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Abstract

:

Underground waters are still one of the most important sources of drinking water for the planet. Moreover, the fauna that inhabits these waters is still little known, even if it could be used as an effective bioindicator. Among cave invertebrates, planarians are strongly suited to be used as a study model to understand adaptations and trophic web features. Here, we show a systematic literature review that aims to investigate the studies done so far on groundwater-dwelling planarians. The research was done using Google Scholar and Web of Science databases. Using the key words “Planarian cave” and “Flatworm Cave” we found 2273 papers that our selection reduced to only 48, providing 113 usable observations on 107 different species of planarians from both groundwaters and springs. Among the most interesting results, it emerged that planarians are at the top of the food chain in two thirds of the reported caves, and in both groundwaters and springs they show a high variability of morphological adaptations to subterranean environments. This is a first attempt to review the phylogeny of the groundwater-dwelling planarias, focusing on the online literature. The paucity of information underlines that scarce attention has been dedicated to these animals. Further revisions, including old papers and books, not available online will be necessary.
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1. Introduction


Invertebrates embrace the mainstream of metazoan diversity, but only a very small portion of invertebrate species is generally considered in environmental conservation actions [1]. Excluding species of direct importance for human feeding and other economic activities, for example crustacean and mollusks rearing and fishing, the proportion of neglected invertebrates is even much higher [1]. Not only the human concern lessens as organisms get smaller and/or show an increased number of appendages, but often human feeling moves from a constructive concern for their conservation to a negative concern about possible dangers or disgusting reactions [2]. The human preference for furrier and larger animals [3] and the main conservation efforts that are generally focused on vertebrates [2] end in neglecting invertebrates also in terms of preservation, belying the fundamental role that these organisms play in ecosystems and for humans themselves [4]. In freshwater habitats, there is a high invertebrate diversity that mirrors the miscellaneous array of micro-habitat typologies that are available in the aquatic environments [5]. These micro-habitats have various sizes ranging from the small interstices and crevice of the streams substrate, that host unique assemblages of invertebrates enhancing the occurrence of beta diversity [6,7], to large river connections and systems, characterized by ancient drainages that allowed astounding species radiation in different invertebrate groups [8]. In freshwater ecosystems, invertebrates provide several ecological functions of fundamental importance [5]. Detritivore and filtering invertebrates allow water purification and organic matter processing in both lentic (aquatic habitat with calm water) and lotic (aquatic habitat with running water) habitats [9,10,11,12]. Moreover, many freshwater invertebrate species furnish highly considered goods, mainly constituted by food resources (as several crustaceans and mollusks), but also by medicinal and ornamental products [13]. However, despite being a fundamental source of biodiversity, several highly diverse taxa of aquatic invertebrates, like planarians, remain still poorly known and poorly considered in research and conservation projects.



The planarias are Platyhelminthes belonging to the class of Turbellaria, order of Tricladida. They are widespread on a global scale and new species continue to be discovered and described [13,14,15]. Often, they occur in such large numbers in lakes, streams and springs, as to be a significant component of freshwater communities [16,17,18].



Commonly referred to as “flatworms” because of their dorso-ventral flattening, freshwater planarians are found mainly in surface waters [19,20], however an unexpected diversity of planarians occurs also in groundwaters [21,22]. Nearly 200 species of planarians have been recorded in groundwater environments [23]. Cave-dwelling planarians are distributed worldwide in subterranean habitats [21,24,25], but most of the described species have extremely narrow ranges, being frequently known for a single cave [22,26]. The study of groundwater-dwelling planarians started relatively late with respect to other invertebrates. Dendrocoelum cavaticun was the first subterranean planarian described in 1873 in a cave of Jura Souabe, in South-East Germany [24]. Only 30 years later, some surveys extended its range to other caves and some spring habitats of the same German area [27]. Since then, the number of discovered and described groundwater-dwelling species has regularly increased together with the fauna assessments of caves. However, planarians finding appeared, especially in the past, as a side effect of sampling campaigns devoted to other more charismatic animals [24]. As a consequence, the description of new species of groundwater-dwelling planarians has been rarely combined with information on species habitats [25]. For example, until 2018, the locality type was the only information available for all the Italian cave-dwelling planarians that, in most cases, were sampled only once and not by the scientist who described the species [26,28]. The first studies assessing the features of the habitat of a groundwater-dwelling planarian were performed at the whole cave scale on the species Atrioplanaria notadena [29] Groundwater-dwelling planarians are a promising model group to study the general patterns allowing exploitation and adaptation to a difficult environment. In temperate regions, groundwaters are usually oligotrophic environments: They show limited nutrient content [30], posing serious constraints to the exploitation of these habitats [31]. At the same time, groundwaters may offer shelter from UV radiation and predators [32,33,34,35]. Constraints and advantages caused the evolution of different morphological, physiological and behavioral features associated with animals exploiting them [36,37]. Most groundwaters’ specialist animals, named stygobionts (the suffix “stygo” comes from the river Styx flowing in the mythological Greek underworld), show typical features, such as blindness, depigmentation, and elongation of tactile sensory structures, metabolism reduction, resistance to starving, and low oxygen contents [38,39]. Blindness, depigmentation, and elongation of tactile sensory structures are commonly referred to as troglomorphisms [40]. Most of planarian species collected in caves have been considered as stygobionts and are totally blind and depigmented, showing a strong adaptation to groundwaters [41]. Nevertheless, also pigmented species with eyes have been reported in groundwater habitats [26,42]. Moreover, the planarians’ position in the trophic web of groundwaters is unclear. Generally planarians are zoophagous, feeding mainly on small living invertebrates [18], especially oligochaetes, cave-dwelling amphipods or isopods but they are also scavengers and they can also feed on drowned arthropods like crickets and dipterans [17,23]. At the same time, in subterranean habitats, planarians have been reported to serve as food for cave fish, crayfish and salamanders [17,43]. In Europe, there are observations of troglophile terrestrial salamanders preying upon Dendrocoelum sp. groundwater-dwelling planarians [44] and studies showing that stygobiont planarians do not coexist in groundwaters with predator fire salamanders larvae [17,45]. In small groundwater habitats, where simple trophic webs occur, we hypothesize that planarians can occupy top positions, and that they could contribute in top-down control of potential prey populations.



As already stated, planarians are generally neglected being neither charismatic nor easily noticed by humans. Studies on groundwater-dwelling planarians are even more scarce and sparse than those on surface freshwater ones. At a first sight, current information on the distribution, on the real level of exploitation and adaptation to subterranean environments, on the morphological and behavioral features of groundwater-dwelling planarians and on their trophic role appears highly fragmentary and out of date. In this paper, we want to provide a review of the existing online literature on groundwater-dwelling planarians to understand: (I) how widespread is the study of stygobiont planarians? (II) How relevant is the occurrence of troglomorphisms in stygobiont planarians? (III) Do planarians occupy top predator positions in groundwaters?




2. Material and Methods


Reviews of the existing scientific literature are fundamental to understand the state of knowledge and to provide future perspectives, especially when the field of research is fragmented. However, covering the whole spectrum of literature is almost impossible, especially in disciplines like zoology and subterranean biology. In fact, these scientific fields have a long history and many historic papers are confined in the so called “grey literature”. Moreover, arbitrary reviews performed without applying an impartial and easily repeatable method may bring to biased conclusions. For these reasons the use of systematic evidence reviews is now largely widespread in different scientific fields [46]. Here we performed a systematic evidence review to answer the three questions detailed in the aims; as not negligible researches on stygobiont planarians have been published last century in local papers and books, but are not retrievable with a standardized and not biased research, we made in the discussion section a comparison between the results of our systematic evidence review and the classical scientific texts that drove planarian research in 19th century. To assess how widespread the study of stygobiont planarians is, we employed the PRISMA (Preferred Reporting Items of Systematic reviews and Meta-Analyses) guidelines [47] and we searched the Web of Science (WoS) and Google Scholar (GS) databases. In WoS, we performed search by topics using the key words “Planarian Cave” and “Flatworm Cave”; in GS, we used only the key “Planarian Cave” because at a preliminary analysis it yielded more reliable results than “Flatworm Cave” and we avoided repetitions of the same literature source. The search was performed in November 2020 from Milan (Italy).



The collected references went through two distinct selection steps. We initially cleaned the dataset by discarding all the articles reporting information that was not clearly related to flatworms and/or groundwaters. This selection was made by reading the introduction; we kept only the papers in which one or more of the following words appeared in the text: “planarian”, “flatworm”, “subterranean”, “hypogean”, “stygobiont”, “troglobitic”, “deep-dwelling”, “want of eye”, “lack of eye”, “absence of”, “blind”, “anopthalmia”, “unpigmented”, “whitish”, “pigmentation”, “adaptive strategy”, “adhesive organ”, “cave”, “spring”, “well”, “waterhole”, “pool”, “stream”. We discarded also papers not written in English. Second, we fully read all the selected papers and we kept only those clearly mentioning one or more species of flatworms along with the location or habitat of occurrence.



From the final dataset, we recorded for each paper the following information: name of the planarian species, place of sampling (name of the locality, country and geographical coordinates), habitat of occurrence distinguishing between subterranean (cave, mine, well etc.) and surface (spring habitats and adjacent environments) ones. For every planarian species, we also recorded presence/absence of troglomorphic characters (blindness, depigmentation) and sympatry with other taxa. If the mentioned species were not accompanied by a morphological description, the occurrence of troglomorphic features was assessed, when possible, from other publications expressly searched, including species’ descriptions. The taxonomic status of each mentioned species was verified and adapted to current knowledge if needed.



Moreover, we recorded papers’ typology, distinguishing between ecology, distribution, phylogeny and taxonomy categories on the basis of the information contained and considering that the same paper could belong to multiple ones.



We performed also a metanalysis to assess the ecological role of flatworms in the food chain of caves. For the metanalysis, we considered only ecological papers reporting finding/observations of planarians in subterranean habitats. For every subterranean mentioned site, we searched GS to collect information on other reported species. We recorded the total number of other reported species in the scientific literature for each site and we divided them according to their trophic role, distinguishing between potential predators of and potential prey for flatworms. Then we built two generalized linear models (GLMs) with binomial error distribution using as dependent variable the fact that the planarian species were or not the only predator known for each site. As fixed factors, we used in one model the number of potential prey species, and in the other one the total number of other reported species. We assessed the significance of the fixed factors with a likelihood ratio test [48]). Metanalysis was performed in R 3.6.3 environment [49] using glm and drop1 functions.




3. Results


From WoS, the search with both keys returned 43 distinct papers, while from GS we gathered 2230 results. The first selection step allowed us to reduce the dataset to a total number of 119 papers potentially dealing with groundwater-dwelling planarians. The second step of selection reduced to only 48 the number of papers actually relevant for the revision. From these 48 papers, we retrieved a total of 113 observations of 107 different planarian species in both groundwaters and adjacent epigean habitats (Figure 1; Supplementary Table S1).



3.1. Spread of Studies on Stygobiont Planarians


The typologies of studies covered by the papers retrieved with the systematic evidence review were mainly taxonomic (65%) and ecologic (21%); less frequent were studies on flatworms’ distribution (4%), and phylogeny (3%). We did not detect any behavioral study; 7% of the papers did not match any of the typologies considered. 80% of the papers have sampling sites located in the northern hemisphere, while the southern hemisphere appears poorly represented (Figure 1). Moreover, 50 of the 113 observations came from North America (all in the United States), 31 from Europe (21 in Italy), nine from Asia, and two from North Africa. Among southern continents, South America was the most represented (18 observations), followed by Australia and Tahiti with three observations each (Figure 2).




3.2. Trophic Functional Role of Planarians in Groundwaters


Sympatry with other taxa was reported in 24 observations out of the 89 referred to subterranean habitats. Only five of these 24 observations reported also the occurrence of potential predators of flatworms. In all the other cases (84%), only the occurrence of potential prey species was reported and planarians were the top predators. However, considering only ecological studies with observations reported for strictly subterranean habitats, the metanalysis revealed that the occurrence of groundwater-dwelling planarians as lone (top) predators is negatively associated with the total number of other species reported for the site (χ2 = 10.28; p < 0.001), but it has no correlation with the potential prey species reported (χ2 = 0.39; p = 0.53).




3.3. Relevance of Troglomorphisms in Stygobiont Planarians


Of the 113 observations collected with the systematic review, 89 were related to 86 planarian species sampled in subterranean habitats, while 24 observations were referred to 21 planarian species sampled in springs or adjacent epigean habitats. Most of the species (78%) reported for groundwaters were fully troglomorphic showing both depigmentation and lack of eyes (Figure 3A). Further, 6% of the species was neither depigmented nor eyeless. The other species showed only one troglomorphic feature: 10% were only depigmented and 6% were blind, but pigmented. Considering species reported in springs and adjacent habitats (Figure 3B), all the species mentioned showed at least a troglomorphic feature. In addition, 42.8% were both depigmented and eyeless, while 47.6% were depigmented but retained eyes, and 9.6% were eyeless but pigmented.





4. Discussion


Our review of the literature on groundwater-dwelling planarians reveals that, despite the potential high number of available data, the number of papers effectively providing exhaustive information of planarians in groundwaters and in groundwaters’ associated habitats like springs is very limited. We were able to assess only 48 papers.



4.1. Spread of Studies on Stygobiont Planarians


The data about the geographical distribution allowed us to identify the least represented locations and to identify the deficient study areas, which are likely to be the ones with the greatest margins of improvement in terms of knowledge of the environment and description of new species. A strong geographical bias of the studies emerges; most investigations were performed in Europe and North-America and very little information is available for some Asian countries and for South-America, Oceania, and Southern Africa. For Asian and South-American countries, it is possible that studies in the local languages that we did not find or assess, are available online. As an example, several papers written in Japanese are available in GS, but we were not able to assess them for this study. Considering the extension of karst areas worldwide and the relative frequency of flatworms’ occurrence in groundwaters, it is likely that the lack of papers that we underlined especially for the southern hemisphere reflects the few researches performed and the low attention payed to flatworms during fauna surveys in cave environments. It is also possible that studies of this type have been conducted and never published or are not available.



With this review, we found that most studies are mainly taxonomical investigations describing new species. Papers investigating planarian ecology are rarer and we were not able to retrieve any paper dealing with behavior. These results prompted the need of further studies assessing planarians species occurrence in caves and other groundwater habitats together with investigations on main behavioral patterns, such as foraging behavior and circadian rhythm performed at a small scale or at the single population level. In the past, some behavioral tests have been performed on planarians’ reaction to light [39]. They reported that subterranean planarians are highly sensitive to light and can be strongly damaged when exposed to it. However, a study performed on the cave flatworm Sphalloplana percaeca showed that this species is indifferent to light and does not react when its intensity is not harmful [50].



These results are confirmed by the reading of classical books and papers published in the 19th century. These old papers and books are mainly taxonomical monographies or biological reviews, often published in local languages and providing only sparse information on the site/habitat of collection and on the possible relationships among the species. We detected only one experimental paper dealing with the ecology of a non-troglomorphic planarian species [51]. Categorizing this old literature can be challenging and provide biased results because it is in most cases older than modern scientific branches. However, they constitute a fundamental source of information to retrieve the localities for planarian species that after their description have never been studied further. Assessing if these species still exist and characterizing the features of their habitat could provide fundamental information for studies on conservation and assessing effects of habitat changes in subterranean organisms.



The lack of information on the habitat requirements has been complained since the beginning of the zoological investigations on groundwater-dwelling planarians [24]. Most samplings were performed by cavers and explorers that collect the animals for zoologists during single visits of the caves. Usually they did not report exactly the microhabitat features of the collection site and even did not assess if planarians occur also in other habitats [26]. This established method, even if it increased the comprehension of planarians morphological differentiation in distinct karst areas, prevented the comprehension of the processes that allowed it. It must also be pointed out that the streams and the pools that can be sampled in caves may be only a portion of the whole habitat occupied by planarians that are likely to be also interstitial [52,53].




4.2. Trophic Functional Role of Planarians in Groundwaters


Thanks to our systematic review, some main ecological studies, not detectable in the 19th century literature, emerged and allowed us to retrieve some indications on the position of planarians in the groundwaters’ trophic web. First, our results show that planarians are likely the top predators of the sites they inhabit since no other predators were reported in most of the 113 assessed observations. However, the metanalysis showed no correlation between planarians and the number of potential prey and a negative relationship with the total number of species reported for the sites. This negative relationship between the status of top predator and the general diversity of the sites suggests that our hypothesis on a possible top-down control of potential prey populations should be rejected because at least in terms of diversity groundwater-dwelling planarians seem not having large effects upon communities. However, in the total number of other species, we also included species that only occasionally enter into the caves and that likely do not have interactions with groundwaters because the information retrieved in some cases did not allow to verify with certitude the level of connection with subterranean environment and groundwaters. Results are thus mainly preliminary and need more investigations; the methodology used in our systematic review, however, could be useful to be applied at national or regional scales where detailed biological surveys of groundwaters exist and may be used to make correlations with planarians occurrence. Moreover, further field studies, considering the whole groundwater-dwelling community in both deep and spring-closed sectors, could increase the understanding of the role played by planarians in shaping stygofauna features. In any case, it could be very difficult to understand the functional role of the planarians in the trophic webs of groundwaters as only little information from sparse observations exists on their trophic niche [23,28,54]. On the contrary, in epigean freshwaters planarians, both fundamental and realized trophic niches have been extensively studied [18]. There is much overlap in terms of diet among the species that eat mainly isopod and amphipod crustaceans, oligochaetes, and snails [18]. Globally our results suggest that future field investigations comparing groundwater sites with and without planarians, even inside the same cave system, may reveal new insights.




4.3. Relevance of Troglomorphisms in Stygobiont Planarians


The understanding of the relevance of troglomorphic features is one of the most interesting results of this review. Most species reported in subterranean environments and all species reported in springs showed at least a troglomorphic character. However, our analysis reveals that there are exceptions, with planarian species observed in caves that are neither eyeless nor depigmented.



Similar results can be obtained if we consider some of the most relevant papers and books published in the 19th even not in English language, particularly form the books and papers of De Beauchamp [22], Gourbault [24], Benazzi [55], Benazzi and Gourbault [56], Carpenter [21], Christian and Spötl [57], De Vries and Benazzi [58], Del Papa [59], Elliot and Mitchell [60], Ginet and Puglisi [30], Lunghi, et al. [61], Patée and Gourbault [62], Puccinelli and Benazzi [63], René and Christian [64], Sluys [65], Ullyott [51], Vialli [66], and Von Heinz [67], it is possible to retrieve mentions of 115 mentions 83 species, including 14 reports of epigean species in subterranean environments. Most of the mentions [51] refer to blind and depigmented planarians, but in this old literature there is also a not negligible number of species [22] for which it is impossible to assess the occurrence of troglomorphic features.



The study of troglomorphic features, especially from a taxonomical point of view, has been a core point of biological studies of subterranean animals for many years [23]. However, in the last decade it has been shown that troglomorphisms may be highly variable, as in the case of cave fishes [68]. In the past years, a more evolutionarily oriented concept of troglomorphic features has been developed: that of features whose presence/absence may reflect a real adaptive meaning [40,69]. Our results show that the occurrence of eyes in depigmented stygobiont planarians is particularly high in springs, such as at the interface with groundwaters. Capacity of detect light stimuli has been described for other troglobiont species; eyes reduction but not complete loss occurs in different species considered strictly cave adapted but occurring also at the border with surface [70,71]. This is the case of the stygobiont planarian Polycelis benazzii, which was described only for a pool at the entrance of a cave and it was never found in deeper habitats [27]. Light-detection in cave-dwelling animals has been associated with the necessity of detecting and avoiding surface risky habitats [72]. Anyway, this capability may also allow to distinguish night from day and favor the exploitation of springs and other border habitats during night, when UV radiation is not a constraint for depigmented animals [73]. The high variability in the occurrence of troglomorphic features that we detected suggests that planarians could be a very useful model to understand the evolutionary processes underlying adaptation to cave environments. Most experimental studies on cave-dwelling animals have been performed on cave fish [74,75,76]. Considering that planarians rearing requires less space and attention than fish, the high variability that we detected should allow to extend the hypotheses till now tested in cave fishes to different suitable species for comparable experimental studies.





5. Conclusions


This review is a first attempt to summarize the extant knowledge on groundwater-dwelling planarians. The paucity of papers and information that we gathered underlines that low attention has been dedicated to these animals which occurrence and importance in groundwaters could be larger than thought. Further revisions will be necessary to enlarge the comprehension of the main distributional, developmental, and evolutionary trends of groundwater-dwelling planarians. As having access to the large amount of information that is actually confined in the so called “grey literature” is demanding and, without a specific and easily repeatable method, its review may lead to biased conclusions, we hope that the systematic review proposed here could provide a first and unbiased synthesis stimulating for future investigations on a neglected compound of biodiversity such as planarians. We hope that by drawing together this compound of papers, we can begin to exploit the diversity of planarians in groundwaters to identify the fundamental trends and forces that underlie adaptations to unusual habitats.
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Figure 1. Results of systematic review selection recommended by PRISMA (Preferred Reporting Items of Systematic reviews and Meta-Analyses) guidelines. 
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Figure 2. Number of caves related to overhauled articles on Web of Science divided between southern and boreal hemisphere. 
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Figure 3. Number of planarians species reported in the selected papers for groundwaters (A) and adjacent surface habitats (B) with both eyes and pigmentation (E + P), eyes but depigmented (E + noP), pigmentation but eyeless (noE + P) and showing complete troglomorphism being both depigmented and eyeless (noE + noP). 
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