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Highlights 28 

 Damming of rivers is an increasing global threat to natural resources and biodiversity, 29 

particularly for freshwater turtles, a culturally important but globally threatened group of 30 

vertebrates. 31 

 A review of the scientific literature was conducted to understand threats, impacts and 32 

mitigation actions of dams for freshwater turtles.  33 

 Studies were often short-term with geographic and taxonomic biases: most studies were from 34 

temperate regions of North America and none from Africa.  35 

 Although several mitigation actions were proposed only four have been tested for freshwater 36 

turtles.  37 

 There is an urgent need to generate robust effective mitigation actions, particularly in tropical 38 

regions experiencing rapid expansion in dams. 39 

 40 
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Abstract 41 

Dams create many impacts on freshwater ecosystems and biodiversity. Freshwater turtles are at 42 

direct and indirect risk due to changes caused by damming including the loss of terrestrial and 43 

aquatic nesting and feeding habitats, changes to resource availability and reduced dispersal. We 44 

reviewed the global scientific literature that evaluated the impact of dams on freshwater turtles, and 45 

carried out additional searches of literature published in seventeen languages for studies evaluating 46 

actions to mitigate the impact of dams. The search produced 43 published articles documenting dam 47 

impacts on 29 freshwater turtle species from seven families (Chelidae, Chelydridae, Emydidae, 48 

Geoemydidae, Kinosternidae, Podocnemididae and Trionychidae) in 13 countries. More than a third 49 

of studies (41.9%, n = 18) focused on nine North American species of the Emydidae. Few studies 50 

were found from Europe and Asia and none from Africa. The number of studies, life-history stage 51 

studied and threat status differed significantly between temperate and tropical latitudes. Most studies 52 

were from temperate latitudes, where studies focused more on adults and less threatened species 53 

compared with tropical latitudes. Studies evaluated dam impacts as barriers and changes to water 54 

flow and quality, but no studies were found that assessed turtles and changes to land cover or 55 

mercury caused by dams. More than half of the studies (59%, n = 24) suggested actions to help 56 

mitigate dam impacts. Yet, only four studies on three temperate and one tropical species documented 57 

the effect of interventions (dam removal, flow management, artificial pond maintenance and 58 

community-based action). These findings demonstrate a lack of documented evidence evaluating 59 

dam impacts on freshwater turtles particularly in tropical regions. This lack of evidence reinforces 60 

the importance of strengthening and maintaining robust long-term studies of freshwater turtles 61 

needed to develop effective conservation actions for this group of vertebrates. 62 

 63 

Keywords: Conservation evidence; Dams; Habitat transformation; Hydropower development; 64 

Mitigation actions; Turtles; Testudines.65 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 23, 2021. ; https://doi.org/10.1101/2021.10.21.465338doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.21.465338
http://creativecommons.org/licenses/by-nc/4.0/


4 
 

1. INTRODUCTION 66 

Anthropic change in land use by agriculture, urbanization and mining, as well as pollution 67 

and the construction of dams, contribute to the transformation of freshwater habitats and, as a 68 

consequence, to biodiversity loss (Bodie, 2001; Dudgeon, 2019). Biodiversity decline is generally 69 

related to modification and fragmentation of habitat and occurs in a more accelerated manner in 70 

fresh-water ecosystems compared to marine or terrestrial ecosystems (Harrison et al., 2018; He et al., 71 

2018).  72 

Rivers provide a wide variety of habitats and ecosystem services but are also a major source 73 

of electricity generation, with 16.4% of global production derived from hydropower dams (WBG, 74 

2020). Planning and construction of hydropower dams is a development focus of national and 75 

international governments (Athayde et al., 2019; Gerlak et al., 2020) to satisfy the growing demand 76 

for electrical power and promote the use of sustainable energies (Almeida et al., 2016; Castello, 77 

2021). In some cases, basins contain multiple dams with different uses including hydropower, water 78 

supply, flood control, for navigation by boats and/or as places used for recreational activities for 79 

human populations (Bennett et al., 2009; Clark et al., 2018; Hecht et al., 2019).  80 

Currently, hydrological basins of high biodiversity importance, such as the Amazon basin 81 

(South America), the Congo (Africa), the Mekong (Asia), Ganges-Brahmaputra (Asia) and Yangtze 82 

(Asia), are a focus of rapid expansion in damming for hydropower development (Hecht et al., 2019; 83 

Winemiller et al., 2016; Zarfl et al., 2019). The construction and operation of hydropower dams can, 84 

however, trigger a cascade of effects across both the social and environmental sectors. In the social 85 

sector, indigenous and traditional riverside communities can lose resources essential for their 86 

subsistence, triggering changes to their cultures and ways of life and forcing evictions (Berkun, 87 

2010; Fearnside, 2019; Santos et al., 2020). In the environmental sector, hydropower dams are 88 

considered primary threats to freshwater species, as well as the surrounding ecosystems including 89 

floodplains and wetlands (Berkun, 2010; Dudgeon, 2000; Vasconcelos et al., 2020). 90 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 23, 2021. ; https://doi.org/10.1101/2021.10.21.465338doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.21.465338
http://creativecommons.org/licenses/by-nc/4.0/


5 
 

Species that inhabit freshwater ecosystems are vulnerable to extinction due to dams impacts 91 

(Brum et al., 2021; Dudgeon, 2019; Tickner et al., 2020), as their life history and biological 92 

schedules often strongly depend on the hydrological regime (Zarfl et al., 2019). Although 93 

populations of freshwater vertebrate species have declined at more than twice the rate of terrestrial or 94 

marine vertebrates (Grooten and Almond, 2018; Tickner et al., 2020), relatively few studies have 95 

evaluated the impact of dams on vertebrates (dos Santos et al., 2021; He et al., 2018). Most of these 96 

studies focused on impacts to fish populations because fishes are often both an important source of 97 

protein for riverside communities as well as commercially important to national economies 98 

(Duponchelle et al., 2021). Indeed, impacts of dam developments could contribute to the extinction 99 

of vertebrate species [e.g. dolphins (Brownell Robert et al., 2017; Turvey et al., 2010)] or extirpation 100 

in impacted basins [e.g. turtles (Jian et al., 2013; Santoro et al., 2020)]. Despite the known impacts, 101 

there is little available evidence documenting dam mitigation interventions for aquatic fauna such as 102 

freshwater turtles (CEE, 2021; Sainsbury et al., 2021; Tickner et al., 2020). 103 

Turtles are an ancient, widespread and instantly recognizable group that not only provide 104 

highly valued cultural, medicinal and economic resources across the globe (Haitao et al., 2008; Liu et 105 

al., 2020; Lovich et al., 2018; Mendiratta et al., 2017; Sigouin et al., 2017; TTWG et al., 2017) but 106 

also provide inspiration for the development of 21st century biomimetic robotics (Kim et al., 2012; 107 

Soliman et al., 2021). Of the currently recognized turtle species 79.4% (286) are species considered 108 

to be of aquatic or semiaquatic habits (Rhodin et al., 2018; Uetz et al., 2021). Freshwater turtles 109 

directly and indirectly provide benefits to human societies (Costanza et al., 1997; Lovich et al., 110 

2018). The meat and eggs of freshwater turtles are used as food resources (Johns, 1987 ; Klemens 111 

and Thorbjarnarson, 1995; Nagel, 1979; Rebêlo and Pezzuti, 2000; Smith, 1979 ), while the fat, 112 

viscera and shell are used in traditional medicine (Dudgeon, 2019; Pezzuti et al., 2010). Freshwater 113 

turtles can also provide important ecological services for maintaining the functions and processes of 114 

aquatic and terrestrial ecosystems (Lovich et al., 2018).  115 
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The habitat requirements and life history of freshwater turtles vary among species and their 116 

habitats. Aquatic and semiaquatic turtles use diverse habitats including: river banks, flood plains, 117 

rapids, slow moving waters, shallow waters, large rivers, lakes and reservoirs (Moll and Moll, 2004). 118 

As primary consumers of vegetation freshwater turtles contribute to the transfer of energy, nutrients 119 

and matter (Lovich et al., 2018), contributing to cycling of minerals such as calcium and phosphorus 120 

(Lovich et al., 2018) and serving as seed dispersers. They also prey on small fish and invertebrates, 121 

and are themselves prey of larger vertebrates (Moll and Moll, 2004). 122 

Although important to humans and aquatic ecosystem functioning, turtles are classified as the 123 

most threatened groups of freshwater vertebrates (Stanford et al., 2020; Tickner et al., 2020) with 124 

61% of these species under some degree of threat (Rhodin et al., 2018; TTWG et al., 2017) mainly 125 

due to a combination of overexploitation and habitat loss (Stanford et al., 2020). The life history of 126 

freshwater turtles limits adaptive responses to rapid and devastating anthropic impacts, such as those 127 

caused by dams. Even protected areas are insufficient to buffer freshwater turtles from human 128 

impacts (Howell et al., 2019; Norris et al., 2019). Studies of population dynamics of freshwater 129 

turtles remain scarce, as there is a lack of robust information on the life history of many species 130 

particularly those found in the tropics (Rachmansah et al., 2020; Rhodin et al., 2018). As such, the 131 

ecological requirements and life history of at least 30% of turtle species are as yet unknown, making 132 

their conservation status difficult to evaluate (Rhodin et al., 2018). 133 

In this paper we synthesize studies that have evaluated the state of conservation of freshwater 134 

turtles in areas around the world altered by dams. Our aim was to identify the research trends, 135 

mitigation actions both proposed and tested, gaps in the current knowledge about dam impacts, and 136 

solutions for freshwater turtles. The findings highlight the importance of better understanding dam 137 

impacts on freshwater turtles as a means for effective conservation actions for these among the most 138 

threatened groups of vertebrates. 139 

 140 
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2.  METHODOLOGY 141 

2.1.  Literature search  142 

A review of the scientific literature following the protocol of Preferred Reporting Items for 143 

Systematic Reviews and Meta-Analyses [PRISMA, (Page et al., 2021)] was conducted for articles 144 

published from 1945 to August 2021 in the ISI Web of Science (Core Collection) database. Searches 145 

were conducted in English using the following combination of terms: (turtle* OR terrapin* OR 146 

Chelon* OR Testudines OR Cryptodira OR Pleurodira) AND (hydropower OR dam* OR 147 

hydroelectric* OR reservoir*).   148 

 149 

2.2.  Selection criteria and process 150 

The search identified a total of 1001 articles (Supplemental material 1). Article titles and 151 

abstracts were screened to retain studies that potentially included freshwater turtles and dams [Fig.1 152 

(Gough et al., 2020)]. The full text of 101 articles that passed screening was then read and articles 153 

were assessed based on two criteria: 1) the study had to include data on at least one freshwater turtle 154 

species; 2) the study evaluated current- or post-construction impacts and/or mitigation actions of 155 

dams (including removal). We included original research articles with primary and secondary data, 156 

including field based, modelling inference, interviews and laboratory (e.g. genetic) studies. Studies 157 

that included only summarized versions of compiled primary data (e.g. reviews and perspectives) 158 

were excluded. 159 
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 160 

Figure 1. Literature search. Flow diagram with the Preferred Reporting Items for Systematic Reviews and Meta-161 
Analyses (PRISMA) process steps and number of studies excluded and included. 162 
 163 

2.3.Conservation Evidence literature database search for mitigation studies 164 

The Conservation Evidence (https://www.conservationevidence.com/ ) discipline-wide 165 

literature database was also searched (Conservation Evidence, 2021). This is a database of 166 

publications that describe studies of conservation interventions, compiled using systematic searches 167 

of both English and non-English language journals (all titles and abstracts) and report series (‘grey 168 

literature’) (Sainsbury et al., 2021). To date, systematic searches of over 330 English language 169 

journals, over 300 non-English language journals (from 16 different languages) and 24 report series 170 

have been conducted (Supplementary material 2). At initial screening, all articles that measured the 171 
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effect of an intervention that might be done to conserve biodiversity, or that might be done to change 172 

human behavior for the benefit of biodiversity were included. English language articles relevant to 173 

any reptile species were then read in full and reassessed based on whether the effectiveness of an 174 

action to mitigate the impact of dams on freshwater turtles was included. For non-English language 175 

articles that passed the initial screening, keyword searches for the terms ‘turtle’ and ‘terrapin’ were 176 

carried out, and the title and abstract of the resulting articles were read to check for any mention of 177 

freshwater turtles and dams. 178 

 179 

2.4.  Study data extraction 180 

Data were extracted from a total of 43 selected articles (42 in English and one in Spanish). 181 

The following information was extracted from the text: study country, duration (in years), turtle 182 

species, and turtle life stage, which was grouped into three classes based on life history and 183 

management relevance (Lovich et al., 2018; Rachmansah et al., 2020; Shine and Iverson, 1995): 184 

early (nest/egg/hatchling), juvenile and/or adult turtle. Species’ taxonomy and distribution (temperate 185 

or tropical latitude) was obtained from published data (TTWG et al., 2017). The threat status for each 186 

species was obtained from the most recently updated assessment (Rhodin et al., 2018). 187 

All articles were classified in thematic areas based on the anthropic threats cited by the 188 

literature [Table 1, (Alho, 2011; Athayde et al., 2019; Lees et al., 2016; Winemiller et al., 2016)]. 189 

“Solutions” follow the six priority actions for the recovery of freshwater biodiversity identified by 190 

Tickner et al. (2020). For each article we identified the principal threats, impacts and solutions 191 

evaluated in the study: a) Threats, changes resulting from dams that generated direct or indirect 192 

impacts on freshwater turtles; b) Impacts, refers to consequences of these threats; c) Solutions, 193 

mitigation actions used or proposed to minimize dam development impacts on freshwater turtles 194 

(Table 1).  195 

 196 
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Table 1. Thematic areas. Thematic areas and typologies used to classify the 43 selected studies. Theme and associated 197 

descriptions based on previous reviews of dam impacts (Alho, 2011; Athayde et al., 2019; Lees et al., 2016; Winemiller 198 

et al., 2016). “Solutions” follow priority actions for the recovery of freshwater biodiversity (Tickner et al., 2020). 199 

“References” presents the list of studies from the literature search of dam impacts on freshwater turtles. 200 

Theme Description References 
Threat 

   

 

Physical barriers 
Habitat fragmentation; change in 
species distribution and abundances; 
population isolation. 

Bennett et al. (2009); Bennett et al. (2010); Bennett 
and Litzgus (2014); Berry et al. (2020);Gaillard et al. 
(2015); Ghaffari et al. (2014); Gonzalez-Zarate et al. 
(2011); Ihlow et al. (2014); Kiesow and Warcken 
(2017); Melancon et al. (2013); Reese and Welsh Jr 
(1998a);  Reinertsen et al. (2016); Ward et al. (2013). 

Land cover change Feeding/nesting/refuge habitat loss. - 

 

River flow 
Changes to river flow alter seasonal 
availability of habitat.  

Bayrakcý et al. (2016);Bondi and Marks (2013); 
Clark et al. (2018); Fagundes et al. (2021); Gallego-
García and Castaño-Mora (2008); Jian et al. 
(2013);Le Duc et al. (2020);McDougall et al. (2015) 
;Norris et al. (2018a); Pitt et al. (2021); Richards-
Dimitrie et al. (2013); Tornabene et al. (2019); Tucker 
et al. (2012). 

Water quality 
Dams change physical and chemical 
properties (e.g., oxygen levels, water 
temperature and sediment flow). 

Clark et al. (2009); Reese and Welsh Jr (1998b); 
Selman and Jones (2017); Snover et al. (2015). 

Mercury 
Mercury bioaccumulation effects 
(mercury levels change due to 
changes in water quality). 

 -  

Impact 
   

 

Movement 
Home range, migration, density and 
abundance.  

Berry et al. (2020); Bondi and Marks (2013); Clark et 
al. (2018); Ghaffari et al. (2014); Reese and Welsh Jr 
(1998a); Tornabene et al. (2019); (Ficheux et al., 
2014); 

Reproduction 
Behavior, nest-site selection, 
embryonic development, hatchling 
success, sex ratio. 

Fagundes et al. (2021); Gallego-García and Castaño-
Mora (2008); Jian et al. (2013); McDougall et al. 
(2015); Norris et al. (2018a); 

Nutrition Feeding behavior. 
Melancon et al. (2013); Richards-Dimitrie et al. 
(2013); Tucker et al. (2012). 

Growth rate 
 

Bennett et al. (2009); Snover et al. (2015). 

Survival Disease, predation risk, injuries. Bennett and Litzgus (2014); (Ficheux et al., 2014) 

Sensitivity 

Abiotic factors that influence the 
presence/absence of species, i.e. 
dissolved oxygen, temperature, water 
depth. 

Bayrakcý et al. (2016); Clark et al. (2009); Gonzalez-
Zarate et al. (2011); Le Duc et al. (2020); Pitt et al. 
(2021); Reese and Welsh Jr (1998b); Selman and 
Jones (2017). 
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Genetic diversity Adaptive potential. 
Bennett et al. (2010); Gaillard et al. (2015); Ihlow et 
al. (2014); Kiesow and Warcken (2017); Reinertsen et 
al. (2016); Ward et al. (2013). 

Solutions   
 

 
Accelerate 
implementation of 
environmental flows 

River basin planning, water 
allocation, infrastructure design and 
operation. 

(Tornabene et al., 2019); (Norris et al., 2018a); (Ward 
et al., 2013); (Tucker et al., 2012); (Reese and Welsh 
Jr, 1998b); (McDougall et al., 2015); (Ficheux et al., 
2014); (Espinoza et al., 2021); (Tornabene et al., 
2018) 

 Improve water 
quality 

Waste water treatment, regulation of 
polluting industries, market 
instruments, improved agricultural 
practices, nature-based solutions. 

 

 
Protect, create and 
restore critical 
habitats 

Protected areas, land-use planning, 
markets for ecosystem services, 
habitat restoration. 

(Fagundes et al., 2021); (Pitt et al., 2021); (Norris et 
al., 2018a); (Ghaffari et al., 2014); (Bennett and 
Litzgus, 2014); (Reese and Welsh Jr, 1998b); 
(Gonzalez-Zarate et al., 2011); (Stone et al., 2014); 
(Tornabene et al., 2018); (Tornabene et al., 2019); 
(Chelazzi et al., 2007) 

 
Manage exploitation 
of freshwater 
species. 

Science-based management, 
community management, bycatch 
reduction. 

(Fagundes et al., 2021); (Pitt et al., 2021); (Le Duc et 
al., 2020); (Ihlow et al., 2014); (Jian et al., 2013); 
(Gonzalez-Zarate et al., 2011); (Selman and Jones, 
2017); 

 

Prevent and control 
nonnative species 
invasions in 
freshwater habitats 

Identification and control of 
introduction pathways, control and 
eradication of established invasive 
nonnative species. 

(Berry et al., 2020); (Koizumi et al., 2016); (Koizumi 
et al., 2017) 

  
Safeguard and 
restore freshwater 
connectivity 

System-scale infrastructure planning, 
dam reoperation and removal, levee 
repositioning, passes. 

Pitt et al. (2021); (Ghaffari et al., 2014); (Ihlow et al., 
2014); (Tucker et al., 2012); (Gaillard et al., 2015); 
(Ward et al., 2013) 

 201 

2.5  Data analysis 202 

Patterns in the geographic distribution of publications were evaluated using maps and 203 

descriptive analysis. Taxonomic representativeness was assessed using non-parametric tests to 204 

compare frequency distributions of studied species with that of extant species per Family (TTWG et 205 

al., 2017; Uetz et al., 2021). Similarly, to understand if studied species could be considered as 206 

reflecting 21st century threats, the threat status of studied species was compared against the 207 

distribution of extant species (Rhodin et al., 2018). Non-parametric tests were preferred as they are 208 

robust and widely adopted for cases with discrete data and small group sizes (Agresti, 2012) and to 209 

avoid increased probability of type I errors with parametric frequentist or Bayesian options (Kelter, 210 

2021). Finally, based on the literature reviewed we qualitatively synthesized the effect level on each 211 

turtle life stage as positive (with an ecological or biological benefit); neutral (no relevant ecological 212 

and biological impacts); negative (harms the turtle life stage); and unstudied (if we did not find 213 
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literature to support it). All analyses were performed in R (R Development Core Team, 2020) with 214 

functions available in base R and “tidyverse” collection of packages (Wickham et al., 2019). 215 

216 
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3. RESULTS  217 

3.1. Geographic and taxonomic bias in the literature 218 

The 43 articles selected included studies based on field surveys (76.7%, n = 33), laboratory 219 

research (14.0%, n = 6), interviews (5.7%, n = 2) and modelling inference (5.7%, n = 2). Several 220 

studies (16.3%, n = 7) were conducted along waterways with dams providing multiple functions 221 

(e.g., a mix of hydropower, water supply, flood control, and navigation). Most studies evaluated 222 

more localized impacts of dams with single functions, with hydropower dams evaluated in 37.2% (n 223 

= 16) of selected articles, whereas 44.2% (n = 19) involved water supply/irrigation dams and 2.0% (n 224 

= 1) was a predominantly navigational water way with locks and dams.  225 

 226 
Figure 2. Geographic distribution of articles. Maps showing the geographic distribution of countries where studies 227 
were conducted. Showing (A) overall distribution of studies, and countries with studies examining (B) early 228 
(nest/egg/hatchling), (C) juvenile or (D) adult life-stages for measures of dam impacts. 229 
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 230 

There were clear geographic differences in the number of studies (Fig. 2), with more than half 231 

of studies from North America (n = 24), followed by Australia (n = 6). No studies were found from 232 

Africa (Fig. 2). Adult turtles were the main focus for studies, with 32 articles from 11 countries 233 

examining adults (Fig. 2). Additionally, 20 articles from nine countries examined juveniles and seven 234 

articles from five countries studied early stages (nests, eggs or hatchling, Fig. 2). Three studies 235 

focusing on genetics did not specify the life-stage from which tissue samples were collected 236 

(Gaillard et al., 2015; Ihlow et al., 2014; Kiesow and Warcken, 2017). One study evaluated turtle 237 

presence and absence at different sites without specifying life-stage (Gonzalez-Zarate et al., 2011) 238 

and two studies did not specify the life stage of captured turtles (Clark et al., 2018; Stone et al., 239 

2014).  240 

Freshwater turtles are found in 11 Testudine families (species counts in parentheses): 241 

Chelydridae (5), Dermatemydidae (1), Kinosternidae (31), Emydidae (51), Platysternidae (1), 242 

Geoemydidae (71), Carettochelyidae (1), Trionychidae (32), Chelidae (58), Pelomedusidae (27) and 243 

Podocnemididae (8) (Rhodin et al., 2018; Uetz et al., 2021). Studies examined dam impacts on 29 244 

freshwater turtle species from seven of 11 families (Table 2). Although there was a weak positive 245 

relationship, the number of studies was not significantly correlated to the number of extant species in 246 

each family (Spearman’s Rho = 0.40, p = 0.379, Fig. 3). More than a third of studies (41.9%, n = 18) 247 

focused on nine North American species of the Emydidae. The Chelydridae (2.3%, n = 1) was the 248 

least studied family and Geoemydidae most underrepresented of the studied families (Fig. 3) relative 249 

to extant aquatic turtle diversity (Rhodin et al., 2018; Uetz et al., 2021). The number of species 250 

studied in each family was also not significantly correlated to the number of extant species in each 251 

family (Spearman’s Rho = 0.36, p = 0.379) and followed a similar pattern to number of studies, with 252 

Emydidae species most frequently studied and Chelydridae the most understudied (Fig.3). Of the 253 

four unstudied families three included few (5 or fewer) species, but with 27 extant species 254 
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Pelomedusidae (expected range of 4 to 7 studies, Fig. 3) was the most underrepresented of all 255 

families.   256 

 257 

 258 
Figure 3. Taxonomic representativeness of articles. Comparison of the number studies (A) and studied species (B) and 259 
extant turtle species per Family [from TTWG et al. (2017)]. Solid lines from a linear model of the expected number in 260 
proportion to extant species count, dashed lines from linear model of values obtained from the literature review (lines 261 
added to aid visual interpretation). Crosses show the number of extant species in families with no studies (not included in 262 
the linear models, crosses are dodged to avoid overlapping). 263 
 264 

According to the updated classifications, of the studied species 48% (n = 14) were classified 265 

as threatened (CR, EN or VU, Table 2). Whereas 41% (n = 12) of all studied species were classified 266 

as Least Concern (LC) and 10% (n = 3) as Near Threatened. The distribution of threatened and 267 

nonthreatened species was not significantly different from 50:50 (2= 0.03, df = 1, p = 0.853) and 268 

follows the expected distribution (2 = 1.001, df = 1, p = 0.578) of the threat status from 360 269 

Testudine species [n = 187 and 138 threatened and unthreatened species respectively, (Rhodin et al., 270 

2018)]. The number of temperate and tropical species studied did differ between threat status 271 

categories (Fisher's Exact Test, p = 0.009), with studies of temperate species having a greater  272 

proportion of LC (50 and 22% of studied species, temperate and tropical respectively) and tropical a 273 

greater proportion of CR species studied (5 and 44% of studied species, temperate and tropical 274 

respectively). 275 
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Table 2. Turtle species. Number of studies examining threats of dams to freshwater turtles obtained from the published 276 

literature. Mean values for age at first reproduction (“AFR”, in years) and maximum longevity (“ML”, in years).  277 

Family (study 
count) 

Speciesa Regionb 
Study countc  

AFRd MLe 
No.  Early Juvenile Adult 

Chelidae (6) 
      

 
 Chelodina longicollis (LC) Temperate 1 0 1 1 10.5  

 
Elseya albagula (EN) Tropical 2 1 1 1   

 
Elusor macrurus (CR) Tropical 2 1 0 1 15.0  

 
Emydura macquarii (LC) Tropical 2 0 1 1 8.0  

 
Myuchelys latisternum (LC) Tropical 2 0 1 1   

Chelydridae (1)        
 Chelydra serpentina (LC) Temperate 1 0 1 1 10.8 47.0 
Emydidae (21) 

      
 

 
Actinemys marmorata (VU) Temperate 6 1 4 5 6.0  

 Emys orbicularis (NT) Temperate 1 0 1 1 17.1  

 
Graptemys caglei (EN) Temperate 1 0 0 1  14.5 

 
Graptemys geographica (LC) Temperate 5 0 3 5 10.8 19.2 

 Graptemys oculifera (VU) Temperate 2 0 0 1 8.5 36.9 
 Graptemys ouachitensis (LC) Temperate 1 0 1 1 6.3 34.9 
 Graptemys pearlensis (EN) Temperate 1 0 0 1   

 
Graptemys pseudogeographica (LC) Temperate 1 0 0 0 6.0 35.4 

 Graptemys pulchra (NT) Temperate 1 0 1 1 12.0 20.0 
 Trachemys scripta (LC) Temperate 4 0 2 4 6.7 50.2 
Geoemydidae (3) 

      
 

 Mauremys reevesii (EN) Temperate 1 0 0 1 10.5 24.2 

 
Mauremys rivulata (LC) Temperate 2 1 2 2 

 
 

Kinosternidae (3) 
      

 
 Kinosternon sonoriense (NT) Temperate 1 0 0 0 6.0  

 
Sternotherus depressus (CR) Temperate 1 0 1 1 7.0  

 Sternotherus odoratus (LC) Temperate 1 0 1 1 4.0  
Podocnemididae (4) 

      
 

 
Podocnemis expansa (CR) Tropical 1 1 0 0 12.3 40.2 

 
Podocnemis lewyana (CR) Tropical 2 1 1 1 5.5  

 
Podocnemis sextuberculata (VU) Tropical 1 1 0 0 5.0 50.0 

 
Podocnemis unifilis (EN) Tropical 2 2 0 0 9.3 50.8 

Trionychidae (7) 
      

 

 
Apalone mutica (LC) Temperate 1 0 0 1 7.8  

 
Apalone spinifera (LC) Temperate 3 0 0 3 8.5 50.0 

 
Rafetus euphraticus (EN) Temperate 2 0 1 1 

 
 

 
Rafetus swinhoei (CR) Tropical 2 0 1 2 

 
 

a Text in parenthesis represents the revised IUCN Red List classification for each species (Rhodin et al., 2018). 278 
b Latitudinal distribution based on maps and descriptions in TTWG et al. (2017). 279 
c When the same article studied multiple species the same article is included multiple times in the species study counts 280 
presented. 281 
d Age at first reproduction (“AFR”, years) from data in Rachmansah et al. (2020) and Species360 282 
(https://www.species360.org/serving-conservation/turtles-tortoises-cites/, accessed 10 September 2021). 283 
e Maximum longevity (“ML”, years) from Species360 (https://www.species360.org/serving-conservation/turtles-284 
tortoises-cites/, accessed 10 September 2021). 285 

 286 
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 287 

Figure 4. Study duration. Comparison of the years of study examining dam impacts on freshwater turtles in temperate 288 
and tropical regions. Distribution of values compared across three life-stage classes (early, juvenile and/or adult, n = 37 289 
studies). Solid horizontal lines are 50% quantile of values per life-stage class. Dashed horizontal lines are median values 290 
for age at first reproduction (n = 16 and 6 species, temperate and tropical respectively) and maximum longevity (n = 10 291 
and 3 species, temperate and tropical respectively). 292 

 293 

Most (74.4%, n = 32) studies were conducted in temperate latitudes (Table 2, Fig. 2). Many 294 

more studies in temperate regions focused on older age classes (4.4, 37.0 and 58.7% for early, 295 

juvenile and adults stages respectively) than in tropical regions (38.5, 23.1, and 38.5% for early, 296 

juvenile and adults, respectively, Fisher's Exact Test p = 0.00904, Fig. 4). Most studies were of short 297 

survey duration, with 79.1% (n = 34) of studies five or fewer years. The vast majority of studies were 298 

much shorter than either mean maximum longevity or age at first reproduction of the studied species. 299 

Indeed, there were only eight (18.6%) long-term studies (studies of more than 10 years), all from 300 

temperate regions (Fig. 4), with only one study (Pitt et al., 2021) continuing for longer than the 301 

maximum longevity of the studied species. There were no long-term studies in tropical regions with 302 

the majority of tropical studies focusing on early life stages, whereas studies in temperate regions 303 

focused more on juvenile and adult stages (Fig. 4). 304 

 305 

3.2. Threats and impacts 306 

Relative to thematic areas, the principal focus of research was evaluating the impacts of river 307 

flow and physical barriers (n = 21 and 13 respectively) and to a lesser degree water quality, with nine 308 
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studies (Fig. 5). No studies were found that addressed changes in land cover or mercury levels in 309 

turtles caused by dams. The principal biological impacts on freshwater turtles measured were 310 

movement (n = 12), sensitivity (n = 9), genetics and reproduction with six articles each, and nutrition 311 

with five studies. The areas with least studies were growth rate (n = 4) and just one study examined 312 

the threats of injuries for turtle survival (Fig. 5). 313 

 314 

 315 

Figure 5. Thematic areas. Total of studies by threats (A) and impacts (B) and the turtle life stage (C and D) according 316 
to the thematic areas identified in the review of selected articles. When the same article studied multiple life-stages the 317 
same article is included multiple times in the counts presented (C and D).  318 
 319 

Based on the literature reviewed a qualitative synthesis about the effects on turtle life stage 320 

(Table 3) revealed that threats and impacts differed across life stages and between species. In the 321 

early stages, river flow and water quality were identified as negative threats. In the juvenile stage, 322 

river flow and physical barriers were negative threats, while water quality was negative and positive 323 

in the same time, but this varies between turtle species studied. In the adult stage river flow was a 324 

negative threat, water quality and physical barriers was positive and negative for some species. The 325 

land cover change and mercury remain unstudied as threats in all life stage evaluated. In the case of 326 

impacts, in the early life stage movement was positive and negative, while nutrition was neutral, and 327 
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impacts on reproduction, growth rate, survival and sensitivity were negative. In the juvenile stage, 328 

four impacts was negative (movement, reproduction, nutrition and survival), growth rate was 329 

positive and sensitivity was considered as positive [i.e. new environmental conditions create refuge 330 

habitat for juveniles (Ryan et al., 2015)] and negative [i.e. reduction of oxygen levels limits the 331 

presence of turtle species (Clark et al., 2009)]. In the adult stage four impacts were negative 332 

(reproduction, nutrition, survival, sensitivity), movement was positive [i.e. favors introduction of 333 

alien species (Berry et al., 2020)] and negative [i.e. affecting turtle movement (Bennett et al., 334 

2010)].The impacts on genetic diversity were unknown in all three life stages.  335 

 336 

Table 3. Impact level (negative, neutral, positive, unknown or unstudied) from each threat identified and associated dam 337 

impacts on freshwater river turtles. 338 

Theme 
Turtle life stage  

Early Juvenile Adult 
Threat 

   
Land cover change Unstudied Unstudied Unstudied 
River flow Negative Negative  Negative  

Water quality Negative Positive/Negative Positive/Negative 

Mercury Unstudied Unstudied Unstudied 

Physical barriers Unstudied  Negative Positive/Negative 

Impact 
  

 
Movement Positive/Negative Negative  Positive/Negative 

 
Reproduction Negative Negative  Negative  

Nutrition Neutral Negative  Negative  

Growth rate Negative Positive  Positive/Negative 

Survival Negative Negative  Negative  

Sensitivity Negative Positive/Negative  Negative  

Genetic diversity Unknown Unknown Unknown 
 339 

 340 

3.3. Mitigation actions 341 

A total of four studies tested the effect of four mitigation actions (Espinoza et al., 2021; 342 

Ficheux et al., 2014; Pitt et al., 2021; Stone et al., 2014). Of these studies, three were from temperate 343 

regions with long-term data collection spanning 50 (Pitt et al., 2021), 20 (Stone et al., 2014) and 17 344 
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years (Ficheux et al., 2014) and one was a relatively short term (3 year) study from sub-tropical 345 

Australia (Espinoza et al., 2021). One article (Pitt et al., 2021) documented the effect of dam removal 346 

on the northern map turtle (Graptemys geographica). A study from the USA (Stone et al., 2014) 347 

demonstrated the potential of volunteers to help implement actions (dam repair and silt removal) to 348 

maintain artificial impoundments for the Sonora mud turtle (Kinosternon sonoriense). Another from 349 

southern France (Ficheux et al., 2014) showed how earlier flooding across wetland areas improved 350 

hibernation success for the European pond turtle (Emys orbicularis); whilst the study from Australia 351 

(Espinoza et al., 2021) demonstrated how environmental flow management could facilitate 352 

movements of adult Mary River turtles (Elusor macrurus).  353 

 354 
Figure 6. Mitigation actions. Actions presented in 24 of 43 selected articles compared between studies of freshwater 355 

turtle species in temperate and tropical regions.  356 

 357 

Far more studies (79%, n = 34) presented suggestions for possible actions and/or directions for 358 

future advances. From these 34, the need for more research (including suggestions such as: more 359 

studies, long-term studies, further investigation, monitoring programs, more detailed investigation, 360 

additional research) was most often cited (71%, n = 24). The same number of studies (n = 24) also 361 

suggested future actions to help mitigate dam impacts. Although tropical regions had fewer studies, 362 
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there was an insignificant (2 = 0.9168, df = 1, p = 0.3383) tendency for proportionally more studies 363 

to suggest actions from tropical regions 73% (8/11 studies) than temperate regions (50%, 16/32 364 

studies). The principal suggestions to mitigate dam impacts (Fig. 6) were habitat 365 

conservation/restoration/creation (8 studies), environmental education (6 studies) and flow regulation 366 

(5 studies). While improving governance and enforcement was suggested three times [improved 367 

regulation of recreational boating (Bennett and Litzgus, 2014), more rigorous environmental impact 368 

assessments (Norris et al., 2018a) and additional state/federal protections for declining species 369 

(Selman and Jones, 2017)]. 370 

 371 

  372 
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4. DISCUSSION  373 

This review assessed research studies on dam impacts on freshwater turtles to describe the 374 

trends and identify the thematic fields and gaps in current research. Studies were primarily focused 375 

on the study of river flow changes, however, there were few studies in some regions, principally in 376 

the tropics, and gaps on important themes like bioaccumulation of mercury linked to hydropower 377 

dams. Based on the information analyzed, we first discuss the descriptive dimensions. Secondly, to 378 

ensure the objectivity of content analysis, we applied a structured and systematic approach to 379 

integrate the information reviewed (Wu et al., 2019). Finally, we describe the impacts of dams on 380 

freshwater turtle populations and the mitigation actions proposed and implemented for turtle 381 

recovery and conservation. 382 

 383 

4.1. Descriptive dimensions  384 

In general, few studies focused on dam impacts on freshwater turtles, additionally there were 385 

marked differences in the scientific production between temperate and tropical latitudes. Differences 386 

were found between studies evaluating the life history of turtles from these two latitudes. Our finding 387 

that 62.5% of studies were from USA and 66% of the total studies were from temperate latitudes 388 

confirms results from a previous study that showed most scientific knowledge came from temperate 389 

regions (Rachmansah et al., 2020). This geographic bias was particularly surprising as tropical 390 

regions have a high potential for hydropower development (Athayde et al., 2019; Grill et al., 2019; 391 

Lees et al., 2016; Tundisi et al., 2014), with high biodiversity index [High-Biodiversity Wilderness 392 

Area, (Mittermeier et al., 1998)] and are also considered turtle priority areas, as is the case of river 393 

basins in tropical Asia, South America and Africa (Buhlmann et al., 2009; Ennen et al., 2021; 394 

Mittermeier et al., 2015).  395 

It is possible that the lack of studies on impacts from Asia and Africa could be a result of the 396 

English language searches. Based on evidence from recent studies it does however appear likely that 397 
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there are indeed very few studies documenting impacts on freshwater turtles across Asian and 398 

African basins impacted by dams. A recent special issue regarding the Lower Mekong basin (with 20 399 

published articles, https://www.mdpi.com/journal/water/special_issues/Mekong_River#published, 400 

accessed 8 September 2021) includes no articles examining freshwater turtles. Indeed an assessment 401 

of the Lower Mekong basin used IUCN species range polygons and included only one threatened 402 

reptile species (species name unreported) in a simulation exercise to assess the freshwater health 403 

across the basin (Souter et al., 2020). Another English language based meta-analysis assessed 404 

primary and secondary literature (e.g. reports) included only a single fisher report with unconfirmed 405 

impacts on two unidentified soft-shell turtle species weighing 1 and 4 kg (Null et al., 2021).  406 

 407 

4.2. Threats and impacts of dams on freshwater turtles.  408 

The installation, construction and operation of dams generate changes in river systems and in 409 

their ecological interactions (Lees et al., 2016; Reid et al., 2019; Winemiller et al., 2016). Based on 410 

our results, the principal ecosystem changes that impact freshwater turtles were river flow 411 

modification, physical barriers and water quality. Land cover change was not assessed as a direct 412 

impact of dams on freshwater turtles in the articles reviewed.  413 

 414 

4.2.1 Changes in water quality 415 

A lack of oxygen may limit the presence and establishment of diving species in transformed 416 

reservoir environments. Reservoir installation requires the filling and permanent flooding of great 417 

surfaces, spanning part of the land ecosystems and destroying the Aquatic terrestrial transition zone 418 

(Bodie, 2001; Fearnside, 2019; Melack and Coe, 2020). In consequence the lotic system is 419 

transformed into a lentic system (Forsberg et al., 2017; Reid et al., 2019) and the natural flood pulse 420 

becomes artificially regulated (Timpe and Kaplan, 2017). In the area of the reservoir, where the 421 

environment is lentic, the production of oxygen decreases as the turbidity of the water increases, 422 
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which in turn limits the penetration of sunlight and affects primary productivity (Forsberg et al., 423 

2017; Santos et al., 2020). Lack of oxygen in reservoirs has implications for turtle physiology as it 424 

limits the capacity to obtain oxygen from the water, which can reduce diving ability by 51% (Clark 425 

et al., 2018). The impact of changing oxygen levels was recorded in Australia for Elusor macrurus 426 

hatchlings, a species with bimodal respiration which, nevertheless, cannot withstand hypoxia 427 

conditions for long periods of time (Clark et al., 2009). However, the eutrophication in water supply 428 

dams caused by agricultural runoff, may benefit some turtle species, for example an increase in 429 

emergent vegetation could be potential refuge habitat for the juvenile stages of Chelodina longicollis 430 

[Table 3, (Ryan et al., 2015)]. Additionally, adults of Actinemys marmorata and Pseudemys scripta 431 

are benefited by the higher water temperatures in reservoirs that increased the time available for 432 

foraging and growth rates [Table 3, (Gibbons, 1970; Snover et al., 2015)].  433 

The new physical-chemical environment (e.g. lower pH) and the elevated rates of 434 

decomposition of submerged organic matter increases mercury methylation by bacteria (Regnell and 435 

Watras, 2019). Methylmercury (methylHg) is an extremely toxic contaminant that can be highly 436 

damaging  to people (Budnik and Casteleyn, 2019; Ceccatelli et al., 2010) and aquatic organisms 437 

including turtles (Barraza et al., 2021; Di Marzio et al., 2019; Green et al., 2010; Hopkins et al., 438 

2013; Schneider and Vogt, 2018; Slimani et al., 2018). Patterns of mercury contamination have been 439 

intensely studied around dams (Budnik and Casteleyn, 2019; Millera Ferriz et al., 2021; Pestana et 440 

al., 2019; Wang et al., 2004). Few ecotoxicological studies focused on freshwater turtles exist 441 

[(Thompson et al., 2018) but see (Lu et al., 2019; Tada et al., 2007)], with most focusing on fish due 442 

to their economic importance and use as a food resource (Duponchelle et al., 2021; Moran et al., 443 

2018). Despite this, the presence of mercury has been documented in turtles from temperate (Burger 444 

and Gibbons, 1998; Meyer et al., 2014; Slimani et al., 2018) and tropical regions (Eggins et al., 2015; 445 

Schneider et al., 2009; Schneider et al., 2010). As freshwater turtles are often consumed by riverside 446 

populations there is a strong potential for freshwater turtles to represent a source of dietary 447 
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methylmercury (Green et al., 2010). The lack of studies assessing bioaccumulation of mercury in 448 

freshwater turtles in and around dams was therefore surprising.  449 

In various regions around the world many communities have the tradition of consuming turtle 450 

eggs and meat as a source of protein or for medicinal use (Dudgeon, 2019; Green et al., 2010; 451 

Pezzuti et al., 2010; Winemiller et al., 2016). Freshwater turtles absorb methylmercury through their 452 

digestive system as the organic forms of mercury are soluble in fats, oils, lipids and remain bound to 453 

proteins in all the tissues of the organism (Green et al., 2010; Schneider and Vogt, 2018). This was 454 

shown in the lower Xingu river basin in Brazil where concentrations of 0.06 mg/kg of Hg were 455 

found, mostly in the livers of the yellow-spotted river turtle [Podocnemis unifilis (Souza-Araujo et 456 

al., 2015)]. This can be explained because the principal detoxification processes are located in that 457 

organ (Green et al., 2010; Souza-Araujo et al., 2015). The bioaccumulation of mercury also threatens 458 

embryonic development as contaminants are transferred from breeding females to their eggs (Green 459 

et al., 2010; Thompson et al., 2018). Thus, mercury can affect the determination of sex, causing 460 

abnormal androgen synthesis and impacting the regulation of enzymes involved in steroidogenesis 461 

(Bodie, 2001; Thompson et al., 2018).  462 

 463 

4.2.2 Changes in river flow  464 

4.2.2.1 Loss of feeding habitat 465 

As a consequence of dam reservoir the flood plain vegetation disappears, as it becomes 466 

permanently submerged (Guo et al., 2021; Schöngart et al., 2021). Additionally, wetland (Dudgeon, 467 

2000; Santoro et al., 2020) and terrestrial (Resende et al., 2019; Schöngart et al., 2021; Zhang et al., 468 

2021) environments are also adversely impacted (Schöngart et al., 2021). As a consequence, the 469 

habitat and food resources used by freshwater turtles changes, which may directly harm nutrition 470 

(Pezzuti et al., 2016; Tucker et al., 2012), growth (Bondi and Marks, 2013) and survival (Bennett et 471 

al., 2009; Bennett and Litzgus, 2014).  472 
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The loss of feeding habitat, together with the changes in the flood pulse, can strongly impact 473 

the availability of food resources (Bennett et al., 2009; Schöngart et al., 2021). This was shown in 474 

Australia where the diet of three freshwater turtle species was evaluated, comparing places with and 475 

without damming impact (Tucker et al., 2012). In places where dams were built, reduced ingestion of 476 

subaquatic plants and fruits by Emydura kreffti and Elseya albagula was found. Likewise, Myuchelys 477 

latisternum showed a diminished ingestion of aquatic invertebrates in comparison to river habitats 478 

that were not impacted (Tucker et al., 2012). As such, the adaptive response of turtles to dams, as a 479 

function of the availability of prey and fruits, may ultimately depend on their capacity to change their 480 

foraging strategies (Petrov et al., 2018; Richards-Dimitrie et al., 2013). 481 

The lateral and vertical connectivity between aquatic and terrestrial zones is related to spatial 482 

and temporal variation in flow rates and flooding regimes, which form diverse and dynamic habitats 483 

that sustain high indices of aquatic and nonaquatic biodiversity (Latrubesse et al., 2021). There are 484 

species of plants that are adapted to the temporal and spatial variation in flooding dynamic. 485 

Seasonally flooded forests are used as feeding and breeding habitats for various organisms like 486 

turtles (Andrade et al., 2015; Schöngart et al., 2021). During the rainy season, flooded Amazonian 487 

vegetation is used as a feeding area due to the availability and accessibility of fruits, seeds, leaves, 488 

stems and periphyton (Félix-Silva, 2009). The food resources used by aquatic and semiaquatic 489 

turtles, however, vary between species. For example, there are species with more specialized diets 490 

based on consuming different parts of the plants and their fruits as is the case of Dermatemys mawiii 491 

in northern California (Snover et al., 2015); or carnivores like Myuchelys latisternum in southeastern 492 

Queensland (Tucker et al., 2012). Some species, like the genus Podocnemis, might be preferentially 493 

herbivores but, as a function of food availability, may consume insects or small fish in central 494 

Amazonia (Cunha et al., 2020). In comparison, other species may not be able to switch to alternative 495 

sources, as for example the Murray River short-necked turtle (Emydura macquarii) that may be 496 

limited by the availability of filamentous algae (Petrov et al., 2018). The flood pulse also plays a role 497 
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in the access to food. For example, insect larvae may depend on shallow waters for their 498 

development, and macrophytes are also reduced when water levels fluctuate (Tucker et al., 2012). 499 

 500 

 4.2.2.2 Loss of nesting habitat 501 

The modification of the flood pulse directly affects aquatic and semiaquatic turtles, because 502 

their life history is often synchronized with river dynamics (Moll and Moll, 2004). As an example, 503 

reproduction can be tied to the seasonal availability of nesting habitats; nesting behavior in some 504 

tropical South American species begins during the dry season, when sand banks and beaches along 505 

rivers are exposed and subsequent hatchling emergence occurs prior to flooding by rising river levels 506 

(Alho, 2011; Eisemberg et al., 2016; Moll and Moll, 2004). Therefore, an alteration in a river's 507 

annual flooding cycle caused by a dam can reduce the availability of nesting areas (Norris et al., 508 

2018a), as well as the duration of the dry period, which may affect the reproduction behavior and 509 

success of these species (Alho, 2011; Eisemberg et al., 2016; Tornabene et al., 2018). 510 

Nests of turtle species that use terrestrial habitats (e.g. river banks) as nesting areas may be 511 

at greater risk from flooding (Bodie, 2001), as is the case of species of the genus Podocnemis (Norris 512 

et al., 2018a; Norris et al., 2020) and species of the North American Emydidae and Trionychidae 513 

[e.g. Graptemys geographica and Apalone spinifera (Pitt et al., 2021)]. Eggs of species adapted to 514 

laying nests on land may withstand brief flooding [e.g. up to two days for Podocnemis unifilis eggs 515 

(Norris et al., 2020)] but permanent immersion during the early stages of incubation diminishes the 516 

survival of the embryos (Bodie, 2001). Indeed, a study found that eggs of the Chelidae Emydura 517 

krefftii may not tolerate being under water for more than half an hour (Hollier, 2012).  518 

The artificial regulation of dammed river levels can result in permanent flooding or a 519 

reduction in nesting areas used by females. This was recorded in the Araguari River basin, eastern 520 

Amazonia, where the filling of a new hydropower dam reservoir in 2016, resulted in the flooding and 521 

total loss of 3.9 hectares of potential habitats and areas previously used by the yellow-spotted river 522 
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turtle Podocnemis unifilis (Norris et al., 2018a). The same study also demonstrated a drastic 523 

reduction of monitored nesting areas (Norris et al., 2018a). Additionally, nest site overlap may also 524 

occur as a consequence of intra- and interspecies competition for the available nesting space (Alho, 525 

2011).  526 

Besides Norris et al. (2018a), no other study evaluated freshwater turtle nesting patterns with 527 

baseline monitoring previous to dam installation. Research in China in the Red River region, 528 

estimated that the construction of 11 planned hydropower dams may permanently flood 73% (27 km 529 

of the river) of potential nesting habitat for the species Rafetus swinhoei (Jian et al., 2013). This loss 530 

of habitat, coupled with the historic exploitation of R. swinhoei throughout its range, will contribute 531 

to increasing the risk of extinction of the rarest freshwater turtle in the world (Jian et al., 2013; 532 

Stanford et al., 2020).  533 

In the absence of adequate nesting habitat, nest-site selection by females may be 534 

compromised as nests may be placed in the spaces available, even if they may not represent a good 535 

choice for females, eggs or hatchlings (Boyer, 1965; Kolbe and Janzen, 2002; Refsnider and Janzen, 536 

2010; Schlaepfer et al., 2002). Changes in the microclimate of nests, for example an increase in 537 

substrate humidity, can also affect hatching rates, sex ratio, embryonic development, hatchling body 538 

size, locomotion ability, and hatching success (Refsnider et al., 2013). Nest-site selection can affect 539 

the nest's vulnerability to predation by wildlife (Spencer, 2002) and humans (Michalski et al., 2020) 540 

and may even render nests susceptible to submersion by flash floods that can occur due to hard-to-541 

predict events, resulting from climate change (Eisemberg et al., 2016) or inflow impoundment by 542 

dams (McDougall et al., 2015; Norris et al., 2020). The release of water by dams can also generate 543 

negative impacts, with the release of water by the Kota hydropower dam in India causing the 544 

Chambal River to rise 1.2 m, which in turn caused the flooding of nesting areas and a loss of 7.7% 545 

and 9.6% of the nests of Batagur kachuga and Batagur dhongoka respectively (Rao and Singh, 546 

1987).  547 
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 548 

4.2.3 Physical barriers 549 

The physical barrier created by dams limits transportation and downstream availability of 550 

nutrients and sediments, (Lees et al., 2016; Timpe and Kaplan, 2017; Tundisi et al., 2014). In 551 

addition, the artificial regulation of flooding pulse and the physical barrier, created by the dam itself, 552 

causes the retention of sediments in the reservoir. This change drastically reduces the volume of sand 553 

that can be transported downstream leading to the progressive disappearance of potential nesting 554 

areas for freshwater river turtles (Le Duc et al., 2020; Lenhart et al., 2013). Furthermore, the 555 

decrease in sediment recharge can worsen in basins with more than one dam on one fluvial system, 556 

due to the cumulative effects of multiple dams (Forsberg et al., 2017). 557 

Within the natural environment, the dam itself becomes an artificial physical barrier that 558 

breaks the connectivity of the river (Bodie, 2001; Castello and Macedo, 2015; Chelazzi et al., 2007; 559 

Grill et al., 2019). One potential impact of dams is in modifying the habitats required among 560 

specialized species (Buchanan et al., 2019; Clark et al., 2018). It is common for freshwater turtles to 561 

be displaced or disappear when they cannot find the necessary conditions for their survival. This 562 

reduces the population abundance in their places of occurrence (Félix-Silva et al., 2019) and favors 563 

the establishment of more generalist species if, and when, they find the adequate ecological 564 

requirements (Chelazzi et al., 2007).  565 

In Australia, the changes in the relative abundance of the generalist species E. macquarii and 566 

the more specialist M. laisternum were studied over a period of five years after the construction of 567 

the Wyaralong water supply dam. It was found that the abundance of both species was lower in 568 

locations near the dam (Clark et al., 2018). Similarly, in the basin system of the Da, Chu and Ma 569 

rivers in the province of Thanh Hoa in Vietnam, a decrease in the abundance of fish and absence of 570 

the Yangtze giant softshell turtle R. swinhoei was recorded after the installation of the Hoa Binh 571 

hydropower dam, according to interviews with fishermen (Le Duc et al., 2020). Similarly in China, 572 
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once the sand banks were flooded by the Nansha hydropower dam in 2006, it was no longer possible 573 

to detect the presence of R. swinhoei (Jian et al., 2013).  574 

The abundance of turtles can also be reduced by an increase in human predation, as a result of 575 

the migration of people to the construction sites of hydropower dams in search of job opportunities 576 

(Pezzuti et al., 2016). This, in consequence, leads to long-term changes in population recruitment, as 577 

selective capture, as well as the availability of Chelonians as food impacts the size of the population, 578 

its biomass and sex-ratio (Félix-Silva et al., 2019). Furthermore, increased disturbance by ships 579 

navigating the river to transport building materials may interrupt the dispersal movement of breeding 580 

females (Alho, 2011), and turtles can be accidentally injured by the propeller blades of boats and 581 

ships (Bennett and Litzgus, 2014). 582 

The fragmentation of free flowing river habitat limits migrations, causes isolation and 583 

diminishes the genetic flow between populations of freshwater turtles (Gallego‐García et al., 2018). 584 

In Canada, on the Trent-Severn Waterway, it was found that the dispersal and area of occurrence of 585 

females of Graptemys geographica were less in the areas fragmented by locks, dikes and 586 

hydropower dams (1.53 ± 0.31 km), compared to females found in contiguous areas [8.51 ± 1.59 km, 587 

(Bennett et al., 2010)]. Dams divide populations, making mating more difficult among the survivors 588 

(Jian et al., 2013) and decreasing the adaptive capacity of impacted populations as genetic diversity 589 

is lost. This could result in increased inbreeding, with potential consequences for reproductive fitness 590 

and survival in the disturbed environment. These are factors that, together, have implications on 591 

population recruitment (Bennett et al., 2010; Buchanan et al., 2019; Gallego‐García et al., 2018; 592 

Ihlow et al., 2014). The physical barriers and permanently inundated lotic environment created by 593 

dams can also favor certain species including non-native turtle species (Berry et al., 2020). 594 

Additionally, the dams could provide new potential habitat for freshwater turtles, like permanent 595 

impoundments of otherwise ephemeral streams (Stone et al., 2014), and dams providing water supply 596 

for cattle can also be used as permanent habitat by the generalist species like Actinemys marmorata 597 
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[Table 3, (Germano, 2016)]. But, such cases depend on active management to maintain healthy 598 

populations, as highlighted by an example from Europe showing the importance of managing cattle 599 

to avoid trampling and appropriate management of flow regimes for the impacted turtle species 600 

(Ficheux et al., 2014). Additionally, evaluating these impacts of dams as barriers at a genetic level 601 

can take several generations and depending on the species can require many decades if not centuries 602 

for the changes to manifest (Bennett et al., 2010; Gaillard et al., 2015; Kiesow and Warcken, 2017; 603 

Reinertsen et al., 2016; Ward et al., 2013).  604 

 605 

4.3. Mitigation actions 606 

To our knowledge, the present study constitutes the most extensive search of the literature for 607 

assessing the impact of dams on freshwater turtles and mitigation measures that have been carried 608 

out to date, and the inclusion of over 300 non-English language journals increases confidence that 609 

important sources of evidence for actions to mitigate impacts have not been missed (Amano et al., 610 

2021). Among the measures to mitigate / minimize dam impacts on freshwater turtles the most 611 

frequently suggested were habitat conservation/restoration/creation (Ghaffari et al., 2014; Gonzalez-612 

Zarate et al., 2011; Norris et al., 2018a; Pitt et al., 2021; Reese and Welsh Jr, 1998b; Tornabene et 613 

al., 2019) and environmental education (Ghaffari et al., 2014; Gonzalez-Zarate et al., 2011; Ihlow et 614 

al., 2014; Jian et al., 2013; Le Duc et al., 2020; Norris et al., 2018a). Promoting habitat creation and 615 

restoration would likely contribute to long-term conservation of breeding and nesting areas, as well 616 

as potential foraging areas for turtles. Restored vegetation can also help reduce erosion, improve 617 

water quality, and promote the reestablishment of a variety of aquatic and terrestrial species (Santoro 618 

et al., 2020). However, no published studies were found that evaluated the implementation of these 619 

suggested measures for freshwater turtle species impacted by dams.  620 

Studies also suggested that the companies in charge of dam development and operation 621 

should adopt a holistic vision of catchment management, including measures such as the regulation 622 
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of water flows for the specific freshwater turtles impacted and adapting inlets to favor turtle dispersal 623 

between rivers and the available flood plains (Howard et al., 2017; McDougall et al., 2015). Indeed 624 

an example from Australia showed that such changes to flow rate could also benefit other species 625 

without negatively affecting energy generation (McDougall et al., 2015).  626 

Although more than half of studies suggested mitigation actions, only four evaluated 627 

interventions. This pattern follows global trends where for most threatened species, only a small 628 

proportion of available budgets are implemented (Gerber, 2016), with an example from the US 629 

demonstrating that only a small fraction of proposed management tasks for species recovery are 630 

achieved (Gibbs and Currie, 2012). Although the majority of studies suggested the need for 631 

additional research including long-term monitoring, monitoring is not sufficient to solve 632 

conservation problems (Buxton et al., 2020; Legg and Nagy, 2006) and/or support the achievement 633 

of sustainable development goals (Brownson and Fowler, 2020; Fisher et al., 2020; Martinez-Harms 634 

et al., 2018). It is worth noting that a number of other studies were highlighted within the 635 

Conservation Evidence database that evaluated a range of interventions with potential relevance to 636 

the threat of dams on freshwater turtles. For example, studies evaluating habitat restoration/creation 637 

(e.g. “Create or restore ponds”) or education and awareness raising (e.g. “Engage local communities 638 

in conservation activities”) may provide evidence that could be applicable for a wide range of taxa 639 

and be implemented in response to a large number of threats, including those arising from dams. 640 

While interventions and actions developed and implemented within local contexts may well have the 641 

most relevant results, it remains an open question the extent to which relevant evidence can be 642 

shared across different species groups, habitats and contexts. Such sharing of evidence could go 643 

some way to filling gaps in the literature and increase the collective capacity for using evidence to 644 

inform conservation decision making. 645 

Community Based Conservation encourages social organization and the creation of initiatives 646 

to conserve natural capital. In addition to that, it significantly reduces the extraction of eggs and the 647 
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levels of conflict of interest between the members of the society (Norris et al., 2018b). Several 648 

studies have already shown that the survival of turtle hatchlings and adults increases through 649 

conservation by community management (Norris et al., 2020; Norris et al., 2019). Community Based 650 

Conservation also encourages participation to monitor, protect, and reduce predation of freshwater 651 

turtles within communities (Campos-Silva et al., 2018; Rivera et al., 2021; Vallejo-Betancur et al., 652 

2018). Actions may also include rescue activities such as that which occurred in the eastern Brazilian 653 

Amazon, where community based actions contributed to the rescue of 926 eggs, 65 premature 654 

hatchlings and the release of 599 hatchlings of P. unifilis during the flooding of nests by rising water 655 

levels (Norris et al., 2020). However, community participation in any conservation project requires 656 

that the communities be taken into consideration when creating plans or management projects 657 

(Campos-Silva et al., 2018; Rivera et al., 2021), procuring sources of economic income, as well as 658 

providing the necessary inputs for project development so that they are not abandoned due to lack of 659 

resources (Norris et al., 2018b; Stone et al., 2014).  660 

It is necessary to strengthen the protection and monitoring of existing nesting areas (Forero-661 

Medina et al., 2019), and of juvenile and adult turtles (Hance, 2020). Such actions should be 662 

supported by additional research to establish if population recruitment is occurring and provide more 663 

robust estimates of turtle population dynamics particularly in the tropics (Norris et al., 2019; 664 

Rachmansah et al., 2020). This could be achieved with the promotion of social, governmental, 665 

business and research center participation (Guo et al., 2021). It may also be possible to complement 666 

this with environmental education actions at different levels of society (including children), to 667 

revalue the importance of freshwater turtles as components of the ecosystem and diverse cultures 668 

(Ghaffari et al., 2014; Gonzalez-Zarate et al., 2011; Le Duc et al., 2020). Another strategy would be 669 

to implement community management to regain the cultural, economic, ecological, political and 670 

social values of the communities over their natural resources (Brownson and Fowler, 2020; Campos-671 

Silva et al., 2018; Harper et al., 2021; Lopes et al., 2021). 672 
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In addition, it is necessary to demand that the corresponding environmental authorities 673 

conduct more robust and rigorous Environmental Impact Assessments (Norris et al., 2018a), as well 674 

as provide support to supervise compliance with mitigation actions and monitoring their 675 

effectiveness by the companies that operate dams to mitigate the impacts and prevent the loss of 676 

species and ecological functions (Guo et al., 2021; Valiente‐Banuet et al., 2015). 677 

 678 

5. CONCLUSIONS 679 

Our literature review showed that many relevant topics still have a few studies for freshwater 680 

turtles, particularly in tropical regions. Although changes in the river flow caused by dams on 681 

freshwater turtles were the principal focus of studies, there were important information gaps 682 

regarding the effects of changes in water quality, mercury bioaccumulation and changes in land 683 

cover. With only a four studies testing interventions, much more evidence is required to evaluate 684 

mitigation actions across different life-stages and geographic regions. Integrated monitoring 685 

programs that provide evidence at relevant spatial and temporal scales for the different life-stages are 686 

needed to promote the conservation of these threatened species. Actions that mitigate known 687 

negative impacts are urgently required to prevent the collapse of populations of critically endangered 688 

freshwater turtle species. 689 

  690 
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