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Urbanization drastically changes environmental conditions, including the introduction of sensory pollutants, such as artificial light at night (ALAN) and anthropogenic noise. To settle in urban habitats, animals need to cope with this new sensory environment. On a short timescale, animals might cope with sensory pollutants via behavioral adjustments, such as changes in sexual signaling, which can have important fitness consequences. While ALAN and anthropogenic noise generally co-occur in urban habitats and are known to be able to interact to modify behavioral responses, few studies have addressed their combined impact. Our aim was, therefore, to assess the effects of ALAN, anthropogenic noise, and their interaction on sexual signaling in túngara frogs (Engystomops pustulosus). We observed the calling behavior of frogs in urban and forest areas, and subsequently recorded these frogs in a laboratory set-up while independently manipulating light and noise levels. Frogs in urban areas called with a higher call rate and complexity, which was correlated with local sensory conditions. Furthermore, our lab experiment revealed that ALAN can directly alter sexual signaling independently as well as in combination with anthropogenic noise. Exposure to ALAN alone increased call amplitude, whereas a combination of ALAN and anthropogenic noise interacted to lead to a higher call complexity and amplitude. Overall, the response patterns consistently showed that exposure to ALAN and anthropogenic noise led to more conspicuous sexual signals than expected based on the additive effects of single pollutants. Our results support the notion that urban and forest population differences in sexual signaling can be partially explained by exposure to ALAN and anthropogenic noise. Furthermore, by demonstrating interactive effects between light and noise pollution, our study highlights the importance of examining the effects of multisensory pollution, instead of single pollutants, when trying to understand phenotypic divergence in urbanized vs. natural areas.
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Introduction

Human populations are increasing rapidly in size, and are simultaneously becoming more concentrated in cities (United Nations, 2018). Consequently, natural areas are being converted into areas specifically designed for humans, characterized by built structures and other infrastructure, a process known as urbanization. Urbanization brings along drastic changes in biotic and abiotic conditions (Santangelo et al., 2022), including altered resource availability, predator abundance, and light and noise pollution. Species must, therefore, adapt to these novel urban conditions (McKinney and Lockwood, 1999; McKinney, 2006), either via an evolutionary response over generations, or via plasticity within their lifetime (reviewed in Candolin and Wong; Sol et al., 2013).

Behavioral plasticity in communication is commonly observed in response to urban conditions, presumably because behavior can be adjusted on very short time scales and the maintenance of effective communication is crucial for species settlement and persistence in a novel environment. Sexual communication, in particular, has important fitness consequences, as it typically determines the outcome of rival competition, mate attraction, and (cryptic) mate choice (Darwin, 1871; Andersson, 1994). The production, transmission, and perception of sexual signals, such as song and pheromones, are known to be affected by the environment (e.g., Brumm and Slabbekoorn, 2005), and drastic environmental changes due to urbanization thereby pose novel pressures on communication systems. However, the production of sexual signals is often flexible. Animals could therefore behaviorally adjust to novel urban environments by changing their sexual signals, potentially improving signal efficacy.

Urban sensory environments are characterized by high levels of artificial light at night (ALAN) and anthropogenic noise (e.g., street lighting and traffic noise) (Barber et al., 2010; Kyba et al., 2017). These sensory pollutants can interfere with the detection, processing, or interpretation of sexual signals (Halfwerk and Slabbekoorn, 2015; Dominoni et al., 2020a). In response to exposure to sensory pollutants, animals can behaviorally adjust the timing or location of signaling, or the signal itself (reviewed by Cronin et al., 2022). For example, when exposed to ALAN, multiple bird species advance the timing of singing (Kempenaers et al., 2010). In response to noise, animals can change sexual signals by, for example, adjusting the amplitude (Halfwerk et al., 2016), frequency (Slabbekoorn and Peet, 2003; Parris, 2009), or use of different signal elements (Halfwerk and Slabbekoorn, 2009; Orci et al., 2016).

While ALAN and anthropogenic noise generally co-occur in urban areas (McMahon et al., 2017; Votsi et al., 2017), few studies have examined their combined effects (“multisensory pollution”) on animal behavior (reviewed in Halfwerk and Slabbekoorn, 2015; Halfwerk and Jerem, 2021). Sensory stimuli, such as visual and auditory cues, are processed by different sensory systems, but can have complex interactions at higher perceptual levels (e.g., Taylor and Ryan, 2013). Consequently, ALAN and anthropogenic noise can have interactive effects that differ from the expected additive effects of these pollutants in isolation, such as enhancing or mitigating the single effects (Piggott et al., 2015; Hale et al., 2017; Dominoni et al., 2020b). Interactive effects of ALAN and anthropogenic noise have been shown, for example, in activity patterns (Dominoni et al., 2020b), abundance patterns (Wilson et al., 2021), and development and survival in birds (Ferraro et al., 2020). Particularly in the context of communication, animals generally rely on multiple modalities (Partan and Marler, 1999), but we currently lack an understanding of how multiple sensory pollutants affect communication. Studying the combined effects of ALAN and anthropogenic noise is therefore essential to obtain more comprehensive insights into how multisensory pollution affects sexual signaling.

The túngara frog (Engystomops pustulosus) produces acoustic sexual signals and occurs throughout the lowlands of Central and South America where it inhabits both urban and forest areas. Males display from puddles on the forest floor or road and start their call with a “whine” (downward frequency sweep), optionally followed by one or more “chucks” (short high amplitude element), which increases call complexity (Ryan, 1985). Males in urban sites produce more complex calls at higher call rates compared to forest sites, making them more attractive to females (Halfwerk et al., 2019). Differences in call complexity partly persist under urban common garden conditions (Halfwerk et al., 2019), but it is unclear to what extent sensory pollutants directly drive this behavioral response.

Our aim was therefore to examine the effects of ALAN, anthropogenic noise and their interaction on calling behavior in túngara frogs. We observed the calling behavior of frogs in urban and forest sites with varying light and noise levels and tested for relationships between sexual signaling and local sensory conditions. Subsequently, we transported these frogs to our standardized recording set-up, in which we manipulated light and noise levels and recorded calling behavior in response to various conspecific playbacks. Since very few previous studies have addressed the interactive effects of light and noise pollution, and those that have done so show complex synergistic, antagonistic, or even emergent effects (Halfwerk and Jerem, 2021), we did not have clear expectations of the interactive effects of light and noise pollution on calling behavior. This study intends to provide insights into the role of (multi)sensory pollution in changes in sexual signaling in response to urban conditions.



Materials and methods


Sample sites and frog collection

We collected 80 male túngara frogs [Engystomops (= Physalaemus) pustulosus] at six urban and seven forest sites. Sampling sites were all located east of the Panama Canal, around Panama City and the canal zone, and in national parks Soberanía and Camino de Cruces (see Figure 1). To obtain estimates of sensory conditions at each site, we took the average of multiple light (Lux meter HT309, HT Instruments, illumination level reading range 0.01–400 lux, upward and four cardinal directions, breast height) and noise measurements (SPL meter, type 407764, Extech Instruments; two opposite directions for 10 s; A and C weighted, fast, low) taken at different calling sites in 2019 and/or 2021 between 20:00 and 00:00. We lacked sensory data from one urban site, which we replaced with the averages of the other urban sites (which did not influence the results). Average light levels ranged from < 0.01 to 3.7 lux (mean ± SD: urban 1.95 ± 1.5, forest 0.03 ± 0.01), and noise levels ranged from 43.1 to 58.2 dBA (mean ± SD: urban 51.7 ± 5.7, forest 50.6 ± 3.5) and 49.4 to 64.6 dBC (mean ± SD: urban 57.8 ± 5.4, forest 54.6 ± 5.7).
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FIGURE 1
Map showing urban (orange) and forest (green) sampling locations around Panama City, the canal zone and in national forests (Soberanía and Camino de Cruces). Map was created using the leaflet package in R (Cheng et al., 2021).


Per collection night (between 19:15 and 22:15) we caught four calling frogs from an urban site and four from a forest site, and transported them to the lab. To minimize the sampling bias, we decided in a random but balanced manner which site we would collect first. Before catching each frog, we noted its calling behavior in the field for 1 min: the number of calls (“call rate”), the maximum number of chucks per call (“call complexity”), and the number of calling males in the vicinity (“chorus size”).

Frogs were housed individually in a small enclosure (18 × 11.5 × 13 cm, L × W × H), with mesh on all sides except for the bottom, in one of eight custom-built recording boxes lined with sound isolating foam (36 × 25 × 58 cm, L × W × H). The small enclosure contained a shelter and a small bowl (ø 8.5 × height 4.0 cm) with dechlorinated water and a strip of mesh for the frog to hold onto while calling. Recording boxes were situated in the same location and temperature and humidity levels were similar across boxes (∼26°C, ∼85% relative humidity). We fed frogs a fixed amount of termites on the second or third day in the lab.

Experiments were conducted in September and October 2019 in Gamboa, Republic of Panamá, using facilities of the Smithsonian Tropical Research Institute (STRI). Frogs were kept in the lab for a maximum of five nights. Before releasing the frogs at their capture sites, we recorded body size as snout-vent length (SVL, mm) and mass (g), and took toe clip samples for later DNA analyses and to prevent re-testing. All experiments were licensed and approved by STRI (IACUC permit: 2019-0301-2022) and the Autoridad Nacional del Ambiente de Panamá (SE/A-47–19).



Experimental design


Sensory treatments

After one night under baseline conditions (low light levels, < 0.01 lx, no noise playbacks) for acclimatization, we exposed frogs for two nights to one of four treatment combinations: forest light and noise (“Control”), forest light and urban noise (“Noise”), urban light and forest noise (“Light”), and both urban light and noise (“Light + Noise”). Each frog was randomly assigned to a treatment while ensuring each treatment was equally represented across frogs from the different collection sites in each round. To provide standardized but ecologically relevant stimuli, we synthesized noise based on field recordings obtained at four urban and four forest sites, which differed in peak amplitude (∼65 dB for urban noise; and ∼45 dB for forest noise, at the center of the enclosure, SPL meter; A weighted, fast, and low), amplitude modulation (higher for urban noise), and frequency (more energy in frequencies < 2 kHz for urban noise, see Supplementary Figure 1). The noise was looped continuously using small speakers [JBL clip 3, frequency response 120 Hz–20 kHz (-6dB)] at ∼25 cm of the middle of the enclosure, connected to an iPhone or iPod (Apple). We equipped the recording boxes with white broad-spectrum LEDs (Nichia, NSPW500DS, peak ∼460 nm) to set night light levels to mimic urban (1.3 lx) or forest (< 0.01 lx) levels (measured at the middle of enclosure lux meter, HT309, HT Instruments), and to expose the frogs to daylight levels (∼250 lx) between 07:00 and 19:00. During the sensory treatments, 45 out of 80 frogs called in our set-up, which was approximately equally spread across the sensory treatment (Control: 13, Noise: 9, Light: 11, Light + Noise: 12) and origin (Forest: 23, Urban: 22).

To test the effects of sensory treatments across different social environments, we exposed the frogs to different playbacks. At 19:00, a 1-h loop of artificial frog calls started playing at ∼25 cm from the center of the enclosure. For each new round of frogs, we calibrated the speakers (FR8WP, Visaton, frequency response 100 Hz to 20 kHz (-10 dB), connected to Renkforce T21 amplifiers) using a 1 kHz tone set at 74 dB at 50 cm (SPL meter, A—weighted, fast, low). The playback loop started with a chorus consisting of artificial calls of varying complexity, amplitude, and call rate (∼ 74 dB, 3 × 3-min bouts, with 20 s of silence in between bouts). After a 2.5-min break, a single artificial rival call played every 2 s (∼ 80 dB, 3 × 3-min bouts, with 20 s of silence in between bouts). The first bout had whines only, followed by a bout with whines with one chuck, ending with a bout with whines with three chucks, with again 20 s of silence in between bouts. The chorus and rival blocks were repeated once, followed by 15 min of silence to complete the 1-h playback file. On both nights we repeatedly played this 1-h loop to maximize the chance of recording calling behavior in response to each of the playback types. We recorded calling behavior until 05:00 with omnidirectional lavalier microphones (AKG C417 PP, calibrated using a G.R.A.S. 42 AB tone generator, 114 dB at 1 kHz) ∼40 cm above the frog connected to an audio recorder (Zoom F8N multitrack field recorder).



Audio analyses

We detected calls in 40% of the audio files using autodetec in the WarbleR package (Araya-Salas and Smith-Vidaurre, 2017) in R (v 3.6.1, R Core Devlopment Team, 2019), using a bandpass between 2 and 4.5 kHz, amplitude threshold of 8%, window length of 128, and duration between 150 and 600 ms. We checked the detection by verifying that 3% of the files without any detected calls indeed did not have calls. For nights with < 200 calls detected, we manually checked if the recordings contained calls. Next, we annotated a random 1% of the selections based on spectrograms. Using these annotated selections, we trained a neural network using TensorFlow 2 and Keras in Python to determine whether the detected calls were indeed the focal frog’s calls. The network contained three layers, the first and second layers used 128 nodes and a reLU activation function, the final layer had three nodes and a softmax activation function. The network was trained in 50 epochs. The calls with a low certainty (< 0.45, 1.4% of the selections) we annotated manually. We again randomly annotated 1% of the spectrograms to assess the accuracy of the network, based on which we estimate a false positive and false negative rate of 0.28% and 0.49%, respectively. We applied the network to the rest of the data to obtain the total number of calls per frog per night. We corrected for differences in recording length by dividing the number of calls by the number of recorded hours.



Call behavior analyses

For each frog, we manually selected two call bouts per playback type per night for analyses using Audacity (version 2.3.3). To cover within-frog variation, we selected these bouts from the recording with the first calling activity as well as the recording with peak activity, as indicated by the algorithm output. We selected 1-min call bouts, which started after the first 15 s of calling (“warm-up”), after which males typically call steadily. In a few cases, the frogs did not call steadily and only produced short bouts, which we included if they were minimally 30 s and had at least six calls with an interval of maximally 10 s. For the short bouts, we did not exclude a warm-up period as this was representative of the calling behavior.

For each bout, we noted the number of calls (“call rate”) and the total number of chucks (“call complexity”). Additionally, for the rival playback (W, WC, WCCC), we counted the number of calls that overlapped with the playback (“call overlap”), which are known to be important parameters for rival interactions and mate attraction (Ryan, 1980; Tárano, 2015; Smit et al., 2019). In total, we analyzed 460 min (C: 107, N: 99, L: 109, L + N: 145) from 45 frogs exposed to sensory treatments.



Amplitude measurements

Per frog per night, we selected up to three calls for amplitude measurements in each playback type. If available, we selected these calls from call bouts during the activity peak, and otherwise from call bouts during the first activity. Calls were selected based on the oscillogram using Avisoft SASLab Pro (Avisoft Bioacoustics, version 5.2), after filtering the recordings with a high pass filter (> 300 Hz). Calls were randomly selected, with the limitation that the calls needed to be non-overlapping with at least a 0.1-s gap until the next artificial rival call. We selected a total of 794 calls from 45 different frogs. From these calls, we obtained peak-to-peak amplitude (P2P) and root mean square (RMS) using the seewave package (v 2.1.6, Sueur et al., 2008). For RMS, we corrected for varying levels of background noise, by subtracting RMS of 0.1 s (0.3 s in case of chorus playback) before and after the call using the RMS method (also see Halfwerk et al., 2016). RMS values were transformed to absolute dB values, using an average RMS of a 1 kHz calibrator tone of 114 dB for each microphone separately. For analyses, absolute values were back-transformed to a linear scale.




Statistical analyses

We carried out statistical analyses using (generalized) linear mixed models using the lme4 (v 1.1-26, Bates et al., 2015) and glmmTMB (v 1.0.2.1., Brooks et al., 2017) packages in R (v 3.6.1, R Core Devlopment Team, 2019). We tested for significance by comparing the model with and without the factor of interest using log-likelihood ratio tests. We verified the absence of heterogeneity and residual patterns by plotting the residuals against the fitted values, and against each covariate in the model and not in the model (Zuur and Ieno, 2016). Additionally, for models with (generalized) Poisson and (negative) binomial distributions, we checked for overdispersion and zero-inflation using the DHARMa package (Hartig, 2021). Numerical covariates were standardized in all models.

For field data, we assessed the effects of site type (urban/forest) and light and noise levels, and their interaction, on call rate and maximum complexity. Since we had slightly under- or over-dispersed count data, we used generalized linear mixed models with generalized Poisson distributions with log-link functions. Site type (urban/forest) was collinear with light and noise levels, and therefore we ran separate models for the effects of site type and the effects of light and noise levels. Noise levels measured on the dBA and dBC scales were highly collinear, and we decided to run the analyses only on noise on dBA scale. All models contained the number of simultaneously calling frogs (“chorus size”) as a covariate since this is known to affect calling behavior. We added site ID as a random intercept to account for multiple observations per site.

For the lab data, we analyzed calling behavior in each of the three playback types (silence, rival, and chorus) separately, because calling behavior varied greatly according to the social environment. All initial models contained light and noise treatments, their interaction, and frog origin, which all were factors with two levels (urban/forest). Additionally, we added the night number (factor; 2 or 3) as a covariate. In the case of the rival playback, we added the call complexity of the rival playback (“intensity”; 0, 1, or 3 chucks) as an ordered covariate. To account for repeated measurements of frog ID nested in site ID, we added frog ID and site ID as random intercepts. In the case of peak-to-peak amplitude, the microphone number was added to account for variation between the microphones used.

For both the number of calls per hour and call rate (per min), we first fitted a Poisson model (log link). Because we encountered problems with the heterogeneity of model residuals vs. fitted values, we switched to a gaussian model (identity link). Additionally, we log-transformed a total number of calls per hour in order to meet model assumptions, and for call rate we divided the number of calls by bout length to correct for variation in the length of scored segments. Call complexity was modeled during the silence playback as binary data (chucks present vs. chucks absent) in a binomial model (logit link), because of zero inflation and convergence issues with a Poisson distribution. For the other playback types, we compared negative binomial, Poisson, and generalized Poisson models with and without zero-inflation to find the model with the lowest AIC score to continue with the analyses. The best model for both the chorus and rival playbacks were negative binomial models (log link) with zero inflation. The proportion of overlapping calls was modeled using a beta binomial distribution (log link), since overdispersion was indicated when running a model with a binomial distribution. In all models with either the number of chucks or the proportion of overlapping calls as response variables, we added the number of produced calls as a covariate.

For call amplitude, we averaged up to three RMS or peak-to-peak (P2P) amplitude measurements per analyzed call bout to account for similarities within bouts. To assess the effect of sensory treatment on RMS or P2P, we added the frog’s body mass as a covariate to the model, since this has been shown to explain a significant amount of variation in whine amplitude (James et al., 2021). To assess origin effects on amplitude, we did not include mass in the initial model, as mass seemed to slightly differ between urban and forest frogs, which could be an important factor underlying origin effects. In case of a significant effect of origin, we added mass to the model to examine its role in the difference found. For estimates and visual representation, we back-transformed amplitude estimates to the dB scale.

We started by testing the statistical significance of the interaction between light and noise treatment, followed by testing the effects of light and noise treatment separately using the model without interaction. For subsequent model comparisons, we removed the interaction term when it was found not to be statistically significant. Any significant interaction effect was followed up by a comparison of the estimates from the model with interaction (interactive effects) and without interaction (expected additive effects), and interactions were characterized as either antagonistic (AB < A + B) or synergistic (AB > A + B) (following Hale et al., 2017 and Halfwerk and Jerem, 2021). Because of a lack of power, we did not test the interaction between sensory treatment and frog origin. We set statistical significance levels to p < 0.05, and we report trends (p < 0.1) in the main text if along similar lines with statistically significant findings. Graphs were made using the ggplot package (v. 3.3.5, Wickham, 2009).




Results


Calling behavior and sensory conditions in the field

Frogs produced twice as many calls (+100.3%) (p < 0.001, χ2 = 14.870; Figures 2A,D and Supplementary Table 1) with a higher maximum complexity (+0.4 chucks, p = 0.04, χ2 = 4.3657) in urban sites compared to forest sites. Local light and noise levels did not have interactive effects on call rate or complexity (all p > 0.60; see Supplementary Table 1). Call rate increased with light levels (p = 0.01, χ2 = 5.9942, Figure 2B) and tended to increase with noise levels (p = 0.05, χ2 = 3.7720, Figure 2C). For maximum call complexity, there was no statistically significant association with light or noise levels (all p > 0.10, Figures 2E,F).


[image: image]

FIGURE 2
Associations between calling behavior (call rate and maximum call complexity) and origin (A,D), and local light (B,E) and noise levels (C,F). Significant differences between urban and forest sites are indicated with an asterisk (*< 0.05, ***< 0.001). Solid and dashed regression lines (with 95% CI) indicate significant and non-significant relations, respectively. Boxplots and regression lines are based on model predictions (excluding the interaction between light and noise in case that was not statistically significant), data points shown are raw data. See text and Supplementary Table 1 for statistics.




Calling behavior in urban and forest frogs in the lab

Total number of calls and call rate did not differ between frogs from urban vs. forest sites (all p > 0.19; Supplementary Figures 2A,B and Supplementary Tables 2, 3). Call overlap with the rival playback, however, was significantly higher in urban frogs compared to forest frogs (24.8% vs. 12.6%, p = 0.03, χ2 = 4.779; Supplementary Figures 2A,D). Forest frogs, on the other hand, called with a 24.0% higher call complexity than urban frogs during the rival playback (p = 0.01, χ2 = 6.505; Supplementary Figure 2C and Supplementary Table 4), but not during the other playback types (all p > 0.55). Additionally, forest frogs called with a 4.6 dB higher peak-to-peak amplitude (P2P) compared to urban frogs during the rival playback (p = 0.04, χ2 = 4.3706; Supplementary Figure 2E and Supplementary Table 7). Body mass seemed to partially explain the difference in P2P, as adding mass to the model decreased the estimated difference between urban and forest frogs to 3.7 dB, which was no longer statistically significant (p = 0.06, χ2 = 3.5383). We found no statistically significant differences between urban and forest frogs in the P2P in other playback types (all p > 0.23), nor when we looked at the RMS (root mean square) of calls (all p > 0.24; Supplementary Figure 2F and Supplementary Table 6).



The effects of sensory treatments on calling behavior

Sensory treatment did not affect the total number of calls, call rate, or call overlap (all p > 0.08; Figures 3A,B,D and Supplementary Tables 2, 3 and 5). Urban light and noise did have a significant interaction effect on call complexity during the rival playback (χ2 = 5.388, p = 0.02; Figure 3C and Supplementary Table 4). In the urban light and noise treatment, frogs produced 17.2% more chucks compared to the control conditions, which is higher and in a different direction than the expected effect under additivity of exposure to the separate pollutants (14.0%; Figure 4C). Therefore, we classify the interaction effect of urban light and noise as “antagonistic.” Similarly, the interaction between urban light and noise on call complexity had a nearly statistically significant antagonistic effect during the chorus playback (p = 0.06, χ2 = 3.6816). No other treatment effects on call complexity were found during the chorus playback or silence (all p > 0.35).
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FIGURE 3
Calling behavior in response to sensory treatments (Control, Noise, Light, Light + Noise; grey, black, yellow and orange) in different playback types (silence, rival and chorus). (A) Total number of calls per hour. (B) Number of calls per minute. (C) Number of chucks per minute. (D) Percentage of calls overlapping with the played rival call. (E) Peak-to-peak amplitude of whole call. (F) RMS of whole call. Graphs are based on model predictions (excluding the interaction between light and noise in case that was not statistically significant), except for call complexity during silence, which is based on raw data since we ran the model on binary data (chucks/no chucks). See text and Supplementary Tables 2–6 for statistics.
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FIGURE 4
Expected additive effects (the sum of the observed single effects, blue), and the observed combined effects (orange) of light and noise treatments in different playback types (silence, rival and chorus). Estimates are obtained from the models including interaction between light and noise treatment and are not back transformed. (A) Total number of calls. (B) Number of calls per minute. (C) Number of chucks per minute. (D) Percentage of calls overlapping with the played rival call. (E) Peak-to-peak amplitude of whole call. (F) RMS of whole call. See text and Supplementary Table 8 for statistics.


Next, we looked into the effects of sensory treatment on call amplitude. Urban light and noise had a statistically near-significant interaction effect on peak-to-peak amplitude (P2P) during the chorus (p = 0.05, χ2 = 3.7696; Figure 3E and Supplementary Table 7). A similar pattern was visible in the silence (p = 0.09, χ2 = 2.9126), but not in the rival playback (p = 0.41, χ2 = 0.6917). Additionally, during the chorus playback, exposure to urban light, independently of noise treatment, led to an increase of 4.7 dB in P2P compared to exposure to forest light (p = 0.01, χ2 = 6.1385). We did not find any other effects of urban light or noise on P2P (all p > 0.06). The root mean square (RMS) of the calls was affected by a significant interaction between urban light and noise during silence (p = 0.047, χ2 = 3.9315; Figure 3F and Supplementary Table 6). Exposure to the combination of urban light and noise increased RMS compared to the control conditions (+ 0.7 dB), which was again an antagonistic effect (expected additive effects: -5.5 dB; Figure 4F). We found no other statistically significant treatment effects on RMS during any of the other playback types (all p > 0.10). Because of a lack of power, we did not test the interaction between sensory treatment and frog origin.

While only statistically significant in two cases, in 13 out of 14 comparisons observed effects were higher under combined urban light and noise exposure than expected additive effects based on exposure to the single pollutants (Figure 4 and Supplementary Table 8). This pattern was visible during all playback types in the number of calls per hour, call rate, complexity, P2P, and RMS (Figures 4A–C,E,F), but not in call overlap (Figure 4D). When the expected additive effects were positive, we generally found the observed combined effects to be more positive (“synergism”). Alternatively, in case the expected additive effects were negative, we mostly observed less negative or even positive combined effects (“antagonism”).




Discussion

Our aim was to assess the effects of ALAN, anthropogenic noise and their interaction on sexual signaling in túngara frogs. We related local light and noise levels to calling behavior in the field as well as experimentally manipulated sensory conditions in our lab set-up. In urban field sites, frogs called with a higher call rate and complexity compared to forest sites, which was partially associated with higher light and noise levels. Manipulating light and noise levels revealed that frogs adjust their calling behavior as a direct response to sensory conditions, although effect sizes appeared to be minor. Exposure to ALAN increased call amplitude, whereas combined exposure to ALAN and anthropogenic noise lead to interactive effects on both call amplitude and call complexity. Last, we found persisting differences in calling behavior between frogs from urban and forest origins in our lab set-up.


Impacts of sensory pollutants on calling behavior

Frogs adjusted their sexual signaling according to sensory treatment in our experiment. Sensory pollutants have been described to affect animal sensory systems in three main ways: by interfering with signal detection or discrimination (“masking”), cognitive processing (“distraction”), or interpretation of signals (“misleading”) (Halfwerk and Slabbekoorn, 2015; Dominoni et al., 2020a). In our study, frogs were most likely affected by a combination of these three perceptual mechanisms, which might explain some of the interactive effects we observed.

Anthropogenic noise most likely influences signaling via the mechanism of masking, although we did not find a significant impact of noise exposure when tested in isolation. Other studies have shown changes in response to noise exposure in, for example, signal amplitude (Derryberry et al., 2020), frequency (Slabbekoorn and Peet, 2003; Parris, 2009), and length (Miller et al., 2000). A previous study on túngara frogs also showed responses to noise in terms of call rate, complexity, and amplitude (Halfwerk et al., 2016). In comparison with our study, in Halfwerk et al. (2016), the noise exposure was shorter-term, and the noise stimuli were louder with a higher degree of spectral overlap with the frogs’ calls, which might explain why we did not observe any effect of urban noise exposure.

We did observe a clear effect of ALAN on calling behavior in our study, which led to an increase in call amplitude (+4.7 dB). The effect of light pollution on an acoustic signal illustrates how sensory pollutants can have cross-modal effects, possibly by misleading and distracting (Halfwerk and Slabbekoorn, 2015). Cross-modal effects of ALAN have also been shown, for instance, on the timing of singing in birds (Kempenaers et al., 2010), and the composition of chemical signals in moths (Van Geffen et al., 2015), but in general few studies have examined the effects of ALAN on the production of sexual signals (reviewed by Cronin et al., 2022). In our case, frogs might have been misled by light pollution mimicking favorable signaling conditions related to low predation risk. Higher light levels are, for example, associated with more open areas or the short time window around dusk and dawn. Under high light levels, predation by bats (the main eavesdropping predator on calling males) is expected to be lower (Cronin et al., in preparation), which allows males to take more risk by calling louder.

Combined exposure to ALAN and anthropogenic noise had interactive effects on call complexity and amplitude, which indicates that these effects were different than expected from the sum of the isolated effects of ALAN and anthropogenic noise. Generally, we saw the pattern emerge that frogs produced more conspicuous signals under combined exposure to urban light and noise compared to the expected additive effects of the single pollutants. These interactive effects can be classified as either “synergistic” or “antagonistic” depending on the direction of the expected additive effects (following Hale et al., 2017 and Halfwerk and Jerem, 2021), but it is unclear whether different perceptual or cognitive mechanisms underlie these types of interactions. Only a handful of studies have previously looked into the interactive effects of ALAN and anthropogenic noise (reviewed in Halfwerk and Jerem, 2021), including studies that have shown interaction effects on bird abundance (Wilson et al., 2021) and activity patterns in great tits (Dominoni et al., 2020b), making it difficult to draw general conclusions. Combined exposure to light and noise pollution probably affects different parts of the sensory system, and therefore tends to result in complex and often unexpected patterns for which underlying mechanisms remain in need of clarification (Halfwerk and Jerem, 2021).

Taken together, our experiment shows that exposure to urban sensory conditions, particularly the combination of urban light and noise, results in increased signal conspicuousness, which matches observed patterns in urban areas. The presence of urban sensory pollutants seems to coincide with lower predator and parasite abundances as well as lower mate attraction in this species (McMahon et al., 2017; Halfwerk et al., 2019), leading to less pronounced natural selection pressures and stronger sexual selection pressures on signaling behavior. While producing more conspicuous signals can be costly, both in terms of energy expenditure (Marler and Ryan, 1996) and costs of eavesdroppers (Ryan et al., 1982; Bernal et al., 2006; Akre et al., 2011), it seems to be an adaptive behavioral adjustment to urban conditions in the case of the túngara frog.



Persisting differences between urban and forest frogs

Regardless of the environmental manipulations we employed, differences in calling behavior between urban and forest frogs remained after a few days in our lab set-up. Some of these results are in line with previous findings, whereas others seem contradictory. Similar to Halfwerk et al. (2019), differences between call rates disappeared when changing the environment. For call complexity, on the other hand, we found that forest frogs in our lab set-up produced more complex calls compared to urban frogs, which was the opposite of our field observations and the opposite of previous findings in a translocation experiment (Halfwerk et al., 2019). One key aspect lacking in our experiment was the opportunity for focal males to interact with rival frogs. Our use of static playbacks could therefore explain the discrepancy between field observations and the previous translocation experiment, which we discuss in more detail in the next section. Another difference between urban and forest frogs in our study was that the amplitude of the forest frog calls was higher, which could partly be explained by morphological differences. Urban frogs were slightly smaller than forest frogs, a finding also reported by Halfwerk et al. (2019) and in line with what we would expect for urban ectotherms (Merckx et al., 2018). In túngara frogs, the body size is positively related to vocal sac inflation, which in turn affects call amplitude (James et al., 2021). Last, we found that urban frogs overlapped their calls more often with the rival playback than forest frogs. Signal timing is known to be important for rival interactions and mate choice (Tárano, 2015; Smit et al., 2019), and has been linked to body size in frogs (Höbel, 2011). Because of morphological constraints on call amplitude, increasing call overlap might serve as an alternative strategy for the smaller urban males.

Persisting differences between urban and forest frogs in a controlled environment point toward a role for developmental and/or genetic effects. Developmental plasticity in response to urban conditions can lead to phenotypic differences later in life (e.g., Lampe et al., 2014). Additionally, genetic differences between urban and forest populations could lead to phenotypic differentiation in sexual signals, a topic that is severely understudied (Lambert et al., 2020; Cronin et al., 2022). Increasing knowledge of the underlying mechanisms of urban and forest population divergence is necessary to advance our understanding of the potential for urban evolution and speciation (Lambert et al., 2020; Halfwerk, 2021; Cronin et al., 2022).



Importance of social dynamics

Sexual signals are often produced in a flexible way, depending on both the sensory and social environment (McGregor and Peake, 2000; Brumm and Slabbekoorn, 2005). In our study, we used different types of conspecific playbacks, allowing us to investigate the direct effects of urban sensory pollutants across different social environments. Compared to the effects of the social environment, the sensory treatments had minor direct effects on the calling behavior of the frogs. We mostly found the treatment to affect calling behavior during conspecific playbacks, and not when frogs were calling in isolation. These findings show that variation in sexual signaling becomes more pronounced when competing with rivals, during which animals generally increase their effort.

While static playbacks mimic some aspects of social environments, they provide a very standardized but simplified environment and disregard much of the complexity of interactions in naturalistic settings. The use of interactive playbacks, for example, with birds (McGregor et al., 1992; Mennill and Ratcliffe, 2000; Otter et al., 2002) and frogs (Schwartz, 1994; Bosch et al., 2000; Argo et al., 2010), provides interesting experimental tools to include social dynamics in studying animal communication.

Incorporating social dynamics into the current study could result in larger effects of sensory pollutants, since the social environment would respond both to the sensory treatment and the focal individual. Under urban sensory conditions, for instance, both males might increase their call complexity and amplitude in response to the sensory environment as well as in response to the rival, potentially leading to a positive feedback loop (Argo et al., 2010). Similarly, frogs are known to adjust their signal timing and consequently their call overlap rate depending on the social environment. In green tree frogs (Hyla cinerea), for example, males tend to actively avoid call interference with competitive rivals (Neelon and Höbel, 2019). Frogs in our study could, for example, respond stronger to each other if we had given them the opportunity to adjust the timing of their calls to each other. Especially in an interaction between urban frogs, which overlapped their calls more often, including social dynamics could lead to faster escalations when compared to an interaction between two forest males. Taking into account social dynamics in studying the effects of sensory pollutions therefore provides interesting and more realistic future avenues for studying sexual signaling and its fitness consequences in the context of urbanization.




Conclusion

In conclusion, we demonstrated minor direct effects of urban sensory pollutants on sexual signaling. We found consistent patterns suggesting that exposure to urban sensory pollutants leads to more conspicuous sexual signals, indicating that behavioral adjustments to urban sensory conditions can partially explain observed urban and forest population divergence in sexual signaling. Our study highlights not only the importance of studying the effects of sensory pollutants on communication, but also the potential for complex interactive effects between pollutants. Adopting a multi-stressor approach might therefore challenge the current thinking on how animals respond to urban sensory conditions, which can have important implications for conservation and evolution.
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SUPPLEMENTARY FIGURE 1
Left: Power spectra of urban and forest noise stimuli, for each noise type we had four 5-min fragments. Right: Power spectrum of the artificial call, as used in playbacks.

SUPPLEMENTARY FIGURE 2
Calling behavior of frogs of urban (orange) and forest (green) origin in different playback types (silence, rival and chorus). (A) Total number of calls per hour. (B) Number of calls per minute. (C) Number of chucks per minute. (D) Percentage of calls overlapping with the played rival call. (E) Peak-to-peak amplitude of whole call. (F) RMS of whole call. Graphs are based on model predictions (excluding the interaction between light and noise in case that was not statistically significant), except for call complexity during silence, which is based on raw data since we ran the model on binary data (chucks/no chucks). See main text and Supplementary Tables 2–6 for statistics.
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