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Abstract:

Evaluating the role of anthropogenic habitats in species conservation is a 
fundamental, but overlooked issue, considering the pace that humans 
have been altering natural ecosystems. We compiled 685 records of 
freshwater mussels (Bivalvia, Unionida) inhabiting a broad variety of 
anthropogenic habitat types (from small ponds to large reservoirs and 
canals) and reviewed their importance as refuges for this faunal group. 
Most examples came from Europe and North America, with a clear 
dominance of canals and reservoirs. The dataset spanned 201 species, 
with 26 being listed as Critically Endangered (5 species), Endangered (10 
species), or Vulnerable (11 species) by the IUCN Red List of Threatened 
Species. We assess and discuss the conservation importance of these 
anthropogenic habitats and provide guidance on how these should be 
managed to provide optimal conservation value to freshwater mussels. 
However, some of these habitats may function as ecological traps owing 
to conflicting management practices or because they act as a sink for 
some populations. Therefore, these anthropogenic habitats should not be 
seen as a panacea to resolve conservation problems. More information is 
necessary to better understand the trade-offs between human use and 
the conservation of freshwater mussels (and other biota) in 
anthropogenic habitats, given the low number of quantitative studies and 
the strong biogeographic knowledge bias that persists. 
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76 Abstract

77 Evaluating the role of anthropogenic habitats in species conservation is a fundamental, 

78 but overlooked issue, considering the pace that humans have been altering natural 

79 ecosystems. We compiled 685 records of freshwater mussels (Bivalvia, Unionida) 

80 inhabiting a broad variety of anthropogenic habitat types (from small ponds to large 

81 reservoirs and canals) and reviewed their importance as refuges for this faunal group. 

82 Most records came from Europe and North America, with a clear dominance of canals 

83 and reservoirs. The dataset spanned 201 species, with 26 being listed as Critically 

84 Endangered (5 species), Endangered (10 species), or Vulnerable (11 species) by the IUCN 

85 Red List of Threatened Species. We assess and discuss the conservation importance of 

86 these anthropogenic habitats and provide guidance on how these should be managed to 

87 provide optimal conservation value to freshwater mussels. However, some of these 

88 habitats may function as ecological traps owing to conflicting management practices or 

89 because they act as a sink for some populations. Therefore, these anthropogenic habitats 

90 should not be seen as a panacea to resolve conservation problems. More information is 

91 necessary to better understand the trade-offs between human use and the conservation of 

92 freshwater mussels (and other biota) in anthropogenic habitats, given the low number of 

93 quantitative studies and the strong biogeographic knowledge bias that persists. 

94

95 Key words: ecological traps / freshwater biodiversity / novel ecosystems / sink habitats / 

96 unionids 

97
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100 Introduction

101 Humans have long been recognised as the dominant species on the planet, with the ability 

102 to change terrestrial and aquatic ecosystems physically, chemically, and biologically, 

103 using tools and technology that are beyond the capacity of other species (Ellis and 

104 Ramankutty 2008). Human interactions with natural ecosystems range from the relatively 

105 small impacts of primeval hunter-gatherers (but see possible effects of overexploitation; 

106 Barnosky 2008) to complete replacement by built infrastructure (Smith 2007). For 

107 example, since ancient times humans have tried to control freshwater ecosystems by 

108 constructing irrigation canals, dams, dykes, and ponds, with varying ecological impacts. 

109 The first large anthropogenic structures (i.e. human created or heavily modified 

110 ecosystems sensu Lundholm and Richardson 2010) in aquatic ecosystems appeared in 

111 Mesopotamia and Egypt and were mainly constructed for irrigation purposes (Smith 

112 1971, Ortloff 2009, Geyer and Monchambert 2015). Subsequent civilizations also 

113 substantially modified freshwater ecosystems and remarkable historical examples, now 

114 classified as UNESCO World Heritage Sites, include the Aflaj irrigation systems in 

115 Oman, the Chaco irrigation system in the San Juan basin (United States), the highly 

116 complex hydraulic structures in Angkor (Cambodia) and Champaner-Pavagadh (India), 

117 and the Subak system in Bali (Indonesia). 

118 Recently, the number of anthropogenic structures in aquatic ecosystems has skyrocketed 

119 and few large rivers remain that are devoid of large barriers blocking their connectivity 

120 (Grill et al. 2019, Barbarossa et al. 2020). Such infrastructures have high social, political, 

121 historical, and economic value, since they are seen as fundamental production tools for 

122 irrigated agriculture, energy production, transportation of goods, and are also important 

123 for human leisure activities (Aspe and Jacqué 2015, Lin et al. 2020).
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124 Anthropogenic habitats are colonised by distinct biological communities when compared 

125 to natural ecosystem counterparts, owing to differences in resource availability, stress 

126 intensity, disturbance, and environmental characteristics (Lundholm and Richardson 

127 2010, Chester and Robson 2013). Due to these differences, anthropogenic habitats often 

128 have negative impacts on biodiversity, but may also serve as refuges for some species. In 

129 fact, in recent years, reconciliation ecology (sensu Rosenzweig 2003) argues that we need 

130 to embrace these anthropogenic habitats to conserve biodiversity, given the pace of 

131 destruction of natural habitats and because they may provide a safe haven for some 

132 species with threatened conservation status. Interesting examples can be found in the 

133 literature and several aquatic species, some with threatened status, are shown to benefit 

134 from the presence of artificial infrastructures. These include the importance of artificial 

135 ponds for amphibians and man-made reservoirs listed as Ramsar sites due to their 

136 significance for wetland birds (Chester and Robson 2013). Artificial habitats may 

137 function as important corridors for dispersal and migration, and provide secure refuges 

138 during extreme climatic events (e.g. droughts, heatwaves). On the other hand, these 

139 anthropogenic habitats can be responsible for negative effects on biodiversity as well, 

140 which can result in the introduction of invasive species, lower genetic diversity of native 

141 populations, and, therefore, become ecological traps (i.e. habitats preferred by animals 

142 despite resulting in lower fitness compared to other available options; Schlaepfer et al. 

143 2002) or sink habitats (i.e. habitats that are net importers of individuals, because local 

144 reproduction is not sufficient to balance local mortality; Pulliam 1988). 

145 Freshwater mussels of the order Unionida comprise a highly diverse group of organisms 

146 (more than 800 species) present in all continents except Antarctica (Lopes-Lima et al. 

147 2014, 2018). These organisms colonize a great diversity of aquatic habitats, ranging from 

148 large rivers and lakes to small streams and ponds, and in recent years they have gained 
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149 scientific and media attention due to the rapid decline in abundance and distribution 

150 (Strayer et al. 2004, Lopes-Lima et al. 2017, Zieritz et al. 2018a). A myriad of threats 

151 have been mentioned as responsible for these declines, and usually encompass habitat 

152 loss and fragmentation, pollution, overexploitation, climate change, and introduction of 

153 invasive alien species (Ferreira-Rodríguez et al. 2019). In addition, these organisms have 

154 an unusual life cycle, which depends on fish hosts, with some species living more than 

155 100 years (for a review see Modesto et al. 2018). Given these threats and the peculiar 

156 reproductive strategy, about 45% of all species assessed by the IUCN are currently near-

157 threatened, threatened or extinct (Lopes-Lima et al. 2018).

158 Recently, some studies suggest the potential importance of anthropogenic habitats to 

159 conserve threatened freshwater mussels (e.g. Araujo and Ramos 2000, Sousa et al. 2019a, 

160 2019b), while others emphasize their role to promote the spread of invasive species, even 

161 in remote areas (Zieritz et al. 2018b, Cilenti et al. 2019). In this review, we analyse 

162 available data on freshwater mussels inhabiting anthropogenic habitats to assess their 

163 importance as stable refuges or ecological traps. Based on our findings, we subsequently 

164 discuss opportunities and challenges to promote overall freshwater mussel conservation 

165 in these anthropogenic habitats.

166

167 Anthropogenic habitats for freshwater mussels

168 Data on freshwater mussel populations inhabiting anthropogenic environments were 

169 initially collected through a bibliographic search using ISI Web of Science and Google 

170 Scholar using the terms (‘anthropogenic’ or ‘artificial’ or ‘novel’) and (‘habitat’ or 

171 ‘ecosystem’) and (‘freshwater mussel’ or ‘freshwater bivalve’ or ‘unionid’). As this 

172 bibliographic search retrieved a low number of records, personal data, and grey literature, 
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173 collected and verified by the authors of this study, were added to the overall database. 

174 Each record was assigned to one anthropogenic habitat category following Chester and 

175 Robson (2013). Category “canal” thereby included structures used for different purposes, 

176 including navigation, irrigation, ditches, and canals present in rice paddies and farmland. 

177 Similarly, category “reservoir” included lentic habitats resulting from dams, weirs, or 

178 related constructions, and category “artificial ponds” included structures constructed for 

179 fish production, recreation, or other human activities. We recognise that these categories 

180 are an oversimplification in terms of human use, but the respective habitats grouped 

181 within these categories are similar in terms of their environmental characteristics, and 

182 thus, they are adequate in framing their respective importance to freshwater mussels. It 

183 should be noted that examples comprising small weirs or similar obstacles (less than 1 m 

184 high), bridges, and culverts were not considered here due to the strong spatial restriction 

185 of their potential impacts on freshwater mussels. Also, river sections immediately 

186 downstream dams or river sections subjected to thermal pollution, caused by warm water 

187 released from power plants, were not considered. For each record, we collected 

188 information on the geographic location and the species of freshwater mussel present; 

189 described the environmental characteristics of the habitat and made a comparison to 

190 adjacent natural habitats if possible; extracted quantitative data on the autecology of the 

191 species present (e.g. density, biomass, and size estimates); and determined whether the 

192 anthropogenic habitat function as an ecological trap (as described above) and if non-

193 native bivalve species are present.

194 In total, we compiled 685 records of anthropogenic habitats inhabited by freshwater 

195 mussels (see Fig. 1 for a summary of examples distributed worldwide and Table S1 for 

196 the complete listing). For the great majority of records (83.2%), data are restricted to the 

197 identities of the species present (Table S1), while 16.8% of records contain quantitative 
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198 data concerning at least one basic autecological characteristic (usually density and/or size 

199 estimates) (Table S1).

200

201

202 Fig. 1 Examples of anthropogenic habitats colonized by freshwater mussels. From the upper left corner 
203 and in clockwise direction examples include: Water Mill Canal in the Tuela River (Portugal) colonized by 
204 Margaritifera margaritifera; Smolicki fishpond (Poland) colonized by the non-native 
205 Sinanodonta woodiana; Water Mill Canal in Bug River (Ukraine) colonized by Unio crassus, Unio 
206 pictorum and Unio tumidus; Canal of the Petropavlovsk-Kamchatsky Thermal Power Plant (Russia) 
207 colonized by Beringiana beringiana; Canal Nagahama Shiga (Japan) colonized by Pronodularia 
208 japanensis, Pseudodon omiensis, Sinanodonta japonica, Lanceolaria grayana, Inversidens brandtii, 
209 Nodularia douglasiae biwae and Inversiunio yanagawensis; Canal Shihutang (China) colonized by 
210 Anemina arcaeformis, Lamprotula caveata, Nodularia douglasiae and Sinanodonta woodiana; Farm dam 
211 in Isaac River (Australia) colonized by Velesunio wilsonii and Alathyria pertexta; Intake Canal in a 
212 hydropower plant in the Cubango River (Angola) colonized by Coelatura kunenensis and Mutela 
213 zambesiensis; Irrigation Canal in the Bouhlou River (Morocco) colonized by Potomida littoralis, Pseudunio 
214 marocanus and Unio foucauldianus; Urban reservoir in Cuiába (Brazil) colonized by Anodontites 
215 trapesialis and Anodontites elongatus; Double Springs Canal in Malheur National Wildlife Refuge (USA) 
216 colonized by Anodonta californiensis.

217

218 Our data indicate that freshwater mussels can colonize canals (including irrigation, 

219 transport, and cooling canals, water mills, and ditches), channelized rivers, reservoirs 
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220 (including mining subsidence reservoirs), artificial ponds, artificial lakes (including urban 

221 and sandpit lakes), rice paddies, navigational pools, and ports. The dataset is dominated 

222 by records from canals and reservoirs (Fig. 2A), a result that was expected given the 

223 number and extension of canals worldwide (more than 63,000 km in 1985; Revenga et al. 

224 2000) and the high number of impoundments (2.8 million larger than 0.1 ha; Lehner et 

225 al. 2011). Somewhat unexpected was the relatively low number of records in channelized 

226 rivers, given the great extension of these structures worldwide (Schmutz and Sendzimir 

227 2018). However, since freshwater mussels usually colonise areas near the banks, 

228 channelization of rivers can be highly detrimental to these species (Haag 2012) and this 

229 may explain the low number of records in these anthropogenic habitats. In addition, data 

230 on freshwater mussels in channelized rivers with characteristically steep margins may be 

231 artificially low due to difficulties in conducting surveys using traditional sampling 

232 techniques. 

233 Our dataset covers all continents inhabited by freshwater mussels, with a majority from 

234 Europe and North America and very few from Africa, Oceania, and South America (Fig. 

235 2B). This situation probably reflects the much greater research effort on freshwater 

236 mussels in Europe and North America rather than a lack of anthropogenic freshwater 

237 habitats in the other continents. This biogeographic bias follows similar trends in other 

238 areas of freshwater mussel research (Lopes-Lima et al. 2014). 

239 Our dataset comprised a total of 201 species, of which 26 are considered as globally 

240 threatened (i.e. Critically Endangered (5 species), Endangered (10 species) or Vulnerable 

241 (11 species); IUCN, 2020) (Fig. 2C). A total of 24.8 % of records include at least one 

242 non-native bivalve species, with great dominance of Sianodonta woodiana, followed in 

243 much lower numbers by Corbicula fluminea and Dreissena polymorpha, and isolated 

244 examples concerning Limnoperna fortunei and Dreissena bugensis (Table S1). 
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245

246 Fig. 2 Percentage (%) of records per type of identified anthropogenic habitat (A) and continent (B) retrieved 
247 in this review (N=685) and number of species identified in those records  (N=201) per IUCN Red List 
248 categories (C): DD Data Deficient plus NE Not Evaluated; LC Least Concern plus NT Near Threatened; 
249 and the threatened categories including VU Vulnerable plus EN Endangered plus CR Critically 
250 Endangered. 
251

252 Although to our knowledge few studies have investigated how freshwater mussels 

253 colonize anthropogenic habitats, the most probable pathway may be the dispersal of 

254 mussel larvae (glochidia) through their fish hosts. In several countries, the stocking of 

255 fish served as an efficient mechanism for the dispersal and subsequent establishment of 

256 invasive mussels such as S. woodiana. This species spread out across Europe, for 

257 example, by stocking of Asian carp used to control macrophytes (Huber and Geist 2019). 

258 Anthropogenic habitats can also function as dispersal corridors to natural habitats, 

259 exemplified by the dispersal of several unionid species (e.g. Fusconaia flava and 

260 Pyganadon grandis) from Lake Erie to Mohawk River via the Erie Canal (New York, 

261 USA) (Strayer 2008). In canals that receive water from natural ecosystems, dispersal and 

262 colonization may be common and again, host fish may be the most probable vector of 

263 dispersal. In other cases, freshwater mussels were deliberately introduced by humans such 

Page 11 of 45 Global Change Biology



For Review Only

264 as the case of translocation of Megalonaias nervosa specimens from the Cumberland 

265 River to the Kentucky Lake Reservoir (Kentucky and Tennessee, USA; see Table S1). 

266 On the other hand, freshwater mussel present in reservoirs corresponds to species that 

267 already inhabited the river before damming (Haag 2012). After damming, the population 

268 size of those species that are better adapted to the now prevailing lentic conditions often 

269 increases considerably (see below further discussion). 

270

271 Anthropogenic habitats as stable refuges or ecological traps

272 Stable refuges

273 If water, substrate, and food quality and quantity are adequate and connectivity to natural 

274 ecosystems is provided, anthropogenic ecosystems can, in some cases, be extremely 

275 important for the conservation of freshwater mussels. For example, highly threatened 

276 species such as Margaritifera margaritifera (Endangered), Pseudunio auricularius 

277 (Critically Endangered) and Pseudunio marocanus (Critically Endangered) have been 

278 found in irrigation or watermill canals that maintain suitable and stable environmental 

279 conditions. In some cases, organisms seem to be in better physiological condition and 

280 present higher density in these habitats when compared to natural conditions (Araujo and 

281 Ramos 2000, Sousa et al. 2019a, 2019b; see also Box 1). The confirmed presence of 

282 juveniles in these canals further indicates suitable habitat conditions for fish hosts, 

283 facilitating recruitment (Sousa et al. 2019a, 2019b). 

284 Reservoirs may support abundant and diverse mussel assemblages if the water quality 

285 remains good and in the absence of other impacts, albeit predominantly for species 

286 preferring lentic conditions (see below discussion on negative effects on lotic species). 

287 For example, in Lower Lake (Mississippi, USA) conditions favoured a highly diverse, 
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288 healthy, and recruiting assemblage of freshwater mussels although mostly comprised of 

289 common and widespread species, and lacking threatened species (Haag and Warren 

290 2007). Similarly, certain navigation pools in large European and North American rivers 

291 are inhabited by diverse mussel assemblages (see Table S1). In many regions of Australia, 

292 farm dams are readily colonised by mussel larvae of Alathyria pertexta, Velesunio 

293 ambiguus, Velesunio wilsonii, and Westralunio carteri (Vulnerable), via their host fish. 

294 These farm dams serve as refuges for freshwater mussels, having otherwise been lost due 

295 to river salinization, whilst in other cases, they provide a functional habitat similar to 

296 billabongs and waterholes (Jones 2011; Klunzinger et al. 2015). Small instream reservoirs 

297 can also benefit A. pertexta, V. ambiguus and, to a lesser degree, Hyridella australis, 

298 which thrive in the characteristic lacustrine and muddy conditions (Walker 1981, 2017, 

299 Walker et al. 1992, Byrne 1998, Jones 2007, Brainwood et al. 2008).

300 In some of the typically temporary or ephemeral rivers and streams of arid or semi-arid 

301 regions, earthen block banks are built across the channel to supply water. In the lower 

302 Darling River (Australia), these artificial structures provide a refuge for Alathyria 

303 jacksoni during droughts. In the Isaac River, Queensland (Australia), the type locality of 

304 Velesunio wilsonii is a ‘waterhole’ with modified embankments, which is used to supply 

305 cattle with water (McMichael and Hiscock 1958). In the south of Morocco, irrigation 

306 canals serve as a refuge for Potomida littoralis (Endangered) as they present more stable 

307 hydrological conditions and lower temperature than natural ecosystems, which 

308 experience increasingly lengthy and severe periods of dryness due to climate change 

309 and/or water abstraction for agriculture and domestic use (Gomes-dos-Santos et al. 2019). 

310 If managed carefully and the amount of water in the canals are maintained, rice paddy 

311 fields can also be a refuge for some species, as described in several examples in Japan 

312 and Spain (Table S1). This type of habitat covers extensive areas in Asia, and their 
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313 conservation may be crucial at regional scales, given the disturbance of natural 

314 ecosystems. Unfortunately, we were unable to retrieve many records from Asia, but this 

315 situation warrants further investigation.

316 Fish ponds are one of the oldest types of anthropogenic freshwater habitats. First 

317 occurring in China by around 6000 BC (Nakajima et al. 2019), these habitats began to 

318 spread rapidly in the inland areas of Europe during the Late Middle Ages (especially the 

319 fourteenth and fifteenth centuries; Hoffmann 1996). In this review, a large number of fish 

320 ponds were identified as suitable refuges for several freshwater mussel species. The 

321 Medieval pond system of the Třeboňsko Biosphere Reserve, Czech Republic is a 

322 particularly interesting example (see Box 2). 

323

324 Ecological traps

325 The negative impact of anthropogenic habitats on freshwater mussels may either be linked 

326 to their characteristics, i.e. by providing inferior habitat conditions compared to the 

327 previous, natural environments, or as a result of their destruction or bad management. In 

328 Europe, several water mill canals have been destroyed in recent decades due to the 

329 cessation of their mills, which has compromised the survival of many pearl mussels M. 

330 margaritifera in France and elsewhere (Sousa et al. 2019b, Vincent Prié personal 

331 observation). Other canals have disappeared due to landfills (Ghosh et al. 2020). Another 

332 threat, as shown by some examples from Japan and Morocco, is the conversion from 

333 traditional to modern irrigation techniques, which can lead to the abandonment and 

334 disappearance of some canals (Natuhara 2013, Katayama et al. 2015, Sousa et al. 2019a) 

335 and negatively affects freshwater mussels and other organisms. 
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336 In other cases, the novel anthropogenic habitat provides suboptimal or completely 

337 unsuitable conditions for the naturally occurring species. Reservoirs have been shown to 

338 negatively affect some freshwater mussel species. A particularly well-studied example is 

339 that of the Muscle Shoals in the Tennessee River, USA. After impoundment in 1924, 

340 species richness declined from 71 to 43 species in the first 15 years, and after this rapid 

341 loss, the species richness declined more gradually in the subsequent years (Haag 2012). 

342 After the 1960s, several lentic species (Anodonta suborbiculata, Lasmigona complanata, 

343 Pyganodon grandis, Utterbackia imbecillis), which had never been recorded before the 

344 impoundment, established viable populations (Haag 2012). In Portugal, the construction 

345 of small dams in mountainous and oligotrophic rivers was responsible for the near 

346 disappearance of the pearl mussel M. margaritifera from areas within the reservoirs, 

347 whilst sites located downstream only retained adults without signs of recent recruitment 

348 (Sousa et al. 2020a). In Northern Italy, the exponential increase of small hydroelectric 

349 plants in the last decade and changes in agricultural practices (e.g. Falcucci et al. 2007) 

350 are the most probable causes of the extinction of more than 80% of the populations of 

351 Microcondylaea bonellii (Vulnerable) (Albrecht et al. 2011). In Australia, although small 

352 instream reservoirs may benefit some species (see above), the lacustrine and muddy 

353 conditions created by weirs or dams are not suitable for species that prefer lotic 

354 environments, such as A. jacksoni, Hyridella depressa or Cucumerunio novaehollandiae 

355 (Walker et al. 1992, Jones 2007, Brainwood et al. 2008). Consequently, the proliferation 

356 of small reservoirs throughout south-eastern Australian rivers, especially in the Murray-

357 Darling Basin (Kingsford 2000), may create mixed conservation outcomes. The most 

358 significant environmental alterations, which explained the observed patterns in reservoirs, 

359 were related to changes in sediment characteristics (accumulation of fine sediments and 
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360 organic matter), temperature, suspended solids, and dissolved oxygen (Haag 2012, Sousa 

361 et al. 2020a).

362 Increased oscillation of the water level in reservoirs due to extreme climatic conditions 

363 (e.g. droughts, floods, heatwaves) or bad management of the river flow can pose a further 

364 threat to mussel populations. In Australia, the water levels of water storage reservoirs 

365 often fluctuate widely as they are drawn down seasonally for irrigation supply or because 

366 inflows to the reservoirs may decline during prolonged droughts - a situation that is 

367 projected to become increasingly more common due to climate change. This can lead to 

368 the death of large numbers of V. ambiguus and A. pertexta. In the early 2000s, during the 

369 Millennium drought in eastern Australia (van Dijk et al. 2013), several dense populations 

370 of H. depressa occupying sections of Lake Burragorang (the main water supply for 

371 Sydney, Australia) (Byrne 1998) all but disappeared from the lake following emersion 

372 caused by falling water (Jones and Byrne personal observation). In extreme cases, such 

373 as during the 2012 drought in Brazil when the water level decreased by up to 17 m in the 

374 Furnas HPS reservoir, water levels are not re-established several years after the drought 

375 (Paschoal et al. 2020). This extreme situation acted as an ecological trap for the freshwater 

376 mussel Anodontites trapesialis, resulting in massive mortalities (maximum values of 22 

377 ind/m2). Surveys conducted three years later showed a terrestrial succession with 

378 increases in organic matter and calcium in the soil caused by the decomposition of 

379 mussels (Paschoal et al. 2020, Fig. 3). Very similar results were reported in reservoirs 

380 during extreme droughts in Portugal and Australia resulting in high mortalities of M. 

381 margaritifera (Sousa et al. 2018a) and A. pertexta and V. ambiguus (Klunzinger personal 

382 observation), respectively. In the same vein, maintenance works in reservoirs may result 

383 in ecological traps. For example, in south-western Australia, W. carteri may colonize 

384 water supply dams (Klunzinger et al. 2015, Beatty and Morgan 2017), but mortalities 
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385 have occurred when mussels became stranded in drying mud, being exposed to heat and 

386 direct sunlight during rapid water releases associated with dam maintenance works 

387 (Lymbery et al. 2020).

388  

389 Fig. 3 Variation of the water level at Furnas HPS reservoir (Sapucaí River, Minas Gerais, Brazil), from 
390 2011 to 2016, in response to extreme drought and consequent transition from an aquatic to a terrestrial 
391 ecosystem. In November 2012, the drought was responsible for massive mortalities of the freshwater mussel 
392 Anodontites trapesialis, resulting in an ecological trap for this population.

393

394 Ecological traps in anthropogenic habitats can also be a result of cleaning or maintenance 

395 activities in large sections of canals that are dewatered, which may cause massive 

396 mortalities of freshwater mussels. In Morocco, Sousa et al. (2019a) reported that frequent 

397 dredging and cleaning activities by local farmers on the Bouhlou irrigation canals were 

398 performed without any special attention devoted to biodiversity, causing massive 

399 mortalities of P. marocanus (Critically Endangered), Unio foucauldianus (Critically 

400 Endangered) and P. littoralis (Endangered). In the Canal Imperial (Spain) and numerous 

401 other irrigation canals (e.g. Miura et al. 2018 in Japan), natural banks are frequently 

402 replaced by those made of concrete or large stones. Such bank replacement can be 
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403 deleterious for P. auricularius (Critically Endangered) and many other species directly, 

404 by altering habitat conditions, and indirectly by negatively affecting their host fish 

405 populations. In Australia, artificial drainage canals tend to support lower mussel densities 

406 than natural habitats, as they are often devoid of shading riparian vegetation and complex 

407 instream habitat (e.g. woody debris), and have large numbers of introduced cyprinids (e.g. 

408 Carassius auratus), which are unsuitable hosts (Klunzinger et al. 2012). Drying of ponds 

409 due to droughts or due to cleaning activities can also result in high mortalities of 

410 freshwater mussels. In Poland, a great number of fish ponds are colonised by freshwater 

411 mussels (see Table S1). These ponds may dry in the summer due to droughts, but owners 

412 also drain these systems for commercial (fish trade) or cleaning purposes. In some cases, 

413 fish ponds remained dried from autumn to spring, with mortality of freshwater mussels 

414 within the ponds and also in receiving streams, due to high fine sediment input (Hoess 

415 and Geist in press). Similarly, in 2003 on the Malheur National Wildlife Refuge, Oregon 

416 (USA), the Benson Pond was drained to kill common carp and aquatic vegetation, which 

417 resulted in the mortality of a total of 1,456 Anodonta nuttalliana (Vulnerable) and 

418 Anodonta oregonensis (Allan Smith personal observation). In some cases, the drying of 

419 these fish ponds may trap a dense population of the invasive S. woodiana. In Myanmar, 

420 S. woodiana individuals completely burrowed in the sediment and were still alive after 

421 four weeks since drying, but if this situation had persisted this would result in massive 

422 mortalities (Ivan Bolotov and Ilya Vikhrev personal observation). 

423 Some anthropogenic habitats may become ecological traps for freshwater mussels due to 

424 elevated pollution levels when compared to natural ecosystems. One example identified 

425 in this review concerns mining subsidence reservoirs in Poland, into which salinized 

426 underground mine water is being discharged and negatively affects the survival and larval 

427 attachment of A. anatina and A. cygnea (Beggel and Geist 2015). Organic pollution is 
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428 known to impair the survival of many native freshwater mussel species whilst favouring 

429 invasive species, such as S. woodiana, across natural and anthropogenic habitats 

430 worldwide (Zieritz et al. 2016, 2018b). However, this trend is often exacerbated in 

431 anthropogenic habitats, which are characterised by low water volume and lentic 

432 conditions. Some anthropogenic habitats can furthermore function as a trap to toxicants 

433 (e.g. dams as a trap for heavy metals; Palanques et al. 2014). However, the degree to 

434 which this is true across different types of anthropogenic habitats and to what extent this 

435 led to a decrease or even loss in freshwater mussel populations remains to be assessed. 

436 Mussels are thereby highly suitable for collecting the necessary empirical 

437 ecotoxicological data (Naimo 1995).

438 Anthropogenic habitats can become ecological traps not only by changing the 

439 environmental characteristics but also by changing biotic interactions. For example, 

440 increased predation by the invasive crayfish Procambarus clarkii on Unio mancus was 

441 recorded in a Spanish water mill canal compared to adjacent natural habitats (Keiko 

442 Nakamura personal observation). This was probably caused by the lower heterogeneity 

443 in the anthropogenic compared to the natural ecosystems, thus reducing the capacity of 

444 prey (particularly juveniles) to escape predators (Meira et al. 2019, Sousa et al. 2019c). 

445 Competition between native and non-native species for food and space can also be a 

446 problem, as many anthropogenic habitats are heavily invaded by non-native bivalve 

447 species, including C. fluminea, S. woodiana, D. polymorpha and D. bugensis (see Table 

448 S1) (Sousa et al. 2014). For example, in the neighbourhood of Międzyodrze (protected 

449 area in Poland), establishment of a channel for discharging the thermally polluted water 

450 of a power plant created an anthropogenic heat island that does not freeze in winter and 

451 is thus used for cage fish farming throughout the year (Fig. 4). The channel is nowadays 

452 a suitable habitat for non-native species, including some species from tropical and 

Page 19 of 45 Global Change Biology



For Review Only

453 subtropical climate zones (e.g. the fish Lepomis gibbosus, shrimp Neocaridina davidi, 

454 crayfish Orconectes limosus and bivalves such as S. woodiana, Corbicula sp. and D. 

455 polymorpha) (Labecka et al. 2005, Labecka et al. in press, Jablonska et al. 2018). The 

456 presence of these non-native species may directly or indirectly impair the survival of the 

457 native mussel species Anodonta anatina, Anodonta cygnea (protected in Poland), Unio 

458 tumidus, and Unio pictorum (Ożgo et al. 2020). Particularly worrisome in anthropogenic 

459 habitats is S. woodiana given their widespread distribution and because this species may 

460 reproduces continuously throughout the year (Labecka and Domagala 2018), might even 

461 be many times more fecund compared to the native unionids (Labecka and Czarnoleski 

462 2019) and the presence of its glochidia on fish hosts can limit the metamorphosis of the 

463 co-occurring larvae of native unionid species (Donrovich et al. 2017). Some non-native 

464 invasive bivalves have even been shown to ingest and kill glochidia of native mussels by 

465 filtration (Modesto et al. 2019), which would be expected to be exacerbated in restricted 

466 anthropogenic habitats with a low volumes of water (e.g. irrigation canals, small artificial 

467 ponds). Recruitment of freshwater mussels can further be affected by altered biotic 

468 interactions (predation, competition; Cucherousset and Olden 2011) between non-native 

469 and native fishes, potentially causing complete displacement of fish hosts. Interestingly, 

470 anthropogenic habitats may also function as an ecological trap for freshwater mussels 

471 with particular reproductive behaviours. For example, the spurting behaviour of some U. 

472 crassus (Endangered) populations may be impaired by channelization. In this species, 

473 gravid females migrate to the river margin for 3-6 hours, where they spurt water jets laden 

474 with glochidia until their marsupia are emptied. This behaviour seems to attract the fish 

475 hosts, increasing the likelihood of glochidia encysting on suitable fish hosts (Vicentini 

476 2005, Aldridge et al. submitted). Therefore, disturbances in river margins may negatively 

477 affect this European mussel (but see Stoeckl and Geist 2016 and Table S1 with examples 
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478 of recruiting populations in anthropogenic habitats). We are not aware of similar studies 

479 addressing the possible effects of anthropogenic habitats impairing the reproductive 

480 behaviour of mussels, but given the myriad of different strategies described for these 

481 species (Modesto et al. 2018), other species may face similar problems and this situation 

482 deserves further investigation. 

483  

484
485
486 Fig. 4. View of the thermally polluted channel in the neighbourhood of Międzyodrze showing fish cages 
487 (Photo credit: Bartłomiej Szpakowski).
488

489 Finally, some of these structures may have effects even in adjacent areas. Surveys by 

490 Hamstead et al. (2019) in the East Fork Tombigbee River, which was affected by the 

491 construction of the Tennessee-Tombigbee Waterway (Alabama, USA), one of the largest 

492 (377 km) and most expensive environmental engineering projects of the 20th century, 

493 show that, although mussel abundance and richness remained relatively stable, the species 

494 composition changed significantly.

495

496
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497 Management measures for the conservation of freshwater mussels in anthropogenic 

498 habitats

499 In a world almost totally dominated by humans and their infrastructures, there is no doubt 

500 that anthropogenic habitats will grow in number and spatial extent in the future. For 

501 example, an additional 3,700 hydropower dams larger than 1 megawatt are currently 

502 proposed or under construction, and many more dams of smaller size are expected to be 

503 built to address the increasing global demands for energy, flood control, and irrigation 

504 (Zarfl et al. 2015, Thieme et al. 2020). A similar situation is true for canals, as, for 

505 example, dozens of water transfer megaprojects (i.e. large-scale engineering interventions 

506 to divert water within and between river basins; Shumilova et al. 2018) are planned for 

507 the near future (Zhan et al. 2015, Zhuang 2016, Shumilova et al. 2018, Daga et al. 2020). 

508 Therefore, the ecological, conservational and socio-economic importance of 

509 anthropogenic habitats should not be ignored and are expected to increase shortly.  

510 The social functions and services of anthropogenic habitats may change through time and 

511 influence management objectives. For instance, shifting from a focus on commercial 

512 shipping to recreational activities and heritage preservation or replacing old irrigation 

513 canals with modern irrigation technologies, may result in the deactivation or even the 

514 destruction of some anthropogenic habitats (Hijdra et al. 2014, Walker et al. 2010, Lin et 

515 al. 2020). These situations should be carefully evaluated, since some of these 

516 anthropogenic habitats may be colonised by freshwater mussels and other species of 

517 conservation concern. 

518 Environmental and biological differences between anthropogenic and natural habitats are 

519 in some cases minor and can frequently be overcome by ecological engineering, to make 

520 the environment more suitable for freshwater mussels and other native species, and⁄or 

521 assisted dispersal to allow suitable native organisms to reach these artificial ecosystems 
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522 (Lundholm and Richardson, 2010). Sometimes minor ecological engineering activities 

523 can create habitats suitable for biodiversity conservation (e.g. adding appropriate 

524 substrate and controlling hydroperiods) that mimic natural conditions. The 

525 implementation of measures that can increase habitat heterogeneity (addition of wood or 

526 large boulders, increased refuges) and the use of more environmentally friendly materials 

527 in channelized rivers (e.g. deposition of substrate with appropriate grain sizes, use of 

528 permeable materials other than concrete) can better suit freshwater mussels (and other 

529 species) and even improve ecosystem services such as flood control and recreation appeal 

530 (Geist 2011). There is a lot to be learned on this topic from anthropogenic habitats located 

531 in marine ecosystems (see for example Strain et al. 2018). Similarly, careful management 

532 of water levels in these anthropogenic habitats using, for example, remote sensing 

533 techniques to assess spatial and temporal changes in hydroperiod (see Kissel et al. 2020 

534 and Box 3), especially during drought conditions, may be key to decrease mortality. 

535 Simple measures could be applied in specific habitats with high conservation importance, 

536 but may need ongoing maintenance. For example, in the Bouhlou irrigation canal system 

537 (Morocco), cleaning activities used to be done without any attention to the needs of 

538 freshwater mussels (Sousa et al. 2019a). After the discovery of a P. marocanus 

539 population, information campaigns and outreach activities aimed at local farmers were 

540 conducted. As a result, mussel mortality caused by cleaning or management activities in 

541 this system is now reduced by implementing simple measures, such as sorting the 

542 sediments for the presence of mussels and relocation to the irrigation canal or natural 

543 habitat. Removal of submerged vegetation from canals or artificial ponds can also result 

544 in mortality of freshwater mussels (Aldridge 2000). Again, simple measures such as 

545 restricting dredging and weed removal to the centre of the channel, where mussels are 

546 less prevalent than on the margins, can significantly reduce mortality of freshwater 
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547 mussels (Aldridge 2000). Careless and unplanned maintenance works in some reservoirs 

548 may be responsible for high mortalities in freshwater mussels. In the Corgo River, 

549 Portugal, during September 2017 maintenance activities on a small dam and the 

550 consequent drainage of its small reservoir resulted in the mortality of 2,125 individuals 

551 belonging mainly to A. anatina and a few U. delphinus (Simone Varandas personal 

552 observation, Fig.5). This situation could have been easily avoided if freshwater mussels 

553 had moved from the affected area (no more than 100 m of the river stretch) to upstream 

554 or downstream areas. In a contrasting example, in February 2018 maintenance works in 

555 a small dam located in the Tua River (Portugal) and consequent decrease in the water 

556 level of the reservoir was accompanied by the collection of thousands of unionids (A. 

557 anatina, U. delphinus and P. littoralis) from the exposed river banks and translocation to 

558 deeper areas (Amílcar Teixeira, personal observation). 

559

560 Fig. 5. Bad management decisions resulted in massive mortalities of Anodonta anatina and Unio delphinus 
561 in a small reservoir in the Corgo River (Portugal) in September 2017. Most of the individuals were found 
562 dead in the right margin.

563
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564 Anthropogenic freshwater ecosystems can be heavily invaded and function as a dispersal 

565 corridor for some non-native species. Many examples in this review show how these 

566 ecosystems have been colonised by S. woodiana, D. polymorpha, and C. fluminea. Early 

567 detection programs using, for example, eDNA should be pursued, given the pace that 

568 these structures receive invasive species (Prié et al. 2020). For anthropogenic habitats 

569 already invaded, control or even eradication programs should be performed when 

570 necessary. In addition, much more restricted control of fish stock transport, from infested 

571 fish farms, is necessary when considering the massive introductions of different fish 

572 species from East Asia infested by Sinanodonta species (Watters 1997, Huber and Geist 

573 2019, Bespalaya et al. 2018, Kondakov et al. 2020). 

574 In recent years, dams have been removed in increasing numbers, as they have become 

575 filled with sediment, rendering them unsafe or inefficient, or have otherwise outlived their 

576 usefulness (O’Connor et al. 2015). From 1950 to 2016, a total of 3,869 dams have been 

577 removed globally, mostly in North America and Europe (Ding et al. 2019), to allow rivers 

578 to return to their natural states and improve connectivity. The effect of dam removals on 

579 freshwater mussels has rarely been quantified, with contradicting results. For example, 

580 Sethi et al. (2004) showed that the removal of a dam in Koshkonong Creek, Wisconsin 

581 (USA) led to high mortalities within the former impoundment area, due to stranding, and 

582 in downstream areas, due to sedimentation. Three years after removal the negative 

583 impacts persisted. On the other hand, the removal of the small Dillsboro dam (3.5 m high) 

584 from the Tuckasegee River (North Carolina, USA) had major benefits for the Appalachian 

585 elktoe Alasmidonta raveneliana (Critically Endangered). Improved conditions were also 

586 reflected in the increase in populations of other macroinvertebrates such as mayflies, 

587 caddisflies, and stoneflies, and lotic fish species. The contrasting effects of these two dam 

588 removals is likely related to their vastly different strategies adopted: 1) in the first case, 
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589 no care was devoted to biodiversity and the removal was fast; 2) in the second case, 

590 extreme care was taken and various mitigation measures implemented, including the 

591 translocation of hundreds of mussels from areas immediately downstream of the dam, 

592 dredging of sand before dam removal, and monitoring of abiotic parameters. Future 

593 studies should additionally look at quantifying the ecotoxicological effects of concrete 

594 dust loads resulting from dam removal on mussels and other filter-feeding organisms 

595 (Cooke et al. 2020). Generally speaking, however, although financially costly, possible 

596 negative effects of dam removal on mussels can be minimized by translocating 

597 specimens.   

598 Finally, and in certain cases, stable anthropogenic habitats may even be considered as an 

599 ultimate conservation tool as Ark’s for the survival of species at high risk of extinction 

600 (e.g. P. auricularius and P. marocanus). In other freshwater species, this approach has 

601 already been successful, such as in the case of the Azraq toothcarp Aphanius sirhani, a 

602 species of killifish that once lived in the Azraq wetland (Jordan). As this wetland dried 

603 due to water diversion to the city of Amman, all killifish disappeared. Fortunately, fish 

604 stocks held by private aquariophilists were able to provide for their reintroduction to 

605 artificial fishponds constructed on the original Azraq wetland as Arks (Freyhof and 

606 Harrison 2014). 

607 Given the rapid rates of loss of freshwater biodiversity worldwide (Dudgeon et al. 2006) 

608 ubiquity of anthropogenic freshwater habitats and lack of knowledge about their potential 

609 role in freshwater biodiversity conservation, future studies are needed that carefully 

610 assess  positive or negative effects on biodiversity, and the management implications of 

611 potentially competing ecological, economic and social objectives. In Fig. 6 and Box 3, 

612 we propose a framework for future studies into the role of anthropogenic habitats in 

613 freshwater biodiversity conservation and the way forward in this topic. The rationale to 
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614 study and find suitable management measures to maximise the conservation value of 

615 anthropogenic habitats should include: 1) identification of the type of anthropogenic 

616 habitat and full characterization (area covered, materials used, environmental conditions, 

617 time since construction, hydrology, connectivity, species present including special 

618 attention to the presence and abundance of fish hosts); 2) identification of their possible 

619 importance for the conservation of freshwater mussels and other organisms and full 

620 understanding of their ecological roles and interactions; 3) assessment of the main 

621 pressures considering the effects at different spatial scales; 4) identification of 

622 management measures that could enhance the quality of anthropogenic habitats, including 

623 interaction with stakeholders, and citizens using outreach activities and design of a 

624 manual of good practices for specific habitats; and 5) long-term monitoring including, 

625 when possible, the engagement of citizen scientists. These long-term monitoring studies 

626 should, if possible, compare the density, size structure, and physiology of the animals 

627 living in anthropogenic and adjacent natural habitats.

628

629 Fig. 6 Summary of the major steps for the study of freshwater mussels in anthropogenic habitats, with 
630 eventual pay-offs in the form of better management and conservation of these (and other) species.

631
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632 Conclusion

633 We have provided numerous examples that can be used to assess the conservation 

634 importance of anthropogenic habitats to one of the most endangered faunal groups on the 

635 planet. Even though anthropogenic habitats can mimic natural conditions and serve as 

636 refuges for freshwater mussels, in many cases these systems may function as ecological 

637 traps. Some of these anthropogenic habitats physically replace natural ecosystems 

638 permanently, at least on relevant human timescales, which is in contrast to other threats 

639 that can be reversed (Latawiec et al. 2015). Anthropogenic habitats are therefore not a 

640 panacea for biodiversity protection, including freshwater mussels. That being said, the 

641 reality is that human influence is now pervasive, and human activities and climate change 

642 have significantly altered the spatial and temporal distribution of surface water in the last 

643 decades (Pekel et al. 2016). 

644 The conservation importance of certain anthropogenic habitats should be carefully 

645 considered and evaluated, particularly as they are predicted to become more common in 

646 the future. However, it will be crucial that the final decision on whether particular 

647 anthropogenic habitats are ”worth” protecting takes into account the whole biodiversity 

648 rather than being made based on the effects on single species (groups). Whilst we 

649 advocate that natural ecosystems should remain the primary focus for freshwater mussel 

650 conservation, anthropogenic habitats, although having less conservation value, also 

651 require attention, especially, where natural ecosystems have been already extensively 

652 reduced or disturbed. We anticipate an exciting proliferation of research on aquatic 

653 anthropogenic habitats over the next decade. This research will advance solutions to 

654 fundamental problems in ecology and conservation, given that these habitats provide 

655 large-scale, globally replicated experiments to understand how the replacement of natural 
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656 habitats by anthropogenic habitats affects the species at distinct ecological levels, from 

657 individuals to ecosystems.

658
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681 Box 1

682 Irrigation canals as critical habitat for two of the rarest freshwater species on the planet

683 Pseudunio auricularius and Pseudunio marocanus are two of the rarest freshwater 

684 species on the planet, P. auricularius being restricted to a few basins in Spain and France 

685 and P. marocanus being restricted to the Sebou and Oum Er Rbia basins in Morocco 

686 (Sousa et al. 2016 and 2018b, Nakamura et al. 2018a, 2018b, Prié et al. 2018). 

687 Interestingly, both species can be found in anthropogenic habitats (irrigation canals) and 

688 these seem to provide stable conditions for their growth, reproduction, and survival.

689 In Spain, P. auricularius possibly colonised the Canal Imperial de Aragón (Fig. 7A) 

690 during historical times, although it was not until 1996 the species was described for the 

691 first time in this anthropogenic habitat (Araujo and Ramos 1998, 2000). The Canal 

692 Imperial was one of the most important engineering works in Europe in the 18th century 

693 and was built as an irrigation and navigation canal, being 108 km long and having 30 m3/s 

694 mean water discharge. Nowadays, it supplies water to agriculture and industrial activities, 

695 and for the main city of the region (Zaragoza). The first 32 km are made of concrete, with 

696 the remaining being composed of a natural substrate with gravel and silt, and stable water 

697 level throughout the year, making it an ideal habitat for freshwater mussels. However, 

698 annual maintenance works (Fig. 7C) are responsible for the replacement of natural earth 

699 slopes into stone or concrete walls or even transverse lock gates, negatively affecting the 

700 survival of P. auricularius and other species such as A. anatina, P. littoralis, and U. 

701 mancus. Nowadays, the latter three species have probably disappeared from the canal, 

702 when 20 years ago they were highly abundant. The only bivalves that are still present 

703 besides P. auricularius are the non-native D. polymorpha and C. fluminea. Since 2013, 

704 more than 4000 individuals of P. auricularius have been found dead in Canal Imperial 

705 and the causes are under investigation (Nakamura et al. in press).
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706 In Morocco, a great number of P. marocanus individuals were found in the irrigation 

707 infrastructure present in the downstream part of the Bouhlou River (Sebou basin) (Fig. 

708 7B). This infrastructure comprises two main irrigation canals branching into smaller 

709 ditches managed by local farmers. The construction of the right canal (7 km of extension) 

710 in 1967 and the left canal (3 km of extension) in 1992 were part of a national project that 

711 aimed to enlarge the irrigation area. Both canals have a width of approximately 1 m, a 

712 maximum depth of 80 cm and are connected to the Bouhlou River by the presence of two 

713 small weirs, which divert the water from the river to the canals. In 2016, during a survey, 

714 Sousa and colleagues (2019a) found P. marocanus in the left canal. Further surveys 

715 showed that the individuals colonizing the irrigation canal located on the left bank have 

716 a significantly higher density and condition index when compared to adjacent natural 

717 habitats, but no differences were found regarding size (Sousa et al. 2019a). These canals 

718 are also colonised by P. littoralis, U. foucauldianus, and by the non-native C. fluminea. 

719 Despite the conservation importance, local authorities reported frequent dredging and 

720 cleaning activities by local farmers leading to high mortalities (Fig. 7D).
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721

722 Fig. 7 Canal Imperial in Aragon (Spain) (A), Bouhlou Irrigation Canal (Morocco) (B), maintenance works 
723 in the Canal Imperial (C), and empty shells of several bivalve species after cleaning activities by farmers 
724 in the Bouhlou Irrigation Canal (D). 

725

726

727

728
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730
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734 Box 2 

735 Medieval pond system of the Třeboňsko Biosphere Reserve (Czech Republic)

736 The Medieval pond system in the Třeboňsko Biosphere Reserve (TBR) was built 

737 primarily in the 14th to 16th century to produce common carp (Cyprinus carpio) and 

738 comprises about 460 artificial fishponds on an area of 70 km2 (Fig. 8). The area is a Natura 

739 2000 site (Birds and Habitats Directive) and was designated a UNESCO Biosphere 

740 Reserve in 1977, with several of its local fish ponds being designated as Wetlands of 

741 International Importance under the Ramsar Convention on Wetlands (1990). TBR fish 

742 ponds are shallow reservoirs (~1 m average water depth), formed by earthen dams that 

743 can be completely drained for harvesting fish stock. TBR is inhabited by a diverse 

744 freshwater mussel fauna (5 out of 6 Central European species of the family Unionidae) 

745 including: A. cygnea, A. anatina, U. tumidus, U. pictorum and Pseudanodonta 

746 complanata (Hronek 2010, Beran 2019). For A. cygnea (the most common species in 

747 TBR, but quite rare in the Czech Republic and protected by law), these artificial ponds 

748 provide crucial habitat, which are similar to natural shallow lakes or oxbows mostly 

749 absent in this area or that have been destroyed by human activities. The soft, mostly 

750 muddy or muddy-sandy bottom creates suitable conditions for the movement of lentic 

751 mussels in the sediment and offers the possibility of their complete burial during the 

752 period of draining. The long residence time of water fosters the development of 

753 phytoplankton as a key source of primary production and a mussel food source. 

754 Despite the potentially high importance for lentic mussel populations, their ecology 

755 remains relatively little studied compared to adjacent river habitats. Accordingly, there is 

756 almost no data on the factors that affect the usability of TBR and other pond systems for 

757 freshwater mussels. Reported mean population densities of mussels in TBR are currently 

758 low (~ 0.8 specimens per 100 m2) (Hronek 2010, Douda personal observation) and the 
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759 available observations indicate that the use of the ponds by mussels has several important 

760 preconditions. First, the stocking density of fish populations and the level of 

761 supplementary feed can have a detrimental impact in terms of direct predation of mussels 

762 and water quality. Although the fisheries management in TBR is semi-intensive and 

763 strictly regulated (fish stocking density 200-400 kg ha-1) (Roy et al. 2020), the current 

764 level of intensity seems to be on the verge of suitability for mussels and a large proportion 

765 of ponds (~60%) have already lost their populations. 

766 TBR represents a unique example of ancient anthropogenic habitat, whose usability for 

767 mussels is critically dependent on the strict regulation of economic use and active species 

768 protection oriented towards the support of ecosystem functions. This strategy was 

769 developed based on the emphasis on the traditional use of ponds and conservation 

770 management of mussels and other endangered species. Populations of globally declining 

771 waterfowl, aquatic plants, amphibians, and other invertebrate groups benefit from the 

772 adopted regulations. Considering the increasing pressure on adjacent natural habitats, in 

773 terms of changes in the hydrological regime, water pollution, and invasive species, the 

774 importance of TBR for mussels may even increase in the future. 
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776 Fig. 8. Aerial view of the Medieval pond system of the Třeboňsko Biosphere Reserve (Photo credit: Jan 
777 Ševčík)

778
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784 Box 3

785 Research needs and a way forward

786 Our understanding of how anthropogenic habitats affect freshwater mussels is in its 

787 infancy, with more questions than answers (i.e. some examples showing their 

788 conservation importance and others showing their role as ecological traps). Therefore, 

789 careful ecological comparisons should be made taking into account appropriate spatial 

790 and temporal scales. Connectivity and time since construction may be key aspects to pay 

791 attention to, since we predict that increased connectivity and older structures will allow 

792 succession to a more stable community, with an increase in the diversity and abundance 

793 of freshwater mussel species. Another key aspect to take into account is the type of 

794 material used in the construction of these structures. For example, the conservation value 

795 of a fully concrete canal would be expected to be very different from a canal with natural 

796 sediments. For a benthic species, such as a freshwater mussel, this situation should be 

797 carefully evaluated and guide the future implementation of nature based solutions (see 

798 Palmer et al. 2015). Given the dominance of structures made of concrete in aquatic 

799 ecosystems and due to their negative effects on many ecological aspects (for a review see 

800 Cooke et al. 2020), future studies should aim at developing more eco-friendly and 

801 sustainable materials. These new materials, including more permeable concrete and 

802 fibrous materials such as fuzzy ropes (Cooke et al. 2020), may not only benefit biota but 

803 also humans (e.g. through improved biogeochemical cycling), with lower environmental, 

804 social, and economic costs (Palmer et al. 2015).

805 Future research should involve development of monitoring programs focused on the 

806 comparison of anthropogenic habitats with adjacent natural ecosystems. New and 

807 emerging tools such as remote sensing technologies and environmental DNA can be a 

808 great help not only to detect rare and invasive species but also to characterize adjacent 
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809 terrestrial ecosystems (Togaki et al. 2020, Prié et al. 2020). Data generated by novel 

810 remote-sensing techniques, such as aerial imagery to estimate surface area and 

811 hydroperiod (see Kissel et al. 2020), may be key to better understand the hydrologic 

812 dynamics of anthropogenic habitats. In the same vein, since anthropogenic habitats are 

813 affected by global stressors, such as habitat loss, pollution, invasive species, and climate 

814 change, their effects should be evaluated simultaneously.    

815 The social value of anthropogenic habitats is also particularly important to evaluate in the 

816 future, using, for example, local ecological knowledge and iEcology as well as culturomic 

817 tools (see Jaric et al. 2020, Sousa et al. 2020b) to determine how the general public 

818 perceives these habitats in terms of conservation of biodiversity. In addition, studies 

819 assessing functional responses, such as filtration rates, nutrient cycling, and bioturbation 

820 in anthropogenic compared to natural ecosystems, are totally inexistent and these gaps 

821 limit our understanding of the functional responses of freshwater mussels to these 

822 infrastructures. Finally, and although completely speculative given the inexistence of 

823 studies, these aquatic anthropogenic structures could have evolutionary implications (see 

824 Johnson and Munshi-South 2017 and Schilthuizen 2019 for urban areas). Freshwater 

825 mussels could be adapting to these habitats, and this situation could be extremely 

826 interesting to investigate in the future.

827

828

829

830

831

832

833
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