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Selection pressures on signals can be substantially modified by a changing environment, but we know little about how modified selection pressures act on multimodal signals. The currently increasing levels of anthropogenic noise in the ocean may affect the use of acoustic signaling relative to other modalities. In the Painted Goby (Pomatoschistus pictus), visual and acoustic signals are associated during courtship behavior, but females usually rely more heavily on acoustic signals than on visual signals in mate choice. In an aquarium experiment, we compared male courtship behavior and female spawning decisions between silent treatments and treatments with additional noise. We found that the relationships between male characteristics, male visual and acoustic courtship, and spawning success were affected by noise. A path analysis revealed that females pay more attention to visual courtship in noisy circumstances compared to control. We conclude that environmental stressors can cause shifts in the use of different signaling modalities for spawning decisions and discuss how selection pressures on multimodal signals may change with increasing noise-levels.

Keywords: acoustic communication, aquatic noise pollution, courtship behavior, multimodal shift, sexual selection, mate choice, pomatoschistus pictus, spawning

INTRODUCTION

The degree to which a signal is effective in carrying information to a receiver can be substantially modified by a changing environment. Loss of signal efficacy in changing environments may lead to signals being misunderstood or not received at all. To overcome a loss of information transfer, signaling individuals may adjust their signaling behavior by adapting the signal to the environment. For example, Tokay Geckos (Gekko gecko) have been found to increase the duration of their typically brief call notes in a noisy environment, in order to make them more easily heard (Brumm and Zollinger, 2017). Alternatively, signaling individuals may switch to different modalities that are not, or are less affected by environmental changes, such as found in tree frogs that produce more visual signals when background noise is high (Grafe et al., 2012). In addition, in those cases where the receiver benefits from the information contained in the signal (e.g., mate choice), the receiver may also adapt to a loss of signal efficacy by switching its attention to alternative signals or cues, such as stickleback females that pay more attention to chemical than visual signals in a turbid environment (Heuschele et al., 2009).

In fish, acoustic communication is known to play an important role in mating behavior and reproduction (Myrberg and Lugli, 2006). Acoustic signals may be essential for mate attraction and mate selection as seen in the Lusitanian Toadfish (Halobatrachus didactylus), a fish species where mate attraction and reproductive success depends on the male's acoustic courtship performance (Amorim et al., 2016). Sound production is also common in many gadoids and is thought to synchronize gamete release in Haddock, Melanogrammus aeglefinus (Hawkins and Amorim, 2000; Casaretto et al., 2015), and in Cod (Gadus morhua; Rowe and Hutchings, 2006).

Anthropogenic noise is a growing environmental concern, in particular in relation to aquatic life (Slabbekoorn et al., 2010; Popper et al., 2014; Radford et al., 2014). Aquatic animals may be particularly dependent on acoustic communication which overlaps in frequency with anthropogenic noise (Slabbekoorn et al., 2010; van der Sluijs et al., 2011; Radford et al., 2014). Noise can affect the range over which fish can communicate effectively (Vasconcelos et al., 2007; Alves et al., 2016; Stanley et al., 2017), and has been shown to affect acoustic signaling and reproductive behavior in fish (Picciulin et al., 2010, 2012; Bruintjes and Radford, 2013; Holt and Johnston, 2015; Nedelec et al., 2017; de Jong et al., 2018). Because noise can affect both signaling behavior and the propagation of signals, it is likely to affect the way information is transferred to the female during courtship. Therefore, noise could affect sexual selection and, as a result, change the frequency of certain acoustic traits in a population. For example, if male acoustic signals are rendered less effective as a source of information about male quality, females may stop paying attention to acoustic signals, leading to reduced sexual selection for this trait, which could, ultimately, result in trait-loss (Järvenpää and Lindstrom, 2004; Candolin et al., 2007; Tuomainen and Candolin, 2011).

Many animals rely on more than one modality to signal their quality: they may, for example, use sound and visual cues (Rowe, 1999; Hebets and Papaj, 2005). A main hypothesis for the function of multimodal signals is that one modality may be a back-up for a loss of signal efficacy in another modality (Bradbury and Vehrencamp, 1998; Hebets and Papaj, 2005). Such signal redundancy could mitigate effects of noise on acoustic signaling (Brumm and Slabbekoorn, 2005; van der Sluijs et al., 2011; Partan, 2017). However, such an effect would depend on whether and how the receiver uses the information it obtained from these different signals. In Painted Gobies (Pomatoschistus pictus), males lure females to their nests with both visual and acoustic signals, but females have been found to rely more heavily on acoustic than on visual signals for mate choice (Amorim et al., 2013). Therefore, it is an ideal model species to test how noise could affect multimodal communication. In this study, we tested whether this differential use of modalities changed when mating couples were exposed to noise during courtship and spawning. Under the hypothesis that females would pay less attention to signaling in the acoustic modality when this modality is disturbed by noise, we predicted that acoustic signaling would become less important for mating success than visual courtship under noisy conditions.

MATERIALS AND METHODS

General Design

The experiment was carried out in January and February 2015 at the University of Lisbon. We exposed male gobies to a control (noise-insulated aquaria) or an added noise treatment for 3 days. Females were introduced in a separate compartment within the same aquarium on the evening of day 3 to allow them to habituate to the acoustic environment. On day 4 we removed the partition to release the females into the male compartment and allowed free interaction and spawning. Each male was presented with two free-swimming females and we recorded male courtship behavior and female spawning behavior (added-noise: N = 20, control: N = 16).

Ethics

All experiments were performed in compliance with laws of Portugal. We operated under a permit for catching Painted Gobies from the National Defense Ministry (Autoridade Marítima Nacional-Capitania do Porto de Cascais), permit nr. 550/2013.

Study Species

The Painted Goby, (P. pictus), is a coastal marine species. This small benthic species inhabits shallow gravel and sand substrate areas in the Eastern Atlantic Ocean and in some areas of the Mediterranean Sea (Miller, 1986). The Painted Goby has a polygamous mating system, in which males build nests under bivalve shells, by shoveling sand in a pile over the shell (Bouchereau et al., 2003). Males attract females to spawn and take care of the eggs until they hatch. Males can take care of eggs of several females at the same time and in batches over the season. Males display both visually and acoustically during courtship (Amorim and Neves, 2007). Courtship vocalizations consist of drums and thumps (Amorim and Neves, 2007; Amorim et al., 2013).

Catching and Husbandry

Painted Gobies were caught in January and February 2015 with hand nets in intertidal pools at Parede (38° 41′N, 9° 21′W), Portugal. In the laboratory, males and females were kept separately in recirculated artificial sea water (32–35‰) under a 12 h: 12 h dark/ light regime at 16°C. Fish were fed twice a day ad libitum with a mix of chopped mussel, clams and shrimp. For detailed methods see de Jong et al. (2018).

Experimental Set-Up

Experimental aquaria contained a 3 cm layer of sand and a nest made from a PVC tube with a chimney to accommodate the hydrophone (Figure 1; see Amorim et al., 2013 and de Jong et al., 2018 for further details of the nest and recording setup). The nest was covered inside with a bendable plastic sheet for later removal and photography of the eggs in the nest. The “noise egg,” consisting of an electromotor in a waterproof container, was used to generate a constant low frequency multi-tone with a fundamental frequency around 100 Hz and several strong harmonics (de Jong et al., 2017, 2018) The background noise level in the control treatment was 100 ± 1 dB re 1 μPa (N = 16) compared to 125 ± 6 dB re 1 μPa (N = 20) in the added noise treatments [see (de Jong et al., 2018) for details]. Particle acceleration, measured with an accelerometer (see Klein et al., 2013; de Jong et al., 2018), was elevated on average by 20 dB at 200 Hz (i.e., around the main frequency of courtship drums; Amorim et al., 2013) compared to ambient recordings in the male nest. The harmonic structure of the experimental noise allowed us to unambiguously quantify the number of calls in the added noise treatment as well as in the control treatment. The noise-egg was placed just behind the nest in a cloth bag and weighed down with a stone. In the control treatments, the egg was switched off. Males of both species were allowed to acclimate to the treatment (added noise or control) for 3 days (day 1–3). On day 2 a stimulus female was introduced behind a partition to stimulate nest building, she was removed on day 3. Painted Gobies built nests by shoveling sand in a pile over the plastic tube.
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FIGURE 1. Schematic overview of the experimental set-up in an experiment to test effects of noise on multimodal communication in the Painted Goby. A noise-egg (1) was placed in a cloth with sand as weight (2) behind the male's nest (3). A hydrophone in the nest chimney (4) recorded male sounds. Aquaria contained a layer of sand (5) on the bottom, which males used to build a nest over the provided PVC-tube. The male and the two females (6) could interact freely during the trials.



Test females were measured to the nearest 0.5 mm, weighed to the nearest 0.1 g and introduced to a separate compartment in the experimental aquarium on the evening of day 3. They were allowed to acclimate overnight to the treatment for 12 h. During the acclimation period they could interact with the male behind a transparent partition at 30 cm from the male nest. On day 4, an hour before the start of the trial, we added an opaque divider to obtain a resting period without courtship. We started a trial by lifting the divider to release the females. We recorded acoustic and visual courtship for 30 min and noted whether and when either of the females entered the nest. After the trial, both male and females were left in the aquarium for what was left of day 4 and the morning of day 5, during which we checked the nest for eggs every 3 daylight-hours with a handheld torch. On day 5, we ended the trial and weighed males and females to the nearest 0.1 g, measured them to the nearest 0.5 mm and took a picture of the eggs on the plastic sheet. Male size was on average 41.6 ± 2.99 mm (N = 36) and weight was on average 0.63 ± 0.13 g. We used Fulton's K as a measure of condition, which was calculated by dividing the wet weight in g by the cubic of the length in cm times 100 (Ricker, 1975). Condition was on average 0.86 ± 0.06 (N = 36). There were no significant differences between the treatments in male total length (t-test: t = 0.20, df = 28.7, P = 0.8) or weight (t-test: t = 0.87, df = 31.4, P = 0.4), but there was a trend for males to have a lower condition at the end of the noise treatment compared to the control (t-test: t = 2.04, df = 29.6, P = 0.05).

Analyses

Sound analyses were done using PRAAT version 6.0.19. (Boersma and Weenink, 2017). We counted the number of drums and thumps made during the first 30 min of a trial. Visual courtship was scored from a silent video by an observer that was blind to the treatment (KdJ). Because the minimum time for a female to enter the nest to spawn was as short as 1 min and all visual courtship was completed before spawning, we only report counts for the first minute of visual courtship (as in de Jong et al., 2018). We counted the frequency of hops (the male approaches a female with short hop-like swimming motions), jumps (the male swims over or in front of the female and lands facing the other way, as a component of an eight-display), quivers (shaking the body), leads (the male swims towards the nest waving its tail in a characteristic manner), and fast approaches (including nudges: the male swims quickly toward the female in a straight line, sometimes nudging her in the side) (cf. Amorim and Neves, 2007). We also noted the number of longer swims that were not directed at a female. Female-female interactions (fast approaches) were very scarce and, therefore, left out of the analyses.

Statistical analyses were performed in R 3.4.3 (R Core Team, 2017). We used a simplified form of path analysis, because it is a useful way to visualize changes in relationships within the data. We proposed a single predicted path including all measured male characteristics (Figure 2) and we tested each relationship (arrow) within the path separately for the control and the added noise treatment. We tested each relationship separately, because our sample size did not allow the inclusion of all effects in the same model. We tested the correlation between visual and acoustic courtship with a Spearman's rank correlation test. For all other steps we used generalized linear models with appropriate residual error structures [R packages: lme4 (R Core Team, 2017), MASS (Venables and Ripley, 2002)]. We used a quasibinomial error structure (glm, family = quasibinomial) for the effect of courtship frequency (acoustic and visual) and male characteristics (size and condition) on the likelihood of female spawning. We used Gaussian models (lm) for effects of male characteristics on the log-transformed visual courtship frequency, and we used a quasi-Poisson error structure (glm, family = quasipoisson) for the effects of male characteristics on acoustic courtship frequency. Model fit was verified by visual inspection of the residual plots provided in the plot function in lme4 and we report model results with and without outliers based on Cook's distance. In the model to test the effect of male size on acoustic courtship frequency, we found one data point with a Cook's distance > 1. After removal of this outlier, the estimation of the effect changed from 0.19 (CI: −0.04 to 0.42) to 0.35 (CI: 0.07 to 0.64), and thus from borderline non-significant to borderline significant. However, because we had no a priori reasons to exclude this outlier, and it did not change the results qualitatively, we chose to keep the outlier in the model. We provide estimates and confidence intervals for treatment effects in the figures, for full models see Supplementary Tables 1–8). If the confidence intervals of the estimated effect do not overlap with 0, the effect is significantly different from zero (P < 0.05).
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FIGURE 2. Proposed path of measured variables potentially affecting the likelihood of female spawning in a Painted Goby aquarium experiment.



RESULTS

Painted Gobies produced on average 1.5 ± 2 (N = 36) sounds per minute in a 30 min trial and displayed on average 19 ± 9.2 (mean ± SD, N = 36) visual behaviors in the first minute. Overall differences between the treatments in male visual and male acoustic behavior have been reported in a previous article (de Jong et al., 2018); the frequencies of both behaviors decreased in the added noise treatment.

As in previous studies (Amorim et al., 2013) the likelihood of successful spawning was predominantly correlated with the frequency of male acoustic courtship in the control treatment (Figure 3A). In the treatment with added noise, the frequency of male acoustic courtship still had a significant effect on spawning success, but male visual courtship frequency also had a significant positive effect (Figure 3B). Furthermore, male acoustic courtship frequency was significantly correlated with male visual courtship frequency and male size had a significant effect on male visual courtship frequency (Figure 3B).
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FIGURE 3. Effects of measured variables on the likelihood of female spawning in an aquarium experiment in the Painted Goby in a control (A) and an added noise (B) treatment (N = 16, 20). Numbers in the lines are effect sizes from generalized linear models with their confidence intervals between brackets. See Supplementary Files for full model reports. The correlation between acoustic and visual courtship was tested with a Spearman's rank test, and therefore the rho is given with the P-value in brackets. Numbers in bold are significant effects (P < 0.05).



The differences between the treatments were most pronounced for average or lower courtship frequencies (Figure 4). Males with high visual or acoustic courtship frequencies were predicted by the model to be successful in both treatments. However, males with lower visual courtship frequencies were less likely to spawn in the added noise treatment than in the control. Males with a lower acoustic courtship frequency, on the other hand, were more likely to spawn in the added noise treatment compared to the control (Figure 4).
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FIGURE 4. The relationships between visual (A) and acoustic (B) courtship frequency and the probability of spawning success for Painted Goby males in an aquarium experiment to test the effect of additional noise on spawning decisions. Dots are individual males that either did (1) or did not (0) receive eggs from females in the control treatment (black dots) vs. additional noise (red circles). Lines are the model estimates from generalized linear models for the relationship between courtship frequency and spawning success in control (black) vs. additional noise (red). See Supplementary Files for full model reports.



DISCUSSION

We found that noise affects the relationship between male courtship behavior and female spawning decisions in the Painted Goby. While acoustic courtship frequency was the only significant predictor of spawning success in the control treatment, male visual courtship frequency was also a significant predictor of spawning success in the added noise treatment. The model predictions (Figure 4) showed that low acoustic activity is associated with a higher spawning likelihood in the additional noise treatment when compared to the control, while for visual courtship the opposite pattern is seen. Overall this suggests that visual courtship becomes more important in mating communication when noise disturbs acoustic communication in the Painted Goby.

These results could be explained by the sensory compensation hypothesis, which states that multimodal signals may provide a back-up for information loss if the signal components in different modalities are redundant (Hartman and Abrahams, 2000; Hebets and Papaj, 2005; Bro-Jørgensen, 2010; Partan, 2017). If the efficacy of a certain signal component is reduced by noise in one of the modalities, both the signaler and the receiver may shift their communication efforts to another modality, which has been termed a multimodal shift (Partan et al., 2010). Examples of multimodal shifts have been found in all taxa, from invertebrates to mammals (reviewed in Partan, 2017). From the back-up hypothesis, an increase in visual signaling would have been expected under added noise conditions to compensate for the deterioration of acoustic communication, but in the current study male Painted Gobies did not increase visual signaling (de Jong et al., 2018). Nevertheless, females apparently paid more attention to visual signaling in the added noise treatment. A similar mismatch between male and female adjustments was found in the three-spined stickleback (Gasterosteus aculeatus), where males displayed more visual courtship in turbid conditions, while females paid more attention to chemical cues (Candolin et al., 2007; Heuschele et al., 2009). In the three-spined stickleback, this mismatch co-occurred with a weakened sexual selection on visual traits, which could ultimately lead to trait loss in the population (Candolin et al., 2007; Tuomainen and Candolin, 2011).

In addition to the relationship between visual courtship and spawning success, the relationships between visual courtship and acoustic courtship, and the relationship between male size and visual courtship were significant in the additional noise treatment (Figure 3B). The relationship between male size and acoustic courtship was borderline non-significant. One could suspect that this increase in the number of significant relationships in the additional noise treatment compared to the control was caused by an increase in the precision of the model estimates due to the larger sample size in the noise relative to the control treatment (20 vs. 16). Instead, the confidence intervals increased in all cases where we found a significant effect in the noise treatment that was non-significant in the control. This suggests that the increase in the number of significant relationships was caused by an increase in the actual effect sizes, and not by an increase in the precision of the model estimates. Call characteristics, including acoustic courtship frequency of male Painted Gobies have been previously correlated with male quality (Amorim et al., 2013) and may allow females to choose the best mates and also to distinguish between closely-related cryptic species (Pedroso et al., 2012). If such the information in such signals does not reach the female, because the propagation is hampered or because of masking, females may switch to more simple cues of male quality, such as size, which may be assessed directly (if visibility allows) and is most easily advertised in visual courtship. Such a mechanism could potentially explain the stronger relationship between male size, visual courtship frequency and spawning success in the additional noise treatment compared to the control.

Overall, we found a change in the importance of different modalities during mating interactions of the Painted Goby in response to increased noise levels. Although the reliance on acoustic courtship was maintained, visual courtship gained importance in the interactions between males and females under noisy conditions. In addition, male size became significantly associated with visual courtship frequency. Environmental changes have the potential to drastically alter sexual selection on traits (Miller and Svensson, 2014). We show that noise can change relationships between traits, signaling components in different modalities, and spawning success, which is the precursor for such changes in sexual selection. Future studies should focus on whether such changes result in a loss or change of acoustic traits in natural populations.
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