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Acoustic communication is a way of information exchange between individuals, and it is used by several animal species. Therefore, the detection, recognition and correct understanding of acoustic signals are key factors in effective communication. The priority of acoustic communication is effectiveness rather than perfection, being effective avoids affecting the sound-based communication system of the species. One of the factors that can affect effective communication is the overlap in time and frequency during signal transmission, known as signal masking. One type of sound that can cause masking is anthropogenic noise, which is currently increasing due to urban growth and consequently motorized transportation and machinery. When exposed to anthropogenic noise, animals can use compensatory mechanisms to deal with sound masking, such as the modification of acoustic parameters of their acoustic signal. Here, we performed a meta-analysis investigating whether different taxa have a general tendency for changes in acoustic parameters due to anthropogenic noise, we used taxa and acoustic parameters available in the literature that met the minimum criteria to perform a meta-analysis. We hypothesized that animals exposed to anthropogenic noise use compensation mechanisms, such as changes in dominant, maximum or minimum frequencies, call duration, note duration and call rate to deal with masking. We performed a meta-analysis, which synthesized information from 73 studies comprising 82 species of three taxa: insects, anurans and birds. Our results showed that in the presence of anthropogenic noise, insects did not change the acoustic parameters, while anurans increased call amplitude and birds increased dominant frequency, minimum and maximum frequencies, note duration and amplitude of their songs. The different responses of the groups to anthropogenic noise may be related to their particularities in the production and reception of sound or to the differences in the acoustic parameters considered between the taxa and also the lack of studies in some taxa.
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INTRODUCTION

Acoustic communication is widely used by animals to exchange information among individuals. It is accomplished through an acoustic signal generated by a sender, propagated through the environment and received by a receptor (Wiley and Richards, 1978; Ryan and Kime, 2003). Acoustic signals can reach long distances and carry information such as the identity, location and sexual status of the sender (Gerhardt and Huber, 2002). Their use is relevant in many contexts, such as attracting partners for breeding, territorial defense and danger alert (Gerhardt and Huber, 2002). When the communication process is not effective from emission to signal reception, interactions among communicating individuals are compromised.

Anthropogenic noise is a type of sound that can be considered as a kind of environmental pollution and that can interfere with the acoustic communication of animals (Harding et al., 2019). Usually, the anthropogenic noise energy is in the range from 1 to 4 kHz (Job et al., 2016), but for example a travelling truck can occupy a noise range from 1 to 8.4 kHz (Duarte et al., 2019). Several negative effects have been attributed to anthropogenic noise, such as decreased species richness and abundance (Francis et al., 2009; Benítez-López et al., 2010; McClure et al., 2013), altered biotic interactions (Shannon et al., 2016; Phillips et al., 2019), and physiological effects on individuals such as stress due to exposure to noise (Tennessen et al., 2016).

When there is an overlap in the time and frequency spectrum of the noise and the sound produced by species, masking effect occurs, which can inhibit the perception of acoustic signals of animals (Patterson and Green, 1978; Brumm and Slabbekoorn, 2005; Wiley, 2006). To avoid masking effects in noisy environments, animals can also alter calling behavior patterns, since individuals of many species modify calling activity periods (Sousa-Lima and Clark, 2008; Dominoni et al., 2016). Some animals can also adjust the properties of the acoustic signal, according to their phenotypic flexibility (Piersma and Drent, 2003), this phenomenon can even be transmitted from one generation to the next one, resulting in evolutionary changes (Brumm and Slabbekoorn, 2005). Masking caused by biotic or abiotic noise can influence the ecology and evolution of various sound communication systems in animals (Brumm and Slabbekoorn, 2005; Slabbekoorn and Ripmeester, 2008).

Anthropogenic noise occupies a sound frequency band similar to that used by some species of insects, anurans and birds. Studies suggest that a strategy to deal with this is altering the acoustic parameters (Hu and Cardoso, 2010; Lampe et al., 2012; McCarthy et al., 2013; Montague et al., 2013). Understanding whether changes in acoustic parameters caused by noise are responses to phenotypic or evolutionary plasticity has been investigated for biotic and abiotic noise (Brumm and Slabbekoorn, 2005; Slabbekoorn and Ripmeester, 2008). In insects, a study found that Grasshoppers raised under noisy conditions produced songs with higher maximum-frequency as adults, suggesting plasticity in this spectral property of sound (Lampe et al., 2014). In anurans, the frequency of call is conditioned by morphological constraints, such as body size, and is considered a parameter conserved between generations, nevertheless, individuals that live in environments with constant abiotic noise call at higher dominant frequencies than expected, suggesting evolutionary changes (Goutte et al., 2016; Röhr et al., 2016). In birds, evolutionary changes are also reported, proposing that biotic noise has shaped certain bird sound (Dubois and Martens, 1984; Brumm and Slabbekoorn, 2005), but changes are also suggested due to vocal plasticity (Gross et al., 2010; Bermúdez-Cuamatzin et al., 2012). Modification of acoustic parameters to avoid masking can compromise signal reception and affect its function (Patricelli and Blickley, 2006). The level of sound masking caused by anthropogenic noise and the ability to compensate for it may vary depending on the group of animals (Brumm and Slabbekoorn, 2005; Raboin and Elias, 2019).

Some review studies have investigated the effect of anthropogenic noise, evaluating changes in frequency (Roca et al., 2016), experimental studies (Kunc and Schmidt, 2021) or changes in the ocean soundscape (Duarte et al., 2021). Here, we performed a meta-analysis of the general patterns of each acoustic parameter that met the minimum criteria for a meta-analysis, investigating their changes as a consequence of anthropic noise in three groups. We hypothesize that animals exposed to noise will use compensation mechanisms to avoid masking. For some insects, anurans, and birds, sound emission is in the same frequency band as anthropogenic noise, so we predicted similar effects in the three investigated taxa. Specifically, we expected: (i) increase in the dominant, minimum and maximum frequencies, to avoid overlapping the same frequency range of the noise (Nemeth and Brumm, 2009; Lampe et al., 2014; Grenat et al., 2019); (ii) increase in call/song duration, note duration and call/song rate, to increase the chances of being detected in the presence of noise (Kaiser and Hammers, 2009; Roca et al., 2016); and (iii) increase in amplitude, to be heard in an environment with anthropogenic noise (Zollinger and Brumm, 2011; Zhao et al., 2018).



METHODS


Literature Search

We searched for studies which investigated changes in signals through acoustic parameters modified by the action of anthropogenic sounds. We performed a systematic review following PRISMA protocol (Page et al., 2021). Searches were implemented on the Scopus and Web of Science platforms for all available years through January 2022. Searches were performed using the following keywords: (“noise*” OR “masking”) AND (“traffic*” OR “road*” OR “urban” OR “anthropic” OR “anthropogenic”) AND (“signal*” OR “call*” OR “vocalization*” OR “song*”). These keywords were searched in the title, abstract and keywords of the studies. The number of records obtained in the systematic review is presented in a flow chart (Figure 1 and Supplementary Table 1).
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FIGURE 1. PRISMA flow diagram used for research of scientific articles for the study.




Criteria for Study Inclusion

We selected studies according to the following criteria: (i) investigated the effect of anthropogenic sounds on the acoustic parameter, with control (not exposed to anthropogenic sounds) and treatment (exposed to anthropogenic noise), conducted through experiment or in nature; (ii) studies with one or more acoustic parameters evaluated (e.g., dominant frequency, call duration, call rate); (iii) terrestrial animals; and (iv) studies with information on: mean, standard deviation and number of individuals sampled for each treatment (control and noise), or studies with sufficient statistical information to allow calculation of effect size.

In our study, we had to deal with measurement errors, such as bias generated when extracting minimum and maximum frequency measurements visually from spectrograms. Beecher (1988) and Zollinger et al. (2012) reported similar problems for studying birdsong in noisy environments, for example, two sounds identical in frequency and amplitude can look markedly different on a spectrogram if there is some other higher amplitude sound in the background of a recording that is not present in the other, also noise can make it difficult to detect the minimum frequency of the signal in the spectrogram. To avoid measurement errors, it is recommended to use power or amplitude spectra (Zollinger et al., 2012). From the power spectra, the minimum and maximum frequency can be reliably measured (Zollinger et al., 2012; Brumm et al., 2017). We chose to include in our study only data from minimum and maximum frequencies measured in power spectrum or studies of experiments that controlled measurement errors. Therefore, we excluded from our database 82 individual responses that did not meet this criterion.

We built a database containing seven acoustic parameters: (i) dominant frequency (the frequency that contains more sound energy); (ii) minimum frequency (lowest frequency of sound), (iii) maximum frequency (highest frequency of sound); (iv) call duration (length from start to end of sound in insects and anurans; in birds the studies measure song duration (the start of the first element to the end of the last element of a song); (v) note duration (length from start to end of a note of the song); (vi) call/song rate (number of calls/songs emitted over of time); and (vii) call amplitude (sound pressure). Not all acoustic parameters were found in the three classes of animals that conform our database. The data obtained for insects includes the orders orthoptera and hemiptera, and in the literature we found the acoustic parameters dominant frequency and maximum frequency tested for anthropogenic noise. In anurans, we found only dominant frequency, call duration, call rate and call amplitude. For birds, we obtained data on all acoustic parameters, dominant frequency, maximum frequency, minimum frequency, song duration, note duration, song rate and song amplitude.



Effect Sizes

For each study that we extracted the mean, standard deviation and number of individuals sampled for each treatment (control and noise), we calculated the effect size using Hedges’ g statistic, using the “metafor” package (Viechtbauer, 2010). We extracted data found only in figures using the Get Data Graph Digitizer program (Get Data Graph Digitizer, 2021). Data available only in figures with median and interquartile range had their mean and standard deviation estimated according to the method of Hozo et al. (2005). For studies that did not report the mean and standard deviation, we used the “esc” package (Lüdecke, 2019) to convert statistical test results into Hedges’ g effect size measurements (Supplementary Table 2). The analyses were performed in R environment (R Core Team, 2021).



Controlling for Phylogenetic Signal

Our samples include species from three taxonomic groups, then it was necessary to control the non-independence of the species, because the evolutionary history of these species can be shared. With the species of our dataset, we created a tree with the phylogenetic and taxonomic information obtained in Tree of Life Web Project website (Tree of Life Web Project, 2007), these data were obtained using the package “rotl” (Michonneau et al., 2016). The lengths of the branches of the phylogenetic tree were calculated using the method of Grafen (1989) and a correlation matrix of phylogenetic relatedness among species was constructed for our dataset, these steps were performed using the package “ape” (Paradis and Schliep, 2019), the analyses were performed in the R environment (R Core Team, 2021; Supplementary Figure 1). This correlation matrix of phylogenetic was inserted in our meta-analysis as a random variable (see section “Meta-Analysis”).



Meta-Analysis

We tested the effect size of the data assuming that they were heterogeneous and performed a random-effects meta-analysis. We used a multilevel meta-analytical model to control non-independence between effect sizes using random variables in the model (Nakagawa and Santos, 2012; Nakagawa et al., 2017). We included “species” and “phylogenetic signal” as random variables in our model, species was included as a random variable to control for the effect of several studies investigating the same species. We built the model using the function rma.mv, and we adjusted it by using restricted maximum likelihood (REML). We included acoustic parameter as moderator in the model, for our result to be obtained for each acoustic parameter by taxon. The analyzes were performed in the “metafor” package (Viechtbauer, 2010), in the R environment (R Core Team, 2021).

We also investigated the presence of outliers as they may affect the validity and robustness of the meta-analysis (Viechtbauer and Cheung, 2010), we detected their presence through Cook’s distance. We removed data from our analysis with Cook’s distance above five, leading to the exclusion of eight potential outliers from our data base (see result with outliers in Supplementary Table 3).



Publication Bias

To test the publication bias we used the Egger regression test (Egger et al., 1997). We maintained the same model structure used to evaluate the effect of anthropogenic noise for the acoustic parameters, but we changed the moderator that was the acoustic parameter by the sample variance. When the regression intercept significantly deviates from zero it is considered that the data are asymmetric and biased toward publication bias (Sterne and Egger, 2006). We considered the result with a tendency for publication bias when the intercept differed from zero at p < 0.1 (Egger et al., 1997). Additionally, we measured the level of heterogeneity of the meta-analysis using I2, which describes the percentage of variation across the studies due to data heterogeneity (Higgins et al., 2003).




RESULTS

We found a total of 73 studies (Figure 1), published between 2006 to January 2022 (Figure 2). The number of studies were conducted in 34 countries and varied for insects, anurans and birds (Figure 3). The most evaluated anthropogenic noise in the studies was urban and car traffic, but we also found noise generated by aircraft and gas compressor. From the studies we obtained 286 effect sizes, with individual responses distributed in the three taxa, where we found data for different acoustic parameters (Table 1). We obtained data from four insect species, 22 anuran species and 56 bird species, for a total of 82 species evaluated. The Egger’s regression model was not significant, showing that our results are unaffected by the publication bias (intercept = 0.0438; C.I. = −0.37 to 0.46; p = 0.8372). Additionally, we observed a high level of heterogeneity (I2 = 92.99%).
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FIGURE 2. Studies included in the meta-analysis. Number of studies present in our database, separated by year and color-coded taxon.
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FIGURE 3. Geographic distribution of studied sites included in the meta-analysis. Color-coded circles represent different taxon, solid circles represent studies that had one or two sampling sites, and each different shape (square and triangle) represent a study that had more than two sampling sites.



TABLE 1. Results of the multilevel meta-analysis.
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For invertebrates, there was no change in the acoustic parameters when exposed to anthropogenic sounds (Table 1 and Figure 4A). Anurans increased their call amplitude due to anthropogenic sounds (Table 1 and Figure 4B). For birds the acoustic parameters dominant frequency, minimum frequency, maximum frequency, note duration and call amplitude increased in sites of anthropogenic noise (Table 1 and Figure 4C).
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FIGURE 4. Forest plot representing effect of anthropogenic sounds for acoustic parameters. The mean effect size Hedges’ g (represented by black circles) and confidence interval values of 95% (bars) for each acoustic parameter, separated by taxon, (A) Insects, represented by the orders Orthoptera and Hemiptera, (B) Anurans and (C) Birds.




DISCUSSION

Our study detected a general pattern for some acoustic parameters to change in response to anthropogenic noise, with different results for the three taxa studied. Birds show a general pattern to change several acoustic parameters, such as dominant frequency, minimum and maximum frequencies, note duration and song amplitude. Anurans suggest a general pattern to change only the amplitude of the call, for insects there were no changes in the general pattern for none of the investigated acoustic parameters.

For insects the number of studies that evaluated noise interference for acoustic communication was small, compared to the other groups, and this is reflected in the confidence interval of the results, which showed the need for more studies for this taxon. Despite the small number of studies for the group, we observed a tendency for frequencies to increase in the presence of noise, but our result was not significant. Other strategies can also be used by insects, Duarte et al. (2019) showed that Gryllus sp. reduced its sounds emission by 90% in the presence of truck noise, but it was not possible to test the generality of that acoustic parameter, because this parameter has not been tested in studies that allowed performing a meta-analysis. To decrease vocal activity can be a strategy to avoid masking, as individuals spend a lot of energy to emit an acoustic signal, calling more implies higher energy expenditure (Prestwich and Walker, 1981). However, we do not know how this affects the interactions mediated by acoustic communication.

Anurans increased call amplitude in the presence of noise. Our meta-analysis showed that this was the only acoustic parameter that responded to anthropogenic noise for anurans, showing that anurans can use the strategy of call with high intensity to avoid masking. Increased level of vocalization intensity according to noise, known as the “Lombard effect” (Brumm and Zollinger, 2011), has also been reported in studies with anurans that vocalize next to noisy environments, as streams (Halfwerk et al., 2016; Shen and Xu, 2016), although, some studies did not find evidence for the Lombard effect (Love and Bee, 2010; Zhao et al., 2018). Even though our results suggest the effect of anthropogenic noise on call amplitude, we interpret our results with caution, due to the low number of studies that evaluated this acoustic parameter and the difficulty in measuring the amplitude, which can be influenced by several factors, such as the direction of the signal emitter, among others.

Studies have shown how masking can affect anurans. For example, in several species that vocalize in sites with anthropogenic noise, the frequency of calls has increased (Parris et al., 2009; Cunnington and Fahrig, 2010; Grenat et al., 2019), although this response is not a general pattern for the group, as shown in our meta-analysis. Some studies that did not investigate a change in frequency due to noise, suggest an increase in the call rate, to increase chances of detection (Kaiser and Hammers, 2009; Roca et al., 2016). Our study showed an inverse tendency, with a decrease in the call rate, but the result was not significant, this tendency could be confirmed in the future with the increase in the number of studies.

In anurans, the consequences of changes in acoustic parameters caused by anthropogenic noise can affect sexual selection, as calls are used by females to choose males (Duellman and Trueb, 1985; Wells and Schwartz, 2007). For females of the group the preference for specific frequencies has been reported (Gerhardt, 1987; Ryan et al., 1992; Márquez and Bosch, 1997). In addition, in the presence of chorus and traffic noise, females decrease orientation toward the acoustic signal (Bee and Swanson, 2007). Another feature already shown is that males exposed to noise decrease the number of days present in the chorus and the duration of the chorus (Kaiser et al., 2011). These behavior changes were not investigated in our study, but changes in behavior when exposed to anthropogenic noise are also a mechanism used by anurans.

We suggest that birds showed a general tendency to change a higher number of acoustic parameters to avoid sound masking by anthropogenic noise. These mechanisms can benefit species that are exposed to anthropogenic noise, which is important to highlight this for the group. The number of acoustic parameters tested was greater compared to the other groups. The increasing signal frequencies may be advantageous in anthropogenic noise environment, where it has been shown that high frequencies are easier to detect (Ripmeester et al., 2010b; Pohl et al., 2012). But this may decrease signal efficiency for sexual selection and defense (Halfwerk et al., 2011). Some studies suggest that frequency depends on body size, larger birds produce songs with lower frequencies, so females can use song frequency as an indicator of male size in sexual selection (Ryan and Brenowitz, 1985; Gil and Gahr, 2002), thus, changes in frequencies songs can influence the preference of females. In addition, high frequency sounds may indicate that the transmitter is not hostile (Morton, 1977), this type of information can be used by males who defend territory. Therefore, modifying these signals may decrease communication efficiency, and males may be perceived as less attractive to females or less effective in the defense of territory (Mockford and Marshall, 2009).

Birds also increased note duration, longer duration of song and note can increase the chances of sound detection in the presence of anthropogenic noise. In birds, long song durations have been reported as responses to territory defense (Ripmeester et al., 2010a; Narango and Rodewald, 2016), however, in our study we found a general pattern only for note duration. Our results also suggest that the call amplitude increases in the presence of anthropogenic noise. Similar results have been shown in the literature for biotic noise, where studies have reported that the Lombard effect is a mechanism widely used by birds to avoid sound masking (Lampe et al., 2010; Zollinger and Brumm, 2011; Dorado-Correa et al., 2018; Singh et al., 2019). Zollinger and Brumm (2015) showed that changes in amplitude can have several costs for birds, for example, affecting sexual selection, defense of territory, condition and energy. Modifying the acoustic parameters can generate costs for birds, this should generate a loss/gain relationship, and the emitter should produce the most advantageous signal.

We showed a large difference between the number of studies by groups, the group of insects was the most neglected. These differences made it difficult to investigate a general pattern by taxon and to compare the same parameter in different taxa. Dominant frequency was the only acoustic parameter evaluated in the three groups. Although some studies suggested changes in this signal, change in the dominant frequency was a general pattern only in birds. This result may have occurred because the dominant frequency is considered an acoustic parameter difficult to change in insects and anurans, due to morphological restrictions (Castellano and Giacoma, 1998; Raboin and Elias, 2019). In birds, changes in frequency have been suggested, due to evolutionary and plastic responses to environmental changes (Morton, 1975; Bermúdez-Cuamatzin et al., 2012), and we emphasize that birds have anatomical characteristics that enable them to modulate the frequency and amplitude in vocal production, generating different types of singing (Riede and Goller, 2010; Ladich and Winkler, 2017), which does not occur in the other investigated groups. This is reflected in our results, which showed a general pattern for birds, changing the dominant, minimum and maximum frequencies of the sound. For anurans we tested call duration, in birds we tested song duration and note duration, in both we tested call/song rate, and we found a general pattern only for longer note duration in response to anthropogenic noise in birds. For call amplitude, anurans and birds increased signal amplitude, this was the only common change between both groups, increasing sound intensity due to noise is a feature widely used in vertebrates (Brumm and Zollinger, 2011). Thus, the birds group presented the most general patterns of responses to changes in acoustic parameters. Our meta-analysis showed all taxa either changed some acoustic parameter or showed a tendency to do so in environments with anthropogenic noise.



CONCLUSION

This work investigated the general patterns of changes in acoustic parameters caused by anthropogenic noise in insects, anurans and birds. Our approach showed that birds was the taxon with the most parameter changes, with dominant frequency, minimum and maximum frequencies, note duration and amplitude song, affected by anthropogenic noise in most studies that tested this effect. For anurans, a general pattern in the studies was an increase amplitude due to anthropogenic noise. Therefore, amplitude was the only parameter that changed in two different taxonomic groups. Additionally, we emphasized that the group of insects had few studies, thus this can influence the lack of a general pattern for the group. Additionally, considering the changes in the acoustic parameters, it is necessary to understand the consequences of these changes for each species. Questions such as the influence of these changes on the interactions mediated by animal acoustic communication need to be investigated deeply. Therefore, we emphasize that understanding these effects can contribute to strategies that minimize the consequences of anthropogenic noise for animals.
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Maximum frequency (Hz) 3 2174 —0.45 4.80 1.34 0.1053
Anurans Dominant frequency (Hz) 28 0.388 —-0.19 0.97 0.29 0.1901
Call duration (s) 18 —0.420 —1.01 0.17 0.30 0.1702
Call rate (call/seg) 27 —0.526 —-1.11 0.05 0.29 0.0785
Amplitude (dB) 7 1.828 1.13 2.51 0.35 <0.0001
Birds Dominant frequency (Hz) 58 0.405 0.03 0.77 0.18 0.0314
Minimum frequency (Hz) 55 0.961 0.58 1.33 0.19 <0.0001
Maximum frequency (Hz) 33 0.593 0.19 0.98 0.20 0.0031
Song duration (s) 24 0.225 -0.15 0.66 0.20 0.2203
Note duration (s) 11 0.619 0.19 1.04 0.21 0.0042
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Number of records per acoustic parameter (n) evaluated by taxon, mean effect size (Hedges’g), lower limit, upper limit, standard error (se) and p-value. Significant results

highlighted in bold.
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