing acoustic monitoring with counts of pollinators in field transects  248 

 249 
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 We compared acoustic monitoring with pollinator counts along transects within 250 

sunflower fields. To do so, in each field, we counted the number of visits of honeybees to 251 

sunflowers along transects. The transects were 5-meter wide and 20-meter long, starting 10 252 

meters from the edge of the field and ending 30 meters away, and they were not timed. The 253 

position of the transects was chosen so that they were within a few meters of the sunflower 254 

plant being acoustically monitored. For each field, transects were repeated 4 to 6 times during 255 

a period that encompasses the sunflower bloom, with some counts conducted before, during, 256 

and after the flowering (Supplementary Figure S1).  257 

For this analysis, only fields with little or no failure of the recording equipment during the 258 

flowering period were used, i.e. 20 fields (Fig.S1). Only days with at least 14 hours of recording 259 

out of the theoretical 16 hours were retained. We considered all sounds with a pollinator 260 

confidence score, obtained with convolutional neural networks greater than or equal to 78.1 to 261 

be pollinator sounds. This confidence score maximizes both sensitivity and specificity (see the 262 

red dot in Fig. 2). With this confidence threshold, the average number of pollinator buzzes per 263 

field throughout the season was 4880 (± 2588 SD) and the average number of pollinator buzzes 264 

per day was 197 (± 259 SD). 265 

 We first tested for a relationship between the number of honeybees counted per 266 

transect, and the number of flying insects detected on acoustic recordings on the same day. To 267 

do so, we modeled the number of buzzes detected during the days of transect sampling, with 268 

the number of honeybees counted per transect as explanatory variable. Second, to explore the 269 

same relationship but over the entire flowering period of the sunflower fields, we tested for a 270 

relationship between the average number of flying insects detected per day of acoustic 271 

monitoring and the average number of honeybees counted per transect performed in the same 272 

fields. For both tests, we used generalized mixed linear models with negative binomial 273 

distribution and field identity as a random effect on the intercept. 274 

All statistical analyses were performed using R (R Core Team, 2022). The residuals of all 275 

models were visually inspected with the R package DHarma (Hartig and Lohse, 2022). 276 

 277 

Results 278 

Comparison of convolutional neural networks and random forest classifiers for pollinator 279 

acoustic monitoring  280 

Random forest and Convolutional Neural Network methods involved different sound 281 

detection algorithms. Tadarida-L detected sound events in 99.3% of the records of the test 282 

dataset (596 out of 600 records) while TadariDeep detected them in 95% of the records (570 out 283 

of 600 records). This difference between the two software was explained by the filter applied to 284 

the sound events in TadariDeep (minimum duration 90). In the 600 records, composing the test 285 

dataset, we counted 94 records that contained at least one pollinator sound. Tadarida-L 286 

detected sound events for all of them but for the same reasons as above, TadarariDeep 287 

detected sound events corresponding to pollinator sound for only 91 of these recordings. 288 

As comparison of classifier performance is only possible when considering the same 289 

detection lists, to compare the classification accuracy of the two methods, we considered only 290 

https://www.zotero.org/google-docs/?iaorEL
https://www.zotero.org/google-docs/?aAKZE6
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the recordings for which both methods detected sound events, i.e. 95% of the recordings in the 291 

test dataset. 292 

ROC curves and their AUC showed that, for both the random forest and the convolutional 293 

neural networks method, the best performance was obtained using the training dataset D, the 294 

one composed of the labeled sound events from sunflower fields, augmented with 3300 mixed 295 

human voice sound events. The Area Under the Curve was equal to 0.878 for Random Forests, 296 

and 0.957 for convolutional neural networks, with a batchsize of 16 and 160 iterations (Fig. 2). 297 

Without data augmentation, the area under the curve of the best classifiers was equal to 0.856 298 

for Random Forests and 0.953 for convolutional neural networks (Fig. 2). While both methods 299 

performed better with data augmentation, the benefit was greater for Random Forest method 300 

with an AUC increase of 2.6% while convolutional neural networks only increased by 0.4% (Fig. 301 

2). Whatever the training dataset used, the convolutional neural networks outperformed the 302 

random forest. By calculating the average error rate according to the different selection 303 

thresholds (1-AUC), we were able to determine that the error rate of the convolutional neural 304 

networks method was three times lower than that of the random forest method for the 305 

classification of pollinator flight sounds.  306 

 307 
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 308 

Figure.2: Receiver operating characteristic (ROC) curves between the confidence score of 309 

the false-positive rate (FPR) and the true-positive rate (TPR) for the best classifiers of the 310 

random forest method (grey curves) and the best classifiers of the convolutional neural 311 

network method (black curves). Each point on the ROC curve corresponds to a 312 

confidence score for the "pollinator" class. For each of them, the sensitivity, 313 

corresponding to the frequency that a sound emitted by a pollinator is correctly classified 314 

in the "pollinator" class by the classifier, and 1-Specifity (the false positive rate), 315 

corresponding to the frequency that a sound not emitted by a pollinator is classified in 316 

the "pollinator" class, are calculated. Continuous lines correspond to the best classifiers 317 

trained with data augmentation, based on training dataset D, and dashed lines without 318 

data augmentation, based on training dataset B. The red point corresponds to the 319 

threshold (78.1) selected for the other parts of the study concerning the “pollinator” 320 

confidence. 321 

 322 
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Comparing acoustic monitoring with counts of pollinators in field transects 323 

When acoustic monitoring was restricted to the days of visual counts along transects, we 324 

found a significant positive relationship between the number of buzzes recorded during the day 325 

of an observation session, obtained with the convolutional neural networks method, and the 326 

number of honeybees counted along this transect (Chisq=14.485, p-value < 0.001, Fig.3e). When 327 

acoustic detections and transect counts were averaged per day over the entire flowering 328 

season, we found no relationship between the average number of buzzes detected per day and 329 

the number of honeybees counted per transect averaged over the season (²=1.1577, p-330 

value=0.2819, Fig. 3f).  331 

 332 

Figure 3 – Relationships between the number of buzzes detected by acoustic monitoring 333 

and the number of pollinators counted along transects. a, b, c, d: Number of buzzes 334 

detected per day along the flowering season for four examples from four monitored 335 

fields. The days on which transects were performed in each field are represented by 336 

colored dots and bars. e: Relationship between the number of honeybees counted per 337 

transect and the number of buzzes detected by acoustic monitoring on the same day. 338 

The black line corresponds to the prediction from the generalized linear model with the 339 

associated standard error symbolized as a grey ribbon. f: Relationship between the 340 

number of honeybees per transect averaged per field and the average number of buzzes 341 

per day detected by acoustic monitoring during the entire flowering season. The colored 342 

points in e match the colored bars and points used in a-d. Colored points in f match with 343 

fields presented in a-d. To prevent overlapping points on panel e and f, the coordinates 344 

of points were jitted.  345 

 346 
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Discussion 347 

Convolutional neural networks outperform random forest classifiers for acoustic monitoring 348 

of pollinator activity 349 

Our study shows that monitoring pollinator activity in sunflower fields using acoustic 350 

recordings is feasible and promising. We further demonstrate that convolutional neural 351 

networks are more powerful than random forests for such a task, being three times more 352 

reliable than the random forest method to classify the sounds emitted by flying pollinators from 353 

other sounds in agricultural landscapes. Such better performance of convolutional neural 354 

networks over other machine learning algorithms is not always the rule (Garcia et al., 2020), but 355 

has also been found in singing birds (Knight et al., 2017; Marchal et al., 2022).  356 

During the training of our different classifiers, we noticed that the human voice was often 357 

misclassified as bee buzz, reaching high confidence scores for pollinator sound classes, and this 358 

was despite the data augmentation we carried out (see Fig. 2 and SI. B). This kind of problem 359 

with the human voice has already been noted in bird detection (Stowell et al., 2019). Here, the 360 

human voices recordings are due to the voices of the experimenters who were close to the 361 

sound recorders during the observation sessions in the sunflower fields. The human voice data 362 

that we used for data augmentation came from recordings of people speaking in front of their 363 

computers without background noise. Although we mixed it with field recordings to add some 364 

background noises, we could not get rid of all the false positives and the performance of the 365 

classifiers was only slightly better than that of classifiers without data augmentation. This 366 

suggests that the human voice recordings used for data augmentation were quite different 367 

from the human voice recorded in the sunflower fields, or that the Signal-to-Noise Ratio was 368 

too low. This highlights the importance of using recordings from the study sites for training and 369 

testing machine learning algorithms as well as the need to create large, diversified, and open 370 

annotated reference datasets.   371 

Comparing the number of buzzes detected by acoustic monitoring coupled with 372 

convolutional neural networks with the number of honeybees counted along sunflower field 373 

transects, we found contrasting results depending on the temporal window used. When 374 

restricting acoustic data to the days of transect sampling, we found that these two methods 375 

provided concordant information on pollinator activity. However, when considering acoustic 376 

data from all days during the flowering season, the relationship between the two proxies of 377 

pollinator activity vanished. This stems from the fact that, although replicated 5 or 6 times per 378 

field throughout the flowering season, the transects remain punctual observations that may 379 

not be representative of the entire flowering season, because fieldwork organization 380 

constraints make it very difficult to sample different fields or locations evenly during the peak 381 

of pollinator activity. Indeed, matching days of transect sampling with peaks of pollinator 382 

activity is difficult (Figure 3 and S1) as activity depends on weather, notably the temperature 383 

(Blažytė-Čereškienė et al., 2010; Woyke et al., 2003), and on the phenology of floral resources 384 

available in the landscape (Polatto et al., 2014; Guezen & Forrest, 2021) with pollinators 385 

optimizing their energy consumption (Stabentheiner & Kovac 2014). Albeit issues related the 386 

functioning of the recording device, acoustic monitoring allows monitoring several sampling 387 

sites simultaneously and continuously making the estimation of pollinator activity for the 388 

entire flowering season more representative than the more commonly used transects. Yet, we 389 

https://www.zotero.org/google-docs/?N7cpsX
https://www.zotero.org/google-docs/?Qd8PPP
https://www.zotero.org/google-docs/?T32ZPz
https://www.zotero.org/google-docs/?mo8ABy
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might expect that proxies for pollinator activity at these broad temporal scales should best 390 

reflect pollination services (i.e. fruit production from successive visits throughout the flowering 391 

season), unlike the punctual monitoring traditionally used. 392 

Perspectives and limits to overcome 393 

Passive acoustic monitoring of pollinators method is thus a promising method to estimate 394 

pollination services (van Klink et al., 2022). For crops such as sunflower, where the effect of 395 

pollinators on yield appears to depend mainly on honeybee abundance (Altayeb and Nagi, 396 

2015; Aslan and Yavuksuz, 2010; Perrot et al., 2019), a simple quantification of flying insect 397 

sounds, as we did, could give a good estimate of insect-pollination benefit to yield. However, 398 

some methodological developments for species identification are needed for other crops 399 

visited by a larger diversity of pollinators, such as oilseed rape (Garibaldi et al., 2011; Jauker et 400 

al., 2012; Kremen et al., 2002; Rader et al., 2016), for which the effect of pollinator diversity on 401 

yield has been demonstrated (Bartomeus et al., 2014; Perrot et al., 2018; Zou et al., 2017). Such 402 

pollinator identification from buzz sounds has already been achieved for a limited number of 403 

species: three bee and one hornet species (Kawakita and Ichikawa 2019), and 12 bumblebee 404 

species (Gradišek et al. 2017). We can expect improvements in identifying pollinator species 405 

from the sound of their wings beats as more and more annotated pollinator sounds become 406 

available. Nevertheless, detecting small pollinators that emit lower sound levels than larger 407 

ones, such as honeybees or bumblebees, remains challenging. 408 

Better knowledge of the detection range of the pollinators around the sound recorder is also 409 

needed to assess pollination services within an agricultural field. Compared to other methods 410 

such as transects, which are conducted over a large area, our method measures pollinator 411 

activity at a fixed point in the field and close to a plant. Several recorders per field might be 412 

needed to accurately account for hedge effects, where the activity of pollinators decrease 413 

towards the center of the agricultural fields (Hevia et al., 2016).  414 

 Our results suggest that passive acoustic monitoring is at least as effective as traditional 415 

methods for monitoring pollinator activity, as long as the diversity of pollinators is not of 416 

interest. Continuous monitoring further avoids the biases related to the choice of sampling 417 

dates that occur with most other methods. Assessing methods for species identification from 418 

acoustic pollinator flight sounds as well as relating acoustic activity to pollination success 419 

appear to be the next step to propose pollination services indicators based on passive acoustic 420 

monitoring. 421 

Acknowledgements 422 

We would like to express our thanks to CC-IN2P3 for allowing us to perform our deep 423 

learning analysis on their platform.  424 

Funding 425 

This research was funded through the ANR IMAGHO (ANR-18- CE32–0002). 426 

https://www.zotero.org/google-docs/?uEfSg6
https://www.zotero.org/google-docs/?A0ghAE
https://www.zotero.org/google-docs/?A0ghAE
https://www.zotero.org/google-docs/?FNN8Pa
https://www.zotero.org/google-docs/?FNN8Pa
https://www.zotero.org/google-docs/?JEJLI2
https://www.zotero.org/google-docs/?YCCWd3
https://www.zotero.org/google-docs/?9imlgo
https://www.zotero.org/google-docs/?aR7Pkc


14 

 

Conflict of interest disclosure 427 

The authors declare that they comply with the PCI rule of having no financial conflicts of 428 

interest in relation to the content of the article.  429 

Data, scripts, code, and supplementary information availability 430 

Data, script, and supplementary materials to this article can be found online at : 431 
https://doi.org/10.5281/zenodo.14276099 432 

References 433 

Altayeb, O. a. E., Nagi, S.K.A., 2015. Efficacy of honeybees (Apis mellifera) on the production of 434 

sunflower (Helianthus annus L.) seeds in the Sudan. J. Exp. Biol. Agric. Sci. 3, 191–195. 435 

Aslan, M.M., Yavuksuz, C., 2010. Effect of honey bee (Apis mellifera L.) and bumblebee (Bombus 436 

terrestris L.) pollinators on yield and yield factors in sunflower (Helianthus annuus L.) 437 

production areas. J. Anim. Vet. Adv. 9, 332–335. 438 

Bartomeus, I., Potts, S.G., Steffan-Dewenter, I., Vaissière, B.E., Woyciechowski, M., Krewenka, 439 

K.M., Tscheulin, T., Roberts, S.P.M., Szentgyörgyi, H., Westphal, C., Bommarco, R., 2014. 440 

Contribution of insect pollinators to crop yield and quality varies with agricultural 441 

intensification. PeerJ 2, e328. https://doi.org/10.7717/peerj.328 442 

Bartual, A.M., Bocci, G., Marini, S., Moonen, A.C., 2018. Local and landscape factors affect 443 

sunflower pollination in a Mediterranean agroecosystem. PLOS ONE 13, e0203990. 444 

https://doi.org/10.1371/journal.pone.0203990 445 

Bas, Y., Bas, D., Julien, J.-F., 2017. Tadarida: A Toolbox for Animal Detection on Acoustic 446 

Recordings. J. Open Res. Softw. 5, 6. https://doi.org/10.5334/jors.154 447 

Biesmeijer, J.C., Roberts, S.P.M., Reemer, M., Ohlemüller, R., Edwards, M., Peeters, T., Schaffers, 448 

A.P., Potts, S.G., Kleukers, R., Thomas, C.D., Settele, J., Kunin, W.E., 2006. Parallel Declines in 449 

Pollinators and Insect-Pollinated Plants in Britain and the Netherlands. Science 313, 351–450 

354. https://doi.org/10.1126/science.1127863 451 

Blažytė-Čereškienė, L., Vaitkevičienė, G., Venskutonytė, S., Būda, V., 2010. Honey bee foraging 452 

in spring oilseed rape crops under high ambient temperature conditions. Žemdirb. Agric. 97, 453 

61–70. 454 

Bommarco, R., Marini, L., Vaissière, B.E., 2012. Insect pollination enhances seed yield, quality, 455 

and market value in oilseed rape. Oecologia 169, 1025–1032. 456 

https://doi.org/10.1007/s00442-012-2271-6 457 

Bretagnolle, V., Berthet, E., Gross, N., Gauffre, B., Plumejeaud, C., Houte, S., Badenhausser, I., 458 

Monceau, K., Allier, F., Monestiez, P., Gaba, S., 2018a. Description of long-term monitoring of 459 

farmland biodiversity in a LTSER. Data Brief 19, 1310–1313. 460 

https://doi.org/10.1016/j.dib.2018.05.028 461 

Bretagnolle, V., Berthet, E., Gross, N., Gauffre, B., Plumejeaud, C., Houte, S., Badenhausser, I., 462 

Monceau, K., Allier, F., Monestiez, P., Gaba, S., 2018b. Towards sustainable and 463 

multifunctional agriculture in farmland landscapes: Lessons from the integrative approach 464 

of a French LTSER platform. Sci. Total Environ. 627, 822–834. 465 

https://doi.org/10.1016/j.scitotenv.2018.01.142 466 

https://doi.org/10.5281/zenodo.14276099
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI


15 

 

Carvalheiro, L.G., Veldtman, R., Shenkute, A.G., Tesfay, G.B., Pirk, C.W.W., Donaldson, J.S., 467 

Nicolson, S.W., 2011. Natural and within-farmland biodiversity enhances crop productivity. 468 

Ecol. Lett. 14, 251–259. https://doi.org/10.1111/j.1461-0248.2010.01579.x 469 

Chabert, S., Sénéchal, C., Fougeroux, A., Pousse, J., Richard, F., Nozières, E., Geist, O., 470 

Guillemard, V., Leylavergne, S., Malard, C., Benoist, A., Carré, G., Caumes, É., Cenier, C., Treil, 471 

A., Danflous, S., Vaissière, B., 2020. Effect of environmental conditions and genotype on 472 

nectar secretion in sunflower ( Helianthus annuus L.). OCL Oilseeds Fats Crops Lipids 27, 51. 473 

https://doi.org/10.1051/ocl/2020040 474 

Crochard, L., Julliard, R., Gaba, S., Bretagnolle, V., Baude, M., Fontaine, C., 2022. Weeds from 475 

non-flowering crops as potential contributors to oilseed rape pollination. Agric. Ecosyst. 476 

Environ. 336, 108026. https://doi.org/10.1016/j.agee.2022.108026 477 

Desjonquères, C., Rybak, F., Ulloa, J.S., Kempf, A., Bar Hen, A., Sueur, J., 2020. Monitoring the 478 

acoustic activity of an aquatic insect population in relation to temperature, vegetation and 479 

noise. Freshw. Biol. 65, 107–116. https://doi.org/10.1111/fwb.13171 480 

Eban-Rothschild, A.D., Bloch, G., 2008. Differences in the sleep architecture of forager and 481 

young honeybees(Apis mellifera). J. Exp. Biol. 211, 2408–2416. 482 

https://doi.org/10.1242/jeb.016915 483 

FAOSTAT, 2020. FAOSTAT [WWW Document]. Food Agric. Organ. U. S. WWW Doc. URL 484 

http://www.fao.org/faostat/en/#data/QC (accessed 7.15.21). 485 

Folliot, A., Haupert, S., Ducrettet, M., Sèbe, F., Sueur, J., 2022. Using acoustics and artificial 486 

intelligence to monitor pollination by insects and tree use by woodpeckers. Sci. Total 487 

Environ. 838, 155883. https://doi.org/10.1016/j.scitotenv.2022.155883 488 

Galen, C., Miller, Z., Lynn, A., Axe, M., Holden, S., Storks, L., Ramirez, E., Asante, E., Heise, D., 489 

Kephart, S., Kephart, J., 2019. Pollination on the Dark Side: Acoustic Monitoring Reveals 490 

Impacts of a Total Solar Eclipse on Flight Behavior and Activity Schedule of Foraging Bees. 491 

Ann. Entomol. Soc. Am. 112, 20–26. https://doi.org/10.1093/aesa/say035 492 

Garcia, H.A., Couture, T., Galor, A., Topple, J.M., Huang, W., Tiwari, D., Ratilal, P., 2020. 493 

Comparing Performances of Five Distinct Automatic Classifiers for Fin Whale Vocalizations 494 

in Beamformed Spectrograms of Coherent Hydrophone Array. Remote Sens. 12, 326. 495 

https://doi.org/10.3390/rs12020326 496 

Garibaldi, L.A., Carvalheiro, L.G., Vaissière, B.E., Gemmill-Herren, B., Hipólito, J., Freitas, B.M., 497 

Ngo, H.T., Azzu, N., Sáez, A., Åström, J., An, J., Blochtein, B., Buchori, D., García, F.J.C., 498 

Oliveira da Silva, F., Devkota, K., Ribeiro, M. de F., Freitas, L., Gaglianone, M.C., Goss, M., 499 

Irshad, M., Kasina, M., Filho, A.J.S.P., Kiill, L.H.P., Kwapong, P., Parra, G.N., Pires, C., Pires, V., 500 

Rawal, R.S., Rizali, A., Saraiva, A.M., Veldtman, R., Viana, B.F., Witter, S., Zhang, H., 2016. 501 

Mutually beneficial pollinator diversity and crop yield outcomes in small and large farms. 502 

Science 351, 388–391. https://doi.org/10.1126/science.aac7287 503 

Garibaldi, L.A., Steffan‐Dewenter, I., Kremen, C., Morales, J.M., Bommarco, R., Cunningham, 504 

S.A., Carvalheiro, L.G., Chacoff, N.P., Dudenhöffer, J.H., Greenleaf, S.S., Holzschuh, A., Isaacs, 505 

R., Krewenka, K., Mandelik, Y., Mayfield, M.M., Morandin, L.A., Potts, S.G., Ricketts, T.H., 506 

Szentgyörgyi, H., Viana, B.F., Westphal, C., Winfree, R., Klein, A.M., 2011. Stability of 507 

pollination services decreases with isolation from natural areas despite honey bee visits. 508 

Ecol. Lett. 14, 1062–1072. https://doi.org/10.1111/j.1461-0248.2011.01669.x 509 

https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI


16 

 

Gay, C., Gaba, S., Bretagnolle, V., 2024. The structure of plant-pollinator networks is affected by 510 

crop type in a highly intensiveagricultural landscape. Agric. Ecosyst. Environ. 359, 108759. 511 

https://doi.org/10.1016/j.agee.2023.108759 512 

Gibb, R., Browning, E., Glover-Kapfer, P., Jones, K.E., 2019. Emerging opportunities and 513 

challenges for passive acoustics in ecological assessment and monitoring. Methods Ecol. 514 

Evol. 10, 169–185. https://doi.org/10.1111/2041-210X.13101 515 

Gottesman, B.L., Francomano, D., Zhao, Z., Bellisario, K., Ghadiri, M., Broadhead, T., Gasc, A., 516 

Pijanowski, B.C., 2020. Acoustic monitoring reveals diversity and surprising dynamics in 517 

tropical freshwater soundscapes. Freshw. Biol. 65, 117–132. 518 

https://doi.org/10.1111/fwb.13096 519 

Gradišek, A., Slapničar, G., Šorn, J., Luštrek, M., Gams, M., Grad, J., 2017. Predicting species 520 

identity of bumblebees through analysis of flight buzzing sounds. Bioacoustics 26, 63–76. 521 

https://doi.org/10.1080/09524622.2016.1190946 522 

Greenleaf, S.S., Kremen, C., 2006. Wild bees enhance honey bees’ pollination of hybrid 523 

sunflower. Proc. Natl. Acad. Sci. 103, 13890–13895. 524 

https://doi.org/10.1073/pnas.0600929103 525 

Guezen JM, Forrest JRK. Seasonality of floral resources in relation to bee activity in 526 

agroecosystems. Ecol Evol. 2021; 11: 3130–3147. https://doi.org/10.1002/ece3.7260 527 

Hartig, F., Lohse, L., 2022. DHARMa: Residual Diagnostics for Hierarchical (Multi-Level / Mixed) 528 

Regression Models. 529 

Heise, D., Miller, Z., Wallace, M., Galen, C., 2020. Bumble Bee Traffic Monitoring Using Acoustics, 530 

in: 2020 IEEE International Instrumentation and Measurement Technology Conference 531 

(I2MTC). Presented at the 2020 IEEE International Instrumentation and Measurement 532 

Technology Conference (I2MTC), pp. 1–6. 533 

https://doi.org/10.1109/I2MTC43012.2020.9129582 534 

Hevia, V., Bosch, J., Azcárate, F.M., Fernández, E., Rodrigo, A., Barril-Graells, H., González, J.A., 535 

2016. Bee diversity and abundance in a livestock drove road and its impact on pollination 536 

and seed set in adjacent sunflower fields. Agric. Ecosyst. Environ. 232, 336–344. 537 

https://doi.org/10.1016/j.agee.2016.08.021 538 

Hicks, D., Baude, M., Kratz, C., Ouvrard, P., Stone, G., 2021. Deep learning object detection to 539 

estimate the nectar sugar mass of flowering vegetation. Ecol. Solut. Evid. 2, e12099. 540 

https://doi.org/10.1002/2688-8319.12099 541 

Hill, A.P., Prince, P., Piña Covarrubias, E., Doncaster, C.P., Snaddon, J.L., Rogers, A., 2018. 542 

AudioMoth: Evaluation of a smart open acoustic device for monitoring biodiversity and the 543 

environment. Methods Ecol. Evol. 9, 1199–1211. https://doi.org/10.1111/2041-210X.12955 544 

Jauker, F., Bondarenko, B., Becker, H.C., Steffan‐Dewenter, I., 2012. Pollination efficiency of 545 

wild bees and hoverflies provided to oilseed rape. Agric. For. Entomol. 14, 81–87. 546 

https://doi.org/10.1111/j.1461-9563.2011.00541.x 547 

Jeliazkov, A., Bas, Y., Kerbiriou, C., Julien, J.-F., Penone, C., Le Viol, I., 2016. Large-scale semi-548 

automated acoustic monitoring allows to detect temporal decline of bush-crickets. Glob. 549 

Ecol. Conserv. 6, 208–218. https://doi.org/10.1016/j.gecco.2016.02.008 550 

Joshi, N., Joshi, P., 2010. Foraging Behaviour of Apis Spp. on Apple Flowers in a Subtropical 551 

Environment. N. Y. Sci. J. 3. 552 

file:///C:/Users/lcrochard01/Documents/acousticpollinator/Gay,%20C.,%20Gaba,%20S.,%20Bretagnolle,%20V.,%202024.%20The%20structure%20of%20plant-pollinator%20networks%20is%20affected%20by%20crop%20type%20in%20a%20highly%20intensiveagricultural%20landscape.%20Agric.%20Ecosyst.%20Environ.%20359,%20108759.%20https:/doi.org/10.1016/j.agee.2023.108759
file:///C:/Users/lcrochard01/Documents/acousticpollinator/Gay,%20C.,%20Gaba,%20S.,%20Bretagnolle,%20V.,%202024.%20The%20structure%20of%20plant-pollinator%20networks%20is%20affected%20by%20crop%20type%20in%20a%20highly%20intensiveagricultural%20landscape.%20Agric.%20Ecosyst.%20Environ.%20359,%20108759.%20https:/doi.org/10.1016/j.agee.2023.108759
file:///C:/Users/lcrochard01/Documents/acousticpollinator/Gay,%20C.,%20Gaba,%20S.,%20Bretagnolle,%20V.,%202024.%20The%20structure%20of%20plant-pollinator%20networks%20is%20affected%20by%20crop%20type%20in%20a%20highly%20intensiveagricultural%20landscape.%20Agric.%20Ecosyst.%20Environ.%20359,%20108759.%20https:/doi.org/10.1016/j.agee.2023.108759
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://doi.org/10.1002/ece3.7260
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI


17 

 

Kahl, S., Wood, C.M., Eibl, M., Klinck, H., 2021. BirdNET: A deep learning solution for avian 553 

diversity monitoring. Ecol. Inform. 61, 101236. https://doi.org/10.1016/j.ecoinf.2021.101236 554 

Kawakita, S., Ichikawa, K., 2019. Automated classification of bees and hornet using acoustic 555 

analysis of their flight sounds. Apidologie 50, 71–79. https://doi.org/10.1007/s13592-018-556 

0619-6 557 

Kerbiriou, C., Bas, Y., Le Viol, I., Lorrilliere, R., Mougnot, J., Julien, J.F., 2019. Potential of bat 558 

pass duration measures for studies of bat activity. Bioacoustics 28, 177–192. 559 

https://doi.org/10.1080/09524622.2017.1423517 560 

Klein, A.-M., Vaissière, B.E., Cane, J.H., Steffan-Dewenter, I., Cunningham, S.A., Kremen, C., 561 

Tscharntke, T., 2007. Importance of pollinators in changing landscapes for world crops. Proc. 562 

R. Soc. B Biol. Sci. 274, 303–313. https://doi.org/10.1098/rspb.2006.3721 563 

Klein, B., Seeley, T., 2011. Work or sleep? Honeybee foragers opportunistically nap during the 564 

day when forage is not available. Anim. Behav. 82, 77–83. 565 

https://doi.org/10.1016/j.anbehav.2011.03.026 566 

Knight, E., Hannah, K., Foley, G., Scott, C., Brigham, R., Bayne, E., 2017. Recommendations for 567 

acoustic recognizer performance assessment with application to five common automated 568 

signal recognition programs. Avian Conserv. Ecol. 12. https://doi.org/10.5751/ACE-01114-569 

120214 570 

Kremen, C., Williams, N.M., Thorp, R.W., 2002. Crop pollination from native bees at risk from 571 

agricultural intensification. Proc. Natl. Acad. Sci. 99, 16812–16816. 572 

https://doi.org/10.1073/pnas.262413599 573 

Marchal, J., Fabianek, F., Aubry, Y., 2022. Software performance for the automated 574 

identification of bird vocalisations: the case of two closely related species. Bioacoustics 31, 575 

397–413. https://doi.org/10.1080/09524622.2021.1945952 576 

Metcalf, O.C., Barlow, J., Bas, Y., Berenguer, E., Devenish, C., França, F., Marsden, S., Smith, C., 577 

Lees, A.C., 2022. Detecting and reducing heterogeneity of error in acoustic classification. 578 

Methods Ecol. Evol. n/a. https://doi.org/10.1111/2041-210X.13967 579 

Miller-Struttmann, N.E., Heise, D., Schul, J., Geib, J.C., Galen, C., 2017. Flight of the bumble bee: 580 

Buzzes predict pollination services. PLOS ONE 12, e0179273. 581 

https://doi.org/10.1371/journal.pone.0179273 582 

Mohanty, S.P., Hughes, D.P., Salathé, M., 2016. Using Deep Learning for Image-Based Plant 583 

Disease Detection. Front. Plant Sci. 7. 584 

Montgomery, G.A., Belitz, M.W., Guralnick, R.P., Tingley, M.W., 2021. Standards and Best 585 

Practices for Monitoring and Benchmarking Insects. Front. Ecol. Evol. 8. 586 

Nderitu, J., Nyamasyo, G., Kasina, M., Oronje, M.L., 2008. Diversity of sunflower pollinators and 587 

their effect on seed yield in Makueni District, Eastern Kenya. Span. J. Agric. Res. 6, 271–278. 588 

https://doi.org/10.5424/sjar/2008062-318 589 

O’Connor, R.S., Kunin, W.E., Garratt, M.P.D., Potts, S.G., Roy, H.E., Andrews, C., Jones, C.M., 590 

Peyton, J.M., Savage, J., Harvey, M.C., Morris, R.K.A., Roberts, S.P.M., Wright, I., Vanbergen, 591 

A.J., Carvell, C., 2019. Monitoring insect pollinators and flower visitation: The effectiveness 592 

and feasibility of different survey methods. Methods Ecol. Evol. 10, 2129–2140. 593 

https://doi.org/10.1111/2041-210X.13292 594 

Ollerton, J., Winfree, R., Tarrant, S., 2011. How many flowering plants are pollinated by animals? 595 

Oikos 120, 321–326. https://doi.org/10.1111/j.1600-0706.2010.18644.x 596 

https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI


18 

 

Penone, C., Le Viol, I., Pellissier, V., Julien, J.-F., Bas, Y., Kerbiriou, C., 2013. Use of Large-Scale 597 

Acoustic Monitoring to Assess Anthropogenic Pressures on Orthoptera Communities. 598 

Conserv. Biol. 27, 979–987. https://doi.org/10.1111/cobi.12083 599 

Perrot, T., Gaba, S., Roncoroni, M., Gautier, J.-L., Bretagnolle, V., 2018. Bees increase oilseed 600 

rape yield under real field conditions. Agric. Ecosyst. Environ. 266, 39–48. 601 

https://doi.org/10.1016/j.agee.2018.07.020 602 

Perrot, T., Gaba, S., Roncoroni, M., Gautier, J.-L., Saintilan, A., Bretagnolle, V., 2019. 603 

Experimental quantification of insect pollination on sunflower yield, reconciling plant and 604 

field scale estimates. Basic Appl. Ecol. 34, 75–84. https://doi.org/10.1016/j.baae.2018.09.005 605 

Polatto, L.P., Chaud-Netto, J. & Alves-Junior, V.V. Influence of Abiotic Factors and Floral 606 

Resource Availability on Daily Foraging Activity of Bees. J Insect Behav 27, 593–612 (2014). 607 

https://doi.org/10.1007/s10905-014-9452-6 608 

Potts, S.G., Biesmeijer, J.C., Kremen, C., Neumann, P., Schweiger, O., Kunin, W.E., 2010. Global 609 

pollinator declines: trends, impacts and drivers. Trends Ecol. Evol. 25, 345–353. 610 

https://doi.org/10.1016/j.tree.2010.01.007 611 

R Core Team, 2022. R: A Language and Environment for Statistical Computing. 612 

Rader, R., Bartomeus, I., Garibaldi, L.A., Garratt, M.P.D., Howlett, B.G., Winfree, R., Cunningham, 613 

S.A., Mayfield, M.M., Arthur, A.D., Andersson, G.K.S., Bommarco, R., Brittain, C., Carvalheiro, 614 

L.G., Chacoff, N.P., Entling, M.H., Foully, B., Freitas, B.M., Gemmill-Herren, B., Ghazoul, J., 615 

Griffin, S.R., Gross, C.L., Herbertsson, L., Herzog, F., Hipólito, J., Jaggar, S., Jauker, F., Klein, 616 

A.-M., Kleijn, D., Krishnan, S., Lemos, C.Q., Lindström, S.A.M., Mandelik, Y., Monteiro, V.M., 617 

Nelson, W., Nilsson, L., Pattemore, D.E., Pereira, N. de O., Pisanty, G., Potts, S.G., Reemer, M., 618 

Rundlöf, M., Sheffield, C.S., Scheper, J., Schüepp, C., Smith, H.G., Stanley, D.A., Stout, J.C., 619 

Szentgyörgyi, H., Taki, H., Vergara, C.H., Viana, B.F., Woyciechowski, M., 2016. Non-bee 620 

insects are important contributors to global crop pollination. Proc. Natl. Acad. Sci. 113, 146–621 

151. https://doi.org/10.1073/pnas.1517092112 622 

Reverté, S., Bosch, J., Arnan, X., Roslin, T., Stefanescu, C., Calleja, J.A., Molowny-Horas, R., 623 

Hernández-Castellano, C., Rodrigo, A., 2019. Spatial variability in a plant–pollinator 624 

community across a continuous habitat: high heterogeneity in the face of apparent 625 

uniformity. Ecography 42, 1558–1568. https://doi.org/10.1111/ecog.04498 626 

Reyes-Carrillo, J.L., Eischen, F.A., Cano-Rios, P., Rodriguez-Martinez, R., Nava Camberos, U., 627 

2007. Pollen collection and honey bee forager distribution in cantaloupe. Acta Zool. Mex. 23, 628 

29–36. 629 

Roemer, C., Julien, J.-F., Bas, Y., 2021. An automatic classifier of bat sonotypes around the 630 

world. Methods Ecol. Evol. 12, 2432–2444. https://doi.org/10.1111/2041-210X.13721 631 

Shiu, Y., Palmer, K.J., Roch, M.A., Fleishman, E., Liu, X., Nosal, E.-M., Helble, T., Cholewiak, D., 632 

Gillespie, D., Klinck, H., 2020. Deep neural networks for automated detection of marine 633 

mammal species. Sci. Rep. 10, 607. https://doi.org/10.1038/s41598-020-57549-y 634 

Silva, D.P., Serres, J.M.-D., Souza, D.R., Hilgert-Moreira, S.B., Fernandes, M.Z., Kevan, P.G., 635 

Freitas, B.M., 2013. Efficiency in pollen foraging by honey bees: Time, motion and pollen 636 

depletion on flowers of Sisyrinchium palmifolium Linnaeus (Asparagales: Iridaceae). J. 637 

Pollinat. Ecol. 11, 27–32. https://doi.org/10.26786/1920-7603(2013)8 638 

https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI


19 

 

Stabentheiner, A., Kovac, H., 2014. Energetic optimization of foraging honeybees: Flexible 639 

change of Strategies in response to environmental challenges. PLOS ONE 9, e105432. 640 

https://doi.org/10.371/journal.pone.0105432 641 

Stowell, D., 2022. Computational bioacoustics with deep learning: a review and roadmap. PeerJ 642 

10, e13152. https://doi.org/10.7717/peerj.13152 643 

Stowell, D., Wood, M.D., Pamuła, H., Stylianou, Y., Glotin, H., 2019. Automatic acoustic detection 644 

of birds through deep learning: The first Bird Audio Detection challenge. Methods Ecol. Evol. 645 

10, 368–380. https://doi.org/10.1111/2041-210X.13103 646 

van Klink, R., August, T., Bas, Y., Bodesheim, P., Bonn, A., Fossøy, F., Høye, T.T., Jongejans, E., 647 

Menz, M.H.M., Miraldo, A., Roslin, T., Roy, H.E., Ruczyński, I., Schigel, D., Schäffler, L., Sheard, 648 

J.K., Svenningsen, C., Tschan, G.F., Wäldchen, J., Zizka, V.M.A., Åström, J., Bowler, D.E., 2022. 649 

Emerging technologies revolutionise insect ecology and monitoring. Trends Ecol. Evol. 650 

https://doi.org/10.1016/j.tree.2022.06.001 651 

Van Uffelen, L.J., Roth, E.H., Howe, B.M., Oleson, E.M., Barkley, Y., 2017. A Seaglider-Integrated 652 

Digital Monitor for Bioacoustic Sensing. IEEE J. Ocean. Eng. 42, 800–807. 653 

https://doi.org/10.1109/JOE.2016.2637199 654 

Weinstein, B.G., 2018. Scene-specific convolutional neural networks for video-based 655 

biodiversity detection. Methods Ecol. Evol. 9, 1435–1441. https://doi.org/10.1111/2041-656 

210X.13011 657 

Westphal, C., Bommarco, R., Carré, G., Lamborn, E., Morison, N., Petanidou, T., Potts, S.G., 658 

Roberts, S.P.M., Szentgyörgyi, H., Tscheulin, T., Vaissière, B.E., Woyciechowski, M., 659 

Biesmeijer, J.C., Kunin, W.E., Settele, J., Steffan-Dewenter, I., 2008. Measuring Bee Diversity 660 

in Different European Habitats and Biogeographical Regions. Ecol. Monogr. 78, 653–671. 661 

https://doi.org/10.1890/07-1292.1 662 

Woyke, J., Wilde, J., Wilde, M., 2003. Flight activity reaction to temperature changes in Apis 663 

dorsata, Apis laboriosa and Apis mellifera. J. Apic. Sci. 47. 664 

Yücel, B., Duman, İ., 2005. Effects of Foraging Activity of Honeybees ( Apis mellifera L.) on Onion 665 

( Allium cepa ) Seed Production and Quality. Pak. J. Biol. Sci. 666 

https://doi.org/10.3923/pjbs.2005.123.126 667 

Zattara, E.E., Aizen, M.A., 2021. Worldwide occurrence records suggest a global decline in bee 668 

species richness. One Earth 4, 114–123. https://doi.org/10.1016/j.oneear.2020.12.005 669 

Zou, Y., Xiao, H., Bianchi, F.J.J.A., Jauker, F., Luo, S., van der Werf, W., 2017. Wild pollinators 670 

enhance oilseed rape yield in small-holder farming systems in China. BMC Ecol. 17, 6. 671 

https://doi.org/10.1186/s12898-017-0116-1 672 

 673 

https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI
https://www.zotero.org/google-docs/?MuYrFI

