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FROM GLOBAL FRESHWATER TURTLE TELEMETRY TO LOCAL
CONSERVATION: THE SPATIAL ECOLOGY OF PODOCNEMIS UNIFILIS IN THE

MIDDLE XINGU RIVER

ABSTRACT

Freshwater turtles are among the most threatened vertebrates globally, and understanding their
spatial ecology is essential for conservation, especially in river systems affected by hydrological
alteration. In this context, the objectives of tiisesis wee to: (i) identify global trends, gaps,

and methodological approaches in telembtged studies of freshwater turtles; (ii) investigate
seasonal movement patterns, directional orientation, and space Redamnemis unifilisn a
damregulated Amazonianver; and (iii) estimate home range areas using multiple methods to
evaluate spatial responses to altered hydrology in the Xingu River basin. In Chaptéraljeve
conducted a systematic review of telemetry studies on freshwater turtles worldwideinanalyz

104 articles published from 1980 to 2022 using the PRISMA protocol. Our findings showed an
increase in studies in recent decades, with radiotelemetry being the most widely used method
and home range estimation the most common objective. Despite [gogrest studies were
conducted in anthropogenic landscapes and only a small proportion focused on threatened
species, highlighting critical research gaps in tropical regions and conservation priorities. In
Chapter I, wehaveused satellite telemetry to mibor 32 adultP. unifilis in three longitudinal

sectors of the middle Xingu River between 2017 and 202Zh&\Veassessed movement metrics,
azimuthal orientation, and habitat use across hydrological seasons. Results revealed that females
traveled longer idtances than males, although no significant sex or seasonal differences were
detected. Directional analyses did not show alignment toward nesting beaches. However, spatial
behavior varied seasonally, with localized movements and site fidelity duringdosy periods

and broader space use during floods, especially in upstream and midstream areas. These findings



suggest that hydrological connectivity drives spatial dispersal. In Chapter Ihaveestimated

home range sizes using five spatial methods (MKPE, AKDE, LoCoH, dBBMM). Home

range size varied greatly among individuals but showed no consistent effect of sex or season.
However, turtles in the upstream reservoir had larger home ranges, while those in the midstream
sector (Volta Grande) showed mstied movements. These results highlight the species spatial

plasticity but also its vulnerability to habitat fragmentation caused by flow regulation.

Keywords: freshwater turtles?odocnemis unifilismovement ecology, satellite telemetry, home

range, Anazon, dam impacts.



RESUMO

Os quelbnios de agua doce estdo entre os vertebrados mais ameacados globalmente, e
compreender sua ecologia espacial € essencial para a conservacao, especialmente em sistemas
fluviais impactados por alteracdes hidrologicas. Neste contexto, os objetit@3 efss foram: (i)
identificar tendéncias globais, lacunas e abordagens metodologicas em estudos com telemetria
aplicados a quelbnios de agua doce; (ii) investigar os padrfes sazonais de movimentacao,
orientacao direcional e uso do espacd’ddocnemis ufilis em um rio amazénico regulado por
barragem; e (iii) estimar areas de vida utilizando multiplos métodos para avaliar as respostas
espaciais da espécie frente as alteracdes hidrolégicas na bacia do rio Non@apitulo 1,
realizamos uma revisdo sistética de estudos com telemetria em quelénios de agua doce
publicados entre 1980 e 2022, seguindo o protocolo PRISMA. Os resultados revelaram um
aumento no numero de estudos nas Ultimas décadas, com predominancia da radiotelemetria e foco
na estimativa deréa de vida. Apesar dos avancos, a maioria dos estudos foi conduzida em
paisagens antropizadas e apenas uma pequena proporcdo focou em espécies ameacadas,
evidenciando lacunas criticas em regides tropicais e prioridades conservacidoigagpitulo I,
utilizamos telemetria via satélite para monitorar 32 individuos adultBs deifilisem trés setores
longitudinais do médio rio Xingu entre 2017 e 2022. Analisamos métricas de deslocamento,
orientacdo azimutal e uso do habitat ao longo das estacdeddicksl As fémeas percorreram
distancias maiores que os machos, embora sem diferencas estatisticas significativas. As analises
direcionais ndo revelaram orientacdo em direcdo as praias de desova. No entanto, o
comportamento espacial variou sazonalmentey swvimentos localizados e fidelidade espacial

na seca, e expansado do uso do espaco nas ,cheida que de maneira nao significativa
especialmente nos setores montante e intermediario, sugerindo que a conectividade hidrologica é
um fator determinante pma dispersdo espaciélo Capitulo Ill, estimamos as areas de vida por

cinco meétodos espaciais (MCP, KDE, AKDE, LoCoH, dBBMM). As areas variaram amplamente
entre os individuos, sem efeito significativo de sexo ou estacdo. Contudo, os individuos no

resenatdrio montante apresentaram maiores areas de vida, enquanto aqueles na Volta Grande



mostraram movimentacao restrita. Esses resultados evidenciam a plasticidade espacial da espécie,

mas também sua vulnerabilidade a fragmentacéo do habitat imposta pkeled@gdo fluxo.

Palavras-chave queldnios de dgua dodepdocnemis unifilisecologia de movimento, telemetria

via satélite, area de vida, Amazonia, Impactos de barragens
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INTRODUCAO GERAL

A conservacdo de queldnios de agua doce enfaggafios globais, dado que muitas
espécies sofrem declinios populacionais acentuados e estdo ameacadas pela caca, perda de
habitat e outras pressdes antropiqgd®rtoise, & Freshwater Turtle Specialist Group,
1989,Buhlmannet al, 2008;Stanfordet al, 2020; BarcenagGarciaet al, 2022) Compreender
a ecologia espaciaesses animaissto é, como se movimentam, utilizam habitats e distribuem
suas atividadesé fundamental para embasar estratégias de manejo efieadiescionados
(Allen et al, 2016; Ofunet al, 2017;Fletcher & Fortin, 2018)Nesse contexto, a telemetsa
apresentacomo uma ferramenta valiosa, permitindo o acompanhamento remoto dos
deslocamentos de animais em tempo real ou quaséMagb-Wells, 1963; Pride & Schift,
1992;Kimley, 2013;Cookeet al, 2013; Hussewt al, 2015; Lennoet al, 2017) Em relacdo a
aplicacdo da telemetria para estudos com quelénios de 4gua doce,-ebsama tendéncia de
crescimento significativo, como evidenciado em Ribetr@l, 2024. No entantegvidenciase
também a necessidade de expandir os estudos de movimentacdo, especialmente para espécies
sob maior risco.

Na Amazénia um dos grupos de quelbnios de agua doce de destaque € a familia
Podocnemididae, que inclui grandes espécies flu(@asfney et al, 201). Podocnemis unifilis
conhecida como tracajé uma espécie de médio porte amplamente distribuida na América do
Sul ocorrendo no Brasil e paises vizinfidegt, 2008; Ferrarat al, 2017) Embora amplamente
distribuido, o tracaja tem safio declinios populacionais severos em diversas regides. Entre as
principais ameacas estdo a seéxploracdo para consumo (carne e ovos) e comércio ilegal
(Alho, 1985; Rebello and Pezzutti, 2000achinTeranet al, 2004;Pezzuttiet al, 2010) a
perda e degradacdo de habitatsC o n w@-yme 2007) inclusive pela construcdo de
hidrelétricas (BarcenasGarcia et al, 2022a, 2022bh) poluicdo (como contaminacdo por
mercurig SouzaAraujo et al, 2015; Pignatet al, 201§ e mudancas climaticgPa Silvaetal.,

2025) Devido a sua longevidade e maturacao tarliaynifilis € particularmente vulneravel a
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essas pressoes, sendo classificada como espécie Vulneravel nas listas de conservacao nacionais e
internacionaigMMA, 2022; IUCN, 2024).

Apesar de sua impténcia, o conhecimento cientifico sobre a ecologia espacial do tracaja
ainda é incipiente. Historicamente, poucos estudos buscaram avaliar os padrdes de movimento
de espécies de Podocnemididae, e a maioria concesgrooa tartarugdaamazobnia
(Podocnens expansp usando radiotransmissores VHementemais recentementequando
tecnologias como rastreamento por satélite comecaram a ser aplicadas a quelénios amazoénicos
(Guilhonet al, 2011) No caso especifico d& unifilis, 0 conhecimento sobre seus [isedr de
movimentagc&o permanece limitadgoucos estudos (e.g. Navdgladrigueset al, 2018; Ponce
de Ledoet al, 2019; Hilderaker, 20215abese que no regime natural de rios amazonicos, as
variacdes sazonais do nivel da agua exercem forte influéncia no comportamento espacial desses
queldnios(NavedaRodrigueset al, 2018; Ponce de Led al, 2019).Entretanto, n&o existiam
estudos esificos sobre os movimentos &e unifilis no rio Xingu até recentemente. Essa
lacuna é preocupante, pois o rio Xingu representa um habitatalta biodiversidade vem
passando por rapidas transformacdes ambiemtgisiltimos anos (Fearnside, 2015).

A presente pesquisa buscou integrar o conhecimento global sobre telemetria em
quelbnios de agua doce com uma aplicacdo local voltada a conservacdo do tracaja no médio
Xingu. Para issogsta Ese foi estruturada em trés capitulos que se complementa@apitalo
1, realizamosuma revisdo sistematica global sobre o uso de telemetria em queldnios de agua
doce, mapeando as tendéncias, principais abordagens e lacunas nesse campo. Esse capitulo
preenche a necessidade de uma sintese abrangente da literatunagdoeypelaexemplo, quais
regides e espécies foram mais estudadas e quais permamaglegenciadasNo Capitulo 2,
nos concentramosa ecologia de movimento do tracaja no médio rio Xingu, por meio de um
estudo de telemetria de campdeste capituloinvestigamos as distancias percorridas, a
direcionalidade dos deslocamentos e diferencas sazonais e entre sexos no padrao de
movimentacao da espécie. Essa investigacao local atende a lacuna de informacéo sdbre como
unifilis se comporta espacialmente em um toeebpecifico da Amazoénia (até entdo inédito na

literatura). NoCapitulo 3, por fim, realizamosuma andlise detalhada da area de vidamg
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range deP. unifilisno médio Xingu, utilizando dados de telemetria por satélite em um contexto
ambientalfragmentad.

Em conjunto, os trés capitulos fornecem uma visdo escalonada do global ao local. A
revisao global identificou lacunas e reforcou a importancia da telemetria para a conservacao de
queldnios, justificando a realizacdo de estudos locais em espécies @a@rea exploradas. O
estudo no Xingu gerou dados ecoldgicos inéditos sobre os movimentos sazonais do tracaja,
enquanto a analise de area de vida ofereceu insights aplicados para 0 manejo da espécie em rios
sob impacto de barragens. Ao integrar essestaglais, esta Teseontribui para preencher as
lacunas de conhecimento sobre a ecologia espacil daifilis, fornecendo bases cientificas
para acdes de conservacao mais eficazes, tanto no ambito regional (bacia do Xingu) quanto em

um contexto amazonicoars amplo.
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CAPITULO 1
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The study focused on advancing techniques for understanding freshwater turtle movement,
aiding decisiormaking and management strategies against various threats. The systematic
review, using the PRISMA protoodentified 104 articles from 1980 to 2022, with a
notable recent increase. Radiotelemetry was the predominant technique in tracking turtle
movement, and the evaluation of species' home range was the most recurrent study type.
The research covered 33dhavater ecoregions, with a concentration in anthropized areas.
Notably, only 16.2% of all endangered freshwater turtle species and 11.4% threatened by
international trade were studied. Despite this, there's a growing trend toward conservation
efforts. Thestudy underscores the importance of telemetry as a vital tool for understanding

and conserving freshwater turtle ecology, revealing trends and gaps in research.

ABSTRACT

The improvement of techniques and analyses to understand the movement of freshwater
turtles has helped managers in decisizaking and the establishment of management
strategies for these animals, which suffer numerous threats. We analyzed the available
sdentific literature on the use of telemetry in the study of the movement ecology of
freshwater turtles, seeking to assess the most commonly used approaches. To this end, we
carried out a systematic review of articles published until December 2022 using the
PRISMA protocol. We found 104 articles published between 1980 and 2022, with a clear
increase in the number of publications in later years. We found publications in 40 journals
with 295 authors, 150 institutions and 261 keywords. Three countries had major
contributions, and we found studies with 50 species, the most recurrentBreyapidea

blandingii and Glyptemys insculptaThe most commonly used technique to study turtle
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movement was radiotelemetry. The use of Minimium Convex Polydd@P and Kernel
Density Estimationr KDE was present in 56% of the studies in the last 10 years, and the
evaluation of the home range of the species was the most recurrent type of study. The
studies covered 33 freshwater ecoregions, and although most studies were carined o
anthropized areas, covering only 16.2% of all endangered freshwater turtle species and
11.4% of all threatened by international trade, the conservation approach has been
increasingly recurrent. Our results highlight trends and gaps in the study etdlogy of
freshwater turtle movements and highlight the importance of telemetry as an essential tool

for species conservation.

KEY WORDS:scienciometry, chelonians, movements, home range, tracking.
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Telemetry in Movenent Ecology of Turtles

INTRODUCTION

Animals exhibit movement patterns in search of places with greater availability
of resources (Pought al 2001), and these resources can be diverse: shelter, food,
sexual partners, thermoregulation and reproducsibes, as in the case of turtles
(FachinTéranet al. 1995). Typically, for freshwater turtles, movement patterns are
mainly influenced by annual variation in water availability (Prance 1979; éursk
1989; Ossd&/elasquez and Vogt, 2011) but can also be associated with habitat changes,
such as precipitation, water temperature, water level, or chemical pollution (lverson,
1992; Fachifireranet al. 2006).

Several approaches have been used to studyp#imlsdistribution and habitat
use of freshwater turtles, the most common being those involving captagture
(Plummer 1977; Obbard and Brooks, 1981; Liuet@l 2021), threadbobbins (Carter
et al 2000; Kayeet al 2005; Famellet al. 2016) andmore recently, acoustic tracking
(Micheli-Campbellet al 2017) and radiotelemetry (Roe and Georges 2008), although
each has some limitations.

The study of the movement, habitat use and home range of freshwater turtles is
still incipient, and most of thesstudies were carried out in a certain period of the year
(Magnusson et al 1997; FachifTeran et al 2006; Ponce de Le&o 2019).
Radiotelemetry is one of the main tools used to study the movement patterns of animals
(White and Garrott 1990; Chefraser 204), but generally, this method is quite labor
intensive, as it requires the presence of the researcher for all tracking efforts- (Chow

Fraser 2014), which can make it impossible to collect data during all periods of the year
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(Rowe and Moll 1991; Dowlinget al. 2010; Luschi and Casale 2014; ChBvaser
2014; Cochranet al 2019). Although this tracking frequency is necessary to generate
enough data to accurately map an animal's home range (Swihart and Slade 1@85; Kie
al. 2010), the presence of the reskarccan affect the animal's natural movements;
therefore, radio tracking is not ideal for determining habitats that are rarely used or only
used for short periods (e.g., travel corridors).

In the last 20 years, satellite telemetry has led to progrese iknthwledge of
movement ecology (Tomkiewiczt al. 2010; ChowFraser 2014; Cochraret al 2019),
as this technique allows the reconstruction of the real routes followed by marked
individuals (Godleyet al 2008; Guilhonet al 2011), allowing their followup
throughout the year, with no need to go to the field (except to initially apply
transmitters, change devices or batteries). Combined with traditional radio tracking,
researchers were able to increase the frequency and spatial resolution of thedcollecte
data (Schwartz and Arthur 1999; Cagnacci 2010). While on the one hand, the technique
is considered to be more expensive than others (Cocletaak 2019), on the other
hand, it enables obtaining very detailed information about the spatial behavior of
individuals belonging to different life stages and about the main characteristics of the
movements performed by individuals in their natural environment (Lwetchlj 2014).
Along with technological advances, the last decade has also seen conceptual and
andytical advances to study species movement with the use of different techniques and
methods (Nathaat al 2008).

Freshwater turtles are widely distributed in rivers and lakes around the world
(Campbellet al 2013) and represent one of the most threatgnedps of vertebrates
on the planet, with over 300 known species (Bour 2008; Uetz 2022). Approximately

60% of them fall under some degree of threat, and global efforts are needed to prevent
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the extinction of these charismatic animals (Turtle Conservdtiomd 2007; IUCN

2022). Freshwater turtles have suffered a serious decline in recent years, and some
species may no longer exist in the next century (Buhlnearah 2009; Hoffmanret al

2010) due to numerous threats, such as habitat loss, the introdottionasive
predators (Rhodinet al. 2018), exploitation for food, traditional medicine and
unregulated trade (Smith, 1979; Gibbatsal 2000; Hernandez and Spin 2003; Turtle
Conservation Fund 2007; CITES 2022; IUCN 2022), although there is a historctal
social relationship with the consumption of some species (Rébello and Pezzutti 2000;
Carvalhoet al 2021; Da Silvaet al 2022).

Movement patterns and range of use are not yet known for many species of
freshwater turtles. It is essential to know tifie history of the species and investigate
how individuals move (Gibbons 1990; Rekeal 2008, 2009; Godlegt al 2003) and to
align technological advances in the study of movement with the objective of defining
appropriate conservation measures forcggeof conservation interest, especially those
listed on the Red List of Threatened Species of the International Union for the
Conservation of Nature (IUCN) (Luschi and Casale,2014; Allen and Singh 2016; IUCN
2022). In this work, we synthesized studieattlevaluated the use of telemetry in
freshwater turtles around the world. Our objective was to identify research trends and
gaps in current knowledge and discuss the importance of using telemetry in the
conservation of freshwater turtles. We hope to olesemw evolution in the use of
techniques, equipment, and analyses employed to comprehend the movement patterns of
freshwater turtles. Additionally, we aim to understand how the application of telemetry
can significantly contribute to global conservationod for turtles, particularly in

freshwater ecoregions.
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METHODS

Literature Review

We used the stepy-step approach proposed by Khetral (2003) and Pulliret
al. (2006) for a systematic review. Additionally, we used the Preferred Reporting Items
for Systematic Reviews and Mefaalyses Standard Method (PRISMA; Mokhedral
2015). This method has been commonly used in systematic review studies on various
subjectgVelamazaret al 2020; Calzettat al 2020; Tidmaret al. 2021; O'Deat al
2021; Mathwinet al 2021) and consists of a robust protocol with 27 items that must be
verified so that the risk of bias is minimized (Moletral 2015). Literature sources
were accessed through the SCOPUS (www.scopus.com), Web of Science (WoS) and
Google Scholar databases. These three databases were selected to allow greater
coverage of the results (Fingerman 2006; Mongeon andHRa&uR016), since results
may vary dependingrothe database used (Gavel and Iselid 2008; Vieira and Gomes
2009).

We limited the search to articles published in pesrewed journals until July
2022, using a series of keywords combined to search for work done on the ecology of
movement in freshwatdurtles. For this, the following keywords were searched for in
the databases: ((turtle OR chelonian) AND (freshwater* OR river*) AND (telemetry
OR radiotelemetry OR satellite)) (Table 1). All Scopus and Web of Science results were
considered, and in thesmof Google Scholar, only the results of the first 30 pages were
considered (Haddawast al. 2015; Cranet al. 2021).

For inclusion, they had to meet the following eligibility criteriardlpted to the
movement of freshwater turttle®) aquatic and seaquatic species only; 3) studies
using an attached telemetry device (eMiHF transmitters, GPS transmitterd) peer

reviewed articles; and Sjudies available in full. We also added articles from personal
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libraries that fell within the scope of outudy. Duplicates, false positives, and non
peerreviewed "gray" literature based on title and abstract or main text if relevance was
not clear in the abstract were removed (Je#ed. 2016).

Considering that many times, the same study makes compalsiween
methods and analyzes and seeks to respond to more than one pattern of movement, we
decided to use all this information. In this way, these were also considered in the
descriptive analyses as different studies, but we did not consider them tatistecal
analysesBehavioral studies were considered as long as they addressed the movement
of individuals using telemetry. Studies that were not directly related to the movement of
individuals, such as essays, theoretical discussions and studies entticg

physiological and morphological approaches, were excluded.

Literature analysis

Current species and habitat nomenclature followed eetd (2022). For each
article, the following information was extracted: ) general characteristics: year of
publication, name of the journal, impact factor, first author and institution, keywords
used, species and study topic; Il) location: country, geograjgardinates and place of
study; IIl) movement variables: movement analysis (how the movement was measured),
the method used and V) conservation: threat degree,
inclusion/discussion/recommendations on conservation issues and whether the study
was carriedout in a protected or anthropized area. Among the methodological options
related to movement, there are variations dealt with in the literature, such as the kernel
method: fixed kernel method (Rowee al. 2009), fixed kernel estimates (Foréviedina
et al 2011), fixed kernels (Refsnidet al 2012a, b); and the minimum convex polygon

method (MCP) 100% (Ponce De Leginal 2019) and MCP 90% (Wallaes al 2020).
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We standardized these methods as the kernel method (KM), minimum convex polygon
(MCP), linea home range (LHR), and statistical analysis for those who used only
statistical analysis to determine movement

Studies that only sought to describe the movement of species as maximum
distance traveled and average distance were groupedanptiee analyses. Regarding
the types of study, we also have a diversity, such as terrestrial movements, migration,
Hibernacula, and habitat selection, among others. The studies were standardized and
grouped into seasonal movements, home range, moveratiatng and habitat use.
Studies that involved motion ecology using telemetry but did not have specific analyses
to determine motion were grouped under technical analysis and descriptive analysis.
When the same article studied several species and usedl seebniques and analyses,
the same article was included several times in the presented study counts.

To query the impact factor, we used the latest JCR Impact Factor 2022 provided
by the Journal Citation Report (JCR). The coordinates taken from thiestwdre
superimposed on shapefiles, and a map was created using ArcGis® software. When
coordinates were not available in the article, we extracted an approximate coordinate for

the indicated region througboogle Eartk®.

Data analysis

In addition to the descriptive analyses represented in graphs and tables, we
sought to verify whether the number of publications on the ecology of freshwater turtles'
movement has increased over the years through Spearman correlation analysis (Zar
1999). The same analysis was used to verify whether older studies are more cited and
whether the representativeness of studies and species studied in each family is

correlated to existing species (Barcefwmcia et al 2022). Specifically, for the
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analysis of kg wor d p awordecloutbs ,waas fibui | t using the
(Fellowset al 2018). To understand the collaborative relationships between researchers
and institutions, coauthorship networks were built (Baragtaal 2002; Tomassini and

Lutti 2007) using VOSviewer software. To see if there was a relationship between
publication and if conservation was discussed in the articles, a Spearman correlation
was performed. The conservation status of the species was taken from the IUCN (IUCN
2022) and th€€onvention on International Trade in Endangered Species of Wild Fauna
and Florai CITES (https://cites.org/eng; CITES 2022). We also sought to identify
whether studies had been carried out in the world's freshwater ecoregionset/Adiell
2000a, 2000b, 212, 2008; FEOW 2023). All analyses were performed using R software
(R Core Team 2021), and results with a probability lower than 0.05 (P<0.05) were

considered significant (Zar 1999).

RESULTS

When and what studies have been carried out thus far?.

From 575 unique articles returned from the literature searches (Fig.1l), our
exclusion criteria produced a final sample of 104 studies using freshwater turtle
monitoring devices (see Supplementary material). There was a slight increase in the
number of publicatins from 2006 onwards, with the first study registered in 1980 (Fig.
2A). Significant differences were also found in the number of publications over the
year s ( Spsed6mMmp 1 0.801).FDespite this, between 1980 and 1990, no
studies were found bed on the chosen criteria. Publications from the last ten years

(2013 to July 2022) correspond to 53% of the total publications. The year with the
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highest number of publications was 2019, with 11 published works, followed by 2018,
with seven works.
The 104 articles found were published in a total of 40 journals. Of these

j o ur rChelosian Canservation and Biology was t he most rel evant
number of publications corresponding to 18.26% of the works, followed by the
AJour nal o f cotespomqiag to 11068% anidl C o p ewitta 10.57% of
publications. The journal with the highest impact factofi€ o p e follawed by
AJour nal of and@Chetlt ohogwo Conser.v@lyithen and
Herpetological review had no impact factor (TeB).

The average number of citations per document was 35.25, ranging from 0 to 372. The
study with the highest number of citations was the one published by Comtpain

(2002) i n Etologg j(o3u7r2nadi thati ons) . | niot hi s wo
transmitters as a tool to model habitat selection within the ran@Gé/ptemys insculpta
The second study with the highest number of citations was carried out by Burke and
Gi bbons (1995) and gangelvatienBoldgy i 63 1 ID,cij toatr in@
where telemetry was used to assess the habitat requirements of three species of
freshwater turtles Kinosternon subrubrumPseudemys floridanaand Trachemys
scripta). We observed that older studies were more cited (Spearman's ®R60, p <
0.001; Kg. 2.). The total number of keywords used by the authors was 270. The two

most frequent keywords wetdome range(n = 26) andTurtle (n = 18), followed by

ConservatiorandRadiotelemetryn = 11) and Movement (n = 10) (Fig. 3).

Who's tracking what and \ehe?.
Of the 295 different authors that appeared in all 104 articles surveyed, the author

with the highest number of collaborations was Sterrett, S. (total link strength = 11) from
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Monmouth University, based in New Jersey, USA; Smith L. L. (total lirdngth = 11)

from the Joseph W. Jones Ecological Research Center, based in Georgia, USA and
Georges A. (total link strength = 10) from the University of Canberra, based in
Canberra, Australia. Tornabene, Bramblett and Brown presented a total link striength o
nine, while the other authors presented fewer than eight collaborations. Of the total,
eight authors worked individually, and 35 authors worked with at least one coauthor
(Fig. 4A).

Regarding the institutions, 150 participated in the 104 articles sutv@yes
institutions with the highest number of collaborations were the University of Louisville
(total link strength = 26), the University of Maine (total link strength = 25), the
University of Illinois (total link strength = 18), and the National Rese#mshtute of
the Amazon and Maine Department of Inland Fisheries and Wildlife (total link strength
= 12). The other institutions presented a total of fewer than 10 collaborations. Of the
total, 10 institutions produced the articles individually, and Hiititions worked in
partnership with only one other institution (Fig. 4Regarding the countries with the
greatest relevance in scientific production related to the subject, the United States
represented more than half of the studies (57%), followe@dmnada (14%) and Brazil
(6.7%) (Fig. 5).

In total, 50 species have studies related to the use of telemetry to measure
aspects of turtle movement ecology. Of these, the most studied Emeydoidea
blandingii, present in 16 works, an@lyptemys insculptapresent in 15 articles. The
most representative family was Emydidae, with 36% of the species studied, followed by
the family Kinosternidae (16%). The Carettochelydae and Platysternidae family (2%, n
= 1) was the least studied family and the most underrepgees&eoemydidae (Table 3)

in relation to the diversity of existing aquatic turtles (Rhoeliral 2018; Uetzet al
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2022) (Table 3). Although there was a weak positive relationship, the number of studies
was not significantly correlated with the numberexdisting species in each family
(Spearman's & 0.32, p = 0.32; Fig. 6A). The number of species studied in each family
was also not significantly correlated with the number of species in each family
( Spear gra0b® p = (RO8; Fig. 6B) and followedsimilar pattern to the number

of studies, with most species of Emydidae most frequently studies.

How were the studies done and how were they evaluated?.

Telemetry devices (VHF) were cited in 98 of the analyzed studies of freshwater
turtles, and only me satellite devices (GPS) were used (Fig. 7A). The first study using
satellite radio (GPS) is quite recent (2011), when this method was used to monitor the
nesting of 10 femalé®odocnemis expanga the Trombetas Biological Reserve, Rio
Trombetas, Brazi(Guilhonet al. 2011). The use of statistical analysis, without pairing
it with estimates via MCPs and KDEs, dominated the studies (n = 20). Next, the use of
minimum convex polygons (MCPs) and kernel density estimates analysis (KDE) were
present in more #n 56% of the studies in the last 10 years. Studies often include
estimates from both methods and rarely use KDEs without including MCPs. Several
studies (n = 20) used descriptive analyses and did not include KDE and MCP analyses
or statistical analyses ik 7B). Eight studies used the linear home range (LHR)
method, and a minority of studies (n = 2) used 'other’ methods without pairing with
estimates via MCPs and KDEs. These methods included the minimum polygon area
method (MAP) to assess the home rang&aptemys flavimaculatand Polly buffto
assess the home range ©helydra serpentingFig. 7B). This method consists of
combining the areas within minimal convex polygons calculated around the aquatic

locations of each individual and was developed dtudies with aquatic turtles by
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accurately matching aquatic areas of activity with terrestrial movement paths and
therefore is more biologically and behaviorally effective (Harmenick, 2001; Harmenick
et al 2020).

The home range of the species was evatbate 51 studies, followed by
movement patterns evaluated in 28 studies, habitat use in 20 studies, seasonal
movementdn 17 studies and linear home range in eight studies. Finally, two studies
sought to compare Techniques Analysis (Sattelite radio and Wdfsmitters) (Fig.

70).

What are the contributions of studies to the conservation of species?.

Almost half of the species surveyed in articles related to the use of telemetry in
the ecology of freshwater turtle movement are classified as threatened (a%)ey
represent only 16.2% of all endangered freshwater turtle species, while 26% are
categorized as least concern (LC) and near threatened (NT). Only one species
(Podocnemis expangé considered Conservation Dependent (CD); that is, the species
is characterized as facing lower risk but needs conservation efforts to avoid becoming a
threatened species (Fig. 8A). Regarding CITES, 42% of the species are part of one of
the annexes (I, Il or Ill) and represent only 11.4% of all freshwater turtle species
threatened by international trade. Regarding the status of the areas where the studies
were carried out, slightly more than half (55%) were carried out in anthropized places,
while the rest (45%) were carried out in protected areas (Fig. 8B).

The discussio on conservation varied greatly in the literature evaluated. In total,
42% of the articles make no reference to conservation issues. Almost half (48%) of the
50 articles published in the last ten years did not mention conservation, and only 10%

(out of 1Q1) dedicated a specific topic to discussing species conservation (e.g
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conservation implications, management implications or conservation considerations). In
total, 61 papers (58%) contain mentions related to conservation that included
recommendations fro increasing the protected area (Downletgal 2010), protecting
populations and peripheral areas (Fofgledinaet al. 2011), protecting and recovering
the environment of riverine populations (Chen and Lue 2008; McCetaad 2016),
controlling exoticspecies (Kobayashet al. 2006), decreasing tourism in occurrence
areas (Galoigt al. 2002), protecting nesting and occurrence areas (Tw@tkar 2001;
Comptonet al 2002; Dowlinget al 2010; Freemaret al 2018) and encouraging
studies in partnershigith managers in river systems, particularly in floodplains both
spatially and temporally, since the reproductive success and survival of freshwater
turtles is based on the availability of aquatic and terrestrial habitats throughout the year
(Bodie and Smalitsch 2000). The level of detail of the mentions varies from the need to
protect the environment to more specific and denunciatory statements, as in the case of
the study by Zagorslat al (2019), who, when advocating a dataen evidencédased
appro&h in studies carried out for the construction of a quarry in a place of occurrence
of the specie€Emydoidea blandingiiwere victims of a defamatory attack in their
careers, where the entrepreneur and hired consultants widely disseminated, in writing,
allegations of academic misconduct, conflict of interest and data fabrication. Concern
about conservation in the literature is increasing, and although there is a weak positive
relationship, we did not find a significant relationship between the proportiaricies
t hat di scuss these concerns apd020,lpe=s year
0.167; Fig 9).

The telemetry studies follow the richest regions and with the highest endemism
of freshwater turtles (Fig. 10). The vast majority stfidies were carried out in the

Nearctic region (73%), followed by the Neotropical (14%), Palaeartic (6.7%),
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Australasian (2.8%), Afrotropic (1.92%) and Indomalayan (0.96%) regions. In total, the
studies covered 33 freshwater ecoregions worldwide (TgblEhé ecoregions with the
most studies were Upper Mississippi (13.46%) and Southern Hudson Bay (12.5%), both
in the United States, both corresponding to the most studied habitattéypee(ate

coastal rivers 44.23%; Table 4).

DISCUSSION

Temporal tendecies and characteristics of studies.

Following the world trend, which has been increasing in the number of publications
on wildlife related to various subjects, such as ecology (Riletiad 2007; Collinset
al. 2021) and conservation (Grelet al. 2009), often complement each other (e.g.,
Oliveira et al 2020), the ecology of the movement of freshwater turtles also increased
over the 42 years evaluated hefossibly, this is due to the reflection of the
multiplication of journals specialized in hetplogy over the years (Grelét al 2009),
greater investments in research in universities, and an increase in the number of
undergraduate and postgraduate courses in more remote places (e.g., Amazon; Martins
et al 2007; Scarano, 2008; Medeiros and L2320), covering a more diverse audience
and consequently increasing the number of people interested in herpetology (@éampos
al. 2014; Reboucas, 2022), although these last two have not been the priority of some
governments in recent years, such as irziB(Hlipolito et al 2022; GalvaeCastroet al
2022).

Improvements in data collection and analysis techniques (Ribeiad 2007;

Doodyet al. 2009; Christensen and Chdwaser 2014; Kingsbury and Robinson 2016;

Cochraneet al. 2019) and the increase kmowledge about taxonomy, distribution and
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attributes of life history, basic biology and ecological characteristics of various species
(e.g., Deeth and Coleman 2022; Gelral 2022) in addition to the concern with
biological conservation, which hascireased greatly in recent years and in all segments
of society to the detriment of anthropogenic actions (Ribeiral 2007), have also
contributed to the increase in publications, not only of freshwater turtles but also of
several taxa.

The predominanjournals in issues of publications related to the theme are
specialized in the herpetological field (e.g., Copeia, Journal of Herpetology,
Herpetology review). The journal Copeia was established in 1913 and was considered
one of the first devoted to studief fish, amphibians and reptiles. Years later, its name
was changed to Ichthyology & Herpetology, and it is currently internationally
recognized as one of the most prestigious scientific journals of its kind (ASIH, 2022). It
is noteworthy that the jourhavhere there were more publications is specialized in
turtles (= Chelonians)Chelonian Conservation and Biolgggesponsible for 18.26% of
the publications, being also the journal with the greatest impact factor and the most
cited journal in scienciometrstudies with turtles in general (Kopperundevi 2019;
VencesPérezet al 2022). The journal Chelonian Conservation and Biology emerged in
1994 (Karen and Scott 1994) and has been the preferred journal by researchers for
publications related to tortoise diireshwater on various subjects, such as diversity,
geographical distribution, natural history, ecology, reproduction, morphology and
natural variation, population status and issues of human exploitation or conservation
management (Karen and Scott, 198tearns, 1995Keyword analysis showed a trend
in works involving the ecology of movement in freshwater turtles, where the four most

cited can be considered highly effective in identifying relevant articles.
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Studies using telemetry were predominant inlimgted States (57%), followed
by Canada (14%), countries with high investment in science and technology in the
world (Cruz 2007; Schneegaez al. 2021). Telemetry equipment has a high cost and
comes mainly from the United States, which exports it to other countries. The import of
research equipment and materials is considered one of the biggest obstacles to the
progress of science in several coied, which comes up against bureaucracy
(Rumjanek, 2006) and the variation of the dollar, which makes telemetry equipment
often unfeasible, being preferable to the techniques considered more popular (e.g.,
spootandline; Boonstreet al 1986), and theyalnot need large investments.

Another aspect that should be considered is the high diversity of freshwater
turtles in these three countries (Neoarctic region and Neotropical region; Bour 2008),
with a high rate of endemism, and many of them are considéredtened with
extinction, which consequently raises interest in understanding aspects about the
ecology of species seeking to subsidize strategic planning for conservation in a global
effort (Turtle Conservation Fund 200Q7)

Studies with unique species mgeresponsible for 83% of our study, and
Emydoidea blandingiwas the most studied species, present in sixteen articles. In fact,
movement studies usually evaluate a species (Holgbak 2008). This high number of
studies, very close to the second neistlied speciesglyptemys insculptan = 15), is
related to the geographical location of species distribution and related to work carried
out by authors who have deepened their research efforts on the conservation of the two
species, both considered intationally threatened (van Dijk and Rohdin, 2011; van

Dijk and Harding 2011).

Have the studies prioritized any method or analysis?.
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In the 42 years of studies evaluated here, there has been an explicit increase in
studies that used telemetry techniquesunaerstand aspects related to the domestic
reach and use of the space of freshwater turtles and the continuous dependence on
traditional but outdated method&lthough the technique of VHF transmitters did not
deviate from the standard found by Cratea. (2021), in recent years, researchers have
increasingly adopted the technique of GPS transmitters in the study of animal behavior
and ecology (Tomkiewicet al 2010; Craneet al. 2021), including with freshwater
turtles, sometimes individually or in gomction with other techniques (Rovet al
1991; Christensen and Chdwaser 2014; Famellet al 2016). Despite this, the
effectiveness of GPS trackers for aquatic and semiaquatic species has not yet been fully
examined (Quagliettat al 2012; Jeffersgt al. 2016; Cochranet al 2019), unlike other
groups, such as sea turtles (Schofal@l 2007; Godleet al 2008; Hays and Hawkes
2018;Pheaset al. 2020).

Our results showed that 56% of the studies conducted in the last 10 years have
used kernel ensity estimates (KDEs) and minimum convex polygons (MCPs) to
provide greater robustness to the results. Scientists justify the use of these two
estimators due to the possibility of comparison with the broader literature on the spatial
ecology of speciesn this case, of reptiles (Craeeal 2021). In contrast, some authors
ask that these two analyses require considerable control of the methods because they are
sensitive to differences in the sampling effort (for example, the number of locations,
duratian and frequency of tracking) and therefore should not be stimulated because they
hinder comparisons (Kraunstabetr al. 2012; Mitchellet al 2019; Silvaet al 2020;
Craneet al 2021). However, more appropriate and updated methods have not been
observed in any studies (e.Brownian bridge movement modeBBMM; Horne et al

2007; Kieet al. 2010; Silveet al 2018, 2020; Signer and Balkenhol 2015).
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There are several studies naenstrating the effectiveness of more recent
analytical methods (e.g., Sihat al 2020, 2021) and how they can be applied to radio
telemetry data. Unlike traditional estimation methods (KDEs and MCPs), rudged
area estimation models (e.g., AKDEs) dot require the same prepositions as
traditional methods, such as point independence, and can better protect against
underestimation and overestimation (Fleming & Calabrese 2017; &iha 2020;
Craneet al. 2021). Low sample sizes do not exclude tee of newer methods such as
AKDE and BBMMs since these methods can be effective for estimating motion
pathways with a small set of VHF data (Sibtaal. 2020, 2021; Cranet al. 2021).

Although researchers worldwide are still developing analytical methvittién
movement and spatial ecology (Laver & Kelly 2008), the proportion of studies using
movementspecific methods has not increased (db@l 2020), demonstrating a high
dependence on traditional methodike home range of the species was studie® 4
of the works involving telemetry. In the last 20 years, following the increasingly
improved analytical methods (Silat al. 2020, 2021), there has been an increase in
studies involving the domestic reach of reptiles (Crah@l 2021) since for many
years, the estimate of domestic reach has been useful to investigate-raabiteil
relationships and to test the effects of sex, age, physiological requirements, social status
or ecological restrictions in 2002. Freshwater keloids have different rangesneftic
range, and in some cases, they can be different between males and females (Jones 1996;
Tuckeret al 2001; Doodyet al 2002; FachifTeranet al 2006; Ponce de Leé&s al
2019) and weight (Mulleet al 2019) and can be influenced by externatdes such as
water pollution (Luiselliet al. 2006) and seasonality (Remsbetgal. 2006; Forero

Medinaet al 2011; Ponce de Le& al 2019).
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The review covered several species, but we identified gaps to be filled in relation
to some species that nestudies with telemetry. For example, in the Neotropical
region, there is a great diversity of freshwater turtles, including newly described species
(Chelus orinocensis, Mesoclemmys juritiehsiand endangered species (e.Q.
Mesoclemmys vanderhayéhat rave very little information regarding their movement.

In addition, better methodological comparisons are still necessary, considering that only
one study in Brazil was concerned with comparing the different equipment in relation to

its effectiveness (Guiltmet al 2011).

Have studies been concerned with the conservation of species?.

In our study, we observed that almost half of the studies that addressed aspects
of species movement are related to species that are under some degree of threat (e.g.,
Carettochelys insculpta, Hydromedusa maximiliani, Mesoclemmys dahli, Rheodytes
leukops, Macrochelys temmincleand Actinemys marmoraja although the diversity
was not as representative. Turtles represent one of the most endangered vertebrate
groups on theplanet, with approximately 10% of the currently recognized species
considered critically endangered on the IUCN Red List of Threatened Species (Turtle
Conservation Fund 2007; IUCN 2022) and approximately 63% of the assessed species
and approximately 42%f all known species considered threatened (IUCN 2022).

Biological characteristics of turtles, such as delayed sexual maturity, high
juvenile mortality and a long adult life with low natural mortality, have left turtle
populations vulnerable to various tate potentiated by humans (Turtle Conservation
Fund, 2007). Historically, many species of chelonians in various parts of the world have

great food, economic and cultural importance, and their eggs, meat, viscera, fat and hull
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have been used intensely bynians, mainly in food and traditional medicine (Van Dijk
et al. 2000; Gibbongt al. 2000; Turtle Conservation Fund 2007; Van [jkal 2014).

More than half of the studies were carried out in anthropized areas. Despite this,
a large number of studies lealzeen carried out in protected areas from large parks (e.g.,
Algonquin Provincial Park and Ndumo Game Reserve; Oblkeardl 1980, 1981,
Patersonet al 2012, 2014; Priceet al. 2022) to smaller areas (e.g., Mamiraua
Sustainable Development Reserve, Ad@iolpDucke Forest Reserve, The Trombetas
Biological Reserve and Carlos Botelho State Park; Fathianet al 2006; Guilhoret
al. 2011; Famelliet al. 2016). Evidently, some species were studied only in protected
areas (e.g.Podocnemis sextuberculata, Rmthemis unifilis, Macrochelys temmninckii
and Platysternon megacephaljyympossibly due to the greater ease in obtaining help
with | ogistics and public private partners
effectiveness of protection, handling and resleavith these animals (Marcovalel al
2005).

In the present study, we evidenced geographic gaps in studies using telemetry
worldwide. Although we have observed that telemetry studies follow the most diverse
regions and with greater endemism of freslwatrtles, there is still much to know,
especially in the less studied ecoregions. Freshwater ecoregions consist of a large area
that encompasses one or more freshwater systems with a distinct set of natural
freshwater communities and species and are ideresl priorities for biodiversity
conservation (FEOW 2023) and sea turtle studies. Freshwater should be stimulated in
these places, seeking to understand how the different anthropic impacts may affect the
movement of species in these places, especiatlgetiihat are outside the currently

recognized global biodiversity conservation strategies.
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Although telemetry has been used by a relatively small number of studies of
freshwater turtles concentrated in a few places in the world, the studies still provide a
wealth of information on the ecology of movement of some of them, particularly on the
spatial distribution and movement within the study sites. Considering that few species
have been studied in comparison with the global richness of these animalsjderg e
that much remains to be known about the movement of dozens of species of freshwater
turtles, especially in regions where the greatest diversity of these animals is found, such
as the Neoarctic region, the Neotropical region and the Oriental regiomytle

hotspotsand priority areas for the conservation of freshwater turtles.
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endemic freshwater turtle species; (B) freshwater turtle species per ecoregion area; (C)
the number of endemic freshwater turtle species; and (D) freshwater turtle species
richness. (ll) Highlightfor the two continents with the highest number of publications
and their respective.

Table 1.Bibliographic base construction criteria.

Criterion Definition

Scopus, Web of Science and Google Scholar
private collection
Document type Scientific articles
((turtle OR chelonian) AND (freshwater* OR river

Database

Keywords AND (telemetry OR radiotelemetry OR satellite))
Study areas No restrictions

Publication period July 2022

Research institution No restrictions

Language of publication English
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Table 2.List of the most relevant journals in terms of the number of scientific articles

published.
. N°

Rankin Journals Publication % Impact
g S factor
1° Chelonian Conservation and Biology 19 18.26 1.209
2° Journal of Herpetology 12 11.53 1.43
3° Copeia 11 10.57 1.857
4° Herpetological Review 8 769 i
5o Herpetological Conservation ar 6 576 0.959

Biology
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1 Table 3.Species cited in the 104 articles surveyed in the present work.

Taxon Common name Species citation$ Author
Testudines
Carettochelyidae
Carettochelys insculpta Pigi nosed Turtle 1 Doodyet al(2002)
Chelidae
Chelodina expansa '|C';llfrltr|]é Snakenecked 1 Boweret al (2012)
Elseya irwini Irwin's Turtle 1 Freemaret al,, (2018)
Hydromedusa maximiliar Maxi mi Iiano 1 Forerd Medinaet al (2011); Famellet al (2016)
y headed Turtle ) ’ )
Mesoclemmys dabhli Dahl 6s Toad 1 Forerd Medinaet al (2011)
Phrynops geoffroanus 'Ic';u?tlg ffroyos 1 Muller et al, (2019)
Rheodytes leukops Fitzroy River Turtle 1 Tuckeret al(2001)
Chelydridae
Obbardet al (1980); Obbard and Brooks (1981); Saba
. . Spotila (2003); Kobayashet al (2006); Paisleyet al
Chelydra serpentina Common Snapping Turtl 8 (2008); Steenet al (2010); Strainet al (2012);
Anthonysamyet al (2014); Hughest al,, (2019)
Macrochelys temminckii Alligator Snapping Turtle 2 Howey and Dinkelacker (2008); Mooe¢ al. (2014)
Emydidae
Actinemys marmorata  Western Pond Turtle 2 Bondi and Marks (2013); Zaragoetal (2015)
Saba and Spotila (2003); Bowne and White (20
Chrysemys picta Eastern Painted Turtle 6 Bowne et al (2006); Tranet al (2007); Bowne (2008
Anthonysamyet al. (2014)
Joyal et al (2001); Comptonet al (2002); Kayeet al
Clemmys guttata Spotted Turtle ! (2005); Anthonysamyet al (2014); Buchanaret al,
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Taxon

Common name Species citation$

Author

Emydoidea blandingii

Deirochelys reticularia
Emys orbicularis

Glyptemys insculpta

Glyptemys muhlenbergii
Graptemys barbouri

Graptemydlavimaculata

Graptemys geographica

Graptemys
pseudogeographica

Malaclemys terrapin

Blanding's Turtle 16

Eastern Chicken Turtle 1
European Pond Turtle 2

Wood Turtle 15

Bog Turtle 2
Barbour's Map Turtle 1

Yellowi blotched Mar
1
Turtle

Common Map Turtle 4

False Map Turtle 1

Northern  Diamondbac 1
Terrapin

(2017); Oxenrideet al (2018); Odelkt al, (2021); Hjort
Tomset al (2022)

Rowe and Moli (1991); Piepas and Lang (2000); Joy
et al (2001); Inneset al. (2008); Beaudryet al (2010);
Dowling et al (2010); Millar and BlouinDemers (2011)
Fortin and Dubois (2012); Patersoat al (2012);
Anthonysamyet al (201); Anthonysamyet al. (2014);
Christensen r@d Chowi Fraser (2014); Patersoat al
(2014); Hasleret al (2015); Zagorskiet al (2019);
Hamernicket al (2019)

Buhlmann (1995)

Cadiet al (2004); Najbaet al (2015)

Brewster and Brewster (1991); Remsbetgal (2006);
Greaves and Litzgus (2007); Patersvral (2012); Parrel
(2013); Patersoret al (2014); McCoardet al. (2016);
McCoard et al, (2018); Thompsonet al, (2018);
Cochraneet al, (2019); Lapiret al (2019); Haganet al
(2021); Otteret al (2021)

Morrow et al. (2001); Somerst al. (2007)

Sterrettet al (2015)
Jones (1996)

Tran et al (2007); Ouellette and Cardille (201:
Freedberg (2020); Nagle and Russell (2020)

Bodie andSemlistch (1999)

Lamontet al(2021)
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Taxon

Common name

Species citation$

Author

Pseudemys rubiventris
Pseudemys nelsoni
Pseudemys floridana
Trachemys scripta
Geoemydidae
Mauremys rivulata
Mauremys sinensis

Kinosternidae
Kinosternon baurii
Kinosternon integrum

Northern Reibellied
1
Turtle

Florida Redbelly Turtle 1
FloridaCooter 1

Yellowbelly Slider 6

Western Caspian Turtle 1
Chinese Stripedchecked

1
Turtle

Striped Mud Turtle 1
Mexican Mud Turtle 2

Kinosternon leucostomur Whiter lipped Mud Turtle 1

Kinosternon sonoriense

Kinosternon subrubrum
Sternotherus carinatus
Sternotherus odoratus
Sternotherus peltifer
Sternotherus minor
Pelomedusidae

Pelomedusa galeata

Sonoran Mud Turtle 1
Eastern Mud Turtle 3
Razorback Musk Turtle 1
Stinkpot Turtle 3
StripeneckMusk Turtle 1
Loggerhead Musk Turtle 3

South African Helmete: 1
Terrapin

Saba and Spotila (2003)

Kramer (1995)

Burke and Gibbons (1995)

Burke and Gibbons (1995); Bodie and Semlistch (1€
Saba and Spotila (2003); Tra al (2007); Maliet al,
(2016)

Chelazziet al (2007)
Chen and Lue (2008)

Stemleet al, (2019)

Pérei Pérezet al, (2017); Aparicicet al, (2018)
Morales Verdeja and Vogt (1997)

Ligon and Stone (2003)

Burke and Gibbons (1995); Steenal (2007); Corderaet
al. (2012)

Kavanagh and Kwiatkowski (2016)

Roweet al. (2009); Anthonysamgt al. (2014); Lavertyet
al., (2016)

Ennen and Scott (2008)

Ennen and Scott (2008); Ennen and Scott (2C
Munschetret al, (2021)

Priceet al (2022)
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Taxon

Common name

Species citation$

Author

Pelusios castaneus
Pelusios niger

Pelusios sinuatus

Platysternidae
Platysternon
megacephalum
Podocnemididae
Peltocephalus
dumerilianus

Podocnemis expansa

Podocnemis lewyana

Podocnemis
sextuberculata

Podocnemis unifilis

Trionychidae
Apalone mutica

Apalone spinifera

Rafetus euphraticus

African Mud Turtle 1
West  African Black

Forest Turtle 1
Serrated Turtle 1
Bigi headed Turtle 1

Bigi headed Amazo

River Turtle

South American Rive
4

Turtle

Rio Magdalena Rive

Turtle

Sixitubercled  Amazoi 2

River Turtle

Yellowi spotted Amazol

River Turtle

1

1

3

Smooth Softshelled Turtl 1
Eastern Spiny Softshel 4

Euphrates  Sofshelled
1
Turtle

Luiselli et al (2006)
Luiselli et al (2006)
Priceet al (2022)

Sunet al (2014)

Guilhonet al (2011)

Guilhonet al (2011); Ferrarat al (2013); Carneiro an
Pezzuti(2015); Bernardest al. (2017)

Alzatel Estradeet al, (2019)

Fachin Teranet al (2006); Guilhoret al (2011)

Guilhon et al. (2011); NavedaRodriguezet al (2018);
De Leéoet al, (2019)

Rosset al (2019)
Galoiset al (2002); Tornabenet al, (2017); Schneidest
al., (2019); Tornabenet al, (2019)

Ghaffariet al (2014)

%When the same article studied multiple species, the same article is included multiple times in the species study counts presented.
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Table 4.Number of articles published in each of the world's freshwater ecoregions (FEOW, 2022).

State ID Studies number Realm Major Habitat Type Ecorregion
116 9 Nearctic Large lakes Laurentian Great Lakes
117 1 Neartic Temperate coastal rivers St.Lawrence
118 1 Neartic Temperate coastal rivers Northeast US. & S_outhea:
Canada Atlantic Drainages
125 3 Neartic Temperate coastal rivers Sacrament® San Joaquin
132 1 Neartic Temperate upland rivers Upper Rio Grandé Bravo
140 2 Neartic Temperate coastal river:s East Texas Gulf
144 1 Neartic Temperate upland rivers US Southern Plains
USA 145 2 Neartic 1emperate uplaﬂnd (rjiv:ar.s Ouachita Highlands
: emperate oodplair T
148 14 Neartic riversp and wetlands P Upper Mississippi
149 2 Neartic 'I_'emperate floodplair Lower Mississippi
rivers and wetlands
150 7 Neartic Temperate upland rivers Teaysi Old Ohio
156 3 Neartic Tropical _andsubtroplcal Florida Peninsula
coastal rivers
157 8 Neartic Temperate coastal rivers Appalachian Piedmont
158 6 Neartic Temperate coastal rivers Chesapeake Bay
110 13 Neartic Temperate coastal rivers Southern Hudson Bay
Canada 114 3 Neartic Temperate coastal rivers: Gulf of St.Lawrence Coast:
Drainages
Australia 807 4 Australasia Temperate coastal river: EasternCoastal Australia
Tropical and subtropice
316 3 Neotropic floodplain rivers anc Amazonas Lowlands
wetland complexes
Tropical and subtropice
Brazil 343 1 Neotropic floodplain  rivers anc Paraguay
wetland complexes
, Tropical and subtropice
344 Neotropic upla?n d rivers b Upper Parana
323 4 Neotropic large riverdeltas Amazonas Estuary & Coast
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https://www.feow.org/ecoregions/details/116
https://www.feow.org/ecoregions/details/117
https://www.feow.org/ecoregions/details/118
https://www.feow.org/ecoregions/details/118
https://www.feow.org/ecoregions/details/125
https://www.feow.org/ecoregions/details/132
https://www.feow.org/ecoregions/details/140
https://www.feow.org/ecoregions/details/144
https://www.feow.org/ecoregions/details/145
https://www.feow.org/ecoregions/details/148
https://www.feow.org/ecoregions/details/149
https://www.feow.org/ecoregions/details/150
https://www.feow.org/ecoregions/details/156
https://www.feow.org/ecoregions/details/157
https://www.feow.org/ecoregions/details/158
https://www.feow.org/ecoregions/details/110
https://www.feow.org/ecoregions/details/114
https://www.feow.org/ecoregions/details/114
https://www.feow.org/ecoregions/details/807
https://www.feow.org/ecoregions/details/316
https://www.feow.org/ecoregions/details/343
https://www.feow.org/ecoregions/details/344
https://www.feow.org/ecoregions/details/323

State ID Studies number Realm Major Habitat Type Ecorregion
Drainages
169 2 Neotropic Tropical _and subtropice Rio Balsas
: coastal rivers
Mexico . .
171 Neotropic Tropical _and subtropice Papaloapan
coastal rivers
Japan 642 2 Paleartic Temperate coastal rivers Honshui Shikokui Kyushu
Taiwan 757 1 Indoi Malay Tropical _and subtropica Western Taiwan
coastal rivers
Iran 701 1 Paleartic Xeric freshwaters aN' Bajuchistan
endorheic (closed) basir
Poland 404 1 Paleartic 'I_'emperate floodplair Central & Western Europe
rivers and wetlands
Spain 403 1 Paleartic Temperate coastal rivers Cantabric Coadt Languedoc
Nigeria 506 1 Afrotropic large river deltas Niger Delta
South Africa 578 1 Afrotropic Temperate coastal rivers Cape Fold
Colombia 302 2 Neotropic Troplcall and subtropicz Magdalend Sinu
upland rivers
Equador 301 1 Neotropic Tropical _and subtropice _l_\lor_th Andean Pacific Slope
coastal rivers I_Rio Atrato
France 403 1 Palearctic Temperate coastal rivers Cantabric Coadt Languedoc
Greece 421 1 Palearctic Temperate coastal rivers lonian Drainages
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https://www.feow.org/ecoregions/details/323
https://www.feow.org/ecoregions/details/169
https://www.feow.org/ecoregions/details/171
https://www.feow.org/ecoregions/details/642
https://www.feow.org/ecoregions/details/757
https://www.feow.org/ecoregions/details/701
https://www.feow.org/ecoregions/details/404
https://www.feow.org/ecoregions/details/403
https://www.feow.org/ecoregions/details/506
https://www.feow.org/ecoregions/details/578
https://www.feow.org/ecoregions/details/302
https://www.feow.org/ecoregions/details/301
https://www.feow.org/ecoregions/details/301
https://www.feow.org/ecoregions/details/403
https://www.feow.org/ecoregions/details/421
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RESUMO

Compreender como os regimes hidgids influenciam o comportamento espacial de quelénios de
agua doce é fundamental para a conservacdo em sistemas fluviais cada vez mais regulados. Nes
estudo, investigamos os padrfes sazonais de movimentacao, orientacdo direcional e uso do espaco
tataruga tracajaRodocnemis unifilis no meédio rio Xingu, Amazénia brasileira, sob influéncia do
complexo hidrelétrico de Belo Montéltilizamos dados de telemetria via satélite de 32 individuos
monitorados entre 20le 2022,para analisamétricas dedeslocamento, orientacdo azimutal e uso
sazonal de habitat ao longo de trés setores longitudinais do rio (Montante, Intermediario e Jusante)
Foram registradas 22 localizacGes validas ao longo de 1.637 dias de rastreamento. Embora as fémeas
tenham peraoido distancias totais maiores em comparacdo aos maaoidos foram observadas
diferencas estatisticamente significativas entre os sexos, setores ou estacdes hidroldgicas nas métricas
deslocamento total ou lineaAs analises direcionaimbémndo indcaram orientagdo significativa

entre sexos ou estacdes. Notavelmente, os testes de V ndo evidenciaram alinhamento direcional el
relacdo as praias de desovepesar disso, @omportamento espacial apresentou variacdo sazonal
durante o periodo de aguas lmEx os individuos demonstraram movimentos localizados e forte
fidelidade aalgumas praiasEm contrapartida, o periodo de aguas altas foi associado a expansao do uso
do espaco e a ocupacado de habitats temporariamente acegssaiexpansao foi mais eside nos
setores Intermediario e Montante, sugerindo que a conectividade hidrologica € um fator chave na
disperséo espacidllossos resultadasostramqueP. unifilis apresenta plasticidade comportamental no

uso do espago, mas auséncia de movimentos ali@si consistentes. Esses padrdes reforcam a
importancia de habitats locais heterogéneos e a necessidade de preservar a conectividade sazonal

ambientes fluviais impactados por empreendimentos hidrelétricos.

Palavraschave Quelénios amazénicos, Influéac hidrolégica, Ecologia aquatica, Estatisticas

circulares, Métricas de movimentacao, Analise direcional.
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ABSTRACT

Understanding how hydrological regimes influence the spatial behavior of freshwater turtles is essential
for conservation in increasinghegulated river systems. In this study, heveinvestigated seasonal
patterns of movement, directional orientation, and space use of the -gplbdted river turtle
(Podocnemis unifilisin the middle Xingu River, Brazilian Amazon, under the influence¢hef Belo

Monte hydroelectric complex. Using satellite telemetry data from 32 individuals monitored between
2017 and 2022, wkaveanalyzed displacement metrics, azimuthal orientation, and seasonal habitat use
across three longitudinal sectors of the rig@pstream, Midstream, and Downstream). A total 062,2

valid locations were recorded over 1,637 tracking days. Although females traveled greater total
distances compared to males, no statistically significant differences were found between sexes, river
sectors, or hydrological seasons in either total or linear movement metrics. Directional analyses also
revealed no significant orientation by sex or season. Notabtgst¢ showed no directional alignment
toward nesting beaches. Despite this, spatial behaaried seasonally: during the lemater period,
individuals exhibited localized movements and strong fidelity to specific beaches. In contrast, the high
water period was associated with an expansion in space use and the occupation of temporaiblg access
habitats. This expansion was most pronounced in the Midstream and Upstream sectors, suggesting ths
hydrological connectivity is a key driver of spatial dispersal. Our results show thetifilis exhibits
behavioral plasticity in space use but lacksisistent directional movement. These patterns underscore
the importance of maintaining heterogeneous local habitats and preserving seasonal connectivity in

riverine environments affected by hydropower development.

Keywords: Amazonian Chelonians, Hydrological Influence, Aquatic Ecology, Circular Statistics,

Movement Metrics, Directional Analysis.
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INTRODUCTION

The Amazon Basin, encompassing an extensive area of approximately 5 million km?2, is
recognized as the largest tropli rainforest in the world and harbors an enormous diversity of flora and
fauna (Perkison, 1968; Haugaasen and Peres, 2006; Hetngkr2013; Ter Steeget al, 2013; Sheill,

2014). The Amazon is fundamental to global climate balance and the maintesfaacelogical
processes, acting as a prominent carbon sink and affecting regional and global precipitation dynamics
(Davidsonet al, 2012; Malhiet al, 2008; Matricardiet al, 2020; Lapoleet al, 2023). Furthermore,

this biome plays an important rale biodiversity conservation, accommodating a multitude of endemic
species and providing essential ecosystem services (Gowdtia 2003; Lewinsohret al, 2005;
Fearnside, 2005).

However, population growth and the intensification of economic acsBvitiave resulted in
environmental degradation in the Amazon, including intensive hunting and wildlife capture for trade,
leading to worrying population declines of fauna species (Smith, 1979; Fearnside, 199@t Bétts

2008; Lapolaet al, 2023). Agricltural expansion, mining, and the construction of roads and
hydroelectric dams have also contributed to these declines, causing ecosystem fragmentation an
reducing forest cover, directly affecting biodiversity (Fearnside, 1990, 2005; Alho, 2011; Lastance

al., 2014).

Among the most concerning speciBsdocnemis unifiligyellow-spotted river turtle) has
suffered drastic population reductions (Tortoise & Freshwater Turtle Specialist Group, 1996: Santos
Arraes et al, 2016; Flored?onceet al, 2022) dueto overexploitation (Bates, 1863; Smith, 1979;
Pritchard and Trebbau, 1984; Pantbjma et al, 2014; Rebélo and Pezzuti, 2000; Moll & Moll, 2004;
FachinTeran, 2005; Vogt, 2008; Ataides al, 2010; Pezzutet al, 2010; Casaét al, 2013), habitat
loss (Tortoise & Freshwater Turtle Specialist Group, 1996), illegal trade (Kemenes and Pezzuti, 2007),
climate change (Eisemberg al, 2016; Butler, 2019; Foretdedinaet al, 2021), and exposure to

heavy metalsd.g, mercury and pesticides; Pignatial, 2018 a,b; Borgest al, 2022).
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The species is classified as fAiVulnerabl eo by
| UCN (1 UCN, 2022) and as fANear Threatenedo on
It is also included in Apendix Il of CITES and is considered endangered by the U.S. Fish and Wildlife
Service (USFWS) (Vogt, 2008).

This species is considered threateradsb due to its longevity and late sexual maturation
(Pritchard, 1979)which makeindividuals particularly ssceptible to exploitation throughout their lives
(Norris and Michalski, 2013)hese characteristicggnificantly increase the risk of capture before they
reach reproductive maturity, compromising the ldagn viability of populations (Smith, 1979; Moll
and Moll, 2004). Moreover, their dependence on suitable beaches for nesting restricts reproduction to
scarce and often exposed habitatgreasingtheir vulnerability to predation by both animals and
humans (Junioet al, 2009; Pignatiet al, 2013; Araeset al, 2014; Guimaraest al, 2023). The
exposure of these reproductive sites also makes them susceptible to extreme climatic events, which ca
lead to nest destruction (Ferraed al, 2014; Fagunde®t al, 2018, Guimardeset al, 2023).
Additionally, temperature plays a crucial role in determining the sex ratio of hatchlings, a process that
can be altered by environmental changes, resulting in population imbalances (Alho and Padua, 1982
FerreiraJunior and Castro, 2006; Lubiana and Ferreira JUa@09; Bonactet al, 2011; Alves Junior
et al, 2012).

P. unifilisholds significant ecological importance, being responsible for seed dispersal and
maintenance of water quality (Moll and Jansen, 1995; Vogt, 2008), and also has great economic value
for some regions of the Amazon (Smith, 1979; Alves and Santana, 2008; Hachimet al, 2004;
Pezzutiet al, 2010; Santos and Fiori, 2020). Although this species has been protected in Brazil since
1979 (Cantarellet al, 2014), its protection has been lestective incertainareas (Jaffét al, 2008;
Cantarelliet al, 2014). The lack of adequate enforcement and the difficulty in controlling illegal
activities in vast areas of the Amazon, specifically in their reproductive environments, make this species
highly vulnerable (Kemenes and Pezzuti, 2007; Jetftd., 2008; Cantarellet al, 2014; ForerdVedina
et al, 2021). Furthermore, changes in hydrological regimes along rivers, due to the construction of

hydroelectric dams and climate changes known tadirectly impact nesting sites and migration routes
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of river turtles(Alho and Padua, 1982; Alcantagaal, 2013; Eisembergt al, 2016; Simoncingt al,
2019; Ataide=t al, 2021).

Both adult individuals and eggs are widely consumed \®rside populations in the Amazon,
which further aggravates the population decline of these species (Alcahtdra2013; Ataidet al,

2010; Pantojd.ima et al, 2012; Norris and Michalski, 2013; Cajaiiaal, 2015). This practice, deeply
rooted incultural traditions, represents an important source of protein for local communities, but at high
and unmanaged levels, it significantly contributes to the overexploitation of populations (Mietando

al., 2013; Arraeset al, 2016). The continuous remdvaf reproductive females and egg collection
directly decrease the reproductive success and recruitment rate of the species, impacting their recover
capacity over time (Caput al, 2005; Arrae®t al, 2016).

The increasing demand for consumption and trade of these turtles, not only in riverside
communities but also in urban markets, maseasedhe pressure on wild populations (Fachiranet
al., 2000; Camillcet al, 2012; Lope®t al, 2012). Thereforantensive capture in nesting areas and the
illegal trade of eggs and meat intensify the risk of local extinction in various regions, especially when
coupled with habitat loss and natural predation (Vogt, 2008; Feztaab 2014; Pantojhima et al,

2014), and have resulted in an evolutionary trap for Amazonian chelonian populationse{Hsdle
2016; Quintan&t al, 2019; Robertson & Blumstein, 2019).

P. unifilishas distribution areas that reflect its need for specific resources for feeding and
repraduction (Navedd&Rodriguezet al, 2018; Cuevat al, 2018; Ponce de Le& al, 2019). The home
range of this species can vary significantly throughout the year, depending on factors such as food
availability, hydrological conditions, and reproductiveede (Moll and Moll, 2004; Fagundes al,
2018; Ponce de Ledet al, 2019). The nesting period Bf unifilisin the Xingu River generally occurs
in August and September, with an incubation period of approximately 65 days, which may vary in
response torezironmental conditions (Vogt, 2008; Ferrelranior and Castro, 2010; Lacava & Balestra,
2019).

Females of this species tend to select higher nesting sites to minimize the riskfadausg

during the rainy season (Vanzolini, 2003; Ferrdigaior an Castro, 2010; Pignatit al, 2013; Ferrara
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et al, 2014). However, the species demonstrates considerable behavioral plasticity, apparently not
having strict requirements regarding nesting site selection, with nesting already recorded in
anthropogeniareas, indicating its ability to adapt to different types of environments (Santos, 2013).

Few studies have sought to evaluate the movement patterns of Podocnemididae species, relying
mainly on VHF radio telemetry techniques (Bastkal, 1998; Guilhoret d., 2011; Navedd&odriguez
et al, 2018; Ponce de Le& al, 2019) and, in some cases, on the use of GPS (Guwthalh 2011;

Souza, 2012; Carneiro and Pezzuti, 20M9)st ofthese studies have been conducted on the giant South
American river turtle Podocnemis expansaMore recently, the use of technologies such as satellite
tracking has been increasingly employed to understand the movement patterns and habitat use a
species, particularly turtles (Godley al, 2008; Schofieleet al, 2010; Christasen and Chowraser,

2014; Cochraneet al, 2019; Ribeiroet al, 2024). Despite technological advancements, little is still
known about the movement patternd?odocnemis unifilis

What is known is that the movementRf unifilisis intrinsically linked to the hydrological
cycles of the Amazon, being shaped by different phases that directly influence the availability of areas
for feeding, resting, and reproduction (Ponce de let&al., 2019; Fagundest al, 2021). During the
reproductive period, femaé generally move over greater distances in search of suitable beaches for
nesting, while males tend to remain in more restricted foraging areas (Moll and Moll, 2004; &errara
al., 2014). Seasonal variation in water levels also directly impacts turteemanmts, with Flooding
season expanding available habitats and facilitating greater dispersion, while tbeaBoyrestricts
their movements to remaining water bodies, limiting their activities (Bodie, 2001; Fagehdés
2021).

However, to date, therare no specific studies focused on evaluating the movement patterns
of Podocnemis unifilign the Xingu River. In light of this gap, the present study aims to fill this need by
investigating how the movement patterndPofunifilisand the hydrologicalycles of the Xinguriver
shape the displacements and behavior of this species.

The specific objectives of this study were to: i) assess the directional orientation behavior of

Podocnemis unifilisii) investigate the seasonal movement patterns of theespecthe middle Xingu
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River by comparing spatial metrics such as total distance traveled, linear displacement, and average
daily movement between lewater and higtwater periods; iii) identify, map, and characterize areas of
highest use intensity; and )iwcompare space use among the different river sectors (Upstream,

Midstream, and Downstream).

MATERIAL SAND METHODS:

Target species Podocnemis unifili§roschel, 1848, commonly known as "tracaja a mediurrsized

species with a carapace length of up to 46.5 cm and a weight of 11 kg (Vogt, 2008). This species occurs
in South America, where it is registered in Colombia, Venezuela, Guyana, French Guiana, Suriname,
Brazil, Peru, Ecuador, and Bola/i(Pritchard & Trebbau, 1984; Dixon & Soini, 1986; Pefaletzal.,

2013; Uetzet al, 2024). In Brazil, it is found in the Amazon and Cerrado biomes, and its distribution
covers the Amazon, Tocantins/Araguaia, Atlantic Northeast and Paraguay river(Wagita2008).

Due to the historical exploitation and threats faced by species of the Podocnemididae family in
the Amazon, the Brazilian government established the Amazon Turtle Project (PQA) in 1979 (IBAMA,
1989; Cantarellet al, 2014; Fagundest al, 2021; Lacaveet al, 2024). This program aims to protect
the nesting areas of these and other species across several states. In this context, the need to develo
comprehensive conservation plan incorporating various strategies was identified, witbugpddcus
on preserving nesting areas (Cantarellial, 2014; MMA, 2019). In 2015, thEederalGovernment
established the National Action Plan for the Conservation of Amazonian Turtles (PAN Quelbnios
Amazonicos), targeting the same species coveredhdPQA (MMA, 2019; Fagundest al, 2021).
Currently, PAN Quel6nios Amazdnicos serves as the main strategic instrument for the conservation of

Amazonian turtles, particulary. unifilisin Brazil.

Study areai The study was conducted along the Xirigwer (Para, Brazil), covering three sections
defined by their position relative to the Belo Monte Hydroelectric Complex: upstream (above the
Pimental dam, near Altamira), midstream (between the Pimental dam and the main powerhouse), anc

downstream (belowthe powerhouse, including Volta Grande and the REVIS reserve) (Figure 1). The
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region has a humid tropical climate with a distinct hydrological seasahakiny season from
December to April and dry season from June to November (ANA, 2013; IBGE, 2020).

The Xingu River, a major clearwater Amazonian tributary, spans ~2,500 km and drains 510,000
km2 across AmazarCerrado ecotones (Sioli, 1985; Gouldieg) al, 2003). Its geomorphological
complexityd floodplains, rapids, anastomosing channels, and vargappors diverse aquatic habitats,
particularly in Volta Grande (Sawakuckt al, 2015; Kalacskeet al, 2019). Recognized for its
ecological importance, the basin is targeted by conservation policies such as the National Action Plan

for Endemic and Threateneg&ies of the Lower and Middle Xingu (ICMBio, 2012).
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Figure 1 - Map of the Xingu River stretch in Para, Brazil, indicating the study area of 32 individuals

monitored between 2017 and 2022.
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Data Collection.T Transmitters. Individuals were captured using various methods (Balestral,

2016) during multiple field campaigns along the Xingu River, as part of the Turtle Conservation and
Management Program of the Belo Monte Hydroelectric Power Plant. Each turtle waswittied
satellite transmitter attached to the posterior portion of the carapace ushgximoapoxy resinThe
transmitters (models Kiwisat K2G 158A, K2G 273C, and K2G 173A) were programmed to record
geographic positions at regular intervals of 2 to 3r&owstoring date, time, and coordinates
(latitude/longitude, WGS84 datum). Locations were transmitted via satellite uplink (Argos system)

whenever the animal surfaced, allowing for remote tracking without the need for frequent recapture.

Data Analysisi Data Filtering. A preliminary evaluation of the telemetry dataset was conducted to
ensure data quality. This involved the manual exclusion of anomalous or biologically implausible
locations(i.e. urban areas or roadas well as all Class Z records, whiate &nown for low positional
accuracy (Vincenet al, 2002; Costat al, 2010; Pattersoat al, 2010; ARGOS, 2016; Hootest al.,

2017). Data segments with gaps longer than 3 to 5 days were split into independent records, following
Douglaset al (2012). The DouglasArgos Filter (DAF) was applied, using spatial criteria such as
distance and turning angle thresholds, combined with a conservative speed limit of 0.5 m/s based or
related freshwater turtle species (Freitsal, 2008; Shimadat al, 2012).In addition, the Local

Outlier Factor (LOF) method was used to identify and exclude statistical outliers (Betuatig2000;

Aggarwal, 2015).

Sampling Effort and Bias Control - To ensure that movement patterns were not influenced by
variation in trackng effort, a Spearman correlation was performed between the number of monitored

days and the number of valid locations per individual (Corder & Foreman, 2014).

Directional Analysis and Orientation Structure - The direction of movements was analyzbrbugh

the calculation of azimuths between successive locations, representing the direction of each movemen
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performed by an individual. For each set of azimuths, the Rayleigh test was applied to assess whethe
the angular distribution was random or camtcated in a predominant direction (Batschelet, 1981,
Pewseyet al, 2013; Landleet al, 2021). Directional patterns were graphically visualized using rose
diagrams (Fisher, 1995; Afonst al, 2020; Ferreirat al, 2022).

Additionally, descriptive circular statistics such as mean direction, circular standard deviation,
and the concentration paramesenere calculated to describe the consistency of orientation within each

group of individuals (Otieno & Anderse@iook, 2006Pewseyet al, 2013).

Statistical Modeling of Movement Metrics- The movement metrics evaluated included total distance
traveled (Total_km), linear range (Linear_km), and mean daily distance (Daily_km). These variables
were analyzed using generalized &namodels (GLMs) with a Gamma distribution and a log link

function, appropriate for the asymmetric and positive distribution of the data (McCrimmon, 2018).

Hotspots and spatial fidelityi In order to identify areas with greater intensity of space useyeKer
Density Estimation (KDE) was applied based on the telentsriyed location data (Silverman, 1986;
Borgeret al, 2006; Kieet al, 2010). The resulting density maps allowed the identification of regions
with higher clustering of locations, interprdtas core areas associated with critical behaviors such as

thermoregulation, foraging, or nesting (Cagnatal, 2010)

RESULTS
Locations and Temporal Distribution. - After applying the filtering criteria described in the
methodology, a total of 262 valid locations folPodocnemis unifilisvere obtained over 1,637 days of
monitoring. These locations were distributed among 32 individuals tracked throughout the study. The
number of locations per individual ranged from 11 to 510, with an average of # 88X7 locations
per individual(Table J.

The individuals with the highest number of records and monitoring duration were PTT 183643,

with 510 locations over 497 days, and PTT 163009, with 254 locations over 284 days. In contrast,
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individuals PTT 183664PTT 183655, and PTT 183660 presented the lowest tracking intensities: the
first had 11 locations over 60 days, the second 13 locations over 39 days, and the third 13 locations ove
333 days The mean tracking duration across individuals was 160.59 #9928ays, indicating
substantial variation in monitoring effort and temporal coverage. These differences in effort and record
distribution should be considered in the interpretation of spatial metrics and comparative analyses
There is amoderate and statisally significant positive correlatioy = 0.58;p = 0.000% Figure 3
between the two metrics, indicating that individuals monitored for a longer period of time tend to have a

greater number of valid locations recorded throughout the study.
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Figure 2 - Relationshipbetween monitoring duration and number of locations for each tracked

Podocnemis unifilis individual.
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Table 1- List of Podocnemis unifilisndividuals monitored by satellite telemetry. The table presents the species, the sex of the individual (M for male

for female), and the ID (PTT number) code used for satellite monitoring.

Coordenates (Capture)

Q %] a
2 8 E E 2 5 S >
x F S S 3 8§ g &
2 4 3 g x = 5 E S 2
§ E B 7 E § T lat long §
g . . 2 &
84213 M K2G 158A 13/07/2019 201907-13 201912-05 145 72 -3,4556 -51,9632 {2019: 72}
84214 M K2G 158A 13/07/2019 201907-13 201912-29 169 33 -3,4535 -51,9655 {2019: 33}
84216 F K2G 158A 16/10/2019 202002-15 202003-25 39 33 -3,4235 -51,7271 {2020: 33}
163007 F K2G 273C 24/11/2014 201707-16 201807-18 367 113 -3,3889 -52,0186 {2017: 84, 2018: 29}
163008 F K2G 273C 16/07/2017 201707-24 201812-07 501 64 -3,4724 -51,9221 {2017: 6, 2018: 58}
163009 F K2G 273C 17/07/2017 201707-17 201804-26 283 254 -3,3906 -52,0318 {2017: 156, 2018: 98}
163012 F K2G 273C 17/07/2017 201708-09 201802-03 178 20 -3,3364 -51,9997 {2017: 17, 2018: 3}
163013 F K2G 273C 17/07/2017 201707-21 201808-09 384 122 -3,4863 -51,9572 {2017: 34, 2018: 88}
163016 F K2G 273C 26/10/2017 201710-29 201804-04 157 123 -3,3420 -51,9854 {2017: 33, 2018: 90}
183636 F K2G 173A 23/09/2019 201910-28 20200508 193 123 -3,5140 -51,7027 {2019: 2, 2020: 121}
183637 M K2G 173A 17/10/2019 201911-01 202005-12 193 78 -3,5110 -51,7053 {2019: 17, 2020: 61}
183638 F K2G 173A 17/10/2019 202001-12 202003-02 50 23 -3,5147 -51,7210 {2020: 23}
183639 M K2G 173A 17/10/2019 201912-07 202005-29 174 111 -3,4413 -51,7270 {2019: 5, 2020: 106}
183643 F K2G 173A 17/10/2019 20191022 2021-03-02 497 510 -3,4457 -51,9400 {2019: 38, 2020: 400, 2021: 72}
183644 M K2G 173A 19/10/2019 201911-27 2020-04-04 129 45 -3,2684 -52,1979 {2019: 6, 2020: 39}
183645 M K2G 173A 19/10/2019 201910-29 202003-19 142 21 -3,3357 -52,2081 {2019: 2, 2020: 19}
183649 F K2G 173A 18/10/2019 201910-20 201912-16 57 77 -2,7363 -52,0675 {2019: 77}
183650 F K2G 173A 20/11/2019 202001-17 202004-21 95 36 -3,4879 -52,2573 {2020: 36}
183651 F K2G 173A 18/11/2019 201912-10 20200317 98 60 -3,6205 -52,3539 {2019: 5,2020: 55}
183653 M K2G 173A 18/11/2019 201911-27 202003-09 103 51 -3,5532 -52,3886 {2019: 38, 2020: 13}
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Coordenates (Capture)
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< E 5 $ 8 85 S 2
) 3 T 2 x x — 2 o 0
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= 7 i S s 5 g
£ = x
183654 M K2G 173A 29/01/2020 202001-30 202007-19 171 21 -2,7321 -52,0682 {2020: 21}
183655 M K2G 173A 13/02/2020 202002-14  202003-24 39 13 -3,3613 -51,7303 {2020: 13}
183658 F K2G 173A 13/02/2020 202002-14  202004-06 52 18 -3,4029 -51,7474 {2020: 18}
183660 M K2G 173A 13/02/2020 202004-17 2021:03-16 333 13 -2,7311 -52,0645 {2020: 4, 2021: 9}
183661 M K2G 173A 23/09/2019 202004-20 202004-29 9 17 -2,7308 -52,0473 {2020: 17}
183663 F K2G 173A 27/04/2020 202004-28 202005-15 17 24 -3,4557 -51,9640 {2020: 24}
183664 F K2G 173A 27/04/2020 2021-04-23 2021-06-22 60 11 -3,2363 -52,0903 {2021: 11}
183665 F K2G 173A 17/04/2021 202011-17 2021:01-26 70 22 -3,2121 -52,1670 {2020: 7, 2021: 15}
183666 F K2G 173A 17/11/2020 202012-19 2021:-04-12 114 43 -3,2862 -52,0727 {2020: 5, 2021: 38}
183671 F K2G 173A 28/06/2021 20211021 202201-07 78 29 -3,2219 -52,1845 {2021: 18, 2022: 11}
183673 F K2G 173A 13/07/2019 20211021 202201-07 78 24 -3,2841 -52,0871 {2021: 18, 2022: 6}
183674 F K2G 173A 19/07/2019 201911-11 202004-11 152 78 -3,4321 -51,9430 {2019: 5, 2020: 73}
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Directional Structure and Spatial Variability in Movementi For males, the mean azimuth
was 103.13°, with a circular standard deviation of 136.12°. The Rayleigh test did not indicate statistical
significance (R = 0.0595; p = 0.1936), suggesting the absence of a predominant diFegtion J.

During the lowwater period, the males presented a mean orientation of 119.34° (SD = 137.15°), also
without significance (R = 0.0570; p = 0.269B)dure 3.

In high water, the mean was 53.64° (SD = 113.43°), equally not significant (R = 0.1409; p =
0.3050), ranforcing the pattern of high seasonal directional dispersion among nradese( 3. For
females, the overall mean azimuth was 80.22°, with a circular standard deviation of 149.67°. The
Rayleigh test was also not significant (R = 0.0330; p = 0.143dixating widely distributed movement
and no predominant orientation treridgure 3).In low water, the mean was 79.25° (SD = 155.00°; R =
0.0257 ang = 0.3356) Comparisons between males and females in both low water (W = 3.4771, df =
2, p=0.1758) ad high water (W = 0.27084, df = 2, p = 0.8733) were-sigmificant, indicating similar
movement patterns between the sexes. Similarly, within each sex, no seasonal differences were
observed: for females (W = 1.3836, df = 2yglue = 0.5007) and for malég/ = 1.9026, df = 2, p =

0.3862) Figure 4; Table 2).
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Figure 3 - Directional distributionazimuth) of successive displacement$otlocnemis unifilis

in the Xingu River, Brazil, according to sex and hydrological season.

Table 2 - Descriptive statistics of the orientation Bbdocnemis unifilis displacemerits the

Mean Azimuth

Group ©) Circular SD (°) R p-value
Males (overall) 103.13° 136.12° 0.0595 0.1936
Males (lowwater) 119.34° 137.15° 0.0570 0.2693
Males (highwater) 53.64° 113.43° 0.1409 0.3050
Females (overall) 80.22° 149.67° 0.0330 0.1434
Females (lowwater) 79.25° 155.00° 0.0257 0.3356
Comparison Season Factor tested W -statistic df
Male vs Female Low-water Sex 34771 2
(Low-water)
Male vs Female .
(High-water) High-water Sex 0.27084 2
Females (seasonal  All sectors Season 1,3836 2
(Females)

Xingu River, Brazil, based on azimuths between successive locations.
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When considering the river sectors, the results indicated subtle variations in average
displacement patterns. In the Intermediate sector, the mean azimuth was 101.41°, with an SD of 142.92
and a norsignificant Rayleigh test (R = 0.0446; p = 0.0775). The Upstream sector had a similar mean
of 102.15°, with greater dispersion (SD = 168.98Ad no significance (R = 0.0129; p = 0.8696).

In the downstream sector, a distinct pattern was observed: the mean azimuth was 46.14°, with a
standard deviation of 102.45°, and the Rayleigh test indicated significant directional orientation (R =
0.2022; p =0.0061), suggesting that the displacements in this sector were more directionally
concentratedFigure 4.

Despite the visual differences observed in the average directions and amplitudes of dispersion
between the sectors of the Xingu River, differencesewobserved only between thgpstream and
Intermediatesectors \V = 1.3612;df = 2; p = 0.5063). On the other hand, the comparisons between
Amount and DownstrearfWv = 8.8815;df = 2; p = 0.0118) and betwedntermediate and Downstream

(W=7.1168df = 2; p = 0.0285) were not significantéble 3.
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Figure 4 - Directional distribution (azimuth) of successive displacemenBodbcnemis unifilis
in the Xingu River, Brazil, according to the longitudinal sector of the river and the sex of the

individuals.

Table 3 - Descriptive statistics of the orientation of the displacemenBodbcnemis unifilidy
sector of the Xingu River (Upstream, Midstream and Downstream) And paired comparisons
between the sectors based on the Makfiatson Wheeler test, with #hrespective values of the

W statistic, degrees of freedontf)andp-values.

River Sector Mean azimuth (°) Circular SD (°) Rayleigh R
Midstream 101.41 142.92 0.0446
Upstream 102.15 168.98 0.0129

Downstream 46.14 102.45 0.2022

Comparison W-statistic df p-value

Upstream vs. Midstream 1.3612 0.5063
Upstream vs. Downstream 8.8815 2.0 0.0118
Midstream vs. Downstream 7.1168 0.0285

In all the groupsanalyzed, movements were not significantly oriented toward the nearest
river beaches. No combination of sex, river sector, and hydrological season ghoaleds
below the significance thresholg & 0.05), indicating no preferential orientation towalne t

expected azimuth~gure 5; Table ®
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In the Upstream sector, females during the-lpater season had a mean movement
direction of 114.46°, while the expected direction toward the nearest beach was 156.22°. The V
test statistic was V = 8.37, wigh = 0259. During the higlwater season, the observed mean
direction was 335.87° (Expected = 135.29°; V8:53;p = 0.730;Figure 5; Table 4).

In the Midstream sector, females showed a mean direction of 106.74° during high water
(Expected = 191.62°; V = 4.34;= 0.394), and 326.27° during low water (Expected = 172.21°;

V =17.57;p=0.690). Among males, results were likewise not significant, pvithlues > 0.25
(Figure 5; Table 4).

In the Downstream sector, where beaches are spatially closer, femalestderlog
water season had a mean movement direction of 37.28°, compared to the expected direction of
136.30° (V =i 2.63;p = 0.665). Males, monitored only during the highter season, had a mean
direction of 63.08° (Expected = 136.81°; V = 3.465 0.238) None of these values reached

statistical significanceHjgure 5; Table 4).

Observed vs Expected Direction V Test - Orientation Toward Beaches
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Figure 5 - Directional alignment oPodocnemis unifilisnovements in relation to the nearest

river beach, based on groigvel V-tests.

Table 4 - V-test results evaluating movement orientationPotdocnemis unifiligndividuals

toward the nearest river beach, grouped by sex, river sector, and hydrological season.
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Group Mean_Co)bserved Mean_lfxpected Nearest Beach V _ p-
(°) (°) statistic value
F - Midstream- High-water 1067 1916 Arapuja (Praia Dc 4 544 (394
Arapuja)
F - Midstream- Low-water 3262 1722 Arapuia (PraiaDc 7566 0,690
rapuja)
F - Downstream Low-water 37.2 1363 Pitanguinha -2.628 0.665
F - Upstream High-water 3358 1352 Altamira (Lago g 559 739
Da Olaria)
F - Upstream Low-water 1145 1562 Altamira (Lago g 575 (559
Da Olaria)
. . Furo Trindade
M - Midstream- High-water 2141 2255 (Ilha Do Pirulito) 4.700 0.310
M - Midstream- Low-water 916 224.2 Arapuja (Rrala Dc -11.808 0.934
Arapuja)
M - Downstream High-water 68.7 1368 Pitanguinha 3461 0.238
M - Upstream High-water 852 1271 Altamira (Lago 4 755 ( 450
Da Olaria)
M - Upstream Low-water 1528 1049 Altamira (I'_ago 4541 0.164
Da Olaria)

Movement Patterns and Spatial Use- Individuals of Podocnemis unifiligraveled an
average total distance 68.8 km(SD = 64.3), with values ranging widely frob®8 km to 304.5
km throughout the monitoring period (Table 5). Although some individuals registered
cumulative displacements exceeding 300 km, tmeaximum linear rangewere considerably
smaller, averagin®.8 kmwith a maximum of 25.0 km, suggesting movement predominantly
restricted to localized river stretches. One particular female (ID 163009) traxae800 km in
total but remained within a ~23 km stretch of the river, repeatedly moving within that area. In
general, longdistance movements were rare, and most individuals exhibited relatively localized
spatial use patterns.

On average, females traedl approximately63 km over the monitoring period, while
males traveled-35 km with mean daily movement rates ©9.42 km/dayand ~0.34 km/day
respectively. However, these differences were not statistically significant after controlling for
monitoring efort, andno effect of sex was detected total distance traveleG[M Gamma, p
= 0.79§ or on linear rangeGLM Gamma, p = 0.918

Females in the Midstream sector during the dry setnagaled on averagE09.8 km(SD
= 49.9), with daily movements of afgximately 0.4 km/day over monitoring periods lasting up
to 501 days. In thé&Jpstream sector during the dry segstemales also showed extensive
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movements (mean = 74.6 km, maximum = 304.1 km). In confexsgles in the Downstream
sector during the dryessontraveled on average only8.7 km with a daily movement rate of
~0.3 km/day. Males showed similar patterns: for exampmiales in the Downstream sector
during the dry seasdraveled an average 8.4 km with a daily mean of ~0.2 km/day.
Nevertheless, similar to the pattern observed by ssotpr effects were not statistically
significantin the GLM (p = 0.109 for Downstream; p = 0.713 for Upstream). On the other hand,
hydrological season (Seasmt owed amarginal effecin the model fortotal distance, with an
estimatedwofold increasan expected distance during the dry seasmwefficient = 0.70, p =
0.094, 95% CI =1[0.12, 1.52]. Although this value did not reach statistical significance, the
observed variation may be partially asispted with differences in monitoring duration. For the
linear range (Linear_km)no predictor variable (sex, sector, or season) had a statistically

significant effect (alp > 0.35; Table 6).
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Table 5 - Descriptive statistics of moveant metrics forPodocnemis unifilidy sex, river sector (Upstream, Midstream, Downstream), and hydrolog

season (Lowwater and Highwater).

o o £ 3
N c 0 2 2 A g 2 E E = ol 55 B i
S 2 = S 3 T ! £ e e c! £ £ = | £
Sex 3 g | € c»I | 'ol E xl ~ = X~ J _~<| _\<I g _~<|
N ) = c o =y ! 3 = | @ = - | >
= = £ c = = < < ) © ] > =
X~ = < = © = ©
S S S S S e S o 0 5 2 g 3 o
S g © & 2 o £ 3 £ £ s
— - —_ e -
[ ~ (=
Midstream High-water 40,0 15,8 18,0 52,0 16,6 14,0 18 326 115 12,0 04 250 0,6 0,8
Midstream Low-water 345,6 165,4 152,0 501,0 109,8 49,9 36,7 157,5 11,0 5,9 51 176 04 0,2
F Downstream Low-water 57,0 Not calculatec 57,0 57,0 18,7 Not calculatec 18,7 18,7 8,7 Not calculatec 8,7 8,7 0,3 Notcalculated
Upstream High-water 78,0 25,5 60,0 96,0 11,9 0,5 115 12,3 4,0 1,6 29 51 0,2 0,1
Upstream Low-water 158,7 103,5 70,0 367,0 74,6 97,0 34 304,12 123 7,0 2,8 224 0,5 0,4
Downstream High-water 39,0  Not calculatec 39,0 39,0 44,4 Not calculatec 44,4 44,4 20,6 Not calculatec 20,6 20,6 1,1 Notcalculated
Midstream Low-water 170,5 19,8 145,0 193,0 53,6 39,8 11,1 99,3 10,0 4,5 6,4 16,2 0,3 0,2
Downstreamr High-water 171,0 162,0 9,0 333,0 134 7,2 50 17,6 7,1 49 27 123 0,2 0,3
Upstream Low-water 125,3 19,4 104,0 1420 30,1 17,6 10,6 44,7 11,6 6,9 3,8 16,9 0,2 0,1
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Table 6 - Results of generalized linear models (GLMs) with Gamma distribution and log link
function evaluating the effects of sex, river sector, hydrological season, and tracking effort on

movemenmmetrics ofPodocnemis unifilis.

Predictor Coef. Std.Err. z P>|z| [0.025 0.975] Response
Intercept 2,85 0,38 7,41 0,00 2,09 3,60 Total km
C(Sex)[T.M] -0,09 0,36 -0,26 0,80 -0,79 0,61  Total_km
C(Sector)[T.Jusante] -0,87 0,54 -1,60 0,11 -1,93 0,19 Total km
C(Sector)[T.Montante] -0,13 0,37 -0,37 0,71 -0,85 0,58 Total_km
C(Season)[T.Lowvater] 0,70 0,42 1,67 0,09 -0,12 1,52 Total km
Tracking_days 0,00 0,00 2,59 0,01 0,00 0,01 Total km
Intercept 2,30 0,30 7,70 0,00 1,71 2,88  Linear_km
C(Sex)[T.M] 0,06 0,28 0,22 0,82 -0,48 0,60 Linear_km
C(Sector)[T.Jusante] -0,45 0,42 -1,06 0,29 -1,27 0,38  Linear_km
C(Sector)[T.Montante] -0,05 0,28 -0,17 0,87 -0,60 0,51 Linear_km
C(Season)[T.Lowvater] 0,04 0,33 0,13 0,89 -0,59 0,68 Linear_km
Tracking_days 0,00 0,00 0,54 0,59 0,00 0,00 Linear_km
Intercept -0,34 0,41 -0,82 0,41 -1,14 0,47  Daily_km
C(Sex)[T.M] -0,32 0,38 -0,84 0,40 -1,06 0,42  Daily_km
C(Sector)[T.Jusante] -0,66 0,58 -1,13 0,26 -1,79 0,48  Daily_km
C(Sector)[T.Montante] -0,37 0,39 -0,94 0,35 -1,13 0,40 Daily_km
C(Season)[T.Lowvater] 0,14 0,45 0,31 0,76 -0,74 1,02  Daily_km
Tracking_days 0,00 0,00 -1,60 0,11 -0,01 0,00 Daily km

During the lowwater period, spatial distribution was characterized by-Hegtsity cores
concentrated in restricted areas, mostly associated with stable and predictable environments such
as beaches and exposed riverbanks. These cores, observed maiahcah ahd Peterecu
(downstream; Figure 6) Pimental and Rabecas Channel (midstream; Figure 7), and the Palhau
region (upstream; Figure 8), suggest spatial fidelity and relatively sedentary behavior during this
period.

In contrast, the Igh-water season was marked by a notable expansion in the area of use,
with increased spatial amplitude and dispersion of density cores, reflecting greater mobility and
the exploitation of temporarily accessible habitats. This dynamic was most pronourtbed in
midstream (Figure 6) and upstream (Figure 7) sections, where seasonal flooding enhanced

connectivity among coves, lateral bays, and inundated margins. New usage cores were recorded
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in Murituba, Verissimo, Batata, and Carao (downstream; Figure 6),doBacaba (midstream;

Figure 7), and in additional floodable compartments in the Palhau region (upstream; Figure 8)
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Figure 6 - Kernel Density Estimation (KDE) d?odocnemis unifilispatial use in the downstream section of the Xingu River duringnater (left)

and highwater (right) seasons.
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Figure 7 - Kernel Density Estimation (KDE) dPodocnemis unifilisn the midstream section of the Xingu River during toater (left) and high

water (right) seasons.
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Figure 8 - Kernel Density Estimation (KDE) d?odocnemis unifilign the upstream section of the Xingu River during-\ater (left) and higiwater

(right) seasons
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