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Abstract 

Translocations of freshwater species have become a widespread conservation strategy to 

mitigate the impacts of habitat fragmentation, yet they are not often rigorously monitored 

using animal movement data to determine their success. We demonstrate the value of mon-

itoring pre- and post-translocation movements and home-range sizes of a fully-aquatic, ben-

thic stream salamander, the eastern hellbender (Cryptobranchus a. alleganiensis) to 

determine translocation success. We studied the home range sizes, movements, and habi-

tat use of individuals (n = 27) in two self-sustaining populations (S1 & S2) for one year, and 

then subsequently collected similar data from a subset of these individuals (n = 17) that 

were translocated into two nearby streams (T1 & T2) with dam-isolated, declining popula-

tions in the Blue Ridge Ecoregion of Tennessee. We collected 1,571 location data points 

(869 pre-translocation and 715 post-translocation) from four study sites, and evaluated 

effects of mass, sex, and pre-translocation home range size/sedentariness, as well as habi-

tat covariates on home range size and movements. Hellbender home range sizes increased 

from pre-translocation estimates at both sites, but response depended primarily on physical 

characteristics of release sites. Home range and fine-scale movement metrics indicated 

that hellbenders translocated from S1 to T1 settled in more quickly, had greater site fidelity, 

and smaller home ranges than hellbenders translocated from S2 to T2. Hellbender move-

ments were influenced by cover rock size and density rather than individual characteristics. 
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Study-long survival rates of translocated hellbenders increased from S1 to T1 (80% to 

100%) and decreased from S2 to T2 (76% to 33%). Monitoring pre- and post-translocation 

movements was a valuable method for evaluating short-term translocation success in a 

freshwater environment. For future hellbender translocations, managers should prioritize 

selecting suitable release sites with contiguous boulder-dense areas (1–2 per m2), adequate 

prey (crayfish) densities (>1/m2), and habitats with low risk of predation. 

Introduction 

Since the early 1900s, dams have become commonplace throughout the eastern United States 

[1], and have caused widespread harmful impacts on some of the most threatened and biologi-

cally diverse ecosystems in North America [2, 3]. Due to habitat fragmentation caused by 

dams [4], obligate freshwater species such as fish, mussels, and some amphibians are increas-

ingly in need of wild translocations, as these species are unable to cross barriers and are more 

susceptible to the impacts of habitat fragmentations than terrestrial species [5–7]. For example, 

Kominoski et al. [2], found that dam-isolated fish populations in the southeastern United 

States were 28 times more likely to become extirpated than similar populations with natural 

flow. Additionally, small, isolated populations are subject to increased extinction risks due to 

inbreeding and genetic stochasticity [8], and thus benefit immensely from translocations 

designed to increase genetic diversity [9, 10]. As freshwater species are rapidly declining across 

the globe [3], conservation strategies such as translocations provide potential options to con-

nect previously fragmented populations. Consequently, there is an urgent need to better 

understand the impacts of translocation programs on these vulnerable species. 

Translocations, defined by the International Union for the Conservation of Nature (IUCN) 

[11] as “any human-mediated movement of living organisms from one area, with release in 

another,” are a widespread management strategy for freshwater wildlife conservation; how-

ever, they are still considered a risky endeavor and rigorous post-release monitoring is often 

warranted to determine project efficacy [11, 12]. Monitoring movements of translocated ani-

mals can be an informative tool to evaluate and improve translocation success rates by clarify-

ing the establishment process of individuals [13, 14]. Immediately post-release, translocated 

animals must explore novel environments to evaluate suitability for survival and efficient 

resource exploitation [15, 16]. However, this “exploratory phase” can be costly (e.g. high ener-

getic demands, increased predation risk, missed mating opportunities), so animals must con-

tinually weigh these risks with the benefits of exploiting already known resources (e.g. those 

near the release site) [17]. Due to these exploration risks, a successful translocation depends 

upon animals rapidly settling and establishing site fidelity [18]. In freshwater systems, the 

movements of wild translocated individuals can be strongly influenced by the characteristics 

of their native habitats [14, 19]. For example, multiple riverine-adapted fish species that were 

translocated to lacustrine environments (e.g., impoundments above dams) subsequently evac-

uated release sites and moved back into riverine environments in less than one month [19, 20]. 

Thus, translocation requires careful release site selection planning and baseline knowledge of 

the species’ spatial ecology within their native habitat [21, 22]. 

Often when evaluating the movements of wild translocated individuals, data are only col-

lected after translocation–leaving a considerable gap in the knowledge of how translocation 

impacts natural behaviors [23]. In many cases, translocation success is evaluated by comparing 

translocated populations with resident populations [24, 25], but this may not be feasible if 
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translocations are used to reintroduce animals to vacant or sparsely populated regions. Study-

ing the movements, home-range sizes, and survival rates of wild animals pr or to translocation 

could provide an important natural baseline for evaluating translocation success, through 

comparison to post-translocation metrics [26]. Furthermore, monitoring resident individuals 

may reveal spatial requirements and/or specific habitat preferences of the individuals, which 

may be useful for translocation site selection [27]. For imperiled freshwater taxa, understand-

ing impacts of translocation is critical for successful conservation management [7]. 

Within North American riparian systems, hellbenders (Cryptobranchus allegan ens s) are 

presently in need of conservation and management measures including translocation [28, 29]. 

Hellbenders are large (up to 74 cm), fully-aquatic, long-lived (25+ yr.) salamanders that are 

slow to sexually mature (5–7 years) and require pristine, rocky, swift-flowing rivers and 

streams with high levels of dissolved oxygen to survive and reproduce [30, 31]. Historically, 

eastern hellbender populations (C. a. allegan ens s) were found in abundance throughout their 

geographic range which extends from southern New York to northeastern Mississippi, and 

west into Missouri, USA [31, 32]. However, populations have drastically declined across their 

range due in part to habitat fragmentation caused by dams [33–35]. Dams restrict dispersal 

and can genetically isolate populations in headwater streams [35]. Hellbender populations 

often already have minimal natural inter-drainage gene flow due to their highly sedentary 

nature [36] and reductions in population size and connectivity. For example, Crowhurst et al. 

[5] found that private alleles within eastern hellbender populations in Missouri may have once 

been shared among six out of eight major drainages surveyed, but they are now restricted to 

single populations. Dams can exacerbate this type of genetic isolation and cause extirpation by 

dividing hellbender populations within drainages, separating headwater populations from 

lower elevation “source” populations that are needed to counter genetic stochasticity [37]. This 

trend has held true in the streams of the Blue Ridge ecoregion, a threatened biodiversity hot-

spot [3, 38] where a majority of the remaining hellbender populations in the southeastern 

United States that are still showing signs of population recruitment have been separated from 

headwater populations by dams [37, 39]. Fragmentation poses a serious threat to hellbender 

populations and underscores the importance of evaluating translocation as a conservation 

strategy for wild hellbenders [5, 31, 37]. 

Recent studies have shown that when feasible, translocation of wild adult hellbenders is a 

more successful strategy compared to the release of captive-raised juveniles, based on greater 

survival rates and reproductive potential [25, 29]. Individual characteristics such as mass and/ 

or age may also be potential indicators of hellbender translocation success (i.e., survival) [29, 

40]. Furthermore, individual hellbenders may react differently to being translocated. For 

example, certain translocated wild hellbenders may exhibit “homing” behaviors, searching for 

their previous territories [30, 41], while others quickly settle into their new environments [25]. 

However, no previous studies have examined how the spatial ecology of individual hellbenders 

in their native streams could impact translocation success. Pre-translocation monitoring of 

wild hellbenders may offer valuable insight into the outcome of translocations by providing a 

paired experimental control set with which to compare the movements and home range sizes 

of recently translocated individuals [13, 25]. 

The purpose of our study was to utilize this strategy of comparing pre- and post-transloca-

tion movements to determine if translocation of wild hellbenders could serve as an effective 

conservation strategy for augmentation of declining hellbender populations in fragmented 

watersheds. Our primary goal was to identify whether individual and/or habitat-based charac-

teristics influence wild hellbender movements and survival rates before and after translocation. 

To achieve this, our objectives were to 1) evaluate the effects of translocation on wild hellben-

der home range establishment and movement behaviors (e.g. sedentariness, and dispersal 

PLOS ONE | https://doi.org/10.1371/journal.pone.0283377 April 20, 2023 3 / 28 

https://doi.org/10.1371/journal.pone.0283377


PLOS ONE Pre- and post-translocation home range sizes and movement metrics of eastern hellbenders 

distances) at two translocation sites by comparing pre- and post-translocation movements and 

2) evaluate a pr or  hypotheses to identify both environmental and individual characteristics 

associated with increased sedentariness and smaller home range sizes (i.e., successfully set-

tling) after translocation. 

We hypothesized that due to a likely “exploratory phase” [29, 41], home range sizes for hell-

benders would increase after translocation, and the proportion of sedentariness (i.e., no move-

ment between consecutive tracking sessions) would decrease from pre-translocation estimates. 

We also hypothesized that translocated hellbenders would maintain relatively high site fidelity 

to pre-selected release sites with greater boulder concentrations (i.e., >1 boulder/m2) given the 

importance of these habitats for refuge, foraging, and nesting [31, 42]. Lastly, we hypothesized 

that home range sizes of translocated individuals could be partially explained by the size of 

their home range prior to translocation, with individuals that had smaller home ranges (i.e., 

well-established territories) prior to translocation being more likely to increase their home 

range size after translocation due to homing behaviors [30]. Herein, we demonstrate how uti-

lizing both pre- and post-translocation movement patterns can be a valuable strategy for moni-

toring the success of freshwater translocations. We demonstrate that wild hellbender 

translocations may serve as a viable conservation strategy for declining and fragmented popu-

lations, and we offer specific management recommendations which will be informative for 

future hellbender translocation projects throughout their geographic range. 

Methodology 

Study sites 

Source sites. Our study was conducted in southeastern Tennessee, U.S.A, within the Blue 

Ridge Level III ecoregion of the southern Appalachian Mountains. Our general study area rep-

resents an important conservation area for hellbenders due to the presence of multiple recruit-

ing populations, which may be limited in other portions of the contemporary geographic 

distribution [39]. Two streams served as source sites for wild hellbenders, hereafter referred to 

as source site 1 and 2 (S1, S2) to protect site locations from illegal poaching. Both sites were 

densely populated with healthy hellbenders of all age classes [39]. Source site 1 was a montane 

headwater stream with relatively high concentrations of large cobble and boulders (S1 Fig), 

and swift moving water (Table 1). Source site 2 (Table 1) was a 500 m section of a large river, 

located ~5 km downstream of a hydro-electric dam, with long stretches of metamorphic sand-

stone and siltstone pebble and gravel beds, interspersed with large boulders and bedrock 

shelves (S2 Fig) [39]. 

Table 1. Study site characteristics. 

Site Stream Order † Percent Forest in Watershed‡ Mean Elevation (MASL)§ Stream Gradient (m/km) Mean stream width (m) 

S1 4th 96.6% 485 10.07 14 

T1 3rd 98.8% 460 21 8.5 

S2 6th 83% 220 1.27 80 

T2 5th 96% 252 2.15 20 

S1 & S2 = Source Sites 1 & 2 and T1 & T2 = Translocation Sites 1 & 2. 
†–Stream order is defined following Strahler method (1957) [43].; 
‡–Land cover data taken from the National Land Cover database (2016); 
§–Elevation given as meters above sea level (MASL). 

https://doi.org/10.1371/journal.pone.0283377.t001 
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Translocation sites. Our translocation sites, hereafter T1 and T2 (numbers correspond to 

the matching source site, or “cohort”), were two streams within a National Forest in Tennes-

see, U.S.A. We selected release sites based on their overall habitat suitability and stability (i.e., 

high concentrations of large substrate & pristine water quality; S1 and S2 Figs). Historically, 

local hellbender populations in the selected translocation sites were genetically similar to hell-

benders in the source streams [37], but have declined or been extirpated in recent decades, 

likely in part due to isolation by dams [39]. 

Translocation Site 1 was a small montane headwater stream (Table 1) composed primarily 

of medium to large cobble and boulders (S1 Fig) [31], and was the release site for translocated 

animals from S1, which is now separated from T1 by a dam installed by the Tennessee Valley 

Authority (TVA) (Fig 1). Recent surveys and trapping efforts have yielded very few hellbenders 

in the stream (<5 individuals), all of which were large (and presumably older) adults, with no 

signs of recruitment (M. Freake, pers comm). 

Our second translocation site (T2) was comparably wider than T1 (Table 1) with disjunct 

clusters of relatively high amounts of large rocky substrate (i.e., cobble, boulders) and bedrock 

shelves (S2 Fig), surrounded by long (> 30 m), flat sections of pebble and gravel beds. The 

release sites on T2 were within a boulder-dense area (> 1/m2) and located approximately 65 

km northeast of the S2 site, separated by multiple large dams (Fig 1). Recent (since 2000) sur-

veys at this stream have yielded very few hellbenders (M. Freake, unpublished data; P. Rakes, 

unpublished data), and eDNA samples taken from the stream did not result in positive detec-

tions for hellbenders in 2016 [44]. 

Field methods 

Initial capture and surgery. We conducted initial hellbender sampling between 03 

June—08 July 2018 at S1 and S2. We captured hellbenders via standard mask and snorkel 

rock-lifting surveys [45]. Upon capture, we weighed hellbenders in mesh bags with a Pesola1 

spring scale (Pesola AG, Baar, Switzerland) and measured total length (TL) and snout-vent 

length (SVL) as described previously in Burgmeier et al. [36]. For individuals that were at least 

150 g (n = 30), a 4 g model F1170 (pulse rate 15 ppm [708-day battery life]) radio-transmitter 

(Advanced Telemetry Systems, Isanti, MN) and a 12 mm passive integrated transponder (PIT) 

tag (Biomark, Boise, ID) were surgically implanted into the coelomic cavity on-site (performed 

by RHH, DVM, Ph.D.). Surgical protocols were carried out in accordance with Burgmeier 

et al. [36], with a few adjustments (described further in [46]. All surgery and field protocols 

were approved by the Institutional Animal Care and Use Committee (IACUC) at Tennessee 

State University (Permit #1804WS). All surgery was performed under Tricaine Methanesulfo-

nate (MS-222) anesthesia, and all efforts were made to minimize suffering before, during, and 

after transmitter implantation. In addition, a blood sample was also acquired from each hell-

bender while under anesthesia to genetically sex the individual following protocols of Hime 

et al. [47]. After surgery was completed, we placed each hellbender in a recovery bin in the 

stream until the righting reflex was restored (approx. 30 min). We then released animals at the 

original point of capture and recorded locations via a Garmin1 Map64 handheld GPS unit 

(Garmin LTD., Olathe, KS, USA; accuracy � 5 m). 

Pre-translocation tracking. We radio-tracked 27 individual hellbenders (S1: n = 10; S2: 

n = 17) every 4 ± 2 days between June 2018 –August 2018 (summer), once a week from 01 

Sept– 30 Nov 2018 (fall) and once a month from 01 Dec 2018–28 Feb 2019 (winter), which 

corresponded with seasonal activity levels [28]. Bi-monthly tracking resumed in spring (01 

Mar 2019), until the conclusion of the first tracking session (15 May 2019). Due to S2 being 

downstream of a hydro-electric dam, these animals were only tracked when discharge from 
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Fig 1. Source sites and translocation sites. Geographic representation of the relationships between both S1 and T1 

(top panel) and S2 and T2 (lower panel), shown with the dams blocking hellbender migration between the source sites 

and translocation sites. Spatial files sourced from USGS National Map Viewer. 

https://doi.org/10.1371/journal.pone.0283377.g001 

the hydro-electric powerhouse was reduced to safe levels for recreation, primarily every Satur-

day and Sunday during the summer season (June–early Oct). 

We tracked hellbenders using a three element Yagi antenna with an Advanced Telemetry 

Systems (Isanti, MN, U.S.A) receiver (Model R410). When possible, we used a Biomark HPR 

Plus (Biomark, Boise, ID) PIT tag reader with a BP Plus Portable submersible antenna (Bio-

mark, Boise, ID) to scan over the surface of cover objects and confirm the precise location of 

each animal, as conducted in Connock et al. [48]. At least once every 2–3 weeks we used a 

borescope camera (General Tools1 DCS660A, New York, NY) to visually confirm animal sur-

vival. Upon each re-location, we documented hellbender locations with a handheld GPS unit 

(Garmin1 eTrex 20 or Garmin1 GPSMap64). We primarily conducted tracking during 
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daylight hours (between 07:00 and 19:00 EST), although nocturnal tracking was conducted 

opportunistically (~10–12%) at S1, T1, and T2. The hydroelectric power generation at S2 

made nocturnal tracking unfeasible. 

Habitat data collection. At each tracked location for each hellbender, we collected habitat 

data to test our hypothesis that cover object density and size would influence hellbender home 

range size and movements [42]. We defined “cover” as any substratum particle with at least 

one axis � 26 cm and space underneath adequate for a hellbender refuge site [49]. We assessed 

cover object density by counting all available cover objects within a 2-meter radius of each hell-

bender location. We reported the size of used cover objects as the width (i.e., longest axis per-

pendicular to the maximum diameter), and measured the distance to the nearest cover object 

as the shortest distance (cm) between the used cover object and the nearest neighboring cover 

object (recorded as 0 if touching). We calculated averages for each of these habitat variables by 

individual and assigned each hellbender a unique value for these metrics based on the substrate 

characteristics used during the study. 

Translocation. We translocated 17 hellbenders from both source sites over five discrete 

events in the spring and summer of 2019. We translocated individuals in small groups to mon-

itor dispersal tendencies of the released individuals over a settling period of ~30 days [46]. The 

number of individuals translocated in a given event was dependent on accessibility of animals 

at that time as well as their survival throughout the first year of the study. We translocated 5 

out of 10 total hellbenders from S1 to T1 on 15 May (n = 4) and 01 July (n = 1), and 12 out of 

17 total hellbenders from S2 to T2 on 18 May (n = 6), 29 June (n = 5) and 13 July (n = 1). 

Post-translocation tracking. Tracking was more frequent after translocation to main-

tain a fine-scale analysis of how individuals responded to translocation. We located hellben-

ders every 24 ± 4 hours for the first three days after translocation to monitor long-distance 

migrations and/or unusual movements, behaviors, or mortalities. After this initial intensive 

monitoring phase, individuals at both release sites were located every 3 ± 1 days throughout 

the summer and fall seasons until the first hard frost of the season (-2˚ C; 11 Nov 2019). We 

recaptured translocated hellbenders every 45 days (if accessible) to assess mass gains/losses as 

well as overall health [46]. During this same period, tracking continued at source sites for 

hellbenders that were not translocated (due to inaccessibility of animals under large rocks or 

ledges). 

Prey availability. Because prey availability can influence animal movements [50, 51], we 

conducted post-hoc crayfish density surveys at the conclusion of the study for each of the four 

sites to evaluate prey availability for hellbenders, as crayfish are known to be a primary food 

source [52, 53]. Crayfish surveys were carried out once per site by randomly sampling a mini-

mum of 30 sections (1.5 m2 areas) of runs and riffles using kick-sampling with a D-net as well 

as a seine, following methods from Mather and Stein [54]. We conducted all sampling in 150 

m long stream reaches that were occupied by the hellbenders during this study. 

Data analysis 

Movement metrics. We marked each cover object used by a hellbender with biodegrad-

able flagging tape, which made it possible to identify if an individual (or other individuals) re-

used the same location. To maximize precision, we calculated an average coordinate from all 

locations recorded at the same cover object (S1 Appendix). To explore fine-scale movement 

patterns of the individuals, we calculated daily-step lengths of individuals, which were defined 

as straight-line distances (m) between successive points using the distance function in R 

(v3.05; R Core Development Team 2019), divided by the number of days since the last location 

[28]. We reported observations of no movement between points as step-lengths of 0 m. We 
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calculated the sedentariness of hellbenders by reporting the proportion of 0 m step-lengths 

(i.e., no movement) for each hellbender at a site. We also calculated mean step-length for each 

site using all hellbender movements at a site, excluding non-movement events. 

Home range sizes. We calculated a linear home range (LHR) for each hellbender, which 

provides information about the total length of the stream section used by an individual. A 

LHR is defined as the distance between the two most extreme locations used by an individual 

contained within the stream boundaries [55]. We used the Linear Referencing tool in ArcGIS 

Pro (v. 2.5.2; ESRI1 , Redmond, CA) to measure distances between individual locations along 

a polyline shapefile of the stream path (source: USGS National Map; http://nationalmap.gov), 

or the measurement tool in ArcGIS Pro when distances between the two most extreme points 

may have been perpendicular to the stream polyline layer (e.g. in S2). 

For every hellbender with � 20 locations, we also calculated 50% (i.e., core home ranges) 

and 95% fixed kernel utilization distributions to analyze where individuals spent time within 

their LHR. Because hellbenders tend to remain in the same location, which can cause prob-

lems with kernel estimations [56], we followed the general approach used by Bodinof et al. 

[28] and randomly distributed identical locations within a radius of ~30 cm (approximately 

one half the mean length of rocks used by the hellbenders in that study). To restrict the 

home range estimates to areas within stream boundaries, we delineated the bank edges of all 

study sites using a Trimble GeoXT receiver (Trimble1 , Sunnyvale, CA; accuracy <1.5 m) 

and then imported the paths as shapefiles for minor editing in ArcGIS Pro (v. 2.5.2; ESRI1 , 

Redmond, CA). 

In sinuous, linearly oriented systems such as rivers and coastlines, traditional home range 

kernel density estimates (KDEs) based on geographic coordinates (i.e. latitude & longitude) 

generally fail to exclude unusable habitat for aquatic species (i.e. land) [57]. Therefore, we gen-

erated “permissible home range estimates” (PHREs) to exclude unused areas (i.e., land) in ker-

nel estimates by transforming hellbender locations into landscape relevant positions using 

natural features (e.g. distance from shore, distance along a river). With this technique, land-

scape-based position metrics are used to form a similar evaluation grid as a geographic coordi-

nate grid, but with axes defined by landscape-based variables instead of latitude or longitude 

[57]. We then generated bivariate fixed kernel densities (“ks” package in R version 3.6.3) based 

on “landscape space” with this grid, and then transformed the densities back into geographic 

space to define the home range within accessible areas (i.e. within the stream boundaries) 

[57, 58]. 

Finally, we reported size estimates using minimum convex polygons (MCPs) to make the 

results of this study comparable to previous studies that have utilized these methods [25, 36]. 

MCPs were calculated as convex hulls that contained all locations [59], using the minimum 

bounding geometry tool in ArcGIS Pro (2.5.0, Esri, Redlands, CA). These MCPs were clipped 

to exclude areas outside the stream, using similar methodology to Ross et al. [60]. 

Spatial modeling. We conducted all statistical analyses in R (v 4.1.0; R Development Core 

Team 2021) using both generalized linear models (GLMs) and generalized liner mixed models 

(GLMMs). Prior to development of models that evaluated individual and habitat-based effects 

on spatial movements and home-ranges, we compared pre- and post-translocation home 

range estimates (LHRs, PHREs) and movement metrics (e.g. sedentariness, total distance trav-

eled) by site, using a one-way analysis of variance (α = 0.05), followed by a Tukey’s test (“stats” 

package in R version 4.1.0) to evaluate pairwise post-hoc differences. 

We conducted four separate analyses to better understand, 1) effects of individual and habi-

tat covariates on fine-scale (i.e. daily) hellbender movement metrics, 2) effects of those same 

covariates on yearly home range sizes, 3) effects of a hellbender’s yearly home range size and 

movement patterns prior to translocation on fine-scale movement patterns after translocation, 
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and 4) effects of those same pre-translocation metrics on yearly home range size post-translo-

cation. Analyses 3 and 4 were designed to evaluate the hypothesis that home range sizes before 

translocation could have an inverse relationship with home range sizes and movement behav-

iors after translocation (i.e. individuals with well-established, small home ranges in source sites 

may be more likely to make large dispersals after translocations). The sampling unit for all 

models tested was individual hellbenders within a site, meaning that in the first two analyses 

translocated hellbenders were represented twice in the data set, therefore a random effect for 

individual was added to these analyses to avoid violating the model assumption of sample 

independence. 

Model development. We developed 8 a-pr or  GLMMs for the first two analyses (1 & 2) 

and 14 a-pr or  GLMs for the second two analyses (3 & 4) (S1 Table) to test effects of individual 

covariates (mass, sex, and pre-translocation home range size/sedentariness) and habitat covari-

ates (site, average cover rock size, and average cover rock density) on hellbender home range 

sizes and movement behaviors. Correlations were evaluated among all explanatory variables 

and the least biologically relevant variables were removed if correlation was > 0.70. As a result 

of this screening, “distance to nearest cover object” was removed from the set of habitat vari-

ables, as this was negatively correlated (r = -0.73) with cover object density, which we consid-

ered the more biologically relevant variable. All numerical covariates (average cover rock size, 

cover rock densities, mass, etc.) were scaled and centered prior to modeling. For analyses 1 & 

2, we included an interactive term of cohort and translocation status (Trans) to evaluate the 

effects of translocation on hellbender spatial ecology for each cohort. In similar models for 

analyses 3 & 4, this covariate (Cohort*Trans) was replaced by cohort alone. Individual sex and 

mass were considered because previous studies have shown that hellbender spatial ecology can 

vary by sex [36] and mass [40]. We also evaluated models that treated habitat variables as 

nested effects within translocation status to account for the possibility that these covariates dif-

fered between source and translocation sites. 

Model fitting and validation. We fitted models for all analyses using maximum likeli-

hood with the “stats” package and “lme4” package (v.1.1–27.1) in R (version 4.1.0) called 

through RStudio (version 2022.02.3). For the response variable sedentariness (analyses 1 and 

3), GLMMs (analysis 1), and GLMs (analysis 3) were fit to a binomial distribution 

(link = logit), using a two-column matrix containing the number of “successes” (i.e. non-

movements) and the number of “failures” (i.e. movements) for each individual which permits 

model fit to be weighted based on the number of tracking sessions for each individual [61]. 

For the response variable LHR (analyses 2 & 4), the LHRs were log-transformed prior to 

modeling, whereas generalized linear models were fit to a gamma distribution (link = inverse), 

which allowed the models to estimate a gamma dispersion parameter. Akaike’s Information 

Criterion adjusted for small sample size (AICc) [62] was used to rank the fit of models gener-

ated with the AICcModAvg package in RStudio [63]. Akaike’s model weights (ω) were also cal-

culated within this package and interpreted as the probability that each model is the model 

with greatest support for the sampling situation considered [62]. Inference was based on all 

models in the candidate set that were within a cumulative model weight of 0.9 and had greater 

support than the null model. Parameters within the supported models were considered well-

supported if the confidence interval for the effect size did not overlap zero. We used K-fold 

cross-validation to evaluate the predictive ability of the top-ranked models in each of these 

analyses by randomly splitting the data into two groups (training/testing; 70:30 ratio) based on 

sampling sizes over five separate iterations [64]. We also calculated model efficiency to indicate 

an overall goodness of fit by comparing the model predictions to the mean of all observed val-

ues (S2 Appendix) [65]. 
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Results 

We collected and surgically implanted transmitters in 30 total hellbenders from S1 (5 females, 

7 males, 1 unknown) and S2 (9 females, 8 males). A total of 1,571 (849 resident, 722 translo-

cated) hellbender locations were collected from the remaining 27 individuals between 03 June 

2018 to 03 May 2020. The average number (± SE) of radio-tracked locations per individual at a 

site was 36 ± 3 (range 9–85). We observed 16 mortalities (including three that occurred one 

day after surgery), and three animals were right-censored because of the transmitter signal dis-

appearing from the study site (n = 1) or the transmitter signal remaining in the same location 

for >1 year without the ability to confirm if the animal was alive (n = 2) (Table 2). Study-long 

survival rates of hellbenders (excluding mortalities that occurred one day after surgery) were 

80% and 76% at S1 and S2, respectively and 100% and 33% at T1 and T2, respectively. Preda-

tion by river otters (Lutra canadens s) was the primary cause of mortalities at T2 (Table 2). 

Translocated individuals recaptured for health checks at T1 (n = 4) gained an average 

(± SE) of 57 ± 32 g in subsequent recaptures, whereas translocated individuals that were recap-

tured at T2 (n = 6) lost an average mass (± SE) of 22 ± 7 g. Average crayfish densities (± SE) 

ranged from 0.41 ± 0.2 (S1) to 1.9 ± 0.4 (T1) crayfish/m2. We observed greater densities at T1 

and S2 (1.92 ± 0.4 & 0.62 ± 0.1 crayfish/m2, respectively), with lower densities observed at T2 

and S1 (0.42 ± 0.15 & 0.41 ± 0.2 crayfish/m2, respectively). 

Movement metrics 

Sedentariness. Hellbenders translocated from S1 to T1 were highly sedentary and moved 

locations only 19% of the time. The average sedentariness rate at T1 (0.79; Table 3) was signifi-

cantly greater than at any other site (p < 0.05; Fig 2). Hellbender movement periods at T1 

were brief, lasting between 2–10 days and then individuals settled again in a new location, with 

all translocated individuals at T1 moving less than 20 times (X� ¼ 12) throughout the year-

long tracking period (S2 Table). By comparison, pre-translocation hellbenders at S1 (n = 10) 

moved an average of 25 times throughout the first year of the study, or 40% of the time 

between tracking sessions (S2 Table). 

Hellbenders translocated to T2 (n = 12) were highly mobile, with most individuals moving 

locations between tracking sessions more than 50% of the time (X� sedentariness = 0.48; 

Table 3). By the conclusion of the study, 5/12 individuals at T2 had established sedentariness 

levels above 0.50, with levels for all hellbenders ranging from 0.21 to 0.71 (S3 Table). On aver-

age, sedentariness proportions of hellbenders at T2 decreased after translocation, but were not 

significantly different than pre-translocation levels at S2 (p = 0.32; S3 Table, Fig 2). 

Movement distances. Almost all translocated hellbenders at T1 (4/5) spent the summer 

season (May 15 –Aug 15) rarely moving or making only small moves (<10 m/day), remaining 

within 50 meters of the release site (Figs 3 and 4 and S3 Fig; S2 Table). Excluding non-move-

ments, translocated hellbenders at T1 moved an average (± SE) of 25.9 ± 5.3 m between track-

ing sessions or 8.2 ± 1.5 m/day (Table 3). Average step-length for translocated hellbenders 

increased from their respective pre-translocation levels by an average of 12 meters. 

Nine out of ten resident hellbenders at S1 made daily movements that were also relatively 

small (X� ¼ 3:6 m=day) and not significantly different from the average daily movement sizes 

of translocated hellbenders at T1 (p = 0.98; Fig 2). All remained within the same areas of the 

stream the entire year except one male at S1 that dispersed upstream over 2.5 km. Only three 

hellbenders at S1 made moves between sequential locations that were greater than 50 m 

(n = 6), and this occurred only twice for each individual. Four out of six of these large moves 

occurred between September to October (breeding season), and all these movements were less 

than 20 m/day. 
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Table 2. Individual metrics and fates. 

ID Source Site Sex Capture date Trans. date Initial SVL (cm) Initial TL (cm) Orig. Mass (g) Trans. Mass (g) Known Days Alive Fate at end of study 

1 S1 U 06/03/18 24.4 37.4 292 1 Mortality†‡—S 

2 S1 M 06/03/18 26.6 40.1 288 1 Mortality†‡—S 

3 S1 F 06/03/18 19 28.9 150 1 Mortality†‡—S 

4 S1 M 06/04/18 05/15/19 20.6 30.1 195 236 799 Alive 

5 S1 F 06/05/18 25.6 39.4 440 304 Mortality§—F 

6 S1 F 06/06/18 28 44.5 500 386 Mortality‡§—H 

7 S1 M 06/13/18 05/15/19 18.4 29.2 160 250 790 Alive 

8 S1 M 06/13/18 19.8 30.7 180 689 Alive 

9 S1 M 06/13/18 07/01/19 20 31 165 249 786 Alive● 

10 S1 M 06/14/18 05/15/19 25.5 38 335 350 785 Unknown¶ 

11 S1 M 06/14/18 25 38.4 320 347 Censored¶ 

12 S1 F 06/15/18 05/15/19 30.5 177 213 788 Alive● 

13 S1 F 06/15/18 29.1 45.8 566 206 Censored¶ 

1 S2 M 06/16/18 06/29/19 24.5 36.3 300 305 687 Alive 

2 S2 F 06/16/18 05/18/19 22.4 34.1 220 253 370 Mortality‡§□—P 

3 S2 F 06/16/18 05/18/19 23.1 36.1 279 310 469 Mortality‡□—P 

4 S2 M 06/16/18 06/29/19 26.7 40.4 310 300 395 Mortality□—U 

5 S2 M 06/16/18 24.5 35.4 300 126 Censored 

6 S2 F 06/16/18 23.4 37.9 270 43 Mortality□—U 

7 S2 F 06/16/18 06/29/19 24.4 36.8 260 265 687 Alive 

8 S2 M 06/23/18 07/13/19 25.8 37.6 280 270 462 Mortality§—P 

9 S2 F 06/23/18 24.4 37.5 300 119 Mortality§—P 

10 S2 F 06/23/18 06/29/19 23.2 33.6 235 260 431 Mortality□—U 

11 S2 M 06/23/18 23.3 35.5 260 413 Alive 

12 S2 F 06/23/18 22.8 34.6 250 105 Mortality§—P 

13 S2 M 06/23/18 06/29/19 24.1 37.5 270 248 427 Mortality‡§□—P 

14 S2 F 07/08/18 05/18/19 24.5 37.0 280 263 665 Alive 

15 S2 M 07/08/18 05/18/19 24.2 36.0 298 288 665 Alive 

16 S2 F 07/08/18 05/18/19 20.5 32.5 205 250 447 Mortality§—P 

17 S2 M 07/08/18 05/18/19 25.7 38.9 350 344 416 Mortality‡§□—P 

SVL = Snout vent length. TL = Total length. Orig. Mass = Mass at initial capture. Trans. Mass = Mass at translocation. Alive = individual was confirmed alive. 

Mortality = hellbender confirmed or presumed dead. Unknown = Status of the hellbender was unable to be confirmed. Censored = transmitter signal was lost or animal 

did not move in > 1 year. 
† = Dead within 7 days post release. 
‡ = Body or partial remains (e.g. bones) found. 
§ = Tracked onto land. 
¶ = No movement detected > 1 year. 
□ = Transmitter recovered. 
● = new transmitter surgically implanted. 

H—Human-caused mortality. 

F—Probable flood-caused mortality (tracked to debris). 

P—Probable Predation event (otters suspected). 

S—Probable surgery-caused mortality. 

U—Unknown cause of death. 

https://doi.org/10.1371/journal.pone.0283377.t002 
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Table 3. Movement metrics by site. 

Site N Locations Avg. locations/ 

Ind. 

Moves Avg. movement 

(m) 

Avg. daily movement 

(m) 

Total dist. traveled 

(m) 

Avg. total dist. by Ind. 

(m) 

Avg. 

sedentary 

S1 10 520 52 ± 4 251 21.6 ± 3.08* 3.6 ± 0.4* 2948* 327.5 ± 60* 0.52 ± .04 

T1 5 276 55 ± 3 58 25.9 ± 5.29 8.2 ± 1.5 1374 274.8 ± 70 0.79 ± .03 

S2 17 329 19 ± 2 134 15.1 ± 1.62 3.0 ± 0.5 1809 106.4 ± 19 0.59 ± .04 

T2 12 446 37 ± 5 213 103.2 ± 10.3 41.1 ± 4.8 21049 1754.1 ± 395 0.48 ± .04 

All 
Site  

27 1571 36 ± 3 656 42.7 ± 8.95 15.9 ± 3.91 29781 676.8 ± 156 0.55 ± .03 

Averages are reported with standard errors. 

* = Outlier removed. 

https://doi.org/10.1371/journal.pone.0283377.t003 

Fig 2. Spatial metrics by site. Boxplots displaying (A) the distribution of sedentariness proportions, (B) average daily movement sizes, (C) total 

distances traveled, and (D) linear home range sizes for eastern hellbenders in this study, grouped by cohort (blue = cohort 1 [S1 & T1], green = cohort 2 

[S2 & T2]; light colors = source sites, dark colors = translocation sites). Letters above the boxplots indicate results of a Tukey’s post-hoc test to test for 

significant differences between the means, with different letters indicating there is a significant difference (p < 0.05). 

https://doi.org/10.1371/journal.pone.0283377.g002 
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Fig 3. Distribution of hellbender locations at translocation sites. Histograms with density curves of all hellbender locations along the river at both T1 

(A) and T2 (B) shown in relation to the release sites (dotted green lines). The most downstream hellbender location recorded during the study at each 

site was assigned a value of 0, and all other locations were a subsequent “distance up the river” (in meters) from that point. The more frequently that 

hellbenders were tracked to a certain location along the river, the greater the area under the density curve at that location. 

https://doi.org/10.1371/journal.pone.0283377.g003 

All translocated hellbenders at T2 made at least one very large move (>100 m) within the 

first two months of translocation. All translocated hellbenders at T2 significantly increased 

their average movement size (X� ¼ 103 m) from pre-translocation rates (X� ¼ 15 m, p <0.001), 

with an average increase of 97 meters. By comparison, all pre-translocation hellbenders in S2 

exhibited high site fidelity and averaged moves of only 15 meters during the pre-release year 

(S3 Table). The few moves at S2 by resident hellbenders that were greater than 50 meters 

(n = 4) occurred during autumn (Oct.) and were made by three different individuals, two of 

which moved unidirectionally, and one that moved to a location and then returned to the orig-

inal area in two successive large moves. 

Dispersal. Hellbenders at T1 dispersed less than 100 m from release sites during the first 

months of the study (Fig 4), and the majority (3/5) traveled less than 300 meters in total (Fig 3 

and S3 Fig; S2 Table). The total distance traveled by hellbenders generally decreased post-

translocation by 44 meters on average (p = 0.92; Table 3 and S2 Table). 

All released hellbenders at T2 moved over 100 meters downstream within the first month, 

and multiple hellbenders at T2 moved over a total of a kilometer downstream (Figs 2 and 3). 

In contrast, the average total distance traveled by resident individuals in S2 was just over 100 

meters (Table 3), significantly less than translocated hellbenders at T2 (p < 0.001; Fig 2). The 

average total distance traveled by translocated individuals (X� ¼ 1754 m; S3 Table) increased 

by ~1.6 km from the average total distance traveled by these same individuals prior to translo-

cation (X� ¼ 106 m; S3 Table). The distances traveled for hellbenders at T2 were significantly 
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Fig 4. Linear home ranges and dispersal directions. Individual hellbender linear home ranges (grey) shown in relation to release sites (0 axis) and 

compared to the dispersal directions of these same individuals (striped). Dispersal here is defined as the distance traveled from the release site to the 

center of their established core home range. Each horizontal bar on the y-axis represents an individual translocated hellbender. The values along the x-

axis represent the distance traveled along the stream path. Movements downstream from release sites are given negative values. 

https://doi.org/10.1371/journal.pone.0283377.g004 

greater than the total distances traveled by hellbenders at any other site in this study (p < 0.01; 

Fig 2). These individuals did not settle in those extreme locations for more than a few tracking 

sessions, and instead returned to settle near release sites (Fig 3 and S4 Fig). 

Home ranges 

On average, LHRs for hellbenders translocated to T1 (X� ¼ 222 m; Table 4) increased by 

~5-fold (range: 1.1—18x; p = 0.96) from their pre-translocation ranges (X� = 103 m; S3 Table, 
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Table 4. Average home range estimates by site. 

Site Avg. LHR (m) Avg. MCP (m2) Avg. 50% PHRE (m2) Avg. 95% PHRE (m2) 

S1 87 ± 27* 399 ± 77* 71 ± 30* 350 ± 109* 
T1 222 ± 77 1119 ± 355 241 ± 98 1007 ± 414 

S2 39 ± 7 286 ± 81 32 ± 13 206 ± 76.3 

T2 694 ± 111 7354 ± 2140 979 ± 219 5674 ± 1286 

All Site  305 ± 74 2796 ± 846 587 ± 159 3317 ± 940 

Average home range area estimates presented with standard errors. Permissible home range estimates were only calculated for individuals with over 20 locations. LHR– 

Linear home range; MCP–Minimum convex polygon area; PHRE–Permissible home range estimate. 

* = Outlier removed. 

https://doi.org/10.1371/journal.pone.0283377.t004 

4), resulting in an average increase of 135 m (range: 3.6–421 m). Mean PHRE estimates for 

translocated hellbenders at T1 (50% core area X� ¼ 241 m2; 95% area X� ¼ 1007 m2) were 

larger, but not significantly different (p = 0.98), from individuals at S1 (50% core area X� ¼ 71 

m2; 95% area X� ¼ 350 m2; n = 9). Hellbenders at T1 established core home ranges near release 

sites, or short distances upstream (Figs 3 and 4 and S3 Fig). 

The LHRs at T2 were larger on average than any other site (Fig 2) and increased signifi-

cantly by ~38-fold on average (X� ¼ 694 m; range: 3- to 142x; p = 0.001) from pre-translocation 

levels (X� ¼ 37:6 m). All individuals at T2 increased their LHRs from pre-translocation esti-

mates by over 200 meters, with at least two individuals increasing their LHRs by more than a 

kilometer from their original LHR at S2 (range: 205–1280 m; S5 Table). Permissible home 

range estimates (PHREs) were calculated for all but two hellbenders at T2 (50% core area 

(X� ¼ 979 m2; 95% area X� ¼ 5674 m2; n = 10), with an average PHRE size at T2 between 30 

and 27 times larger than estimates for resident hellbenders at S2, for 50% core, and 95% home 

range areas, respectively (Table 4). 

Spatial modeling analysis 

Sedentariness models. In analysis 1, average cover rock size, cover object density, and an 

interaction between cohort and translocation status (Cohort*Trans) were the covariates 

included in the top sedentariness model (ω = 0.92; Table 5). Analysis 3 had a similar top model 

(ω = 0.92), except with cohort replacing the interaction term, since that analysis used data 

from only translocated hellbenders. Confidence intervals associated with beta coefficients indi-

cated support for average rock size, density of cover objects, and an interaction between cohort 

and translocation status (analysis 1) or cohort (analysis 2) as drivers of sedentariness patterns 

(Table 6). 

Post-translocation, hellbenders in cohort 1 had a model-estimated 0.12–0.23 greater pro-

portion of sedentariness than hellbenders in cohort 2 for all measured rock sizes (Fig 5) and a 

0.16–0.25 greater proportion of sedentariness in cohort 1 than cohort 2 (post-translocation) 

for measured cover rock densities (Fig 5). Pre-translocation, there were no significant differ-

ences in the effects of rock attributes between cohorts. Average rock size had a positive effect 

on sedentariness across all translocation treatments. Models indicated that hellbender seden-

tariness proportions increased by 0.15–0.26 across all translocation treatments as average rock 

size increased from 35 cm (minimum observed) to 238 cm (maximum observed; Fig 5). Aver-

age density of cover objects had a negative effect on sedentariness. Specifically, hellbender 

sedentariness decreased by 0.02–0.03 for every additional cover rock available within 2 meters 
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Table 5. Top-ranked spatial models. 

Analysis/Top Model AICca ΔAICc Kb ModelLikc ωd M.E.e 

1. Sedentariness–(All inds.) 

Environment + Status 251.91 0 7 1.00 0.92 0.27 

2. LHRs–(All inds.) 

Status (Cohort*Trans) 134 0 6 1.00 0.77 -0.22 

Environment + Status 136.97 3.23 8 0.20 0.15 -0.33 

3. Sedentariness–(Trans. inds.) 

Environment + Status 93.55 0 4 1.00 0.92 0.71 

4. LHRs–(Trans. inds.) 

Nested Rock Size 244.61 0 5 1.00 0.55 0.29* 
Cohort 245.77 1.16 3 0.56 0.31 0.29* 
Environment + Cohort 249.03 4.41 5 0.11 0.06 0.29* 

Top-ranked models for all four spatial analyses conducted in this study, describing sedentariness and linear home range (LHR) sizes for both resident and wild 

translocated (i.e. all inds.) as well as for only wild translocated (Trans. inds.). 
aAkaike’s Information Criterion adjusted for small sample sizes. 
bModel parameters. 
cModel likelihood. 
dRelative model weight. 
eModel efficiency–explained in S2 Appendix. 

* = Predictions were model averaged. 

https://doi.org/10.1371/journal.pone.0283377.t005 

of their locations, and sedentariness proportions decreased by 0.29–0.37 as average rock densi-

ties increased from a mean rock density of 0.5 rocks per 2 m radius (min. observed) to 13.5 

(maximum observed). Hellbender sex, mass, or pre-translocation home range size did not 

have a model-supported effect on sedentariness. 

Linear home range models. An interaction effect between cohort and translocation was 

the only covariate in the top model for our analysis of LHRs for all individuals (analysis 2) and 

it carried 77% of model weight (Table 5). This model was five times more likely than the next 

Table 6. Sedentariness model parameters. 

Model Parameter Estimate Std. Error Lower 95% CI Upper 95% CI 

1. Sedent–(All inds.) 

Environment + status (Intercept) 0.14 0.12 -0.11 0.39 

Rock size 0.17 0.05 0.06 0.29 

Rock dens. -0.36 0.09 -0.55 -0.17 

Cohort-2 -0.02 0.21 -0.45 0.40 

Trans-1 1.15 0.19 0.77 1.53 

Cohort-2: Trans-1 -1.01 0.29 -1.58 -0.42 

3. Sedent.–(Trans inds.) 

Environment + cohort (Intercept) 1.04 0.15 0.74 1.36 

Rock size 0.24 0.09 0.06 0.43 

Rock dens. -0.28 0.11 -0.51 -0.06 

Cohort-2 -0.94 0.19 -1.31 -0.58 

Parameter estimates for the top-ranked model describing sedentariness for both resident and wild translocated (i.e. all inds.; analysis 1) as well as for only wild 

translocated (Trans. inds.; analysis 3) hellbenders. Trans-1 = Translocated. 

https://doi.org/10.1371/journal.pone.0283377.t006 
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Fig 5. Sedentariness model predictions. Model predicted effects of (A) average cover rock size & (B) cover rock densities on the sedentariness of all 

eastern hellbenders in this study, grouped by translocation status and cohort. Red solid lines indicated the predicted effects on hellbenders in cohort 1, 

whereas blue dashed lines show predicted effects on hellbenders in cohort 2. Predicted effects are plotted for entire the range of observed rock size and 

rock density values across all treatments in the study, whereas shaded areas show the 95% confidence intervals for the entire range of measured rock 

attributes across all treatments. 

https://doi.org/10.1371/journal.pone.0283377.g005 

PLOS ONE | https://doi.org/10.1371/journal.pone.0283377 April 20, 2023 17 / 28 

https://doi.org/10.1371/journal.pone.0283377.g005
https://doi.org/10.1371/journal.pone.0283377


PLOS ONE Pre- and post-translocation home range sizes and movement metrics of eastern hellbenders 

Table 7. LHR parameter estimates. 

Model Parameter Estimate Std. Error Lower 95% CI Upper 95% CI 

2. LHR–(All inds.) 

Status (Cohort*Trans) (Intercept) 0.22 0.02 0.19 0.25 

*Cohort-2 0.07 0.02 0.03 0.11 

Trans-1 -0.03 0.02 -0.07 0.01 

*Cohort-2: Trans-1 -0.11 0.03 -0.16 -0.05 

4. LHR–(Trans. inds.) 

Nested Rock Size (Intercept) 0.00352 0.00099 0.00195 0.006 

*Cohort-2 -0.00183 0.00104 -0.00431 -0.0001 

*Cohort-1: RSIZE 0.00442 0.002267 0.00041 0.0095 

Cohort-2: RSIZE 0.000485 0.000271 -0.000038 0.001 

Parameter estimates for the top-ranked model describing linear home range (LHR) sizes for both resident and wild translocated (i.e. all inds.; analysis 2) as well as for 

only wild translocated (Trans. inds.; analysis 4) hellbenders. Trans-1 = Translocated. 

*—Confidence interval does not overlap zero. 

https://doi.org/10.1371/journal.pone.0283377.t007 

best model (ω = 0.15), which included the same interaction effect as well as covariates for 

cover rock size and cover rock densities. Model results showed that both cohort and the inter-

active effect of cohort and translocation status had confidence intervals that did not overlap 

zero (Table 7). Cohort 2 as a standalone covariate had a positive effect size (0.07 ± 0.02) on 

hellbender LHRs, whereas the interaction between Cohort 2 and translocation had a negative 

effect size (-0.11 ± 0.03) on LHR (Table 7). 

Our analysis of LHR predictors for translocated individuals (analysis 4) revealed three top 

models (⅀ω � 0.9). These three models carried 92% of the cumulative model weight and 

included the nested rock size model (ω1 = 0.55), cohort model (ω2 = 0.31), and environment + 

cohort model (ω3 = 0.06; Table 5). The top model demonstrates that the effect of cohort, and 

the nested effect of cover rock size within cohort 1 had confidence intervals that did not over-

lap zero (S6 Table). Pre-translocation home range metrics were not supported as predictors of 

LHR sizes in any of the top-ranked models for translocated hellbenders (i.e. ΔAICc > 2; 

Table 5 and S6 Table). 

Model validation. The five-fold cross validation of the top model for sedentariness of all 

hellbenders (analysis 1; Model efficiency = 0.27) and translocated hellbenders only (analysis 3; 

ME = 0.71) suggests that these top models were comparatively better than the mean observed 

value as a predictor of hellbender sedentariness. These models had low levels of error in pre-

dictive ability (17–24%; Table 5 and S7 Table). A cross validation was conducted for the top 

model estimating LHRs of all hellbenders, but this model was not used to make predictions, as 

it contained only an interaction term between categorical variables (cohort*translocation sta-

tus) and had high levels of error in predictive ability (ME = -0.22; S7 Table). A cross-validation 

based on model-averaged predictions of the three top-models for estimating LHRs of 

translocated hellbenders (analysis 4) demonstrated that model efficiencies were acceptable 

(ME = 0.29), but relative errors for predicting LHRs were high ~55% (S7 Table), making them 

a poor indicator of true home range sizes and multi-model predictions. 

Discussion 

By evaluating pre- and post-translocation movement data, we found that wild hellbenders 

increased their home range size after translocation. This supported our hypothesis that wild 

translocated hellbenders would have larger home ranges than residents, yet the response of 
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hellbenders to translocation depended upon physical characteristics of release sites. Home 

range sizes and fine-scale movement metrics indicated that hellbenders translocated from S1 

to T1 (cohort 1) settled in more quickly, had greater site fidelity, and smaller home ranges than 

hellbenders translocated from S2 to T2 (cohort 2). Furthermore, clear differences in survival 

rates between these two release sites (100% at T1; 33% at T2) emphasize the disparity in short-

term translocation success between these locations. Modeling results indicate that differences 

in abiotic release site characteristics, such as the size and distribution of stream substrate are 

critical habitat components that may explain this disparity and are therefore important factors 

to assess during translocation site selection. Biotic site factors, such as prey density and the 

presence of predators (i.e. river otters) can further impact translocation success at release sites. 

We found significant differences in levels of predation and survival rates at our two release 

sites, with river otter predation being the primary reason of high mortality rates at T2. River 

otters have been previously documented as predators of hellbenders [66], and our study high-

lights this by verifying their presence as an important source of mortality (n = 6) particularly 

during large movements. Exploratory movements after translocation are costly for many spe-

cies [13], but especially so for highly sedentary, cryptic, territorial species such as hellbenders, 

which can easily exhaust their limited energy reserves or succumb to predation while exposed 

[40]. Less contiguous patches of boulders and/or available cover objects could be one possible 

explanation for the pattern of larger exploratory movements we observed for hellbenders at 

T2, as well as their susceptibility to predation. Although release sites at both T1 and T2 were 

strategically selected to contain large concentrations of boulders and bedrock shelves, areas 

within 200 meters of the primary release sites at T2 were primarily pebble/gravel beds and 

comparatively barren of large boulders or other refugia. Thus, when hellbenders made explor-

atory movements at T2 they traversed long stream stretches with little to no available cover 

objects. By comparison, cover objects at T1 were more homogenously distributed throughout 

the study area, which provided refugia in all sections of the stream. This may explain why hell-

benders at this site were more likely to remain near the release site and expended time exploit-

ing already known resources, rather than making costly exploratory movements up or 

downstream. Had there been a larger corridor with connected cover objects at T2 instead of 

these “islands” of suitable habitat, hellbenders might not have needed to travel such great dis-

tances (> 1 km in some cases) to encounter conspecifics, forage, or seek protection from pred-

ators (i.e. otters). Therefore, our findings suggest that selection of release sites with connected 

sources of refugia may dramatically minimize risk of otter depredation of translocated 

animals. 

These findings are consistent with previous studies (e.g. [28, 42]) which found that hellben-

ders released into sites with larger connected areas of boulders moved shorter distances, main-

tained smaller home range sizes (< 50 m2), and were more likely to establish site fidelity than 

hellbenders released into areas with patchier boulder habitat. Our study found that hellbenders 

at T1 quickly established small home ranges near release sites, gained weight, and had higher 

sedentariness rates than prior to translocation–all of which indicate initial translocation suc-

cess [13]. In some cases, hellbenders at T1 spent weeks under the same rock where they were 

released. The average step-length distances of hellbender movements at T1 (8.2 ± 1.5 m) are 

consistent with normal spatial ecology patterns observed for resident wild adult hellbenders by 

Ball (10.14 m–Males, 14.6 m–Females) [67] and translocated juveniles (1–5 m) [28]. The 

movement sizes of hellbenders at T1 were considerably smaller than results from other wild 

hellbender translocation studies (X� ¼ 55:7 m) [25], which may be explained by the large avail-

ability of cover objects at this site, thereby decreasing the need to move long distances to find 

refugia or prey. It is important to note that most of the tracking for this study was conducted 
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during daylight hours when hellbenders are known to be less active, so our reported move-

ment sizes and home ranges here should be considered conservative. Nonetheless, the small 

movement sizes and home range areas of hellbenders at T1 indicate individuals found the 

release habitat sites suitable and are successfully adapting to this translocation site. 

By contrast, some larger exploratory movements (>1 km) made by hellbenders at T2 were 

greater than the longest dispersal distances reported by many other studies for both resident 

(e.g. 990 m–[68]; 347 m–[36]) or translocated hellbenders (550 m–[28]; >500 m [25]). Nota-

bly, most hellbenders at T2 also established core home ranges near the initial release site area, 

where concentrations of boulders were greater than the surrounding regions, despite their ini-

tial large dispersals. Results at both sites provided support for the hypothesis that individuals 

would (eventually) settle near release sites with high boulder densities. This underscores the 

importance of high concentrations of boulders (> 1/m2) for establishing site fidelity and shift-

ing from exploring their habitat to exploiting available resources. 

The availability of resources, especially prey availability (i.e. crayfish densities) could be an 

additional explanatory biotic factor in the differences observed between these two transloca-

tion sites, as we found considerably greater crayfish densities at T1 compared to T2. We con-

sidered evaluating prey densities only after observing significant success discrepancies 

between these two sites. Due to our findings, we recommend that future hellbender transloca-

tion projects take crayfish abundance into consideration when selecting release sites. Limited 

prey availability and the need to forage could be one explanation for the larger exploratory 

movements of hellbenders at T2. Previous research has also shown a strong correlation 

between coarse boulder habitat and crayfish densities [69], emphasizing the importance of 

these habitat characteristics for a successful translocation. There were also considerably greater 

numbers of large predators at T2 due to its larger size (5th order), so hellbenders were likely 

competing with larger fish for prey and refugia under cover rocks [69]. 

Interestingly, the top-ranked sedentariness models predicted that hellbenders would 

decrease sedentariness with greater cover object density. Given the goal of increasing hellben-

der site fidelity after translocation, it may seem counterintuitive to select sites with greater 

cover object densities. However, this prediction could be explained by the hellbenders’ ecology 

and their aversion to exposure, especially for extended periods of time, as they are known to be 

primarily nocturnal [31, 70]. Even at night they often remain under the protection of cover 

objects [71]. Greater concentrations of cover objects within a small area would decrease expo-

sure risk by allowing hellbenders to safely forage or explore an area while never straying far 

from the protection of an available cover object. By contrast, a hellbender sheltering under a 

rock with very few or no cover objects nearby might be discouraged from moving locations, 

thus increasing sedentariness, as the exposure risk for traveling to the next cover object may be 

prohibitively high. Consequently, although greater concentrations of cover objects may 

decrease the chances of a hellbender from remaining in the exact same location (i.e. sedentari-

ness), it may provide greater site fidelity by offering greater protection from predators and for-

aging opportunities [42, 72]. 

In addition to evaluation of habitat characteristics important for translocations, this study 

also evaluated how differences in individual spatial ecology patterns or characteristics could 

impact translocation success. We did not detect differences in home range sizes by sex or size 

(i.e. mass) for resident or translocated wild adult hellbenders, which was consistent with results 

from other studies [25, 30]. Instead, we found that habitat characteristics at the translocation 

site were more important to translocation success than individual characteristics or pre-trans-

location home range sizes, which emphasizes the importance of prioritizing release site evalua-

tion for translocation planning. 
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Although individual characteristics did not predict translocation success, studying individ-

uals pre- and post-translocation was valuable for evaluating the impacts of translocation. This 

methodology allowed us to clearly distinguish the differences in how hellbenders reacted to 

translocation at both sites, with individuals at T2 drastically increasing their home ranges and 

movement sizes from pre-translocation rates, whereas hellbenders at T1 had home ranges that 

were very similar to pre-translocation estimates. Furthermore, this methodology, although 

time-intensive, allowed us to clearly evaluate the presence of behaviors such as reproduction, 

by using the source sites as a natural baseline. For example, when tracking hellbenders in 

source sites, we observed an increase in movement distances and frequency during the late 

summer/early autumn (i.e. Aug–Oct), which corresponds with the hellbender breeding season 

[30, 73]. After translocation at T1 and T2, we observed hellbenders making similarly larger 

moves during autumn. The comparable timing of these increased movements, especially at T1 

after more than two months of highly sedentary behavior, suggests that translocated hellben-

ders were well-established and reacted to seasonal cues, which is promising for potential repro-

duction. During the breeding season, two hellbenders (male & female) were tracked to the 

same rock on two separate occasions at T2, indicating possible reproductive behavior. A larval 

hellbender was also found during the following spring very near one of the main core areas 

where hellbenders established home ranges, strongly suggesting that this was an offspring of 

translocated hellbenders (S5 Fig). These findings offer hope that wild translocated hellbenders 

can reproduce within the same year as being translocated if environmental conditions are suit-

able. Thus, collection of pre-translocation data in addition to post-translocation monitoring 

proved to be a valuable tactic for evaluating translocation success, and we recommend that it 

be considered for other translocation projects–especially when the natural spatial ecology of 

the species may be understudied. 

This tactic of monitoring a species spatial ecology pre- and post-translocation has under-

scored the important impact of release site selection on translocation success for freshwater 

species fragmented by dams. While large dam removal in many systems is unlikely to occur in 

the near future due to economic and environmental concerns [74], we found that translocation 

around dammed systems may provide an option to increase population connectivity of iso-

lated freshwater species within a meaningful time frame. This strategy has been used success-

fully for a variety of other imperiled freshwater species, including mussels [75], fish [76], and 

now hellbenders [46]. However, release site selection is a critical piece of a successful freshwa-

ter translocation [19] and our study highlights the value of using pre-translocation monitoring 

to determine release site suitability and measure translocation success. Despite their alluring 

potential for rapid species conservation in freshwater systems [7], translocations should always 

be conducted with rigorous post-release monitoring, and in conjunction with larger scale 

efforts to restore habitat connectivity on a long-term scale [75]. 

In conclusion, we found that given a suitable release site (i.e. large contiguous concentra-

tions of boulders, high prey availability, and limited predator presence), wild translocated hell-

benders could be considered initially “successful” in their new environments. This was 

determined by the fact that they survived, gained weight, established new home ranges with 

similar sizes to resident hellbenders, and possibly reproduced, all within the first year of trans-

location. However, if wild hellbenders are reintroduced into regions with limited prey 

resources, and/or patchy configurations of boulders, they may react poorly by traveling great 

distances, losing weight, and potentially succumbing to predation. Wild translocations should 

only be considered when there is a sufficiently abundant source population to withstand the 

loss of those individuals. Therefore, wild translocations of hellbenders could be most beneficial 

for regions where suitable habitat exists without healthy hellbender populations, especially if 

the populations have been extirpated or isolated from larger populations because of dams. 
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Given the duration of this study and ever-increasing threats to hellbender populations, it 

would be worthwhile to focus future research on how successfully translocated hellbenders 

may continue to influence the long-term (> 10 yr.) viability of these augmented populations 

by studying their genetic variation and fitness levels. 

Supporting information 

S1 Fig. Plot of substrate distribution in S1 & T1. Comparison of the distributions of sub-

strate sizes for each stream in the study, comparing source and translocation sites by water-

shed. Pebble counts were conducted at all streams following methods standardized for 

quantifying hellbender habitat [77]. 

(TIF) 

S2 Fig. Plot of substrate distribution in S2 & T2. Comparison of the distributions of sub-

strate sizes for each stream in the study, comparing source and translocation sites by water-

shed. Pebble counts were conducted at all streams following methods standardized for 

quantifying hellbender habitat [77]. 

(TIF) 

S3 Fig. Map of hellbender movements at T1. Map displaying individual hellbender locations 

and movement directions at translocation site 1 from 2019–2020. Hellbender locations are 

given in circles (females) or triangles (males), and each color represents locations of a different 

hellbender. Colors are labeled by individual ID (i.e., 4, 7, 9, 10 or 12). Sizes of the location 

markers are proportional to the number of times an individual was observed at that location, 

with more locations having larger markers. Permissible home range estimates are used to 

showcase where hellbenders were most frequently observed (inset map) during the year-long 

post-translocation season (2019–2020). The orange line depicts the linear home range (LHR) 

of individual #10 –with labels indicating distances traveled from the release site. Spatial imag-

ery and files sourced from USGS National Map Viewer. 

(TIF) 

S4 Fig. Map of hellbender movements at T2. Map displaying individual hellbender loca-

tions and movement directions at translocation site 2. Hellbender locations are given in cir-

cles (females) or triangles (males), and each color represents locations of a different 

hellbender. Numbered labels along the river also denote individual IDs. Sizes of the location 

markers are proportional to the number of times an individual was observed at that location, 

with more locations having larger markers. Permissible home range estimates are used to 

showcase where hellbenders were most frequently observed (red circles; inset maps) over the 

year-long 2019–2020 sampling season. The colored lines depict the linear home range (LHR) 

of individuals–with labels indicating individual ID and total distances traveled between the 

most extreme points for that individual. Spatial imagery and files sourced from USGS 

National Map Viewer. 

(TIF) 

S5 Fig. Map of larval hellbender location at T2. A simple map displaying where a larval hell-

bender was found at T2 in relation to the areas used most frequently by the translocated hell-

benders at that site. 

(TIF) 

S1 Table. Spatial ecology models. A pr or  models representing hypotheses, model structures, 

and predicted effects for factors associated with the spatial ecology (i.e. movement behaviors 

and home range sizes) of Eastern Hellbenders. For analyses 3 and 4 (translocated individuals 
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only), models that included translocation status as a covariate (“Trans”) were tested by replac-

ing “Trans” with the covariate cohort. In cases of interactive terms, the interaction with 

“Trans” was dropped and Cohort was used alone. Random effects of individual were not 

included in analysis 3 and 4. *—model tested only during analysis of translocated individuals. 

(DOCX) 

S2 Table. Individual movement metrics and habitat data. Summary statistics of movement 

metrics and habitat data by individual hellbender for S1-T1 cohort (S2 Table) and S2-T2 

cohort (S3 Table). Post-translocation metrics (colored) are presented for all individuals that 

were translocated. Where applicable, averages are given with standard errors. Trans. = Trans-

location. Loc. = Locations. Dist. = Distance. Sedent. = Sedentariness. Dens. = Density. ♀ = 

Female; ♂ = Male. * = less than 15 locations. 

(DOCX) 

S3 Table. Individual movement metrics and habitat data. Summary statistics of movement 

metrics and habitat data by individual hellbender for S1-T1 cohort (S2 Table) and S2-T2 

cohort (S3 Table). Post-translocation metrics (colored) are presented for all individuals that 

were translocated. Where applicable, averages are given with standard errors. Trans. = Trans-

location. Loc. = Locations. Dist. = Distance. Sedent. = Sedentariness. Dens. = Density. ♀ = 

Female; ♂ = Male. * = less than 15 locations. 

(DOCX) 

S4 Table. Individual home range sizes. Summary statistics of home range sizes by individual 

hellbender for S1-T1 cohort. Pre- and post-translocation metrics are presented for all individu-

als that were translocated; post-translocation rows are colored. Kernel density estimates 

(KDEs) and permissible home range estimates (PHREs) were only calculated for individuals 

with more than 20 locations at a site. Trans. = Translocation. LHR = Linear home range. 

MCP = Minimum convex polygon home range. ♀ = Female; ♂ = Male. 

(DOCX) 

S5 Table. Individual home range sizes. Summary statistics of home range sizes by individual 

hellbender for S2-T2 cohort. Pre- and post-translocation metrics are presented for all individu-

als that were translocated; post-translocation rows are colored. Kernel density estimates 

(KDEs) and permissible home range estimates (PHREs) were only calculated for individuals 

with more than 20 locations at a site. Trans. = Translocation. LHR = Linear home range. 

MCP = Minimum convex polygon home range. ♀ = Female; ♂ = Male. 

(DOCX) 

S6 Table. LHR parameter estimates. Parameter estimates for the top-ranked models describ-

ing linear home ranges (LHRs) for wild translocated Cryptobranchus a. allegan ens s in eastern 

TN, USA, 2018–2019. * = Confidence interval does not overlap zero. 

(DOCX) 

S7 Table. Top model validation statistics. Validation statistics for top models (see Table 5) of 

each modeling analysis for predicting sedentariness and linear home ranges (LHR) of Eastern 

Hellbenders (Cryptobranchus a. allegan ens s) using k-fold cross-validation. Sedent. = Seden-

tariness. Values that are not given as a percentage here (i.e. not AB % or RE %), are in the 

units of the response variable (i.e. as a proportion between 0–1 for sedentariness, and meters 

for LHR). Formulas for these metrics (and brief explanations) are given in S2 Appendix. 

*—Model-averaging used for predictions. 

(DOCX) 
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S1 Appendix. Weighting formula. 

(DOCX) 

S2 Appendix. Equations for model validation metrics. 

(DOCX) 

S1 Data. Dataframe for modeling analysis. 

(CSV) 

S2 Data. R-code. Modeling code for spatial analysis. 
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