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The Amazon has the highest richness of freshwater organisms in the world, which has led to a multitude of hypotheses on the mechanisms that generated this biodiversity. However, most of these hypotheses focus on the spatial distance of populations, a framework that fails to provide an explicit mechanism of speciation. Ecological conditions in Amazon freshwaters can be strikingly distinct, as it has been recognized since Alfred Russel Wallace’s categorization into black, white, and blue (= clear) waters. Water types reflect differences in turbidity, dissolved organic matter, electrical conductivity, pH, amount of nutrients and lighting environment, characteristics that directly affect the sensory abilities of aquatic organisms. Since natural selection drives evolution of sensory systems to function optimally according to environmental conditions, the sensory systems of Amazon freshwater organisms are expected to vary according to their environment. When differences in sensory systems affect chances of interbreeding between populations, local adaptations may result in speciation. Here, we briefly present the limnologic characteristics of Amazonian water types and how they are expected to influence photo-, chemical-, mechano-, and electro-reception of aquatic organisms, focusing on fish. We put forward that the effect of different water types on the adaptation of sensory systems is an important mechanism that contributed to the evolution of fish diversity. We point toward underexplored research perspectives on how divergent selection may act on sensory systems and thus contribute to the origin and maintenance of the biodiversity of Amazon aquatic environments.
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INTRODUCTION

Fish comprise the most diverse group of vertebrates, with nearly 35.635 extant species (as listed in Catalog of Fishes in October 2020, Fricke et al., 2020). Of that total, almost 18.000 species are found only in freshwater ecosystems (Fricke et al., 2020). The Neotropical region contributes the largest part of this astonishing diversity, harboring over 6,000 species (Albert and Reis, 2011; Reis, 2013). Most Neotropical freshwater fish diversity occurs in the Amazon basin, where circa 3,000 valid species occur (Dagosta and de Pinna, 2019). Many hypotheses considering different factors as evolutionary drivers of the Amazon fish biodiversity have been developed (Dagosta and de Pinna, 2018). Alfred Russell Wallace (1853) was the first to hint possible ecological reasons for Amazonian fish diversity (Pires et al., 2018). Wallace (1853) highlighted the differences of Amazon fish composition varied according to a classification based on water color (later known as water types) and suggested that those environmental differences could represent an important component of fish diversification. Later, Roberts (1972) proposed that colorful fish species are more abundant in clear and black water types than in white water type, suggesting an effect of water color in shaping the evolution of the Amazon fish coloration. Segregation of ecological niches driven by divergence in ecomorphological traits (e.g., adaptation to divergent feeding niches) has also been suggested as an important component in shaping Amazonian fish diversity (Kullander, 1986). Despite such early efforts in documenting ecological features that could be related to biodiversity, focus later shifted to contrasting sympatric and allopatric speciation (Géry, 1984; Albert and Reis, 2011; Albert et al., 2011; Bernardi, 2013), a framework that fails to specify mechanisms of organismal divergence (Nosil, 2012). This occurred in the light of important advancements in the understanding of landscape evolution of the Amazon basin, which includes how the uplift of the Andean cordilleras altered landscape features. Time is ripe for blending older and newer approaches, and pave the way for the development of newer hypotheses that can be tested and contrasted. Here, we focus on the diversity of aquatic environments as a stepping stone to provide a further appreciation into how divergent selection could contribute to shaping Amazon freshwater biodiversity.

Compared to air, water is a much better conductor of chemical compounds, electric fields and mechanical waves; consequently, most research on the importance of these environmental characteristics in driving diversity has been conducted on aquatic animals (Cummings and Endler, 2018). Despite the contribution of research on aquatic organisms to our understanding of the linkage between environmental conditions, sensory systems and speciation, such studies are nearly absent for Amazon freshwater organisms. For instance, although the sensory drive hypothesis has long established a link between natural selection acting on a tuning between sensorial systems and characteristics of the environment (Endler, 1992; Boughman, 2002), a search for the keywords “Amazon,” “fish,” and “sensory drive” on Google Scholar returned only 138 studies (searched on 1st May 2020). Only one of these studies actually investigated the sensory drive hypothesis among Amazonian fish species (Pires et al., 2019), and none explicitly investigated any aspect of divergence in their sensory systems. By contrast, the importance of sensory drive in promoting diversification has been suggested for several other taxa in other aquatic environments, especially for African rift lakes organisms.

Individuals use sensory systems to perceive the world surrounding them and respond accordingly. Sensory systems can be divided into four modalities: (I) mechanoreception, (II) electroreception, (III) chemoreception, and (IV) photoreception (Atema et al., 1988). Although most organisms use multimodal information to make decisions, the relative contribution of each modality to how animals perceive their environment differs among taxa. For instance, many electric fish rely more heavily on disturbances in the electric field than on vision or other sensory modalities. In this sense, many environmental components in the Amazon basin can represent sources of divergent selection and potentially drive sensory adaptations. Amazon aquatic habitats and microhabitats vary highly in several important ecological aspects such as the composition of the substrate, openness of the riparian forest canopy, composition of the surrounding forest and presence of floating meadows in river-floodplain systems. We acknowledge the importance of all of these aspects in driving adaptations of fish sensory systems; however, here we focus on how limnologic differences between Amazon water types may have resulted in local adaptation and contributed through divergent selection processes to Amazon fish diversity.


Limnologic Characteristics of Amazon Aquatic Systems

Amazon water types were originally described according to their apparent coloration as seen from above the water into black, blue (= clear; Sioli, 1984), and white (Wallace, 1853; Figure 1). These differences in coloration stem from variable amounts of suspended particles, the degree of organic material leaching from the surrounding forests, and from the historical geomorphological characteristics of the drainage system (Leenheer, 1980). Soil types in the Amazon are highly diverse, especially due to the different degrees of weathering observed between relatively recent geological formations (such as the Andean cordilleras) and older cratonic regions (such as the Guiana and Brazilian shields) (Quesada et al., 2011).
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FIGURE 1. Amazon water types. (A) Black, (B) clear, and (C) white water types. Photo credits: A—Elio Borghezan; B—Jansen Zuanon; C—Tiago Pires.


Table 1 summarizes the main physical and chemical characteristics of white, black, and clear Amazon waters types. Most whitewater rivers have their headwaters on the Andean cordilleras and carry a high concentration of suspended sediments (Goulding et al., 2003) and dissolved salts (Furch, 1984). The Andean sediments increase the concentration of nutrients such as sodium, potassium, magnesium and calcium in the water (Furch, 1984; Table 1), resulting in high biological productivity and a muddy appearance. The high ionic concentration also increases electrical conductivity to a typical range of 68.8 and 93.3 μS/cm (Küchler et al., 2000). The high turbidity constrains vertical light transmission (Muntz, 1978), with a typical local reach of a maximum of 0.50 m deep (Sioli, 1984; Table 1). The surrounding soil types, mostly latosols and oxisols, favor a more complete decomposition and absorption of organic matter from the surrounding forests (Leenheer, 1980), resulting in lower concentration of dissolved organic carbon (DOC). Because of the low DOC concentration, the pH of whitewater rivers is close to neutral or slightly alkaline, ranging from 6.2 to 7.2 (Sioli, 1984; Küchler et al., 2000). On the other hand, black and clear water rivers have their headwaters on the old (cratonic) Brazilian and Guiana shields (Goulding et al., 2003). Because of their ancient origin and the long process of lixiviation, these terrains lack fine sediments as well as several minerals (Furch, 1984), resulting in a higher water transparency. Therefore, black waters have lower concentrations of nutrients compared to white waters (Furch, 1984; Table 1). Although more transparent than white waters, black and clear waters are remarkably different in DOC composition. Clear waters have their origin in latosolic soils, which absorb soluble DOC (i.e., humic and fulvic acids), resulting in high transparency ranging from 1.10 to 4.30 m (Leenheer, 1980; Sioli, 1984). On the other hand, black waters have lower transparency values ranging from 1.3 to 2.9 m (Sioli, 1984). Black waters are stained by fulvic and humic acids and tannins leached from decomposing vegetation (Leenheer, 1980; Sioli, 1984), biasing light transmission toward long wavelengths (Mendonça et al., 2005; Costa et al., 2013). High concentrations of DOC make black waters remarkably acidic, with pH ranging from 3.80 to 4.90, whereas the near absence of DOC in clear waters results in circum-neutral pH ranging from 4.50 to 7.80 (Sioli, 1984). Black and clear waters also have low electrical conductivity, ranging from 8.80 to 28.60 μS/cm (Küchler et al., 2000; Ríos-Villamizar et al., 2013).


TABLE 1. Limnologic characteristics of Amazonian white, black and clear water types.
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The aforementioned differences in Amazon water characteristics set the stage for natural selection to drive local adaptations in the sensory systems of aquatic organisms. This could have important bearing in Amazonian fish biodiversity, as adaptations to divergent pressures imposed by different habitat conditions can drive populations apart and contribute to the speciation process (Servedio and Boughman, 2017). In the following text, we highlight the role of local adaptations to population divergence by the main sensory modalities (visual, chemical, mechanical, and electrical) through the sensory drive hypothesis (Boughman, 2002; Servedio and Boughman, 2017) in the context of Amazon water types.



Vision

Light is conceptualized as packets of energy (photons) with varying wavelengths that can be perceived by organisms (Cronin et al., 2014). Ranges of wavelengths represent discrete colors and can elicit different responses from organisms with light-sensitive organs, most notably the eyes. In the eyes, light excites rhodopsin, a photosensitive molecule present in the retina. Rhodopsin is composed of a protein called opsin, and a non-protein part derived from vitamin A (Nelson and Cox, 2014). Rhodopsin can be found in both cone and rod-type retinal cells. There are four spectrally distinct classes of opsins found in cone cell types across all vertebrate groups: long-to-middle wavelength class (LWS), sensitive to orange and red wavelengths (from 490 to 570 nm); middle wavelength class (RH2), sensitive primarily to green (from 480 to 535 nm); short wavelength class two (SWS2), sensitive to blue-violet (about 410 to 490 nm);, and short wavelength class one (SWS1), sensitive to violet and ultraviolet (355–440 nm) (Bowmaker and Hunt, 2006). In addition to the four cone opsin types, there is a rod class of pigment (usually denoted Rh) that is used in dim-light vision perception (Bowmaker and Hunt, 2006).

Genetic analyses have shown that opsin structures differ in individuals living under different lighting conditions (Terai et al., 2006; Seehausen et al., 2008; Van Nynatten et al., 2015). Such differences in opsin structure represent adaptations of the protein to best absorb prevalent wavelengths in the environment (Partridge et al., 1988; Bowmaker and Hunt, 2006). Differences in wavelength transmission among aquatic environments are affected by the presence of particles and dissolved substances in the water column (Endler, 1991). Water molecules absorb long wavelength colors such as red and yellow, while short wavelengths such as violet and ultraviolet are filtered out as depth increases, as observed in the deep African rift lakes (Seehausen et al., 2008). Light can also be scattered by solid particles (Muntz, 1978), reducing the amount of environmental light. Additionally, compounds (usually DOC) present in the water can bias the prevalent color in some environments (Endler, 1991; Mendonça et al., 2005). Such bias in wavelength transmission can affect the evolution, form and structure of light-sensitive organs, resulting in differences in light perception between organisms.

Populations can diverge in visual acuity, i.e., the level of details that individuals can discriminate. This ability is primarily influenced by the number of photoreceptors in the retina (cone and rod cells), which is related to eye size and cell density (Collin and Pettigrew, 1988a, b, 1989). A trade-off exists between acuity and sensitivity, as cones allow for greater visual acuity than rods, but rods require less environmental light to function properly. Thus, adaptation to living under low light intensity typically results in lower visual acuity such as seen among deep-sea fishes and nocturnal animals (Warrant, 2004). Visual acuity also varies among individuals that occupy different ecological niches and thus have to undertake different visual tasks (Parker et al., 2017). Predators usually have higher visual acuity than herbivores/omnivores (Parker et al., 2017) because of the need to target mobile and sometimes elusive prey.

Amazon water types are spectrally diverse and vary in their optical characteristics (Costa et al., 2013). The high amount of suspended solids in white waters result in high turbidity, which strongly constrains light transmission (Muntz, 1978) and can hamper visual communication. Therefore, it would be expected that individuals living in such conditions would have larger eyes or higher sensitivity to compensate for the low availability of light. By the same token, fishes inhabiting white water systems would be expected to have a higher number of rod cells compared to fish inhabiting clear and black water types. However, when light is mostly absent, the visual system of organisms adapting to such environments can reduce, which can even result in the loss of functional eyes (Soares and Niemiller, 2013). Therefore, either an increased eye size and higher density of rods, or a reduction of the visual system could be expected to occur in white waters depending on fish life-history traits (which also depend on evolutionary history). In any case, low visual acuity and poor vision due to a higher proportion of rod cells are expected to prevail in white water organisms. The lower visual acuity in white water organisms may be compensated by information acquired from other senses, such as chemical and mechanical. On the other hand, black and clear waters are more transparent than white waters (Muntz, 1978), increasing the importance of vision and allowing the development of adaptions of the visual system in relation to other sensory modalities. This is aligned with the aforementioned early observation of Roberts (1972), who proposed that most colorful Amazon fish species are found in black and clear water. However, clear and black water environments differ strongly in wavelength transmission (Muntz, 1978) so that further nuances in the evolution of fish coloration could be expected. Due to the absence of DOC and suspended particles, clear waters have no color bias and are thus better at transmitting blue light (Fuller, 2002) than black waters that are biased toward yellow and red (Muntz, 1978).

The photo sensitive protein, opsin, is composed of about 350 amino acids, and divergences at amino acid positions 164, 181, 261, and 269 for LWS; 86 and 90 for SWS1, and; 118 and 269 for SWS2 have been shown to drive divergence in peak light sensitivity in terrestrial mammals (Bowmaker and Hunt, 2006), which may also be important for fishes and other aquatic organisms. Additionally, changes in other amino acid positions can also result in divergent spectral tuning, as observed among cichlid fishes (Carleton et al., 2005; Seehausen et al., 2008). A similar divergence imposed by natural selection on Amazonian fishes would change the protein structure and light absorbance peak to best absorb the most prevalent wavelengths in black and clear water systems (Bowmaker and Hunt, 2006). The highest difference in color peak sensitivity is expected to occur in the SWS1, SWS2, and LWS opsin genes, which are responsible for UV, violet, blue, and red color sensitivity.

The effect of water type on color perception among species, populations or demes can also affect the evolution of body coloration, physiological/neutrally controlled color changes, and sexual ornamentation, especially among sexually dimorphic, and dichromatic species (e.g., Pires et al., 2019; Pinto et al., 2020; Figure 2). Additionally, because color plays an important role in mating behavior, especially among sexually dimorphic species, differences in color peak sensitivity and sexual traits may mediate reproductive isolation among populations exposed to different water types, resulting in speciation and increasing biodiversity. Although interesting and promising, these hypotheses have been poorly explored with regard to the origin and diversification of the fish fauna in the Amazon basin.
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FIGURE 2. Simulated effect of water color on light transmission across the water column for different wavelengths (blue, red, green, and yellow colors) as observed. (A) without wavelength bias (e.g., in clear water), (B) through an orange light filter (Figure 2D) simulating the black water light condition at ∼40 cm deep, and (C) under a red light filter (Figure 2E) simulating the light condition at ∼150 cm of depth in a black water environment. Reflectance by wavelengths with (D) an orange light filter to simulate a black water light condition at ∼40 cm deep, and (E) with a red light filter to simulate a black water light condition at ∼150 cm deep.


In a recent study, Fabrin et al. (2017) compared LWS genes of 10 Neotropical and 19 African cichlids species. The authors suggested that LWS gene diversity in the Neotropics may surpass those found in the cichlids of African rift lakes. However, analyses considering synonymous and non-synonymous nucleotide modifications that are needed to assert whether such higher nucleotide diversity implies increased diversity in visual perception are still pending. Although an interesting subject, the results of Fabrin et al. (2017) do not allow comparisons among Amazon water types, as only one sample site in the Amazon was included in the study. Another investigation involving Amazon cichlids performed by Escobar-Camacho et al. (2017) evaluated a set of opsin genes, including SWS1, SWS2, RH2, and LWS, among three Amazonian cichlid species and concluded that opsin gene expression profiles were similar across species. Although sampling sites in that study did include black and seasonally mixed (black and white, due proximity of the meeting of the Amazon, and Negro Rivers) water types, the authors did not conduct an explicit comparison of genetic divergence between water types. Another investigation of molecular evolution of light-sensitive protein was performed by Van Nynatten et al. (2015), which showed that the South America (including Amazon) freshwater environments have shaped the evolution of the rhodopsin and its spectral sensitivity among lineages of marine-originated anchovies (Clupeiformes: Engraulidae). However, that study does not consider any of the differences observed among Amazon water types.

Combining microspectrophotometry of fish retina and genetic analysis targeting opsin genes and structure is a promising approach for understanding how light perception varies among species and populations occupying different water types (as reported for other environments by Carleton et al., 2005; Seehausen et al., 2008). Behavioral experiments, such as mate choice and male-male contests under different light conditions could also contribute to our understanding of how environmental light affects interactions among individuals when exposed to different water types and behavioral contexts (Dijkstra et al., 2005; Seehausen et al., 2008).

Retinal analysis focused on estimating photoreceptor and ganglion cell densities could help with understanding differences in visual acuity (Nakamura, 1968; Collin and Pettigrew, 1989; Parker et al., 2017). Additionally, behavioral experiments could elucidate how differences in retinal topography affects an individual’s acuity during behavioral tasks. Because sexually dichromatic species are particularly dependent on visual communication during mating, studies focusing on the interplay of lighting environment and color peak sensitivity of fish populations exposed to different water types could contribute to our understanding of speciation via the sensory drive and sensory exploitation hypotheses (Endler, 1992; Boughman, 2002). Additionally, some Amazon fish species are morphologically very similar, differing only in some aspects of coloration (e.g., Pires et al., 2019), and knowledge of the level of detail a fish can see may help us understand how subtle morphological divergences affect reproductive isolation and species diversification.



Chemoreception

Chemical signals that transmit information among individuals are often referred to as pheromones. Pheromones can mediate many aspects of intra- and inter-specific communication, such as sociability (Ratchford and Eggleston, 1998), mate recognition and choice (Plenderleith et al., 2005), parental care (Keller-Costa et al., 2015), and predator avoidance (Wisenden, 2000; Griffiths and Richardson, 2006). Some fish innately recognize chemical signals released by predators, and others can learn to associate chemicals with predation risk (Wisenden, 2000; Griffiths and Richardson, 2006). Fish in the Superorder Ostariophysi have evolved an important mechanism to identify dangerous situations, termed “alarm reactions” (“Schreckreaktion”) (von Frisch, 1942). Individuals that have been injured (possibly after a predator attack) release chemical alarm signals into the water, inducing behavioral responses in conspecifics that contribute to predator avoidance and increase their probability of survival (Wisenden, 2000; Griffiths and Richardson, 2006; Brown et al., 2012). However, not only Ostariophysian fishes can use chemicals released by injured conspecifics to detect predators; since metabolic products like urea may also trigger similar alarm reactions (Brown et al., 2012).

Pheromones can also mediate aggregation among individuals (Ratchford and Eggleston, 1998), possibly requiring previous contact with such substances (i.e., learning, Keller-Costa et al., 2015). Changes in the chemical environment leading to perturbations of the learning process can reverse sexual preference, and even result in a preference for heterospecifics over conspecifics (Verzijden and Rosenthal, 2011). Chemosensory learning and signaling can be constrained by acidic water conditions, since some fish pheromones can be degraded and reduced to the point that no learning can occur (Brown et al., 2002; Leduc et al., 2007). Additionally, acidic conditions can trigger ion regulatory disturbances (via uptake of Na+ and Ca+) (Steinberg et al., 2006), which could affect chemical communication. Knowledge of whether fish in blackwater environments have evolved adaptations in sensory system to cope with the prevailing strongly acidic waters and resulting limitations imposed by the environment is virtually absent.

Sexual pheromones are hydrophobic or amphiphilic molecules (Stacey et al., 2003). As such, these pheromones can either dissolve in water or bind to suspended (DOC) or deposited organic matter (Mesquita et al., 2003). Chemical signals attached to DOC can be altered in ways that are unrecognizable to chemical receptors, precluding behavioral responses (Hubbard et al., 2002; Mesquita et al., 2003). Compared to clear and white water types, blackwater environments have lower pHs and higher concentrations of DOC and humic and fulvic acids. As such, intra- and inter-specific chemical communication among fishes from highly acidic black waters may be constrained (Figure 3). The influence of high concentrations of humic acids in chemical communication for reproduction has been demonstrated for the swordtail (Xiphophorus birchmanni; Cyprinodontiformes: Poeciliidae), whose females showed a strong preference for conspecific males’ chemical cues, but failed to show any preference for the same chemicals in the presence of high concentrations of dissolved humic acids (Fisher et al., 2006). This illustrates how differences in chemical environments may favor hybridization by weakening or even completely suppressing species recognition mechanisms, which could ultimately affect speciation processes. However, even in the presence of high DOC concentrations, swordtail females expressed their preference for conspecific males when concomitantly exposed to males’ visuals cues (Fisher et al., 2006). In this case, when chemical cues were constrained by environmental conditions, individuals used combined sensory modalities to make decisions. Based on these results, it could be expected that organisms living in Amazon blackwater systems would primarily rely on vision to perceive their surroundings, with chemoreception being used as a supporting sensory mechanism.
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FIGURE 3. Scheme showing how chemical communication can be impaired by DOC. Blue boxes = chemical receptors, Yellow triangles = pheromones, Green semi-circles = DOC. (A) Pheromones flow through the water column and reach chemical receptors, (B) DOC bind to pheromones, DOC + pheromones complex fail to attach to chemical receptors, not eliciting a behavioral response.


When visual communication is constrained by environmental characteristics, chemical cues may be more relevant to intra- and inter-specific communication (Dodson et al., 1994). However, as far as we know, the relative importance of chemical communication among species that predominantly inhabit black and white Amazon water types has yet to be investigated. Studies of chemical communication among species that perform seasonal migrations between contrasting water types, such as species of the genus Semaprochilodus (Characiformes: Prochilodontidae) (de Brito Ribeiro and Petrere Junior, 1990), may help us understand how fish adjust their osmotic balance and sensory systems when exposed to diverse environmental conditions. While thought-provoking, research on these topics in the Amazon is lacking.



Mechanoreception

Mechanoreception in fishes includes hearing, touch, and perception of water movement through the lateral line. Fish use mechanoreception to sense the abiotic environment as well as for intra- and inter-specific interactions. Although all of these forms of mechanoreception can be used to detect mechanical vibrations, they differ in how the vibrations are detected and are used for different purposes. Therefore, they will be divided into three subsections and explored individually.


Sound Production and Hearing

Fish have the ability to produce and detect sounds (Ladich, 2014). However, due to the lack of a specialized vocal organ (such as the larynx in anurans, reptiles, and mammals and the syrinx in birds, Bradbury and Vehrencamp, 2011), fish species that are able to produce sounds do not have large repertoires (Dos Santos et al., 2000; Amorim, 2006). Sounds in fishes are produced in different ways and can be classified in two main mechanisms: sounds produced through (1) the swim bladder; and by (2) stridulatory mechanisms (Kasumyan, 2008). Most sounds produced by fish are created in the swim bladder using drumming (or sonic) muscles that are either attached to the bladder wall or positioned outside (Thorson and Fine, 2002; Ladich, 2014). Contraction of these specialized muscles causes changes in the volume of the swim bladder and in the pressure of the gas inside (Zelick et al., 1999), causing the swim bladder to vibrate like a loudspeaker. Fish can also produce sounds by vibrating the bladder indirectly, via broad tendons or bones without any direct attachment to the swim bladder wall (Ladich, 2014). Stridulatory sound production occurs mainly in catfish; sounds are generated when a heavily ossified first pectoral-fin ray is pressed against a series of grooves in the shoulder girdle. Some species can even use a sonic muscle to vibrate their entire pectoral girdle (Ladich, 1989, 2014).

Sounds produced by fishes are generally used for intimidation, defense, territorial advertisement, courtship, or mating (Myrberg et al., 1986; Ladich, 1989; Dos Santos et al., 2000). These sounds are detected by the inner ear and by additional peripheral structures that improve hearing (Braun and Grande, 2008; Popper and Fay, 2011; Ladich, 2014). Inner ears are composed of three semicircular canals (utricle, saccule, lagena) and by otoliths (sagittae, lapilli, asterisci) in the semicircular canals. These otoliths are calcareous (calcium carbonate) structures that lie on top of a bed of sensory hair cells (Ladich, 2014). When a sound is produced, it causes a vibration in the water, which moves the otoliths and stimulates the hair cells. Fishes of the Superorder Ostariophysi have an additional hearing structure called the Weberian apparatus that consists of a skeletal modification (a series of small bony elements derived from the first vertebral elements) that connects the swim bladder to the inner ear (Braun and Grande, 2008). This structure acts as an amplifier of the sound waves transmitted through the water to the inner ear (Braun and Grande, 2008).

Deposition of minerals in otoliths are highly dependent on the physical and chemical characteristics of the water, including the presence of different chemical elements (minerals) and pH (Morales-Nin, 2000; Walther and Thorrold, 2006). As such, otoliths formations in fishes living in blackwater systems may be very different from fishes originating in whitewater environments. Black water fish may have otoliths with lower mineral density than those found in white water fish, which may result in lower hearing ability (Oxman et al., 2007; Simpson et al., 2011; Rossi et al., 2016) and affect auditory responses.

Boyle et al. (2015) evaluated morphological structures associated with sound production and sound characteristics in three Amazon doradid catfishes, Acanthodoras cataphractus, Platydoras hancockii, and Agamyxis pectinifrons, revealing the existence of differences in waveform and amplitude modulation. Although distinguishable, the differences in sound parameters between species were not explained by any of the analyzed anatomic features (swim bladder size, muscle anatomy, or muscle length), but instead were suggested to be modulated by means of differences in neural activation of sonic muscles (Boyle et al., 2015). Because sound production may be regulated by neural processes, it arguably plays an important role in intra- and inter-specific communication. On the other hand, the Amazon sailfin suckermouth catfish Pterygoplichthys pardalis does not display any behavioral responses to conspecific stridulation sounds, which seem to only be used to deter predators (Slusher, 2018).

Studies evaluating the possible effects of water types on otoliths’ mineral deposition and associated auditory responses among Amazon fishes seems to be completely lacking. Notwithstanding, the production of sounds by several fishes just (or mostly) during reproductive activities (courting and mating) indicates its potential importance for correct species pairing during spawning (Amorim et al., 2003). However, the relative importance of audial communication by fish in the different Amazon water types and its possible role on reproductive isolation remains to be verified.



Touch

Among fishes, tactile reception occurs through free nerve endings, Merkel cells and Rohon-Beard cells, and their associated innervation. Rohon-Beard cells are usually present only during the larval phase, while Merkel cells persist throughout the entire life cycle. The main tactile organs of fish are barbels; free rays; filaments of pectoral, dorsal and caudal fins; rostrums; and breeding tubercles. These organs play an important role in reproductive stimulation, exploration, social behavior such as schooling and shoaling, defensive behavior, and foraging (Windsor et al., 2008; Soares and Niemiller, 2013).

Tactile organs are especially well developed among cavefish and other species that inhabit environments with dim or no lighting. To compensate for a lack of the vision, some fishes have enhanced mechanosensory systems. Cavefish species usually have elongated fins, particularly pectoral fins, which are used to touch objects and allow perceiving structures in the environment (Windsor et al., 2008; Soares and Niemiller, 2013). For instance, it has been observed that blind cavefish frequently touch surfaces with their pectoral fins while swimming (Baker and Montgomery, 1999; Windsor et al., 2008) and during rheotaxis (Baker and Montgomery, 1999).

Many Amazonian catfishes have small eye size and elongated fins filaments that likely play an important role for sensing the environment through the mechanosensory system. Such organs may differ depending on water type not only in size, but also in the density of Merkel cells, or even in cell sensitivity. Interestingly, a higher diversity of Amazon catfishes occurs in white waters (Queiroz et al., 2013; Dagosta and de Pinna, 2019) and in the deeper portions of the Amazon’s aquatic habitats (e.g., Beltrão et al., 2019) where underwater light is scarce, further stressing the importance of the mechanosensory system in this group. It is therefore unfortunate that the role of touch among species that inhabit black, clear, and white water types has not been investigated.



Mechanoreception by the Lateral Line System

The lateral line system acts as a “touch-at-a-distance” sense. It provides information about water currents, aiding in prey detection, predator avoidance, hydrodynamic imaging, and courtship communication (Coombs and Montgomery, 1999; Montgomery et al., 2001). The lateral line system is usually externally visible at the body surface and consists of sensory cells called neuromasts, which are found on the skin or underneath the skin surface in fluid-filled canals that are in contact with the water through a series of pores (Bleckmann, 1986, 2006; Coombs, 2001). Neuromasts on the skin are sensitive to low-frequency vibrations, such as water motion and flow velocity, while those found inside the canals are sensitive to higher frequencies, such as pressure and tactile information (Montgomery et al., 1995; Coombs and Montgomery, 1999). Neuromast sensitivity depends on the apical ciliated bundles where the mechanotransducer channels are located (Kazmierczak and Müller, 2012). When water flows over the hair bundles, it causes changes in ion influx, activating signal transduction in the ciliated cells (Sand, 1975; Fettiplace, 2009). Although potassium (K+) and sodium (Na+) ions can flow into the neuromasts, calcium ions (Ca+2) play a central role in the activation of transduction (Sand, 1975; Fettiplace, 2009).

The number of neuromasts found in the peripheral lateral line system of a fish can vary from 100 to over 1,000, and are distributed on the head and along the body (Coombs, 2001). Not only the number of neuromasts but their distribution, size, and morphology vary between species (Maruska, 2001). These differences in neuromast structural features could affect their sensitivity, since variations in physical characteristics may confer to the neuromasts the capacity to respond to a specific range of stimuli frequencies (Kroese and Van Netten, 1989).

The number and size of neuromasts varies in response to a range of environmental conditions. In fishes living under very low light conditions, as is the case for the blind cavefish Astyanax mexicanus, the mechanosensory system may be oversized to compensate for lack of vision. Enlarged neuromasts in cavefish can confer a higher sensitivity and a higher range of stimuli than the neuromasts found among surface relatives (Yoshizawa et al., 2014). Conversely, other environmental conditions may impair the development of the lateral line system, also affecting its sensitivity. In zebrafish (Danio rerio) embryos, acidic conditions reduced the number and apical area width of neuromasts along with the size of hair bundles, ultimately reducing neuromast functionality (Lin et al., 2019), but it is still unclear if such impairment lasts throughout an individual’s life. Such morphological effects are expected to occur due to the internal pH balance that may regulate hair cell development and functioning (Lin et al., 2019). Interestingly, exposition to acidic water might affect the pH of the internal body fluids and the dome of the lateral line hair cells, disrupting pH-sensitive processes. Additionally, aquatic environments with low amount of calcium may also impair the activation of the signal transduction in the ciliated cells (Fettiplace, 2009). Black waters are remarkably acidic, with very small amounts of dissolved salts, especially calcium, compared to white waters (Furch, 1984; Sioli, 1984). Although the pH of clear waters can reach neutral/slightly alkaline values, their calcium concentrations are comparable to those observed among black waters (Table 1). Therefore, the lateral line system of individuals living in black and clear water systems is expected to have fewer neuromasts, with their hair bundles slightly shortened and the apical area of the neuromasts also shortened compared to individuals from white waters (Lin et al., 2019; Figure 4). Such effects of water quality on neuromast characteristics may restrict their functionality. However, it is still unclear if and how divergences in the lateral line system could affect individuals’ communication.
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FIGURE 4. Expected morphological differences in fishes’ neuromasts under acidic and neutral/alkaline environments according to Lin et al. (2019). (A) Fishes under acidic environments may show short hair bundles and the apical area of the neuromasts shortened. (B) On the other hand, fishes from neutral/alkaline aquatic environments may show longer hair bundles and larger apical area of the neuromasts. Arrows mark the expected differences in neuromasts shapes.


Determining the distribution, number and sensitivity of neuromasts in fish populations exposed to different water types could shed light on how divergent Amazon waters may have contributed to shaping fish diversity through differences in lateral line system. The scanning ion-selective electrode technique (SIET) can be used to survey the transport of various ions in biological membranes. Accessing the calcium entry in differently shaped neuromasts in vivo through SIET can show us the sensitivity of the hair cells (Lin et al., 2019). This can be especially important for species that use mechanical communication for accessing mating partners and for triggering spawning events (e.g., Pires et al., 2016) and for species that live in poorly lit environments (such as Amazon white waters), since their visual system may be naturally constrained by low light availability.





ELECTRORECEPTION

Based on morphological similarities, electroreceptors are thought to be derived from mechanoreceptors of the lateral line system (Pitcher, 1986; Crampton, 2019). Electroreceptors can be classified in two groups according to their morphological and physiological characteristics: ampullary or tuberous receptors (Bullock, 1982; Zakon, 1988). Ampullary receptors are sensitive to low electrical frequencies (0.1–50 Hz) and are used in passive electrolocation and prey detection, while tuberous receptors are sensitive to high-frequency signals (50–2,000 Hz) and are used for active electrolocation and electrocommunication (Bullock, 1982; Bleckmann, 1986). Ampullary receptors are found on the fish’s skin and are filled with mucus, whereas tuberous receptors are covered by the fish’s skin and piled up in “packages.”

In the Amazon, two closely related orders, Siluriformes and Gymnotiformes, have ampullary receptors. However, only Gymnotiformes are able to both detect and produce electric fields. Such electric fields are generated by electric organs that are mostly derived from muscle tissue (Kramer, 2009; Carlson and Gallant, 2013). These organs are controlled by the brain and are characterized by a greater amplitude, intensity and higher temporal and spatial stability when compared to other electric body signals such as those that control heart rate (Kramer, 2009). Electric organ discharges (EODs) are used for sensing the environment and foraging (Feulner et al., 2009b). EODs are also used for species-specific communication and play an important role in individual recognition and mating activities (Feulner et al., 2009a), which have been suggested to promote speciation among African weakly electric fishes (Mormyridae) (Feulner et al., 2009a, b; Tiedemann et al., 2010). Electric organ discharges can be classified according to the waveform as wave-type or pulse-type. Wave-type electric discharges are continuously produced and generate nearly sinusoidal waveforms. Pulse-type discharges are interrupted by relatively long and sometimes irregular “silent” intervals (Zakon, 1988).

Electric discharges and waveforms can be affected by characteristics of the aquatic environment, such as water temperature and electric conductivity. The EOD rate, frequency (in Hertz) and amplitude (in millivolts) increase with water temperature (Dunlap et al., 2000). Differences in water conductivity can even change the waveform of male individuals to be “female-like” and vice versa (Bratton and Kramer, 1988; Baier, 2008). However, these changes might not interfere in species recognition (Baier, 2008) since some species show a remarkable ability to physiologically acclimate to the changing water conductivity, returning their waveform to close to the original shape within 48 h (Bell et al., 1976), which may be an adaptation to deal with natural variations in water conditions (Bratton and Kramer, 1988). Although EOD is involved in mate choice (Curtis and Stoddard, 2003; Feulner et al., 2009a), it is not clear how changes in waveform and EOD due to changes in water conductivity affect intrasexual communication. An interesting example on how conductivity can influence sensory information has been provided by MacIver et al. (2001), who showed that the highest prey detection distance occurred in low conductivity and the lowest in high conductivity in Apteronotus albifrons (Gymnotiformes), a weakly electric knifefish. Similarly, increased water conductivity may result in a decreased communication range as reported for the African Brienomyrus niger (Mormyriformes) (Squire and Moller, 1982).

Differences in water conductivity of Amazon water types may affect the performance of the electrogenic-electrosensory system of electric fishes. Fishes in white water (high conductivity) may use their electric organs to generate low-voltage, high-current electric fields, whereas fishes inhabiting black and clear waters (low conductivity) may generate high-voltage, low-current electric fields, adequate for mediums with high resistance (i.e., the ability of water to resist an electrical current, which is negatively related to the amount of dissolved salts in the water; water with a high concentration of dissolved salts will have a low resistivity, and vice versa) (Kramer, 2009). Ampullary and tuberous electroreceptors are affected by water conductivity in a similar way, and several studies have reported differences in behavioral responses occasioned by changes in electroreception ability (Squire and Moller, 1982; MacIver et al., 2001; Baier, 2008). Fishes that live in environments with high water conductivity possess longer ampullary (sensitive to low frequency) canals, longer receptor cells and more receptor cells than fishes inhabiting low-conductivity waters. Ampullary pores also tend to be larger in species living in high water conductivity (Gauthier et al., 2015). Therefore, electric fishes adapted to white waters may have more numerous and longer receptor cells, as well as larger pores of the ampullary organ than fishes adapted to black and clear water types (Figure 5). Water conductivity may also affect electroreception by tuberous organs (sensitive to high frequency). Tuberous electroreceptor sensitivity is tuned to the same frequency as the electric organ discharge of the species (Hopkins, 1976), and behavioral thresholds to high-frequency stimuli increase with decreasing water conductivity (Knudsen, 1974). Therefore, electric fishes inhabiting whitewater environments may be more sensitive to high-frequency electric signals than those inhabiting black and clear water environments. Although speculative, this represents a simple yet underexplored adaptive hypothesis on the evolution of electroreception in relation to water types.
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FIGURE 5. Expected morphological divergence in ampullary organ under (A) high (white water type) and (B) low (Amazon black and clear water types) electric conductivity, according to Gauthier et al. (2015). C, Ampullary canal; P, Pore; R, Receptor cells (cell with gray nucleus in this scheme); Rl, Receptors length; S, Supporting cell (cell with light pink nucleus in this scheme); N, Nerve. Draws based on images found in Collin and Whitehead (2004) and Gauthier et al. (2015).


Divergence in water conductivity may also shape the evolution of electric organ morphology. Fishes adapted to high conductivity waters usually have shorter and thicker caudal filaments containing electrocytes arranged in five or more rows (Hopkins, 2009). On the other hand, fishes adapted to low water conductivity environments possess narrower caudal filaments with only three longitudinal electrocytes arranged in parallel columns (Hopkins, 2009). These morphological adaptations allow fishes to produce electric discharges that are tuned to the limnological characteristics of different aquatic environments.

Investigations regarding how an electric fish from one kind of habitat respond to variations in water conductivity are relatively common (e.g., MacIver et al., 2001). However, only a few studies focused on how fishes inhabiting different water conductivity environments respond to reciprocal changes in water conductivity (e.g., Baier, 2008). Performing this kind of experiment on fish from Amazon black, clear, and white water types would reveal how characteristics of the electric organ and EOD vary depending on the water conductivity of the habitat of origin and habitat of transplantation, shedding light on how electric conductivity may affect the fish ability to communicate between divergent environmental conditions. Amazon aquatic habitats exhibit seasonal variation in electric conductivity related to river flood cycles and annual rainfall distribution (Lowe-McConnell, 1987), however the ability of the electrosensory system to adapt to such natural changes in electric conductivity is largely underexplored.

Adaptations to different water conductivities could affect several aspects of fitness. MacIver et al. (2001) found that fishes in aquatic environments outside the natural range of their species performed poorly in prey detection and predator avoidance. These differences in food intake efficiency could result in additional effects on condition-dependent traits (Greenway et al., 2016). Fish with low body condition due to occupying unfavorable environments may be rejected by potential mating partners. Additionally, differences in waveform could also result in mate rejection, at least in the short term. Therefore, the influence of different Amazon water types on the number, morphology and sensitivity of electroreceptors could result in reproductive barriers and ecological speciation.



CONCLUSION

It has been suggested that the strikingly different limnological characteristics of the rivers, streams and other water bodies that comprise the Amazon basin are important sources of the divergent selection pressures that may have originated its remarkable fish diversity (Amado et al., 2011; Cooke et al., 2012b, c, 2014; Beheregaray et al., 2015; Pires et al., 2018). Although some authors have suggested the importance of speciation processes mediated by Amazon water types (Cooke et al., 2012b, c; Beheregaray et al., 2015), as far as we know only one study directly evaluated the potential for reproductive isolation among populations exposed to divergent water quality characteristics (Pires et al., 2018). Previous reviews focused on the relative importance of allopatric vs. sympatric speciation but did not explicitly consider mechanisms of speciation, being mostly restricted to the biogeography of speciation. More recently, it has been suggested that differences in lighting environment have shaped the evolution of traits related to visual communication in an Amazonian stream fish species (Pires et al., 2019). However, none of the previous investigations directly evaluated any aspect of the targeted species’ sensory systems (Amado et al., 2011; Cooke et al., 2012a, b, 2014; Beheregaray et al., 2015; Pires et al., 2018, 2019).

The sensory drive hypothesis focuses on how sensory/communication systems may adapt to local environments, predicting that divergences in communication systems will arise among populations experiencing contrasting environmental conditions. Such adaptations to communication systems may involve any of the sensory systems: visual, auditory, chemosensory, and even electrosensory. Although some limnologic parameters of the Amazon water bodies vary seasonally (Lowe-McConnell, 1987; Costa et al., 2013), the main characteristics that differentiate the main water types are maintained, arguably sustaining divergent selective pressures that can drive apart sensory systems. Future investigations, as those suggested in the present article, may help us better understand how differences in water types may have contributed to the origin and maintenance of the remarkable fish diversity in the Amazon basin. Although most previously suggested hypotheses consider ecological distinction of the Amazon water types and strongly focus on speciation via allopatry (Albert and Reis, 2011; Albert et al., 2011; Bernardi, 2013), here we suggest some potential mechanisms of divergence mediated by limnologic characteristics that could promote ecological speciation in the aquatic realm of the Amazon basin (Boughman, 2002; Servedio and Boughman, 2017). Different characteristics of the Amazon water types may drive adaptations on fishes’ sensory systems that do not necessarily result in conspicuous morphological differences among closely related species. However, these fine-tuned sensory adaptations could have a significant impact on intraspecific communication and eventually result in reproductive isolation among populations or even groups of individuals in the same environment (e.g., Seehausen et al., 2008; Terai and Okada, 2011; Cummings and Endler, 2018). Indeed, several studies have highlighted the occurrence of cryptic species within and among Amazon water types (Cooke et al., 2012a; Pires et al., 2018), but without proposing mechanisms related to water types and the speciation process. In sum, here we hypothesize that the adaptation of fishes’ sensory systems driven by contrasting water types have been instrumental in the creation and maintenance of the current fish diversity in the Amazon basin.
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