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Endemic species are threatened by invasive species, habitat loss, and climate change. Endemic species are also an important group that maintains biodiversity. Understanding population dynamics of endemic species is needed to maintain or restore their populations. Advancements in models that describe population dynamics of endemic species and species of conservation need has been made possible by the application of novel quantitative methods. One such modeling tool is state-space modeling. These models provide a flexible framework to describe population dynamics using simple mortality models and more complex integrated population models. Here we develop a state-space model to describe survival and population size of the Sicklefin Redhorse (Catostomidae: Moxostoma sp.), a species of conservation concern from two rivers located in North Carolina, USA. This model is structured to combine information across similar rivers and to account for complex interactions of sex, time, variable sampling effort, and river discharge. Survival of Sicklefin Redhorse was found to vary by sex, and annual variability was not consistent across rivers. Discharge was negatively related to capture probability for males. Capture probabilities also differed across sex. Population estimates revealed a large difference between sex where males outnumbered females each year in both rivers. We conclude that electrofishing is not an efficient capture method but when used, should consider discharge. Discharge was not included in the survival model, however, the 3 years with the lowest survival in the Little Tennessee River coincided with the three lowest discharge years in the time series. Future work should investigate the difference in survival between the rivers.
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Introduction

Endemic species are those that are located in one geographic location. In addition to being geographically isolated, they have population characteristics that give them a high probability of going extinct (Pouteau et al., 2020); they are impacted by numerous threats such as invasive species, habitat loss, and climate change (Crivelli, 1995; Mayani-Parás et al., 2021); they are considered indicators of biological health (Loyola et al., 2007); and they can be important in maintaining biodiversity (Bonn et al., 2002). Populations of endemic species are at high risk of going extinct due to their limited range and often have a small population size (Gaston, 1998). However, not all endemic species have small population sizes, which could help buffer the extinction risk (Hobbs et al., 2011). Endemic species can also be negatively affected by exotic species (Walsh et al., 2012). Studies have shown that islands with a higher proportion of endemic species will experience a much larger impact with the introduction of exotic species compared to islands with a lower proportion of endemic species (Walsh et al., 2012). Even natural colonization of new species can put endemic species at risk (Bataille et al., 2009). For example, the black salt-marsh mosquito Aedes taeniorhynchus colonized the Galápagos islands prior to human colonization and has been shown to be a main vector of disease transmission across reptiles, mammals, and birds, many of which are endemic to the Galápagos islands (Bataille et al., 2009). Climate change presents a threat to all species but poses a unique threat to endemic because of their already limited range. Future projections of climate change have shown to predict reduction in endemic species range sizes of 47% to 77% (Thuiller et al., 2006; Loarie et al., 2008; Dirnböck et al., 2010). Habitat loss further increases the threats to endemic species (Mayani-Parás et al., 2021). Taken together, climate change is expected to increase the risk posed by habitat loss on endemic species (Dirnböck et al., 2010). The sensitivity of endemic species to the numerous threats makes them useful as indicators of biological health. For example, the number of endemic species have been used to identify areas with high diversity of birds (Bonn et al., 2002) and effectively used as an indicator group to identify conservation priorities in Brazil (Loyola et al., 2007). Endemic species are also considered sentinels of biodiversity and are the main consideration when delineating biodiversity hotspots (Myers, 1988). There are currently 36 areas designated as biodiversity hotpots and 43% of the species found in these areas are endemics (Habel et al., 2018). Given the importance of endemic species to biodiversity hotspots and being biodiversity indicators, it is imperative to understand their population dynamics (e.g., population size and survival), particularly because of the myriad of threats that can impact them. Understanding these dynamics can be the first step in conservation planning and restoration of these uniquely threatened and important groups.

The southeastern United States has over 550 species of fish with many of them endemic (Elkins et al., 2019). These endemic species include the Spotfin Chub (Cyprinella monachal), Smoky Madtom (Noturus baileyi), Tennessee Dace (Chrosomus tennesseensis), Yellowfin Matom (Noturus flavipinnis), and the Sicklefin Redhorse (Moxostoma sp). Human activities such as pollution and habitat destruction has had a negative impact on endemic species in this region (Biggins, 1987, 1988). The Sicklefin Redhorse is endemic to the Little Tennessee River and Hiwassee River systems. Sicklefin Redhorse are benthivores, feeding on aquatic invertebrates. They require substrate with limited to no silt and prefer gravel, cobble, boulder, and bedrock for feeding and reproduction (Jenkins, 1999). Maturation occurs between 5 and 8 years (Jenkins, 1999; Jenkins, 2005). Adults live in rivers and large creeks year-round with migrations during spawning where females exhibit significant spawning site fidelity (Favrot, 2009; Favrot and Kwak, 2018). There is some evidence that males and females exhibit different movement patterns (Stowe, 2014). A radio tracking study in the Tuckasegee River found that females made no major movements all season while males moved to lower reaches in the winter followed by a spawning migration to upper reaches in late winter and early spring (Stowe, 2014). Sicklefin Redhorse larvae and juveniles have limited upstream movement due to inadequate swimming speeds to pass high velocity riffle habitats (Ivasauskas, 2017) and are found in larger streams and lentic habitats further downstream from spawning areas (i.e., larval drift).

In 2005, the United States Fish and Wildlife Service classified the Sicklefin Redhorse a candidate for the federal endangered species list (U.S. Fish and Wildlife Service, 2015). Environmental challenges that threaten the Sicklefin Redhorse are similar to those affecting other Catostomidae species. Research has shown that Catostomidae populations can be influenced by habitat fragmentation (Bessert and Orti, 2008), habitat degradation (Thompson et al., 2010), pollution runoff (Munkittrick et al., 1991), non-native species (Tyus and Saunders III, 2000), and in some regions, commercial harvest (Begley et al., 2018). Many Catastomids exhibit upstream migrations similar to salmonids and therefore habitat fragmentation can be a major factor influencing their range and population dynamics. For example, movement patterns consistent with upstream homing to natal areas for spawning was observed in Largescale Suckers (Catostomus macrocheilus) following transplanting upstream of a dam in Montana (Schmetterling and McFee, 2006). These movement patterns suggested that the dam was acting as a barrier for this species preventing a full recovery. Further, spawning site fidelity has also been documented in Robust Redhorse (Moxostoma robustum) in the Lower Savannah River (Grabowski and Isely, 2006).

Being a candidate for federal listing and environmental threats to Sicklefin Redhorse, there has been a significant amount of conservation effort to protect and restore this species (U.S. Fish and Wildlife Service, 2015). Within the Little Tennessee River basin, Sicklefin Redhorse have been reintroduced into portions of the upper Tuckasegee River where they have since been restored following removal of an impoundment barrier in 2010 (Jason Mays, USFWS, personal communication, 2020). The restoration efforts have continued with annual stocking of juvenile fish upstream of the Ela Dam on the Oconaluftee River, Cullowhee Dam on the Tuckasegee River and the Franklin Dam on the Little Tennessee River. Despite ongoing restoration efforts of Sicklefin Redhorse, little is known about their population dynamics. Understanding survival and population size of this species is needed to develop new management actions or regulations such as stocking (Schooley and Marsh, 2007), reservoir discharge permitting (Scoppettone et al., 2015), and habitat restoration (Cooke et al., 2005). Achieving baseline population estimates of Sicklefin Redhorse will provide the framework to outline specific goals and targets (e.g., minimum population size) needed to have a sustainable population without stocking.

There are currently no published studies that describe survival of Sicklefin Redhorse. More broadly, there is minimal information about factors influencing survival of Catastomids. Most of the research focuses on factors influencing survival of larval fish (Weyers et al., 2003; Jennings et al., 2010; Ivasauskas, 2017). Specifically, high velocity (Weyers et al., 2003) and increased sediment load (Jennings et al., 2010) has been linked to reduced larval survival and larval growth. Factors influencing adult survival is limited to data collected from age and growth studies (Grabowski et al., 2007; Bettinger and Crane, 2011). Grabowski et al. (2007) used catch curves to estimate annual mortality of four sucker species in the Savannah River and found no difference across species but noted their mortality estimates are likely biased due to size selective sampling of older fish. Therefore, there is a need in the literature to better understand population size and survival of Castostomid species,

The goal of this research was to describe annual survival and population size of Sicklefin Redhorse in the Little Tennessee River basin to inform restoration efforts. The objectives were to 1) estimate annual survival in the Little Tennessee River and Tuckasegee River for male and females; 2) Determine the effect of stream discharge on capture probability; and 3) Estimate population size in the Little Tennessee River and Tuckasegee River. We hypothesized 1) that survival will differ by river but not by sex; and 2) capture probability will decrease as stream discharge increases.



Methods


Data collection

All fish were captured in the Little Tennessee River and the Tuckasegee River. Both rivers flow through the Blue Ridge physiographic province and their confluence is at Fontana Lake, from which the Little Tennessee River eventually flows 99 km through North Carolina and Tennessee before its confluence with the Tennessee River. The Tuckasegee River Basin contains 1,579 km2 of Jackson and Swain counties in North Carolina. It has an elevation range of 1,953 m to 520 m, an average annual precipitation of 156 cm, and land use that is approximately 89% forest, 7% urban, and 2% agriculture (U.S. Environmental Protection Agency (US EPA), 2020). The Little Tennessee River Basin upstream of Lake Fontana contains 1,281 km2 of Clay, Macon, and Swain counties in North Carolina and Rabun County in Georgia. It has an elevation range of 1,686 m to 520 m, an average annual precipitation of 162 cm, and land use that is approximately 86% forest, 7% urban, and 4% agriculture (U.S. Environmental Protection Agency (US EPA), 2020).

Sampling was conducted in the Little Tennessee River and Tuckasegee River between 2007 and 2021. Rivers were not sampled each year. Sampling was not conducted in the Tuckasegee River prior to 2012 or the Little Tennessee River in 2018 and 2019. No sampling was completed in 2020 due to the COVID-19 pandemic. Sampling was conducted during April and May each year to target spawning migration. A total of six fixed sites were sampled on Little Tennessee River and four fixed sites were sampled in the Tuckasegee River (Figure 1). Sites on the Oconaluftee River (in an 800-meter reach between a hydroelectric dam and the confluence with the Tuckasegee River) are included in the data for the Tuckasegee River and referred to as the Tuckasegee River hereafter. Standardized boat electrofishing was used at each site. Sampling time on individual days was not recorded during sample collection and thus annual effort is expressed as the number of days sampled per year. Sampling effort ranged between 1 and 3 days on the Little Tennessee River, and between 1 and 6 days on the Tuckasegee River. Sample site lengths ranged from 350 m to 900 m on the Little Tennessee River and between 430 m and 1,480 m on the Tuckasegee River. Sample lengths were consistent each year. All fish collected were measured for total length (mm), total weight (g), and sex. Sex was determined by squeezing fish, males were identified by producing milt and females were identified by producing eggs. If no gametes were visible, sex could still typically be determined by observing tubercles on the anal and dorsal fins. However, occasionally sex was assigned as unknown when these methods failed to yield an obvious determination. Each individual was inspected for PIT (passive integrated transponder) tags and were given a PIT tag if they were unmarked. Daily discharge data were retrieved from the USGS gaging station on the Little Tennessee River at Needmore, North Carolina (Station #03503000) and the Tuckasegee River at Barker’s Creek, North Carolina (Station #03510577). Annual discharge during sampling was calculated by averaging the daily reported discharge during sampling days within a year.
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FIGURE 1
 Map of Sicklefin Redhorse Moxostoma sp. electrofishing sampling sites (green points) on the Little Tennessee River and Tuckasegee River in western North Carolina. Dams are indicated by purple triangles.




Statistical analysis: survival model

Determining unbiased estimates of abundance and survival requires data that are collected following specific protocols with replicate observations over time or space (Upton, 2020). Relative abundance is relatively inexpensive and typically acquired through common sampling protocols that produce an observed number of individuals that is a product of the total number of individuals at a site and an unknown and unmeasured term, detectability (Royle and Dorazio, 2008). Thus, the observed number of individuals (n) is a product of the true number of individuals occupying a site (N), and the capture probability (p): E(n) = pN. Capture probability is defined as the probability of capturing an individual given that it is present and is never perfect (i.e., 100%). Because capture probabilities vary with species, methods, habitats, environments, etc. (Korman et al., 2009; Hense et al., 2010; Dextrase et al., 2014), the percentage of individuals that are detected may or may not represent the constant fraction of true abundance, particularly when comparisons are across sites and include multiple species. Variation in capture probabilities can lead to biased estimates of abundance which can further bias estimates of survival. Specific collection methods and models exist to disentangle these quantities and provide unbiased estimates of abundance. However, they require additional sampling and some method of marking individuals that are captured over a large spatial scale (Doll et al., 2020) or temporal scale (Doll et al., 2021). These data are used to estimate unbiased estimates of abundance, capture probability, and survival using a broad classification of modeling technique referred to as state-space models.

State-space models are a powerful statistical framework for analyzing complex environmental datasets. These models are hierarchical in nature and separate total variation within the system being modeled into process variation and observation error. Process variation is the random variation of the unobserved ecological process of interest (e.g., survival). Observation error is the random variation from the data-gathering process. The hierarchical structure of state-space models includes two sets of equations; one that represents the true, but unknown and unobserved, state of the system being studied; and a second that represents the observational data. These two systems of equations are linked through a shared parameter. A general state-space model is as follows:
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Equation 1 is a first-order Marvok process where each state, [image: image], is only dependent on the previous state, [image: image]. The additional parameters of equation 1 includes a transition matrix, 
a
, and the process error, [image: image]. Equation 2 describes the observation process where each observation, [image: image], is a function of the state process at time t, [image: image]; b, a parameter that describes the relationship between the observation at time t and the state at time t; and observational error, [image: image]. The two error terms, [image: image] and [image: image], are modeled using an appropriate distribution. One example is:
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where [image: image] is the standard deviation of the normal distribution. The state-space modeling framework is very flexible and any distribution could be used to match the expectations of the observations. For example, a Poisson or Negative Binomial distribution is often used in models of population dynamics because the observations are counts of individuals in the population. Additionally, the structure of state and observation equations are flexible and can incorporate many complex relationships to describe the unobserved system dynamics (e.g., population growth models; Hostetler and Chandler, 2015) and spatial relationships (Kumar et al., 2020) and the observed data (e.g., incorporating gear catchability in fisheries surveys; Gwinn et al., 2019).

State-space models have been widely used in a variety of ecological applications due to their flexibility (Kéry and Royle, 2016). Population ecologists use the state-space modeling framework to combine multiple life history and observational models into one ‘integrated population model’. These complex state-space models have been applied to a variety of taxa including the federally endangered Great Lakes Piping Plover (Charadrius melodus) (Saunders et al., 2018); marine protected Pantropical Spotted Dolphin (Stenella attenuate) (Hoyle and Maunder, 2004); and the Tricolored Blackbird (Agelaius tricolor), a species of conservation concern (Robinson et al., 2018). Integrated population models often combine sub-models that describe survival (Stuart et al., 2022), mortality (Doll et al., 2021), and movement patterns (Patterson et al., 2008). Studies of animal movement have taken advantage of this structure to model individual movement (Patterson et al., 2008) and population movement (Jonsen, 2016). These models generally require multiple years of data and can incorporate multiple data sources. Other simpler state-space models that are appropriate for describing population dynamics of species that are of conservation concern include data obtained from capture-recapture data. For example, abundance and activity of the federally endangered Indiana Bat (Myotis sodalist) (Caldwell et al., 2019); abundance estimates of the state and federally protected Spotfin Chub (Erimonax monochus) (Doll et al., 2020); and abundance estimates of the federally endangered North Atlantic Right Whale (Eubalaena glaciallis) (Pace III et al., 2017). In this study we use capture-recapture data of uniquely tagged individuals with a state-space modeling framework to estimate survival and population size of the Sicklefin Redhorse.

Survival and population abundance was estimated using a Cormack–Jolly–Seber (CJS) model (Cormack, 1964; Jolly, 1965; Seber, 1965). The CJS model describes changes in the population due to deaths in an open system based on capture-recapture data from time t = 1,….T. This model describes capture probability (p) and survival (φ) based on a series of capture-mark-recapture events. Here, individuals are marked in time t and the individual will survive to year t + 1 with probability φt or dies with probability 1 − φt. The CJS model assumes survival is a combination of true survival and emigration (i.e., fish have left the system or missed during capture), therefore is termed apparent survival. We estimate survival as apparent survival but note that true survival and apparent survival estimated here are likely similar due to high site fidelity of Sicklefin Redhorse during the spawning period (Stowe, 2014). Thus, apparent survival will be referred to as survival throughout.

Survival in the CJS model is the state process that is not observed. Rather survival is estimated based on the observation process and capture probability. For example, a marked individual that is alive at time t may be recaptured with probability pt or not recaptured with probability 1 - pt. However, capture probability is conditional on the state process of being alive at time t and formulated with a hierarchical structure for the individual i. The state process is conditional on the first capture when it is marked. The true state of an individual fish is a latent discrete parameter, Zr,i,t, that indicates if the individual i from river r is alive at time t. Given an initial capture at time t = 1 where Zr,i,1 = 1, Subsequent states of the latent discrete parameter Z is distributed as:
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Given an individual i is alive at time t (Zr,i,t = 1), it is recaptured with probability [image: image] (t = 2,…,T) which is distributed at:
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where [image: image] is the observation of individual i in river r at time t and [image: image] is the capture probability of individual i in river r at time t. The latent parameter [image: image] is included because if the individual is dead ([image: image] = 0) then the individual cannot be recaptured. Covariates of survival and capture probability are entered into the model through the logit-link function. The survival model with covariates is represented as:
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where the intercept ([image: image]) represents the baseline survival for river r, [image: image] is a random effect for sex (Male, Female, or Unknown) and shared across rivers, [image: image] is a random effect of time for river r, [image: image] is the standard deviation of the random effect for sex, and [image: image] is the standard deviation of the random effect for time for each river r. The capture probability model is shared across both rivers.
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where the intercept ([image: image]) represents the baseline capture probability, [image: image] is a random effect for sex (Male, Female, or Unknown), [image: image] is the effect of effort [image: image], [image: image] is the effect of discharge, [image: image] is the amount of sampling effort in river r during year t, [image: image] is the discharge at river r during year t, and [image: image] is the standard deviation of the random effect for sex. For years when sampling did not occur, [image: image] was set to 0.

Posterior predicted survival for each sex, river, and year was calculated as:
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where [image: image], [image: image], and [image: image] are survival estimates for male, female, and unknown sex fish in river r; [image: image] is the random effect for males; [image: image] is the random effect for females; [image: image] is the random effect for unknown sex; and inv-logit is the inverse logit function.

Sex specific capture probability and total population size for each sex, river, and year was derived from the posterior probability distribution of the estimated parameters. Sex and river specific capture probability was calculated as:
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where [image: image] is the capture probability of males in year t at river r; [image: image] is the capture probability of females in year t at river r; [image: image] is the capture probability of unknown sex in year t at river r; [image: image] is the random effect for males; [image: image] is the random effect for females; [image: image] is the random effect for unknown sex; [image: image] is sampling effort in year t at river r; [image: image] is the discharge in year t at river r; [image: image] and [image: image] are estimated parameters; and inv-logit is the inverse logit function. Sex and stream specific total population size by year was calculated as:
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where [image: image] is the total estimated population size of males at river r in year t; [image: image] is the total population size of females at river r in year t; [image: image] is the total population size of unknown sex at river r in year t; [image: image] is the observed number of males at river r in year t, [image: image] is the observed number of females at river r in year t; [image: image] is the observed number of females at river r in year t; [image: image] is the total population size of all fish at river r in year t.

Parameters were estimated using Bayesian inference (Doll and Jacquemin, 2018) following the model specification of Schofield (2007) and Stan Development Team (2022a). Non-informative prior probability distributions were given to all parameters (Table 1). Stan was used to estimate posterior probability of model parameters (Stan Development Team, 2022a) with RStan version 2.26.13 (Stan Development Team, 2022b) implemented in R 3.5.3 (R Core Team, 2022). Three MCMC chains were used with a total of 4,000 steps and discarding the first 2,000 steps as a burn-in period for a total of 6,000 steps (2,000 per chain). The burn-in period is necessary to reduce the effect of starting values on the MCMC results (Gelman et al., 2008). Complete model specification with Stan code is located in Appendix A. Convergence of the MCMC algorithm was assessed with the split [image: image] and visual inspection of traceplots. Convergence was obtained when the upper limit of the split [image: image] is under 1.10.



TABLE 1 Prior probability distributions for the Cormack–Jolly–Seber model.
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Results

A total of 1,412 individuals were sampled during the study period. This includes 990 unique males, 331 unique females, and 91 unknown sex (Figure 2). Annual total observed fish fluctuated with a general increase after 2011 (Figures 2, 3). More fish were observed in the Little Tennessee River (n = 889) than the Tuckasegee River (Figure 3; n = 523). Mean discharge in the Little Tennessee River and Tuckasegee River during sampling was 37.22 cms (sd = 28.04) and 29.96 cms (sd = 21.03). Mean total length of captured fish in the Little Tennessee River and Tuckasegee River was 578.8 mm (sd = 47.4) and 550.9 mm (sd = 51.0). Females were generally longer than males in both rivers. Average total length of females was 607.8 mm (sd = 59.6) from the Little Tennessee River and 575.1 mm (sd = 52.3) from the Tuckasegee River while males were 571.3 mm (sd = 59.6) from the Little Tennessee River and 543.2 mm (sd = 39.5) from the Tuckasegee River.

[image: Figure 2]

FIGURE 2
 Stacked bar chart of total number of Sicklefin Redhorse Moxostoma sp. collected by year in the Little Tennessee River and Tuckasegee River. Dark grey (top of bar) represents total number of females, light grey (middle of bar) represents total number of males, and black (bottom of bar) represents total number of unknown sex.


[image: Figure 3]

FIGURE 3
 Stacked bar chart of total number of Sicklefin Redhorse Moxostoma sp. collected in the Little Tennessee River (dark grey) and Tuckasegee River (light grey). Sampling was not conducted in the Tuckasegee River prior to 2012 or the Little Tennessee River in 2018 and 2019.


Survival was more variable in the Little Tennessee River compared to the Tuckasegee River across sex (Figure 4). Survival in 2008 was the lowest observed in the Little Tennessee River, followed by low years in 2012 and 2016. Survival to 2008, 2012, and 2016 corresponds to low annual mean discharge (2008 = 19.22, 2012 = 27.28, and 2016 = 22.45 cms; Appendix B). Survival in the Tuckasegee River was consistently high each year, however, greater uncertainty was observed in 2013 and 2014. Survival was similar across sex in both rivers (Figure 4).

[image: Figure 4]

FIGURE 4
 Posterior predicted annual survival of Sicklefin Redhorse Moxostoma sp. in the Little Tennessee River (left) and Tuckasegee River (right) for females, males, and unknown sex. Solid points represent the median and vertical black lines represent the bounds of the 95% credible intervals.


Discharge had a negative relationship with capture probability ([image: image] = −0.220, 95% CI = −0.448 to 0.006; Figure 5). Males had a higher capture probability than females and unknown sex based on a range of discharge (Figure 5). Male capture probability was approximately double that of females for all discharge values (Figure 5). Capture probability of unknown sex was highly variable across all discharge values. High variability for unknown sex is due to the combined males and females that could not be sexed, thus this parameter has to account for variation across all sexes. Annual posterior predicted capture probabilities were low in both rivers with the highest capture probability of 0.059 (95% CI = 0.033 to 0.104) in males sampled in the Tuckasegee River in 2016 (Figure 6).

[image: Figure 5]

FIGURE 5
 Posterior predicted capture probability of Sicklefin Redhorse Moxostoma sp. as a function of discharge (cubic meters per second, cms). Dark solid line represents the median and shaded area with dashed line represents the bounds of the 95% credible intervals.
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FIGURE 6
 Posterior predicted capture probability of Sicklefin Redhorse Moxostoma sp. for the Little Tennessee River (left) and Tuckasegee (right) for female, male, and unknown sex. Dark solid line represents the median and shaded area with dashed line represents the bounds of the 95% credible intervals.


Sex specific population size varied across rivers and years (Figures 7, 8). Male population size was greater than females across all years in the Little Tennessee River. The dominant sex in the Tuckasegee River was variable across years. Females were most dominant in 2012, 2014, 2015, 2017, and 2018. Males were most dominant in 2013, 2016, 2019, and 2021. Total population size for the Little Tennessee River was highest in 2016 (total = 4,256, 95% CI = 2,847 – 6,854) and lowest in 2010 (total = 1,210, 95% CI = 721–2,165). Total population estimates for the Tuckasegee had a larger range across years with the highest estimate in 2019 (total = 3,357, 95% CI = 1,962 – 5,863) and lowest estimate in 2013 (total = 60, 95% CI = 36–104). However, the CV of population size in the Little Tennessee River ranged from 0.22 to 0.35 while CV in the Tuckasegee River ranged from 0.25 to 0.43. Population estimates of males were consistently higher than females in both rivers (Figures 7, 8).
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FIGURE 7
 Annual population estimate of Sicklefin Redhorse Moxostoma sp. in the Little Tennessee River by sex and all sexes combined. Years without a plot indicate river was not sampled. Violin plots represent the shape of the full posterior distribution, dark circles represent the median of the posterior distribution, and solid vertical lines represent the bounds of the 95% credible intervals.
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FIGURE 8
 Annual population estimate of Sicklefin Redhorse Moxostoma sp. in the Tuckasegee River by sex and all sexes combined. Years without a plot indicate river was not sampled. Violin plots represent the shape of the full posterior distribution, dark circles represent the median of the posterior distribution, and solid vertical lines represent the bounds of the 95% credible intervals.




Discussion

We described survival, population size, and capture probability of an endemic species and linked trends in capture probability to sex and river discharge. This is the first study to describe these three parameters for Sicklefin Redhorse. Because this is the first study, there are no published results to compare to. However, some conclusions can be drawn. Annual survival was generally consistent across years, but there was substantial uncertainty during years where data from only one river is available. Further, survival was similar between sex but there were differences between rivers. This suggests the adult population is relatively stable but understanding why survival differs between rivers is needed. Population estimates varied across years and males dominate the population in the Little Tennessee River while the dominant sex is not consistent across years in the Tuckasegee River. Population estimates of males in the Little Tennessee River follow a cyclical trend with peaks in 2008, 2010, and 2016. Population size cycles and consistent survival suggest recruitment fluctuations are driving the adult population size.

We did not include covariates of survival because this survey targeted adult fish only. Little is known about what factors influence adult Sicklefin Redhorse survival. However, other large bodied catastomids, Robust Redhorse and Notchlip Redhorse (Moxostoma collapsum), have been extensively studied and other life history metrics (e.g., age-0 survival) are related to discharge (Peterson et al., 2013). For example, Robust Redhorse and Notchlip Redhorse age-0 survival has been linked to river discharge (Peterson et al., 2013). It was found that mean maximum discharge during April and June was negatively related to age-0 abundance and intermediate duration of low flows was positively related to age-0 abundance. These results suggested short periods of low flow could increase spawning and reproductive success. The omission of discharge in the survival model used here does not imply Sicklefin Redhorse populations are not affected by stream flow. Discharge was not included in this study because only age-0 survival in other catastomids have been linked to discharge (Peterson et al., 2013) and this study only estimated survival of adult fish. Interestingly, the three years of low survival of adult Sicklefin Redhorse in the Little Tennessee River coincided with the three lowest discharge years in the time series. Low flow is not known to influence survival of catostomids. One possible explanation for low flow reducing survival estimates could be that low flow disrupts spawning migration.

Capture probabilities estimated for Sicklefin Redhorse were low and varied by sex and discharge. This suggests CPUE data should be interpreted with caution, particularly if data are not separated by sex. Although capture probabilities have not been reported for Sickelfin Redhorse, they have been reported for Robust Redhorse in the Ocmulgee River, Georgia (Grabowski et al., 2009). Grabowski et al. (2009) used a radio tagging study to estimate capture probability and abundance. They determined mean capture probability from electrofishing was 0.031 (95% Credible Interval = 0.002 to 0.111). These estimates are similar to what we observed in Sicklefin Redhorse. The results of Grabowski et al. (2009) and our findings suggest single boat electrofishing in large rivers is not an effective capture method for many large bodied catostomids. The negative relationship between river discharge and capture probability suggests future surveys should be cautious about sampling during moderately high discharge events and sampling should be standardized with a maximum discharge threshold. Increased discharge has been found to be negatively associated with capture probabilities of numerous fish species (Lyon et al., 2014). A study of capture probabilities was estimated for the Murry River, Australia, where the researchers marked up to 424 fish each year for seven years using a mark-recapture study design (Lyon et al., 2014). They found that capture efficiency decreased as daily river discharge increased for most species studied. Others have also identified discharge to be an important environmental covariate that should be considered when evaluating population metrics and the flow-ecology relationship of fish (McManamay et al., 2014; Gwinn et al., 2016).

The state-space model used here requires several assumptions to be met for inference to be valid (Lebreton et al., 1992). First, every marked individual has the same capture probability. Our data, without predictors, violate this assumption because of potential sex specific differences and variable sampling effort. Both effects were incorporated into the model to ensure variability in capture probability is constant or explained by model covariates. Second, every marked individual has the same survival probability. We partially relaxed this assumption by incorporating model covariates by year. The model still assumes individuals have the same survival probability within year. Third, sampling periods are instantaneous and the same time between captures is the same. All sampling within a single year was completed within a two-week period and survival was not likely to change during sampling. Further, the annual time steps were consistent each year. Fourth, emigration is assumed to be permanent. The sampling location in the study was a fixed location where spawning is known to occur and fish do leave the location after spawning. Although we did not directly measure emigration, Sicklefin Redhorse have high site fidelity (Stowe, 2014), suggesting emigration from the study system and sites of capture is minimal. Finally, the last assumption is each individual is independent. There are no individual level covariates in this model, thus, this assumption remains.

This study has important implications on the conservation of this species by describing survival and factors that influence capture probability. Understanding these components can be used to direct future management and surveys. Our results suggest annual survival of Sicklefin Redhorse is more variable in the Little Tennessee River. It is currently unknown why survival is lower in the Little Tennessee River; however, the lowest survival years do correspond to low discharge years. Further, the cycling of male population size in the Little Tennessee River suggests variable recruitment. Future work should attempt to identify what is driving recruitment of this species. Our results also suggest discharge is an important predictor of capture probability. Because of this, sampling should be restricted to a narrow range of discharge to minimize the influence of variable discharge on capture probabilities.

Conservation of endemic species remains a challenge and detailed information about their population dynamics are needed to maintain and restore their populations. Regardless of the species, surveys to accurately estimate population dynamics require complex study design. Specifically, accurate estimates of survival require accounting for imperfect detection (Monk, 2013; Pfaller et al., 2013). Yet few studies (23%) attempt to account for imperfect detection (Kellner and Swihart, 2014). Survey designs that account for imperfect detection include line transects (Jarvis and Robertson, 1999), distance surveys (Judge et al., 2021), and capture-recapture (Labonne and Gaudin, 2005). These methods have been applied to endemic species but often treat imperfect detection as a single parameter that does not vary (Labonne and Gaudin, 2005; Smith and Kwak, 2014; Judge et al., 2021). Capture probabilities are almost never constant and can vary across time (Corkrey et al., 2008) and due to a variety of environmental (Pollock et al., 1984; Letcher et al., 2015) and biological (Hedger et al., 2018) factors. Thus, it is important to include covariates of detection as fixed effects (Hense et al., 2010) or random effects (Letcher et al., 2015). Both fixed and random effects were used in this study.

Determining abundance of endemic species can be difficult given their limited distribution and often low abundances. True estimates of abundance require extensive amounts of information that are obtained over a spatial (Royle, 2004) or temporal (Dail and Madsen, 2011) range. The replicate sampling increases the cost but can provide a more accurate estimate of abundance. For example, raw catch per day in this study suggest the population fluctuated widely between 2014 and 2019 in the Tuckasegee River (Figure 3, grey bars), however, population estimates which account for imperfect detection suggests a much more stable population (Figure 8). By ignoring the impact imperfect detection can have on survival and abundance estimates, managers could mistakenly conclude the population is much less stable than what it is. Our study adds to the literature that demonstrates the need to conduct complex sampling to better understand population dynamics, particularly those of endemic species.
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