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Levels of anthropogenic noise and artificial light at night (ALAN) are rapidly rising on a global scale. Both sensory pollutants are well known to affect animal behavior and physiology, which can lead to substantial ecological impacts. Most studies on noise or light pollution to date have focused on single stressor impacts, studying both pollutants in isolation despite their high spatial and temporal co-occurrence. However, few studies have addressed their combined impact, known as multisensory pollution, with the specific aim to assess whether the interaction between noise and light pollution leads to predictable, additive effects, or less predictable, synergistic or antagonistic effects. We carried out a systematic review of research investigating multisensory pollution and found 28 studies that simultaneously assessed the impact of anthropogenic noise and ALAN on animal function (e.g., behavior, morphology or life-history), physiology (e.g., stress, oxidative, or immune status), or population demography (e.g., abundance or species richness). Only fifteen of these studies specifically tested for possible interactive effects when both sensory pollutants were combined. Four out of eight experimental studies revealed a significant interaction effect, in contrast to only three out seven observational studies. We discuss the benefits and limitations of experimental vs. observational studies addressing multisensory pollution and call for more specific testing of the diverse ways in which noise and light pollution can interact to affect wildlife.
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INTRODUCTION

The natural world is under threat due to a multitude of anthropogenic disturbances, including habitat destruction, climate change, pollution, and urbanization (Vitousek et al., 1997). Many of these human-induced environmental stressors covary in space and time making their combined impact difficult to predict (Crain et al., 2008; Piggott et al., 2015; Orr et al., 2020; Tekin et al., 2020). Artificial light at night (ALAN) and anthropogenic noise are two environmental stressors associated with urbanization, transport and industry, and are well known to influence biological processes ranging from individual physiology, reproduction and survival, to large scale processes occurring across whole ecosystems (Halfwerk and Slabbekoorn, 2015; Swaddle et al., 2015; Dominoni D.M. et al., 2020; Svechkina et al., 2020; Jerem and Mathews, 2021). High levels of anthropogenic noise and ALAN often co-occur at the same location and at the same time of day, depending on the latitude and time of year (Halfwerk and Slabbekoorn, 2015; Buxton et al., 2020; Dominoni D.M. et al., 2020). Despite this frequent covariance, the majority of studies have addressed their biological impact in isolation, ignoring potential interactive mechanisms (Piggott et al., 2015; Orr et al., 2020). Most reports therefore over- or underestimate effect sizes when these sensory pollutants are combined (Dominoni D. et al., 2020).

Our understanding of the combined impact of anthropogenic noise and ALAN can benefit from concepts and theory applied to situations involving other multiple stressors (Crain et al., 2008; Darling and Côté, 2008; Orr et al., 2020). Multi-stressor research has a long history in various fields of biology, ranging from eco-toxicological lab studies to global conservation modeling, and from aquatic to terrestrial study systems (Orr et al., 2020). In general, most of these studies acknowledge combined exposure to multiple stimuli or stressors can have functional, physiological or demographic impacts that cannot be understood when studying these stressors in isolation. The different research fields share little overlap in theory or nomenclature, however, which is why we adhere to the terms and definitions outlined by Piggott et al. (2015) and Orr et al. (2020) to study multi-stressor impacts. According to Orr et al. (2020), the simplest (and easiest to predict) effect of multisensory pollution is an additive effect, which occurs when the combined impact of noise and light pollution is similar to the sum of their parts (Orr et al., 2020). When the effect of anthropogenic noise is affected or modulated by exposure to light pollution and/or vice versa, we consider their combined impact to be interactive (Figure 1). The interactive impact can either result in less than the expected additive effect (antagonistic), or more than the expected effect (synergistic) (Orr et al., 2020). The most extreme form of interaction occurs where individual exposure to noise and light has no impact, but their combined exposure does—known as an emergent effect (Halfwerk and Slabbekoorn, 2015).
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FIGURE 1. Classification of different types of interactive effects of noise and light pollution. Various scenarios where noise and light pollution have either the same (A), opposite (B), no effect (C,D) or a dose-dependent effect (E,F) when exposed in isolation. The effect of noise and light can either add up (a + b) or interact and lead to a lower (antagonistic) or higher (synergistic) than expected effect when compared to the additive effect. (A) Scenario when the effect of noise and light pollution is in the same direction. (B) Scenario when noise and light have opposite effects. Antagonistic effects can be in either direction, as long as they are closer to zero compared to either one of the single effects or the additive effect. Synergistic effects should be either further away from zero compared to additive effects, or single effects, but not necessarily both. (C) Modulation scenario where one sensory pollutant has no effect on its own. Interactive effects are considered to be a modulation of the dominant pollutant by the other pollutant. The modulatory effect can either be lower (antagonistic) or higher (synergistic) than the additive effect, which is the same as the effect of the dominant pollutant. (D) Emergent scenario where both sensory pollutants have no effect on their own, whereas their combined exposure either has a positive or negative effect. (E) Illustration of the floor effect. Depending on the dose of pollutant (A,B), their additive effect may reach a physical or energetic limit. Synergistic effects can only be assessed at low dosage levels, whereas at high dosages, antagonistic and additive effects may not be discernable. (F) Illustration of the ceiling effect.


Researchers examining impacts of sensory pollutants have recently started paying greater attention to the combined and possible interactive effects of ALAN and anthropogenic noise (Casasole et al., 2017; McMahon et al., 2017; Raap et al., 2017; Dominoni D. et al., 2020; Wilson et al., 2021). To provide an overview of this work, we performed a systematic review with two specific aims. Firstly, to determine whether combined impacts deviate from additive expectations. And secondly, to evaluate which study systems and trait types are most commonly affected where any such deviations occur. We discuss whether our findings help identify conditions under which sensory pollutants should be studied in conjunction, or can be considered in isolation. Additionally, we highlight the most common pitfalls relating to observational and experimental methods and provide some thoughts on the design of future studies in this developing research field.



METHODS


Search Strategy

We used an “All Database” Web of Science search (Clarivate Analytics, 2021) to create our candidate study list. We first performed a search using the following terms (within which speech marks define phrases, and asterisks indicate truncation wildcards).

TS = (“anthropogenic noise*” OR “noise* pollution” OR “sound* pollution” OR “anthropogenic sound*”) AND TS = (“light*” OR “light* pollution” OR “artificial light*” OR “artificial light at night” OR “ALAN”).

Preliminary searches showed that including simple “noise*” and “sound*” terms returned an unworkably large number of articles for screening (∼30,000 when “noise*” was added, and ∼80,000 when both terms were included). Given the multiple potential meanings of both words, most of these articles would be beyond the scope of this review. Therefore, we only incorporated “noise” in our search term when included in phrases alongside the filtering words “anthropogenic” and “pollution.” After screening all papers returned by our initial search (see below), we augmented our candidate study list with papers identified on Web of Science as citing articles from the initial search which met our screening criteria (and so likely focused on relevant topics). Our initial search and the subsequent identification of citing articles were carried out between 26 and 28th July, 2021.



Screening

We initially applied the inclusion criteria to all titles and abstracts. Full-texts were gathered when the title and abstract appeared to meet all criteria, or when there was insufficient information to form a judgment. The inclusion criteria were then re-applied to the full-texts to confirm eligibility. Our inclusion criteria were defined using a PICO framework (Frampton et al., 2017). Articles were included in our analyses if they presented data from primary research addressing the question “What are the combined effects of anthropogenic noise and ALAN on non-human animals?” We specified the PICO components for this question as: Population = non-human animals; Interventions = anthropogenic noise and ALAN; Comparators = absence and/or differing types/levels of anthropogenic noise and ALAN; Outcomes = functional, demographic or physiological effects. Accordingly, articles were considered eligible for inclusion if the research presented met each of the following criteria:


•Investigated populations of non-human animals

•Examined effects of both anthropogenic noise and ALAN

•Compared anthropogenic noise and ALAN with non-noise and -light controls, or different types/levels of anthropogenic noise and ALAN

•Assessed functional, demographic or physiological outcomes.





Data Extraction

For each included full-text, we first characterized experimental design as either observational or experimental. We then noted subject taxon, effect(s) and response traits assessed (categorized as physiological—e.g., effects on endocrine or immune systems, functional—e.g., behavior, morphology or life history, or demographic—e.g., abundance, population density, or spatial distribution). Additionally, we recorded whether statistically significant individual effects of ALAN and anthropogenic noise were observed, and whether any relationship was positive or negative. Finally, we assessed whether possible interactions between ALAN and noise were explicitly tested for, and if so, whether the interaction was statistically significant. We considered interaction testing to be explicit either when an interaction term was specified in statistical models, or where light, noise and combined light and noise groups were statistically compared with each other and a control group. We categorized interaction effects as significant when estimate 95% confidence intervals did not include zero. And, we classified significant interactive effects as either additive, antagonistic, synergistic or emergent according to the definitions set out in the Introduction and Figure 1, by comparing effect sizes in text, tables, or figures.




RESULTS

We identified 839 unique articles through our literature search, of which 28 met the inclusion criteria, and so were incorporated into our analyses (see Supplementary Figure 1 for numbers of articles identified and screened at each stage).

Our analysis revealed that most multisensory pollution studies (21 out of 28) addressed effects of both noise and light pollution on birds (Table 1, Figure 2A, and Supplementary Data Sheet). In particular, on the timing of dawn singing (eight out of 21 studies), but also on a range of other functional, physiological and demographic traits, including breeding success, stress, immune and oxidative status, abundance, and species richness. Functional traits were studied almost twice as often as physiological and demographic traits combined (Figure 2B). Seven out of eight studies on dawn song were observational in nature and only one study explicitly tested whether noise and light exposure interacted. Across all study systems, more research reported observational data (20 out of 28 studies), than experimental (10 out of 28 studies). Only eight observational studies statistically tested for possible interactive effects of noise and light pollution (Figure 2C). Of these studies, four reported significant interactions. In contrast, eight out of ten experimental studies tested for interaction effects, with interactions detected in four instances. Two studies reported statistical interactions between noise and light without performing follow-up analyses to identify interaction effect type. For these studies we scored effect type from figures or effect sizes reported in tables or text (listed as “possible” effects in Table 1). The eight studies reporting interaction effects of noise and light (Table 1, also see Discussion for details) covered a range of characteristics, including physiological (e.g., haptoglobin and body temperature), functional (life history and behavior), and demographic (abundance) traits. Interactions detected included antagonistic, synergistic and emergent types, and one example of a floor effect. Of three experimental studies testing for but not reporting an interactive effect, two were carried out with groups of fish in the lab (Table 1).


TABLE 1. Studies included in the systematic review of research investigating combined ecological impact of anthropogenic noise and artificial light at night.
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FIGURE 2. (A) Taxa and (B) outcomes investigated in included studies, and (C) numbers of included studies where interaction effects were explicitly tested for.




DISCUSSION

We screened the literature for research that simultaneously assessed ecological impacts of noise and light pollution, to determine how frequently possible interactive impacts of both sensory pollutants were tested for. We found 15 of 28 studies that statistically tested for interactive effects of noise and light. Within this group, four out of eight observational studies and four out of eight experimental studies detected an interactive effect, which was either antagonistic, synergistic, or emergent.


Evidence of Interactive Effects

Six studies reported an antagonistic, or less-than expected effect of combined noise and light exposure, whereas four studies reported a synergistic, or more-than expected effect of noise and light pollution. Two studies found emergent effects, one observational, the other experimental. Ferraro et al. (2020) exposed free-living Western blue birds (Sialia Mexicana) to noise and light at their nests and tracked chick development. Chick fledging success, mass and size were influenced by noise and light exposure in different ways, suggesting emergent effects in some cases (Supplementary Data Sheet). For example, chicks grew shorter wing chords during combined exposure, but not during single exposure of noise and light treatments. However, emergent effects were not specifically tested for (Ferraro et al., 2020).

Some studies reported multiple types of interactive effects, depending on the trait that was measured, or the species that was studied (Table 1). Dominoni D. et al. (2020) scored overall activity of captive great tits and found light on its own increased activity at night, while noise on its own reduced activity during the day. When combined, the nighttime effect was enhanced, demonstrating a synergistic impact, whereas the daytime effect was reduced, revealing an antagonistic effect. Interestingly, these patterns were stronger in urban than forest birds. Wilson et al. (2021) related data from bird feeders throughout continental United States to modeled data on ALAN and anthropogenic noise. Using more than a million sightings from thousands of feeder stations they found an interactive effect of both pollutants on abundances for 50 out of 140 species. Noise and light had either an effect on abundances in the same or opposite direction (see also Figure 1), depending on bird species, and their combined effect was either antagonistic, synergistic, or emergent.

Finally, two experimental fish behavior studies suggested noise and light operate independently from each other (Shafiei-Sabet et al., 2016; Ginnaw et al., 2020). For example, fish actively avoided the loudspeaker and showed more freezing behavior during sound playback. Whereas, they spent more time in the upper water column in response to light treatment, but showed no avoidance or preference for the dark part of the tank (Shafiei-Sabet et al., 2016). Noise and light did not therefore interact. Although, any effect on individual behavior may have been overruled by group-level processes, as both studies focused on social fish during schooling formation.



Limitations and Potential Pitfalls Related to Study Design

Studies reporting antagonistic effects may suffer from ceiling or floor effects (Figures 1E,F), especially when working with numbers or percentages (Tekin et al., 2020). McMahon et al. (2017) for example, compared isolated effects of noise and light exposure to a control treatment and found a strong reduction in the number of parasitic midges approaching calling male frogs. The single effects were already so severe that their combined estimated additive effect should have resulted in a negative value for abundance. The reported significant interaction effect of noise and light might therefore result from statistical limitations, rather than a genuine underlying mechanism driving an antagonistic response. Likewise, an observational study on dawn song found birds started singing later than expected based on single effects of noise and light exposure (Nordt and Klenke, 2013), which could relate to energetic or physiological limits. In both cases, accounting for the dosages of noise and light might have provided insight into possible floor or ceiling effects.

Observational studies have the benefit of testing hypotheses under realistic field scenarios where sensory pollutants often vary in space and time in their intensity and composition, and covary with other important environmental variables, such as temperature, habitat structure and dietary composition. Potential pitfalls related to observational studies include: (i) insufficient statistical power to test for interactive effects; (ii) non-linear responses; (iii) biases toward single effect models; and (iv) unstandardized variables. Studies in which noise and light levels are correlated to other factors, such as food availability or temperature may require higher sample sizes to test for interactive effects, especially when these effects follow a non-linear function (e.g., when effects only start to occur after a certain threshold level is reached; Figures 1F,G). Furthermore, observational studies often use an information theoretic approach based on Aikaike values, as did all but one of the included observational studies that tested for interaction effects. Such methods penalize the number of terms added to candidate models, thus biasing single effect models over full models (especially for low sample sizes). And, environmental factors are not always standardized and scaled. For example, only three of the eight included observational studies testing for interaction effects standardized/scaled environmental variables. Failure to standardize and scale potentially biases one factor over the other, which makes statistical testing for interaction terms difficult (Stuart et al., 2019).

Future observational studies should thus take environmental covariance into account, ideally carrying out some a priori modeling or power analyses using standardized variables to inform on the best sampling design and sample sizes required to test for the different type of interactive effects. Also, while information theoretic approaches can be informative, penalization of interactive terms should be taken into account in some way.

Experimental studies have the benefit of enabling randomized and balanced full-factorial designs, which control for any of the possible confounding effects that occur in observational studies. Experimental studies also allow testing for dose-dependent effects of single vs. combined pollutants, commonly used in eco-toxicological studies, but not in other disciplines. Notably, of all included experimental studies only one (McMahon et al., 2017) included more than a single dosage level. While experimental studies are often easier to carry out in the laboratory, most lab-based studies are limited in terms of how generalizable their findings are to field conditions, as any interactive impact can be context-dependent. For example, under optimal conditions such as ad libitum food, provided in many captive bird and rodent studies (including the two experimental captive avian/rodent studies identified in this review), mechanisms necessary for interactive multi-stressor effects may not be in place. Therefore, although experimental studies might be better suited to demonstrate interactive effects of multisensory pollutants when compared to observational studies, care must be taken with their interpretation. In that sense, field experiments—ideally carried out across multiple (breeding) seasons—seem to provide the best design for studying impacts of noise and light pollution under realistic ecological conditions, while controlling for confounding effects.



Developing Theory on Underlying Mechanisms of Multisensory Pollution

The newly emerged field of multisensory pollution is in dire need of theories regarding the underlying mechanisms to improve our predictions of combined effects of anthropogenic noise and ALAN. Such mechanisms appear likely to differ across levels of biological organization. At an organismal level, sensory pollutants can alter an individual’s physiology and behavior through multiple perceptual mechanisms. Both noise and light can mask important signals and cues, distract animals from challenging cognitive tasks, or lead to misidentification of sensory pollutants as relevant natural signals or cues (Dominoni D.M. et al., 2020). Theory on multisensory pollution at the individual level could therefore usefully concentrate on situations where both pollutants influence the same perceptual mechanism and/or whether the same type of response is observed (e.g., both pollutants influencing hormone concentrations, or specific behavior such as dawn song).

At the community-level, biotic interactions and associated positive or negative feedback loops will strongly determine the outcome of single as well as combined effects of sensory pollutants. Species experiencing a direct negative impact of either high levels of noise or light (or both) on their behavior and/or physiology may simultaneously indirectly profit from impacts on their predators, prey or competitors. Blue tits (Cyanistes caeruleus) for example, benefit by occupying noisy nest boxes that are abandoned by their larger great tit (Parus major) competitor (Halfwerk et al., 2016). Theories on population-level or community-level impacts of multisensory pollution may therefore benefit from approaches developed for other multi-stressor impacts, which aim to predict when combined impacts are either synergistic or antagonistic (Bulleri et al., 2018; Griffith et al., 2019; Orr et al., 2020).

In conclusion, our bibliographic analysis revealed few studies have specifically addressed combined impact of anthropogenic noise and ALAN, despite the fact that these sensory pollutants often co-occur, especially in urbanized areas. This small number of studies limits conclusions that can be drawn with respect to whether noise and light pollution should be considered in conjunction, or can be studied on their own, for a given context and/or study system. Consequently, we call for more dedicated observational and experimental work on multisensory pollution, necessarily based on theoretical understanding of the underlying mechanisms through which interactive impacts may arise, and using appropriate experimental designs. Such approaches will greatly improve our understanding of the risks presented by sensory pollution, and provide greater predictive power to identify the most urgent conservation issues, and design the most cost-effective mitigation measures.
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