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Abstract

Estuaries support diverse fish and invertebrate communities, including resident species
that rely on estuarine habitats year-round and transient migratory species. The unique movement
patterns of these animals connect habitats within and far beyond the estuary and are integrally
linked to fisheries management objectives. With a focus on Chesapeake Bay, this study leveraged
data from collaborative acoustic telemetry networks in the northwest Atlantic to assess habitat
use and phenology of movements for seven species of fish (cownose rays, dusky sharks, smooth
dogfish, alewife, striped bass, common carp, and blue catfish) and one invertebrate (horseshoe
crabs). A total of 288 acoustically tagged individuals were detected >3.2 million times (6,743 to
2,095,717 detections per species) on receivers across ~20.5 degrees of latitude spanning the
North American Atlantic seaboard from Florida, USA to New Brunswick, Canada. Common
metrics of movement and phenology grouped these species as resident (common carp, blue
catfish, horseshoe crabs), primarily resident in estuaries (juvenile striped bass), and coastal
migrant (cownose rays, dusky sharks, smooth dogfish, alewife); maximum distance traveled
varied by three orders of magnitude among these species. Further analysis of phenology for
coastal migrants elucidated the timing and duration of these species’ use of Chesapeake Bay.
Collectively, movements linked habitats within Chesapeake Bay and connected the estuary to
coastal ecosystems both to the north (e.g., alewife) and south (e.g., cownose rays), creating
networks of fisheries management jurisdictions that varied in complexity and identified
opportunities for enhancement to current management or co-management of some species. Our
results elucidate the importance of estuaries to species with diverse movement behaviors,
identify scales and pathways of habitat connectivity via animal movements, and highlight the
utility of collaborative acoustic telemetry networks for quantifying movements relevant to both

ecological research and fisheries management.
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1. Introduction

Movements of animals, including fish, are fundamental to shaping ecosystem structure
and function, and the causes and consequences of movement are profoundly diverse among
species (Nathan et al. 2008; Cooke et al. 2022). An individual fish may move to seek out
reproductive opportunities, find food, avoid predation, or remain within optimal habitat
conditions (Chapman et al. 2015; Abrahms et al. 2021). The spatiotemporal scales of these
movements vary among species and populations, ranging from residency and strong site fidelity
to transoceanic migrations, which in turn influence ecological and biological phenomena at those
scales (Papastamatiou et al. 2010; Block et al. 2011). Large-scale migrations are particularly
influential in the transfer of energy among disparate habitats, such as the pulses of marine-
derived nutrients to riverine spawning grounds transported by anadromous fishes (MacAvoy et
al. 2000; Post and Walters 2009; Twining et al. 2017). For species that do not undergo
migrations, especially those that are highly resident to a specific habitat or region, it is equally
important to examine their space use patterns as they are particularly susceptible to local
degradation and pressure (Clavel et al. 2011). Monitoring movements is also important for
detecting shifts in phenology and habitat use due to climatic changes, both for species that are
migratory (Crear et al. 2020; Shuert et al. 2022) and relatively resident (Williams et al. 2017).
Given the immense diversity of movement ecology among species, and the equally diverse
implications of those movements, multispecies assessments allow for uniquely informative
ecological and management-related inferences across spatiotemporal scales (Friess et al. 2021).

For aquatic animals, acoustic telemetry is a common tool used to track underwater
movements (Hussey et al. 2015; Matley et al. 2022). Acoustic tags, either implanted within or
attached to an animal, emit a coded signal that is detected and logged by receivers. Multiple

receivers are deployed in ‘arrays’ that monitor movement between locations over time. A major
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strength of this method is the ability to track individuals, and determine the timing of their
movements, which is key for quantifying phenology of migrations and shifts in habitat use (e.g.,
Massie et al. 2022). However, acoustic telemetry studies are often limited to relatively small
spatial scales and low coverage of receivers, given the high cost and intensive labor associated
with the deployment and maintenance of large-scale arrays. In response to these limitations,
regional and continental-scale acoustic telemetry networks have developed and expanded in
recent decades, which has revolutionized the field of aquatic animal tracking (Cooke et al. 2011;
Abecasis et al. 2018; Krueger et al. 2018; Bangley et al. 2020b). These collaborative networks of
researchers have emerged globally, including the northwest Atlantic and Gulf of Mexico (OTN,
ACT, FACT, iTAG, Cooke et al. 2011; Boucek and Morley 2019; Bangley et al. 2020b; Young et
al. 2020), the eastern Pacific (NEP, PIRAT, PATH, MIGRAMAR, Nalesso et al. 2019), Australia
(IMOS, Taylor et al. 2017), the Laurentian Great Lakes (GLATOS, Krueger et al. 2018), South
Africa (ATAP, Murray et al. 2022), and western Europe (ETN, Abecasis et al. 2018). By serving
as platforms for data sharing and management, studies leveraging these networks have answered
previously enigmatic questions in animal movement ecology, such as defining large-scale
migration pathways and timing (Griffin et al. 2018; Ogburn et al. 2018; Bangley et al. 2020a).
These networks can also increase the number of receivers in a specific area of interest (e.g.,
within an estuary), thus providing additional spatial coverage for species with moderate degrees
of movement.

While acoustic telemetry has proven powerful for elucidating aspects of the ecology and
biology of aquatic species, its value is also increasingly recognized as a management and
conservation tool (Crossin et al. 2017; Ogburn et al. 2017a; Lowerre-Barbieri et al. 2019).

Movement ecology is inherently linked to aquatic species management; for example, telemetry
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data can delineate critical habitats to prioritize for conservation (Alos et al. 2011; Lea et al.
2016), document the responses of individuals and populations to environmental change (Ubeda
et al. 2009), and estimate natural and fishery mortality across space and time (Lees et al. 2021).
Acoustic telemetry can also inform delineation of management units and boundaries by assessing
behaviors relevant to stock structure, including home range size, residency, migratory pathways,
and individual variability in those metrics (e.g., Hussey et al. 2017). Particularly for highly
migratory species, large collaborative telemetry arrays are critical to examining the nature and
degree of movements between jurisdictions, which are integral to the development of
cooperative management strategies (Huveneers et al. 2021; Lédée et al. 2021).

Chesapeake Bay, the largest estuary in the United States, has a long history of acoustic
telemetry studies (e.g., Wolcott and Hines 1990), a high density of telemetry users who
contribute to collaborative networks, and long-term monitoring arrays such as those coordinated
by the National Oceanic and Atmospheric Administration (NOAA) Chesapeake Bay Office
(NCBO 2022). Commercial and recreational fisheries are of high socioeconomic value to the
Chesapeake Bay region, with commercial seafood industries in Maryland and Virginia
contributing 1.61 billion US dollars in income and 45,795 jobs to the region’s economy in 2020
(NMFS 2022). The estuary and coastal waters are managed by multiple state, cooperative, and
federal agencies, including the state of Maryland, the commonwealth of Virginia, the Potomac
River Fisheries Commission, and the National Marine Fisheries Service in the US Exclusive
Economic Zone (EEZ). Balancing the needs of multiple stakeholders and management agencies
is inherently challenging, but successful collaboration in fishery management among
jurisdictions has occurred in Chesapeake Bay, especially for migratory species such as striped

bass (Richards and Rago 1999) and blue crabs (Aguilar et al. 2008).
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To assess the use of estuarine and adjacent coastal waters by fishes and invertebrates in
the Chesapeake Bay region, and how some of those species link Chesapeake Bay to the rest of
the northwest Atlantic, passive acoustic telemetry data were opportunistically compiled from
studies of seven species of fish and one invertebrate: Cownose rays (Rhinoptera bonasus), dusky
sharks (Carcharhinus obscurus), smooth dogfish (Mustelus canis), alewife (4losa
pseudoharengus), striped bass (Morone saxatilis), horseshoe crabs (Limulus polyphemus),
common carp (Cyprinus carpio), and blue catfish (Ictalurus furcatus). These species represent a
model assemblage for the diverse life histories of fish and invertebrates that use temperate
estuaries, ranging from highly migratory to resident (Stuart and Jones 2006; Watson et al. 2016;
Tuckey et al. 2017; Dell’Apa et al. 2018; Ogburn et al. 2018; Bangley et al. 2020a; Secor et al.
2020; Hare et al. 2021). Fishery management also differs among these species; Cownose rays are
not currently managed, dusky sharks and smooth dogfish are managed federally in NOAA’s
Highly Migratory Species group, striped bass, alewife and horseshoe crabs are managed by the
Atlantic States Marine Fisheries Commission (ASMFC, a cooperative unit), and common carp
and blue catfish are managed by individual states. Using data obtained via collaborative acoustic
telemetry networks, the objectives of this study were to (1) assess these species’ habitat use
patterns and phenology of movements with a focus on Chesapeake Bay, and (2) determine how
these movements connect regions within Chesapeake Bay and fishery management jurisdictions

along the Atlantic coast relative to current management strategies.

2. Materials and Methods

2.1 Study Area
This study focused on species occurring in the Chesapeake Bay and the adjacent

continental shelf located in the temperate Mid-Atlantic region of the US East coast (Figure 1).
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The estuary receives freshwater from a ~168,000 km? watershed, largely via the Susquehanna
River but also through multiple other significant tributaries (Goetz et al. 2004). One primary inlet
allows marine water to enter the low estuary, connecting the system to the coastal waters of
Virginia. The oligohaline upper estuary is connected to a smaller adjacent estuary, Delaware Bay,

through the continuously open Chesapeake and Delaware Canal.

2.2 Acoustic Telemetry Data Collection
All species were tagged with Innovasea 69-kHz transmitters (Table 1). Tagging occurred

exclusively in Chesapeake Bay for striped bass, alewife, horseshoe crabs, and common carp
(Figure 1). Cownose rays were primarily tagged in Chesapeake Bay, with the exception of one
individual tagged approximately 150 km south in Pamlico Sound, North Carolina. Cownose rays
were tagged with V13 (n = 62; 13-mm diameter, 31.5-mm length, est. battery life 653 days), V16
(n=19; 16-mm diameter, 68-mm length, est. battery life 2435 days), and V9 tags (n = 1; 9-mm
diameter, 27.5-mm length, est. battery life 802 days). Dusky sharks and smooth dogfish were
captured and tagged in coastal waters north of the estuary, with the exception of one smooth
dogfish that was tagged ~260 km south of Chesapeake Bay in Onslow Bay, NC (Figure 1).
Twenty-four dusky sharks were tagged with V16 tags (est. battery life either 1825 days or 2435
days) and five were tagged with V13 tags, while all 21 smooth dogfish were tagged with V13
tags. All striped bass were tagged with V9 tags, and all alewife were tagged with V7 tags (7-mm
diameter, 21.5-mm length, est. battery life 388 days). Common carp were tagged with V9 (n = 8)
and V13 tags (n = 7), and all blue catfish were tagged with V13 tags. Horseshoe crabs were
tagged with V9 tags within three distinct time periods; six individuals were tagged in 2016, five
in 2021, and five in 2022. Additional details regarding tagged individuals and detections for each
species are included in Table 1. Animals in this study were handled under Smithsonian

Environmental Research Center (SERC) Animal Care and Use Committee proposal numbers:
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SERC 06-24-13 (blue catfish and common carp), SERC 03-25-14 (cownose rays), SERC 12-02-
16 (dusky sharks and smooth dogfish), SERC-2017-0512 (cownose rays, dusky sharks, smooth
dogfish, SERC-2018-0426 (striped bass), and SERC-2020-0131 (alewife).

Detections of each species were retrieved from the Atlantic Cooperative Telemetry

Network (ACT) database, ACT MATOS (https://matos.asascience.com/). This network

leverages the deployment of acoustic receivers from North Carolina to Maine and those of the
adjacent FACT Network and Ocean Tracking Network (OTN), with researchers uploading
detections that are collated and downloaded in a standard format (Bangley et al. 2020b).
Receivers that detected the tagged individuals in this study ranged from south Florida, USA to
New Brunswick, Canada (Figures 1, 2). During the study period (2013 to 2023), Chesapeake Bay
contained multiple receiver arrays, including several in critical locations related to the species of
interest in this study. An array of 11 to 14 acoustic receivers, depending on the year, was
deployed in the Rhode River, MD from 2015 to 2022 by SERC, capturing detections of striped
bass, horseshoe crabs, and common carp which were tagged within this array. For alewife
specifically, an array of eight receivers was deployed in the Choptank River, MD from February
to June in 2022 and 2023. Receiver arrays were deployed in each of the rivers in which blue
catfish were tagged, with individuals detected on 11 receivers in the Potomac River (2015 to
2017), 11 in the Patuxent River, MD (2013 to 2016), and 18 in the Marshyhope Creek and the
Nanticoke River, MD (2014 to 2016). Of particular importance for understanding movements in
Chesapeake Bay was the Chesapeake Bay acoustic telemetry “backbone” array, which consists
of three lines of receivers across the mainstem of the estuary at the Chesapeake Bay Bridge,
across the mid-bay near the Patuxent River, and across the estuary mouth (deployed from 2021

to present).
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Detections retrieved from the ACT database for each tagged individual were combined
with detection data that had not been uploaded to any regional databases (i.e., solicited directly
from researchers with known arrays during the times of at-large tags who did not submit data to
the ACT database), necessitating quality control to ensure compatibility. Data were checked for
duplicate detections, station names and coordinates were checked and edited if necessary to
eliminate any inconsistencies across deployments (e.g., obvious errors in latitude or longitude or
minor changes to station names), and detections were mapped spatially to identify and remove
any that were outside the realistic range of each species. Final filtered datasets were visualized to
qualitatively identify spatiotemporal trends in space use by plotting detections of each species by

date and latitude.

2.3 Common Movement Metrics
Although there are a variety of potential metrics that can be used to explore aspects of

movement, phenology, habitat use, and connectivity with acoustic telemetry data (Kraft et al.
2023), this study required those that would be comparable among diverse species. Maximum
distance traveled and a residency index were chosen due to their interpretability and validity for
comparison among disparate species. To estimate the maximum distance traveled during the
study for every tagged individual of each species, we iteratively calculated the distance between
the tagging location and all receivers the individual was detected on using the Haversine method
(R package ‘geosphere,” Hijmans 2021). Maximum distance traveled was compared among
species using a Kruskal-Wallis rank sum test and Pairwise Wilcoxon rank sum tests (with a false
discovery rate p-value adjustment), given the non-normality and heteroscedasticity of the data.

A residency index (RI) was calculated for each species to examine space use among
regions both within and outside the Chesapeake Bay. RI is a commonly used metric to

summarize the duration of time a species spends in certain areas or habitats. Many equations
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have been used to calculate RI, most often as a proportion of the number of days an animal was
detected in a region divided by the number of days it was at liberty or the number of days the tag
was active (Appert et al. 2023). However, the species monitored in the present study exhibited
highly variable detection rates and tag lifespans, which could confound interpretations of RI. To

account for this issue, the following RI equation was used:

RI Days present inregion

~ Total number of days detected

This RI represents the amount of time each individual spent in each region as a proportion of the
total number of days they were detected anywhere, meaning differences in detection frequency
among species is less influential on the RI value, but the metric is biased towards where
receivers are placed. An RI was calculated for all individuals of each species within 12 regions
(see inset Figure 4). Regions were delineated based on physicochemical and habitat regimes
within Chesapeake Bay and the adjacent Delaware Bay and included larger regions north and
south of these estuaries. The same equation was used to calculate RI for each species in each
region across four seasons, winter (Dec-Feb), spring, (Mar-May), summer (Jun-Aug), and fall
(Sep-Nov) to assess region-scale seasonality in space use. Seasonal RIs were calculated for male
and female cownose rays and dusky sharks separately to assess sex-specificity in their habitat use
patterns, considering known or suspected differences based on previous studies (e.g., Hoffmayer

et al. 2014; Omori and Fisher 2017).

2.4 Phenology of Coastal Migrations
We conducted further analyses for the coastal migratory species, including cownose rays,

dusky sharks, smooth dogfish, and alewife, to assess the relative importance of Chesapeake Bay
during their migrations. Dates of entry into and exit out of the Chesapeake Bay area were

identified, including all receivers in the estuary and offshore near the mouth of the estuary

11
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(region = Offshore Chesapeake, inset Figure 3). An “entry” represented the first detection of an
individual within the Chesapeake Bay area after being detected elsewhere, while an “exit”
represented the last detection of an individual within the Chesapeake Bay area before being
detected elsewhere. This is a conservative approach to estimating entry and exit timing, given the
requirement of a detection outside the area for the movement to be considered valid. However,
absence from the Chesapeake Bay area was assumed for six individuals (one cownose ray, four
dusky sharks, and one smooth dogfish) under specific circumstances: If an individual was
detected in the Chesapeake Bay area, then not detected anywhere for at least four months, then
detected in the area again, a dummy detection outside the estuary was added to the dataset to
allow for the inclusion of the corresponding entry and exit dates. Sex specific entry and exit

timing was calculated for cownose rays and dusky sharks.

2.5 Network Analyses
We employed network analyses to assess connectivity among habitats in the Chesapeake

Bay and adjacent Delaware Bay, and to document movements among fishery management
jurisdictions. Networks are well suited for acoustic telemetry data analysis because they consist
of nodes connected by edges, which can intuitively represent movements (edges) between
receivers (nodes; Dale and Fortin 2010, Finn et al. 2014, Whoriskey et al. 2019) and can be used
to inform habitat connectivity, stock structure, and inter-jurisdictional fishery management
(Leédée et al. 2021). For each species, we created two bidirectional (directed) weighted networks,
one representing movements among regions within the Chesapeake Bay and adjacent Delaware
Bay (hereby referred to as local networks), and another representing the relationships between
each study species and the fishery management jurisdictions with which they interact
(continental-scale networks). For local networks, regions within and near the Chesapeake Bay

and adjacent Delaware Bay were retained, and some regions were partitioned further: “Rivers”

12
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was separated into individual tributaries (see Figure 1 for river names and locations), and “Upper
DE Bay” was separated into the Chesapeake and Delaware Canal and the Delaware River. For
continental-scale networks, receiver stations were assigned the appropriate jurisdiction based on
their location, using US state borders and the delineation of state vs. federally managed coastal
waters (in the EEZ) based on the US Coastal Zone Management Act of 1972. For each network
type, detections of each species were ordered by tag ID and datetime, and a to-from matrix was
built to represent movements between and within regions or jurisdictions. Successive detections
within the same region or jurisdiction were removed to eliminate self-loops in the resulting
networks. Species-specific networks were weighted by the number of individuals detected in
each node and edge. To describe the potential connectivity of habitats or management
jurisdictions, the proportion of all nodes and edges used by each species within each network
was calculated. Networks were created and visualized using the package ‘igraph’ (Csardi and

Nepusz 2006) in R v. 4.4.0 (R Core Team 2024).

3. Results

3.1 Common Movement Metrics
The final dataset consisted of approximately 3.2 million detections (6,743 to 2,095,717

detections per species) across ten years (1 to 9 years of detection time per species), with a total of
288 individuals being detected between latitudes of 25 to 45 degrees N (Figure 2, Table 1).
Maximum distance traveled from tagging locations varied by three orders of magnitude among
species (Kruskal-Wallis H=167.69, df =7, p < 0.001), ranging from a median of 1061 km for
cownose rays to 2.4 km for horseshoe crabs (Figure 2 inset). Similarities emerged among some
species, such as the two sharks (dusky sharks and smooth dogfish, pairwise Wilcoxon p =0.10),

two of the finfish (striped bass and alewife, p = 0.13), and the two most resident species
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(common carp and horseshoe crabs, p = 0.89, Figure 2 inset). Paths between tagging locations
and the farthest detection highlighted the extent to which migratory species linked the
Chesapeake Bay to far-reaching habitats along the eastern seaboard, while resident species
remained within the estuary throughout the study duration (Figure 2).

Qualitative observation of detections by latitude over time (Figure 3) and quantitative
seasonal residency indices (Figure 4) identified species groupings based on habitat use patterns
and migratory behaviors: Horseshoe crabs, common carp, and blue catfish were highly resident,
juvenile striped bass were primarily resident in the estuary, and cownose rays, dusky sharks,
smooth dogfish, and alewife were coastal migrants. Highly resident species were primarily
detected in the region in which they were tagged (mean RI > 90% summed among seasons).
Horseshoe crabs were exclusively detected in the Rhode River during the winter, but these
detections only consisted of three individuals (Figures 3, 4). Two individuals were detected in the
upper bay region in the spring (Mar, May), summer (Jun — Aug), and fall (Nov, mean seasonal
RIs from 11% to 25%, Figure 4). Common carp were not detected in the winter and were
exclusively present in the Rhode River in the spring and fall, with infrequent movement into the
upper bay in the summer (mean RI 0.3%, Figure 4). Blue catfish were not detected outside the
rivers in which they were tagged. Juvenile striped bass used the Rhode River (tagging location)
year-round (seasonal mean RlIs from 37% to 86%, Figure 4), but also exhibited some distinct
seasonal shifts in habitat use. In the spring, use of oligohaline regions by juvenile striped bass
increased, including increased residency in other Chesapeake Bay rivers (mean RI 21%) and a
transit to the upper DE Bay via the Chesapeake and Delaware Canal by eight individuals (mean
RI 22%, Figure 4). In the winter, use of the lower bay increased (mean RI 40%). The only

exceptions to estuarine residency were two individuals that migrated northward to coastal New
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York and southern New England waters, and one individual that was detected at the mouth of
Delaware Bay (Figures 3, 4). Six of the eight juvenile striped bass that transited the Chesapeake
and Delaware Canal into the upper DE Bay subsequently returned to Chesapeake Bay, but one
individual remained in the upper DE Bay until its final detection (June 2021) and the other
migrated northward (one of the two migrants).

Within the coastal migratory group, differences emerged among species in the
directionality and timing of their migrations and their degree of use of the Chesapeake Bay area.
Cownose rays migrated south of Chesapeake Bay starting in the fall (RI South of Chesapeake
Bay in winter 100%), before returning in the spring and using all regions within the estuary
during the summer (sum of mean RI for regions within estuary F = 93%, M = 78%, Figure 4).
Some northward movement beyond Delaware Bay occurred in the summer, primarily for males
(mean RI North of DE Bay F = 2.7%, two individuals; M = 8.4%, five individuals, Figure 4).
The migrations of dusky sharks and smooth dogfish were similar, whereby they moved south of
Chesapeake Bay in the winter and north in the summer (thus passing by the estuary twice per
year), but the timing and spatial scale of their migrations differed. Dusky sharks were detected at
lower latitudes in both winter and summer compared to smooth dogfish (Figure 3, Table 1).
Furthermore, smooth dogfish used coastal waters offshore of Chesapeake Bay and the mouth of
Delaware Bay in the winter and spring (sum of mean RlIs 50% and 64%, respectively), while
dusky sharks primarily remained south of Chesapeake Bay (mean RI in winter 100%; in spring F
= 83%, M = 86%, Figure 4). Dusky sharks then moved into the Chesapeake Bay region in the
fall (mean RI F =43%, M = 30%), while smooth dogfish remained farther north (sum of mean
RIs = 91%, Figure 4) before moving into the area in the winter. For alewife, we captured one full

annual migration from the Chesapeake Bay to the Gulf of Maine (Figures 3, 4). Individuals
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exited through the mouth of Chesapeake Bay in the spring (mean RI in Lower Bay 5%), were
exclusively detected north of the region in the summer and fall, and re-entered the following

spring (mean RI in Mouth of Chesapeake 3%, Figure 4).

3.2 Phenology of Coastal Migrations
Identifying entry and exit dates determined the timing of movements of migratory fishes

in and out of Chesapeake Bay (including nearshore waters; Figure 5). On average, female and
male cownose rays entered the Chesapeake Bay at similar times in the spring (mean =+ sd entry
day of year F = 147.4 + 36.5, M = 144.6 + 33.3; late May), but females exited the area later than
males in the fall (mean exit day of year F =262.1 £45.1, M = 246.9 &+ 46.9; mid and early
September, respectively). Exit dates were bimodally distributed for males, with some leaving the
area in early summer and others leaving in early fall, while females exhibited a single peak in
early fall (Figure 5). Dusky sharks entered and exited the Chesapeake Bay area twice per year,
once in the spring and once in the fall. Entry timing in the spring was similar between the sexes
(F=156.7+10.0, M = 157.0 [one individual]; early June), and both sexes exited the Chesapeake
Bay area within the following two weeks (F =161.2 + 12.1, M = 169.0 [one individual]). In the
fall, entry occurred slightly earlier for females (298.0 = 18.6; late October) than males (305.3 +
6.4; early November), but both exited within the following week (F =302.7 £ 13.6, M = 300.5 +
12.4, Figure 5). Smooth dogfish exhibited a similar seasonal pattern to dusky sharks, but they
entered and exited earlier in the spring (entry = 117.8 £ 12.8, exit = 118.7 &+ 11.8; late April) and
later in the fall (entry =319.4 £ 11.8, exit =321.7 £ 9.1; mid-November, Figure 5). Seventeen
alewife exited Chesapeake Bay in the spring of 2022 (102.1 £ 7.5; late March to late April) and
five individuals re-entered the following spring of 2023 (55.8 = 15.6; mid-February to late

March; Figure 5).
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3.3 Network Analyses
With regions (notably rivers) delineated further, local networks revealed movements

among distinct habitats within Chesapeake Bay and the adjacent Delaware Bay (Figure 6, Table
2). Cownose rays had the most complex network with movements occurring between 13 regions
(68% of possible nodes) connected by 74 paths (22% of possible edges, Table 2). They were
detected in eight tidal rivers in Chesapeake Bay, all other regions in the estuary mainstem,
mouth, and offshore, and in Delaware Bay (Figure 6). Dusky sharks and smooth dogfish
exhibited similar local networks, which exemplified their limited use of habitats in Chesapeake
Bay (Figure 6). Dusky sharks were only detected moving between the mouth and offshore
regions of Chesapeake Bay (11% of possible nodes and 0.3% of possible edges), while smooth
dogfish moved between those two regions and Delaware Bay (16% of possible nodes and 1% of
possible edges, Table 2, Figure 6). Alewife were primarily detected in the Choptank River where
they were tagged, but one individual moved in and out of Tuckahoe Creek (a tributary of the
Choptank River, Figure 6). For alewife, connections only occurred between the Choptank River,
lower Chesapeake Bay, and the mouth of the estuary (21% and 2% of possible nodes and edges,
respectively, Table 2). Striped bass exhibited the second most complex local network, consisting
of 9 regions (47% of possible nodes) connected by 28 paths (8% of possible edges, Table 2).
They moved between five tidal rivers in Chesapeake Bay, with the most traveled route between
the Rhode River (tagging location) and the upper Chesapeake Bay. This network also highlighted
movements between the upper Chesapeake Bay and the Delaware River through the Chesapeake
and Delaware Canal (Figure 6). Blue catfish were isolated to the individual rivers in which they
were tagged, but those tagged in the Nanticoke River moved in and out of a tributary to that
river, Marshyhope Creek (Figure 6). Their local networks therefore consisted of four regions

(21% of possible nodes) connected by two paths (0.6% of possible edges, Table 2). Horseshoe
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crabs and common carp local networks were nearly identical, with both species moving solely
from the Rhode River (tagging location) to the upper Chesapeake Bay (11% of possible nodes,
0.3% of possible edges, Table 2). One common carp and two horseshoe crabs underwent this
movement, but none of those individuals returned to the Rhode River (Figure 6).
Continental-scale networks identified if and how these species moved among fishery
management jurisdictions (Figure 7, Table 2). Cownose rays exhibited the most connectivity
among jurisdictions; individuals were detected in 11 different jurisdictions (73% of possible
network nodes) and had 53 unique linkages between those jurisdictions (25% of possible
network edges, Table 2). The most interconnected jurisdiction (greatest number of individuals
moving in and out) was US EEZ waters, and the most important jurisdiction (used by the greatest
number of individuals) was Virginia (Figure 7). Alewife, smooth dogfish, striped bass, and dusky
sharks were each detected in 8 jurisdictions (53% of possible nodes), but the number of linkages
between jurisdictions differed (18 (9%), 17 (8%), 16 (8%), and 14 (7%), respectively, Figure 7,
Table 2), indicating different extents of connectivity. The US EEZ was the most interconnected
and most important jurisdiction for dusky sharks and smooth dogfish. Maryland was the most
important jurisdiction for striped bass and alewife, primarily because tagging occurred there, but
the most interconnected was Maryland for alewife and New Jersey for striped bass. Common
carp and horseshoe crabs were only detected in Maryland (7% of possible nodes), where they
were tagged, and while Maryland was also the most important jurisdiction for blue catfish, one
individual was detected moving into Delaware waters within the Nanticoke River (20% of

possible nodes and 1% of possible edges, Figure 7, Table 2).
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4. Discussion
Collaborative acoustic telemetry networks made it possible to describe patterns of habitat

use, phenology, and connectivity for a diverse assemblage of eight species ranging from
estuarine residents to coastal migrants, with scales of movement varying by three orders of
magnitude and across ~20.5 degrees (~2,650 km) of latitude. Using metrics that were
informative across species, we quantified gradients in the duration, timing, and use of estuarine
habitats. Some species exclusively inhabited fresh and brackish regions in Chesapeake Bay and
were highly resident (blue catfish, common carp, horseshoe crabs), some only used coastal
waters at the estuary mouth for brief periods of time and were highly migratory (dusky sharks,
smooth dogfish), and others moved within and among multiple habitats in the estuary ranging
from moderately resident (striped bass) to highly migratory (cownose rays, alewife). These
variable movement dynamics have broad implications for ecological and biological phenomena
and inform how each species interacts with fishery management jurisdictions.

Network analysis quantified connectivity among fishery management jurisdictions
ranging from single states (e.g., horseshoe crabs, common carp) to interjurisdictional movements
among state, federal, and international waters (e.g., cownose rays, alewife), and generally
aligned with current management strategies. For example, the common carp examined in this
study were only detected within the state of Maryland and were not observed moving outside of
the Rhode River and upper Chesapeake Bay. Common carp are managed by individual states,
and our results suggest this is likely appropriate and sufficient given their relatively high
residency. Alewife and striped bass are managed cooperatively by states via the Atlantic States
Marine Fisheries Commission (ASMFC), and the complex networks produced from their
detections offered insight into possible beneficial changes to current management schemes.
Juvenile striped bass moved among five tidal rivers, estuary mainstem habitats, and a canal
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within a single jurisdiction (Maryland), separated by a distance of approximately 200 km,
suggesting that largely resident size classes still make substantial seasonal movements that
should be considered in management. On a larger scale, one individual alewife crossed an
international border by entering Atlantic Canada during its northward migration in August 2022
(further details in Ogburn et al. 2024). Currently, the US and Canada do not cooperatively
manage alewife or other anadromous river herring, but our results support the consideration of
binational discussions for collaborative management (Harrison et al. 2018; Hare et al. 2021).
Cownose rays are not currently managed, however in 2017 the state of Maryland approved the
development of a fishery management plan (Senate Bill 268). Jurisdictional network analysis of
cownose rays suggests that cooperative management among multiple state and US federal
agencies would be appropriate, given their high degree of interjurisdictional movement. The
potential applications of acoustic telemetry data for fishery management are much greater than
presented here (Table 3), but our results particularly emphasize the importance of large-scale
collaborative networks when using telemetry data to improve and develop fishery management
strategies.

Fisheries managers have historically relied upon data from traditional gears such as
trawls, gillnets, longlines, and seines to collect information on species’ distribution and
abundance. Although foundational for fisheries management, these monitoring programs provide
snapshots of populations at specific points in time and space. Acoustic telemetry is a strong
complementary tool for assessing aquatic animal populations for management objectives (Table
3) given its ability to track individual variability in movements over time (up to 10 years for
large species) and determine connectivity between habitats. For example, acoustic telemetry data

were used in the 2017 benchmark stock assessment for Atlantic sturgeon (Acipenser oxyrinchus)
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conducted by the ASMFC (ASMFC 2017). Acoustic telemetry data from various sources
identified migratory pathways and phenology, delineated critical spawning habitats, enhanced the
accuracy of survival estimates, and elucidated spatial differences in habitat use (e.g., Altenritter
et al. 2017; Balazik et al. 2012; Breece et al. 2016; Hightower et al. 2015; Wippelhouser et al.
2017), serving as a model for implementing acoustic telemetry data as a complementary tool
alongside traditional data sources. Our network analysis exemplifies how acoustic telemetry data
from disparate studies across diverse species can be aggregated and opportunistically used for
management-relevant questions.

In addition to highlighting the utility of acoustic telemetry data for assessing fishery
management, the movements of these study species provided inferences into their biology and
ecology. For highly migratory species (cownose rays, dusky sharks, smooth dogfish, and
alewife), the observed within-estuary and continental-scale movements exemplified much of the
diversity and scale of migratory behaviors of fishes along the US East Coast and delineated the
extent to which they use the Chesapeake Bay area. Of the coastal migrants, cownose rays
exhibited the greatest connectivity among tidal rivers and mainstem regions while in Chesapeake
Bay. For about half of each year, they use estuarine habitats extensively for reproduction and
foraging (Smith and Merriner 1985; Fisher et al. 2013), and our results indicate they move
between coastal, mainstem, and multiple tidal river habitats during this period. The timing of
their migrations to the estuary were sex-specific, which aligned with previously identified
differences between males and females in their response to exogenous (sea surface temperature,
photoperiod) and potentially endogenous (day of year) migration cues (Bangley et al. 2021).
Some males exited Chesapeake Bay earlier and used a broader suite of habitats than females,

which primarily resided in the low estuary and tidal rivers. Females therefore likely experienced
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warmer temperatures in the estuary throughout the spring, summer, and fall, during which they
pup, mate, and begin to develop the next embryo (Fisher et al. 2013). This pattern aligns with
observations from satellite tagging (Omori and Fisher 2017) and acoustic telemetry (Bangley et
al. 2021), suggesting that females prioritize warmer conditions for embryonic development while
males exploit additional habitats and resources in the summer.

Dusky sharks and smooth dogfish exhibited similar migration pathways, using estuarine
and coastal waters near Chesapeake Bay in the spring (traveling northward) and fall (traveling
southward) with minimal use of habitat in Chesapeake Bay. This is the first description of the
migratory behavior of smooth dogfish using acoustic telemetry and aligns with mark-recapture
data and habitat suitability models (Kohler et al. 2014; Dell’Apa et al. 2018). Migrating dusky
sharks moved farther south (Florida, USA) relative to observations in the first two years after
tagging (South Carolina, USA) reported by Bangley et al. (2020a). One distinct difference
emerged between these two sharks: smooth dogfish were present in the Chesapeake Bay area
earlier in the spring and later in the fall compared to dusky sharks, aligning with smooth
dogfish’s general association with lower water temperatures than dusky sharks (Dell’ Apa et al.
2018; Bangley et al. 2020a).

Similarly, entry and exit timing of alewife aligned with known temperature-dependence
of their migrations (Ogburn et al. 2017b, Legett et al. 2021). Alewife in Chesapeake Bay enter in
the early spring (Feb — Mar) and exit approximately one month later (~April), remaining within a
thermal window of 9 to 21°C (Legett et al. 2023). We observed very little movement among
regions within Chesapeake Bay during the spawning period, other than the directed migration to
and from their spawning river through the lower estuary. These migratory movements were

captured primarily by the Chesapeake Bay “backbone” array, which is maintained in partnership
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with local researchers and managers in the upper bay (Maryland Department of Natural
Resources), mid-bay (University of Maryland Center for Environmental Sciences), and southern
bay (Virginia Marine Resources Commission), and all data are shared through the ACT network.
These backbone receivers provide an opportunity for repeated tag deployments in alewife (or
other migratory species) to monitor potential changes to migratory pathways and phenology due
to anthropogenic effects such as increasing temperatures and habitat degradation, as have been
observed for alewife in the southern extent of their range (North Carolina, USA; Lombardo et al.
2020).

In addition to describing large-scale migrations, our results elucidated within- and
among-estuary movements of resident species, including juvenile striped bass. Individual striped
bass of the size tagged in this study (0.35 m £ 0.07 m TL) primarily inhabit oligohaline up-
estuary regions year-round (Wingate et al. 2011; Able et al. 2012), and this was generally
confirmed by the observed detection patterns. Juvenile striped bass used brackish habitats in all
seasons, such as the Rhode River and upper bay, but they increased their riverine occupancy in
the spring and moved among five tidal rivers. Furthermore, eight individuals transited the
Chesapeake and Delaware Canal (C&D) into the adjacent Delaware River. This movement
pathway has been documented in the context of egress during the northward migrations of adults
(Secor et al. 2020), but movements of adult migrants were unidirectional (outward). The
bidirectional movement through the C&D Canal observed in the present study suggests juvenile
striped bass remain within oligohaline regions in the spring, such that the Delaware River
represents an important additional habitat for juvenile striped bass using Chesapeake Bay as a
nursery area. Our results also support the differential migration paradigm for striped bass in

Chesapeake Bay, whereby only two individuals of this relatively small size class (0.35 m + 0.07
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m total length) underwent the northward migration typical of larger individuals (> 0.80 m, Secor
et al. 2020). The most common exit pathway for migrating adult striped bass is through the lower
Chesapeake Bay (Secor et al. 2020), which aligns with the observed RI increase for juvenile
striped bass in that region during the winter (pre-migration) period in the present study.

While striped bass were largely resident in estuarine waters, three species exhibited even
higher residency. Common carp and horseshoe crabs were infrequently detected outside of the
Rhode River, and rarely (never for common carp) detected during the winter. In lakes, common
carp form winter aggregations (Bajer et al. 2011) so it is possible individuals in this study
aggregated outside the range of deployed receivers and did not travel far enough to be detected
on other Chesapeake Bay receiver arrays that were a few to 10s of km away. Horseshoe crabs
reduce their movement rate and home range size during winter in New England, USA estuaries
(Moore and Perrin 2007; Watson et al. 2016), and our results support a similar restriction of
movements within or just outside the Rhode River during winter. Blue catfish were exclusively
detected in the rivers in which they were tagged, so we did not observe any movement between
rivers or into the estuary mainstem. This species is invasive in Chesapeake Bay tributaries,
having increased dramatically in abundance since their introduction in the 1970s (Fabrizio et al.
2021). Large blue catfish likely disperse throughout much of Chesapeake Bay during low salinity
periods (Nepal and Fabrizio 2019), but we did not have any active acoustic telemetry tags in blue
catfish during low salinity periods that might have enabled us to observe dispersal events.

Despite the value of employing acoustic telemetry to answer management-related and
ecological questions demonstrated in this study, there are several considerations for applying this
multispecies framework to other ecosystems and designing future studies. First, the arrangement

and spatiotemporal scale of an acoustic receiver array inherently influences patterns of detection
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and the resulting inferences that can be made (Carlisle et al. 2019; Ellis et al. 2019).
Collaborative acoustic telemetry networks consist of multiple arrays designed for unique
research programs, so it is important to carefully examine when and where receivers were
present and absent while analyzing and interpreting detections. Specifically designed, optimized
receiver deployments could improve the efficacy of cooperative acoustic telemetry networks and
provide stronger datasets, such as long-term, strategically arranged “curtains” (Taylor et al.
2017), grid-based arrays (Kraus et al. 2018), or distance-based gradients around areas of interest
(e.g., wind farm sites; Methratta 2020). The sample size of tagged individuals and the
spatiotemporal distribution of tag deployments are also important to consider. This study used
data across species with various sample sizes (n = 15 to 82, Table 1), and we were able to
conduct more detailed analyses across longer timescales for species with greater sample sizes
(e.g., cownose rays, especially those with long-lasting tags) compared to those with fewer tagged
individuals (e.g., common carp) or shorter tag life (e.g., alewife). Furthermore, this study
highlights the importance of, and challenges inherent to, choosing data analyses that are
comparable among species and account for the aforementioned sample size and array design
considerations. For example, the residency index equation we used was specifically designed to
reduce the influence of days when individuals were not detected, which were far greater for
migratory species that transited areas with relatively low receiver coverage (e.g., dusky sharks)
compared to those that generally remained within small areas with high coverage (e.g., blue
catfish). However, the quality (quantity) of data produced for a given species does affect the
confidence with which we can interpret these metrics. Complementing these RI metrics with
other analyses, such as entry and exit dates and network analyses, can provide an enhanced

understanding of habitat use patterns, especially for species with limited detection quantities.
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Leveraging collaborative acoustic telemetry networks allowed us to quantify connectivity
among habitats within Chesapeake Bay, document how migratory movements link the estuary to
coastal habitats at a continental scale, and explore the implications of those movements for
fisheries within and among management jurisdictions. By using a multispecies analysis
framework, we highlight the diversity in scale of movements among fishes and invertebrates that
use estuarine habitats. We documented previously enigmatic migration pathways and timing,
including dusky sharks migrating farther south than previously recorded using acoustic
telemetry, smooth dogfish traveling along the US Atlantic coast, alewife migrations into
Canadian waters, and two striped bass migrating to New England at smaller sizes than previously
observed. Within Chesapeake Bay, we observed varying degrees of movement, and thus
connectivity of habitats, among species ranging from highly migratory to resident within tagging
regions. Furthermore, network analysis allowed us to identify potential enhancements to current
fishery management strategies, both within a given jurisdiction and across international borders.
We suggest continued, if not increased, participation in collaborative acoustic telemetry networks
and support for long-term spatially stable receiver arrays to enhance the quantity and quality of
acoustic telemetry data. We also urge resource managers to implement acoustic telemetry studies
in combination with traditional data collection efforts to increase the knowledge base for

developing fishery management strategies that are effective and adaptable over time.

5. Acknowledgements
This project was funded by the NOAA NMFS Chesapeake Bay Oftice award

#NA21NMF4570525. Furey was also supported by the Class of 1937 Professorship in Marine

Biology via the University of New Hampshire’s School of Marine Science and Ocean

26



587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603
604

605

606

Engineering. Funding for tags and the SERC acoustic receiver array was provided by Aramco
Services Company (dusky sharks, smooth dogfish), the Curtis and Edith Munson Foundation
(cownose ray), the NOAA NMFS Chesapeake Bay Office award #NA18NMF4570255 (striped
bass), and the Smithsonian Institution’s Office of the Under Secretary for Science (acoustic
receiver array, alewife, blue catfish, common carp, cownose ray, horseshoe crab). The authors
thank Charles Bangley, Robert Fisher, Michael Goodison, Jim Gartland, and the VIMS Shark
Monitoring and Assessment Program crew, Rob Latour, Carmen Ritter, Paige Roberts, Mark
Sampson, and the crew of the F/V Fish Finder, and SERC interns and volunteers for their
assistance in capturing and tagging some of the animals in this study. We thank Wilmelie Cruz
Marrero, Mike O’Brien, Kevin Schabow, Dave Secor, Ethan Simpson, and Chuck Stence for
coordinating and providing tag detections from the Chesapeake Bay backbone and Chesapeake
Bay Interpretive Buoy System acoustic telemetry arrays. Most importantly, this study would not
have been possible without the many tag detections provided by members of the Atlantic
Cooperative Telemetry Network, FACT Network, and Ocean Tracking Network. Illustrations of

each species used in the figures were created and provided by Chloe Pearson.

6. Author Contributions
Conceptualization: M.B.O., N.B.F., H.D.L. Data collection: M.B.O., H.D.L., K.D.R., R.A., K.H.

Data analysis: M.C.L., N.B.F. Preparation of figures and tables: M.C.L., M.B.O. Writing:

M.C.L.,, NB.F, M.B.O,, HD.L., K.D.R., R.A.

27



607
608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

Literature Cited
Abecasis, D., Steckenreuter, A., Reubens, J., Aarstrup, K., Alos, J., Badalamenti, F., Bajona, L.,

Boylan, P., Deneudt, K., Greenberg, L., Brevé, N., Herndndez, F., Humphries, N., Meyer,
C., Sims, D., Thorstad, E.B., Walker, A.M., Whoriskey, F., and Afonso, P. 2018. A review
of acoustic telemetry in Europe and the need for a regional aquatic telemetry network.
Animal Biotelemetry 6:12. doi:10.1186/s40317-018-0156-0

Able, K.W., Grothues, T.M., Turnure, J.T., Byrne, D.M., and Clerkin, P. 2012. Distribution,
movements, and habitat use of small striped bass (Morone saxatilis) across multiple
spatial scales. Fishery Bulletin 110:176-192.

Able, K.W., Grothues, T.M., Turnure, J.T., Malone, M.A., and Henkes, G.A. 2014. Dynamics of
residency and egress in selected estuarine fishes: evidence from acoustic telemetry.
Environmental Biology of Fishes 97:91-102. d0i:10.1007/s10641-013-0126-6

Abrahms, B., Aikens, E.O., Armstrong, J.B., Deacy, W.W., Kauffman, M.J., and Merkle, J.A.
2021. Emerging perspectives on resource tracking and animal movement ecology. Trends
in Ecology and Evolution 36:308-320. doi:10.1016/j.tree.2020.10.018

Aguilar, R., Johnson, E.G., Hines, A.H., Kramer, M.A., and Goodison, M.R. 2008. Importance of
Blue Crab Life History for Stock Enhancement and Spatial Management of the Fishery in
Chesapeake Bay. Reviews in Fisheries Science 16:117-124.
doi:10.1080/10641260701681599

Alds, J., March, D., Palmer, M., Grau, A., and Morales-Nin, B. 2011. Spatial and temporal
patterns in Serranus cabrilla habitat use in the NW Mediterranean revealed by acoustic
telemetry. Marine Ecology Progress Series 427:173-186. doi:10.3354/meps09042

Altenritter, M.N., Zydlewski, G.B., M.T. Kinnison, M.T., and Wippelhauser, G.S. 2017. Atlantic
sturgeon use of the Penobscot River and marine movements within and beyond the Gulf

28



631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

of Maine. Marine and Coastal Fisheries: Dynamics, Management, and Ecosystem
Science 9:216-230. doi:10.1080/19425120.2017.1282898

Appert, C., Udyawer, V., Simpfendorfer, C., Heupel, M.R., Scott, M., Currey-Randall, L.M.,
Harborne, A.R., Jaine, F., and Chin, A. 2023. Use, misuse, and ambiguity of indices of
residence in acoustic telemetry studies. Marine Ecology Progress Series 714:27-44.
doi:10.3354/meps14300

Atlantic States Marine Fisheries Commission. 2017. 2017 Atlantic Sturgeon Benchmark Stock
Assessment and Peer Review Report.
https://www.asmfc.org/uploads/file//59f8d5ebAtlSturgeonBenchmarkStockAssmt PeerR
eviewReport 2017.pdf

Bacheler, N.M., Buckel, J.A., Hightower, J.E., Paramore, L.M., and Pollock, K.H. 2009. A
combined telemetry — tag return approach to estimate fishing and natural mortality rates
of an estuarine fish. Canadian Journal of Fisheries and Aquatic Sciences 66:1230-1244.
doi:10.1139/F09-076

Bajer, P.G., Chizinski, C.J., and Sorensen, P.W. 2011. Using the Judas technique to locate and
remove wintertime aggregations of invasive common carp. Fisheries Management and
Ecology 18:497-505. doi:10.1111/5.1365-2400.2011.00805.x

Balazik, M.T., Garman, G.C., Van Eenennaam, J.P., Mohler, J., and Woods III, L.C. 2012.
Empirical evidence of fall spawning by Atlantic Sturgeon in the James River, Virginia.
Transactions of the American Fisheries Society 141:1465-1471.
doi:10.1080/00028487.2012.703157

Bangley, C.W., Curtis, T.H., Secor, D.H., Latour, R.J., and Ogburn, M.B. 2020a. Identifying

Important Juvenile Dusky Shark Habitat in the Northwest Atlantic Ocean Using Acoustic

29



654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

Telemetry and Spatial Modeling. Marine and Coastal Fisheries: Dynamics, Management,
and Ecosystem Science 12:348-363. doi:10.1002/mcf2.10120

Bangley, C.W., Whoriskey, F.G., Young, J.M., and Ogburn, M.B. 2020b. Networked Animal
Telemetry in the Northwest Atlantic and Caribbean Waters. Marine and Coastal
Fisheries: Dynamics, Management, and Ecosystem Science 12:339-347.
doi:10.1002/mcf2.10128

Bangley, C.W., Edwards, M.L., Mueller, C., Fisher, R.A., Aguilar, R., Heggie, K., Richie, K.,
Ahr, B.J., and Ogburn, M.B. 2021. Environmental associations of cownose ray
(Rhinoptera bonasus) seasonal presence along the U.S. Atlantic Coast. Ecosphere
12:¢03743. doi:10.1002/ecs2.3743

Block, B.A., Jonsen, 1.D., Jorgensen, S.J., et al. 2011. Tracking apex predator movements in a
dynamic ocean. Nature 475:86-90. doi:10.1038/nature10082

Block, B.A., Whitlock, R., Schallert, R.J., Wilson, S., Stokesbury, M.J.W., Castleton, M., and
Boustany, A. 2019. Estimating Natural Mortality of Atlantic Bluefin Tuna Using Acoustic
Telemetry. Scientific Reports 9:4918. doi:10.1038/541598-019-40065-z

Bohaboy, E.C., Guttridge, T.L., Hammerschlag, N., Van Zinnicq Bergmann, M.P.M., and
Patterson, W.F., III. 2020. Application of three-dimensional acoustic telemetry to assess
the effects of rapid recompression on reef fish discard mortality. /CES Journal of Marine
Science 77:83-96. doi:10.1093/icesjms/fsz202

Boucek, R.E. and Morley, D. 2019. Demonstrating the value of cross-ecosystem syntheses and
comparisons in animal movement and acoustic telemetry research. Fisheries Research

216:74-78. doi:10.1016/j.fishres.2019.03.019

30



676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

Breece, M.W., Fox, D.A., Dunton, K.J., Frisk, M.G., Jordaan, A., and Oliver, M.J. 2016.
Dynamic seascapes predict the marine occurrence of an endangered species: Atlantic
Sturgeon Acipenser oxyrinchus oxyrinchus. Methods in Ecology and Evolution 7:725-
733. d0i:10.1111/2041-210X.12532

Callihan, J.L., Cowan Jr., J.H., and Harbison, M.D. 2013. Sex Differences in Residency of Adult
Spotted Seatrout in a Louisiana Estuary. Marine and Coastal Fisheries: Dynamics,
Management, and Ecosystem Science 5:79-92. doi:10.1080/19425120.2013.781559

Capello, M., Robert, M., Soria, M., Potin, G., Itano, D., Holland, K., Deneubourg, J.-L., and
Dagorn, L. 2015. A Methodological Framework to Estimate the Site Fidelity of Tagged
Animals Using Passive Acoustic Telemetry. PLOS ONE 10:¢0134002.
doi:10.1371/journal.pone.0134002

Capizzano, C.W., Mandelman, J.W., Hoffman, W.S., Dean, M.J., Zemeckis, D.R., Benoit, H.P.,
Kneebone, j., Jones, E., Stettner, M.J., Buchan, N.J., Langan, J.A., and Sulikowski, J.A.
2016. Estimating and mitigating the discard mortality of Atlantic cod (Gadus morhua) in
the Gulf of Maine recreational rod-and-reel fishery. ICES Journal of Marine Science
73:2342-2355. doi:10.1093/icesjms/fsw058

Carlisle, A.B., Tickler, D., Dale, J.J., Ferretti, F., Curnick, D.J., Chapple, T.K., Schallert, R.J.,
Castleton, M., and Block, B.A. 2019. Estimating space use of mobile fishes in a large
marine protected area with methodological considerations in acoustic array design.
Frontiers in Marine Science 6:2019. doi:10.3389/fmars.2019.00256

Chapman, D.D., Feldheim, K.A., Papastamatiou, Y.P., and Hueter, R.E. 2015. There and back

again: A review of residency and return migrations in sharks, with implications for

31



698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

population structure and management. The Annual Review of Marine Science 7:547-570.

doi:10.1146/annurev-marine-010814-015730

Clark, T.D., Furey, N B., Rechisky, E.L., Gale, M.K., Jeffries, K.M., Porter, A.D., Casselman,

M.T., Lotto, A.G., Patterson, D.A., Cooke, S.J., Farrell, A.P., Welch, D.W., and Hinch,
S.G. 2016. Tracking wild sockeye salmon smolts to the ocean reveals distinct regions of
nocturnal movement and high mortality. Ecological Applications 26:959-978.

doi:10.1890/15-0632

Clavel, J., Julliard, R., and Devictor, V. 2011. Worldwide decline of specialist species: toward a

global functional homogenization? Frontiers in Ecology and the Environment 9:222-228.

doi:10.1890/080216

Cooke, S.J., Iverson, S.J., Stokesbury, M.J.W., Hinch, S.G., Fisk, A.T., VanderZwaag, D.L.,

Apostle, R., and Whoriskey, F. 2011. Ocean Tracking Network Canada: a network
approach to addressing critical issues in fisheries and resource management with

implications for ocean governance. Fisheries 36:583-592.

doi:10.1080/03632415.2011.633464

Cooke, S.J., Bergman, J.N., Twardek, W.M., Piczak, M.L., Casselberry, G.A., Lutek, K.,

Dahlmo, L.S., Birnie-Gauvin, K., Griffin, L.P., Brownscombe, J.W. and Raby, G.D.,

2022. The movement ecology of fishes. Journal of Fish Biology 101: 756-779.

Crear, D.P., Watkins, B.E., Friedrichs, M.A.M., St-Laurent, P., and Weng, K.C. 2020. Estimating

shifts in phenology and habitat use of cobia in Chesapeake Bay under climate change.

Frontiers in Marine Science 7:2020. doi:10.3389/fmars.2020.579135

32



719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

Crossin, G.T., Heupel, M.R., Holbrook, C.M., Hussey, N.E., Lowerre-Barbieri, S.K., Nguyen,
V.M., Raby, G.D., and Cooke, S.J. 2017. Acoustic telemetry and fisheries management.
Ecological Applications 27:1031-1049. doi:10.1002/eap.1533

Csardi, G. and Nepusz, T. 2006. The igraph software package for complex network research.
InterJournal Complex Systems 1695. https://igraph.org.

Curtis, J.M., Johnson, M.W., Diamond, S.L., and Stunz, G.W. 2015. Quantifying Delayed
Mortality from Barotrauma Impairment in Discarded Red Snapper Using Acoustic
Telemetry. Marine and Coastal Fisheries: Dynamics, Management, and Ecosystem
Science 7:434—449. doi:10.1080/19425120.2015.1074968

Dale, M.R.T. and Fortin, M.-J. 2010. From Graphs to Spatial Graphs. Annual Review of Ecology,
Evolution, and Systematics 41:21-38. doi:10.1146/annurev-ecolsys-102209-144718

Davies, P., Britton, J.R., Castro-Santos, T., Crundwell, C., Dodd, J.R., Nunn, A.D., Velterop, R.,
and Bolland, J.D. 2023. Tracking anadromous fish over successive freshwater migrations
reveals the influence of tagging effect, previous success, and abiotic factors on upstream
passage over barriers. Canadian Journal of Fisheries and Aquatic Sciences 80:1110—
1125. doi:10.1139/cjfas-2022-0196

Dell’ Apa, A., Grazia Pennino, M., Bangley, C.W., and Bonzek, C. 2018. A Hierarchical Bayesian
Modeling Approach for the Habitat Distribution of Smooth Dogfish by Sex and Season in
Inshore Coastal Waters of the U.S. Northwest Atlantic. Marine and Coastal Fisheries:
Dynamics, Management, and Ecosystem Science 10:590-605. doi:10.1002/mcf2.10051

Dudgeon, C.L., Pollock, K.H., Braccini, J.M., Semmens, J.M., & Barnett, A. 2015. Integrating

acoustic telemetry into mark—recapture models to improve the precision of apparent

33



741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

survival and abundance estimates. Oecologia 178:761-772. doi:10.1007/s00442-015-
3280-z

Edwards, M.L., McCallister, M., Brewster, L.R., Bangley, C.W., Curtis, T.H., Ogburn, M.B., and
Ajemian, M.J. 2022. Multi-year assessment of immature bull shark Carcharhinus leucas
residency and activity spaces in an expansive estuarine nursery. Marine Ecology Progress
Series 695:125-138. doi:10.3354/meps14113

Ellis, T.A., Buckel, J.A., and Hightower, J.E. 2017. Winter severity influences spotted seatrout
mortality in a southeast US estuarine system. Marine Ecology Progress Series 564:145—
161. doi:10.3354/meps11985

Ellis, R.D., Flaherty-Walia, K.E., Collins, A.B., Bickford, J.W., Boucek, R., Walters Burnsed,
S.L., and Lowerre-Barbieri, S.K. 2019. Acoustic telemetry array evolution: From species-
and project-specific designs to large-scale, multispecies, cooperative networks. Fisheries
Research 209:186-195. doi:10.1016/j.fishres.2018.09.015

Espinoza, M., Heupel, M.R., Tobin, A.J., and Simpfendorfer, C.A. 2016. Evidence of Partial
Migration in a Large Coastal Predator: Opportunistic Foraging and Reproduction as Key
Drivers? PLOS ONE 11:¢0147608. doi:10.1371/journal.pone.0147608

Espinoza, M., Lédée, E.J.I., Smoothey, A.F., Heupel, M.R., Peddemors, V.M., Tobin, A.J., and
Simpfendorfer, C.A. 2021. Intra-specific variation in movement and habitat connectivity
of a mobile predator revealed by acoustic telemetry and network analyses. Marine
Biology 168:80. doi:10.1007/s00227-021-03886-z

Fabrizio, M.C., Nepal, V., and Tuckey, T.D. 2021. Invasive Blue Catfish in the Chesapeake Bay
Region: A Case Study of Competing Management Objectives. North American Journal of

Fisheries Management 41(S1):S156-S166. doi:10.1002/nafm.10552

34



764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

Finn, J.T., Brownscombe, J.W., Haak, C.R., Cooke, S.J., Cormier, R., Gagne, T., and Danylchuk,
A.J. 2014. Applying network methods to acoustic telemetry data: Modeling the
movements of tropical marine fishes. Ecological Modelling 293:139-149.
doi:10.1016/j.ecolmodel.2013.12.014

Fisher, R.A., Call, G.C., and Grubbs, R.D. 2013. Age, growth, and reproductive biology of
cownose rays in Chesapeake Bay. Marine and Coastal Fisheries: Dynamics,
Management, and Ecosystem Science 5:224-235. doi:10.1080/19425120.2013.812587

Flavio, H., Kennedy, R., Ensing, D., Jepsen, N., and Aarestrup, K. 2019. Marine mortality in the
river? Atlantic salmon smolts under high predation pressure in the last kilometres of a
river monitored for stock assessment. Fisheries Management and Ecology 27:92-101.
doi:10.1111/fme.12405

Friess, C., Lowerre-Barbieri, S.K., Poulakis, G.R., et al. 2021. Region-scale variability in the
movement ecology of marine fishes revealed by an integrative acoustic tracking network.
Marine Ecology Progress Series 663:15-177. doi:10.3354/meps13637

Furey, N.B., Dance, M.A., and Rooker, J.R. 2013. Fine-scale movements and habitat use of
juvenile southern flounder Paralichthys lethostigma in an estuarine seascape. Journal of
Fish Biology 82:1469-1483. doi:10.1111/jfb.12074

Gahagan, B.1., Fox, D.A., and Secor, D.H. 2015. Partial migration of striped bass: revisiting the
contingent hypothesis. Marine Ecology Progress Series 525:185-197.
doi:10.3354/meps11152

Garcia, J., Mourier, J., and Lenfant, P. 2015. Spatial behavior of two coral reef fishes within a
Caribbean marine protected area. Marine Environmental Research 109:41-51.

doi:10.1016/j.marenvres.2015.06.004

35



787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

Goetz, S.J., Jantz, C.A., Prince, S.D., Smith, A.J., Varlyguin, D., and Wright, R.K. 2004.

Integrated analysis of ecosystem interactions with land use change: The Chesapeake Bay
watershed. R.S. DeFries, G. Asner, R.A. Houghton (Eds.), Ecosystems and Land Use

Change, American Geophysical Union, Washington DC (2004), pp. 263-275.

Griffin, L.P., Brownscombe, J.W., Adams, A.J., Boucek, R.E., Finn, J.T., Heithaus, M.R.,

Rehage, J.S., Cooke, S.J., and Danylchuk, A.J. 2018. Keeping up with the Silver King:
Using cooperative acoustic telemetry networks to quantify the movements of Atlantic
tarpon (Megalops atlanticus) in the coastal waters of the southeastern United States.

Fisheries Research 205:65-76. doi:10.1016/j.fishres.2018.04.008

Hare, J.A., Borggaard, D.L., Alexander, M.A., Bailey, M.M., Bowden, A.A., Damon-Randall, K.,

Didden, J.T., Hasselman, D.J., Kerns, T., McCrary, R., McDermott, S., Nye, J.A., Pierce,
J., Schultz, E.T., Scott, J.D., Starks, C., Sullivan, K., and Tooley, M.B. 2021. A review of
river herring science in support of species conservation and ecosystem restoration.

Marine and Coastal Fisheries: Dynamics, Management, and Ecosystem Science 13:627-

664. doi:10.1002/mcf2.10174

Harrison, A.-L., Costa, D.P., Winship, A.J., Benson, S.R., Bograd, S.J., Antolos, M., Carlisle,

A.B., Dewar, H., Dutton, P.H., Jorgensen, S.J., Kohin, S., Mate, B.R., Robinson, P.W.,
Schaefer, K.M., Shaffer, S.A., Shillinger, G.L., Simmons, S.E., Weng, K.C., Gjerde,
K.M., and Block, B.A. 2018. The political biogeography of migratory marine predators.

Nature Ecology & Evolution 2:1571-1578. doi:10.1038/s41559-018-0646-8

Hayden, T.A., Holbrook, C.M., Fielder, D.G., Vandergoot, C.S., Bergstedt, R.A., Dettmers, J.M.,

Krueger, C.C., and Cooke, S.J. 2014. Acoustic Telemetry Reveals Large-Scale Migration

36



809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

Patterns of Walleye in Lake Huron. PLOS ONE 9:e114833.
doi:10.1371/journal.pone.0114833

Heupel, M.R., Simpfendorfer, C.A., Espinoza, M., Smoothey, A.F., Tobinm A., and Peddemors,
V. 2015. Conservation challenges of sharks with continental scale migrations. Frontiers
in Marine Science 2:12. doi:10.3389/fmars.2015.00012

Hightower, J.E., Loeffler, M., Post, W.C., and Peterson, D.L. 2015. Estimated survival of
subadult and adult Atlantic Sturgeon in four river basins in the Southeastern United
States. Marine and Coastal Fisheries: Dynamics, Management, and Ecosystem Science
7:514-522. doi:10.1080/19425120.2015.1088491

Hijmans, R. 2021. geosphere: Spherical Trigonometry . R package version 1.5-14,
<https://CRAN.R-project.org/package=geosphere>.

Hoffmayer, E.R., Franks, J.S., Driggers III, W.B., McKinney, J.A., Hendon, J.M., and Quattro,
J.M. 2014. Habitat, movements and environmental preferences of dusky sharks,
Carcharhinus obscurus, in the northern Gulf of Mexico. Marine Biology 161:911-924.
doi:10.1007/s00227-014-2391-0

Hussey, N.E., Kessel, S.T., Aarestrup, K., Cooke, S.J., Cowley, P.D., Fisk, A.T., Harcourt, R.G.,
Holland, K.N., Iverson, S.J., Kocik, J.F., Mills Flemming, J.E., and Whoriskey, F.G.
2015. Aquatic animal telemetry: A panoramic window into the underwater world. Science
348:1255642. doi:10.1126/science.1255642

Hussey, N.E., Hedges, K.J., Barkley, A.N., Treble, M.A., Peklova, 1., Webber, D.M., Ferguson,
S.H., Yurkowski, D.J., Kessel, S.T., Bedard, J.M., and Fisk, A.T. 2017. Movements of
deep-water fish: establishing marine fisheries management boundaries in coastal Arctic

waters. Ecological Applications 27:687-704. doi:10.1002/eap.1485

37



832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

Huveneers, C., Niella, Y., Drew, M., McAuley, R., Butcher, P., Peddemors, V., Waltrick, D.,
Dowling, C., Mountford, S., Keay, I., and Braccini, M. 2021. Continental-scale network
reveals cross-jurisdictional movements of sympatric sharks with implications for
assessment and management. Frontiers in Marine Science 8:2021.
doi:10.3389/fmars.2021.697175

Kessel, S.T., Chapman, D.D., Franks, B.R., Gedamke, T., Gruber, S.H., Newman, J.M., White,
E.R., and Perkins, R.G. 2014. Predictable temperature-regulated residency, movement
and migration in a large, highly mobile marine predator (Negaprion brevirostris). Marine
Ecology Progress Series 514:175-190. doi:10.3354/meps10966

Kneebone, J., Chisholm, J., and Skomal, G.B. 2012. Seasonal residency, habitat use, and site
fidelity of juvenile sand tiger sharks Carcharias taurus in a Massachusetts estuary.
Marine Ecology Progress Series 471:165-181. do0i:10.3354/meps09989

Kneebone, J., Hoffman, W.S., Dean, M.J., Fox, D.A., and Armstrong, M.P. 2014. Movement
Patterns and Stock Composition of Adult Striped Bass Tagged in Massachusetts Coastal
Waters. Transactions of the American Fisheries Society 143:1115-1129.
doi:10.1080/00028487.2014.889752

Kohler, N.E., Turner, P.A., Pezzullo, M., and McCandless, C.T. 2014. Mark/Recapture Data for
the Smooth Dogfish, Mustelus Canis, in the western North Atlantic from the NEFSC
Cooperative Shark Tagging Program. SEDAR39-DW-20. SEDAR, North Charleston, SC.
24 pp.

Kraus, R.T., Holbrook, C.M., Vandergoot, C.S., Stewart, T.R., Faust, M.D., Watkinson, D.A.,

Charles, C., Pegg, M., Enders, E.C. and Krueger, C.C. 2018. Evaluation of acoustic

38



854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

telemetry grids for determining aquatic animal movement and survival. Methods in

Ecology and Evolution 9:1489-1502. doi:10.1111/2041-210X.12996

Krueger, C.C., Holbrook, C.M., Binder, T.R., Vandergoot, C.S., Hayden, T.A., Hondorp, D.W.,

Nate, N., Paige, K., Riley, S.C., Fisk, A.T., and Cooke, S.J. 2018. Acoustic telemetry
observation systems: challenges encountered and overcome in the Laurentian Great
Lakes. Canadian Journal of Fisheries and Aquatic Sciences 75:1755-1763.

doi:10.1139/cjtas-2017-0406

Lea, J.S.E., Humphries, N.E., von Brandis, R.G., Clarke, C.R., and Sims, D.W. 2016. Acoustic

telemetry and network analysis reveal the space use of multiple reef predators and
enhance marine protected area design. Proceedings of the Royal Society B 283:20160717.

doi:10.1098/rspb.2016.0717

Leander, J., Klaminder, J., Hellstrom, G., and Jonsson, M. 2021. Bubble barriers to guide

downstream migrating Atlantic salmon (Sa/mo salar): An evaluation using acoustic

telemetry. Ecological Engineering 160:106141. doi:10.1016/j.ecoleng.2020.106141

Lédée, E.J.1., Heupel, M.R., Taylor, M.D., Harcourt, R.G., Jaine, F.R.A., Huveneers, C.,

Udyawer, V., Campbell, H.A., Babcock, R.C., Hoenner, X., Barnett, A., Braccini, M.,
Brodie, S., Butcher, P.A., Cadiou, G., Dwyer, R.G., Espinoza, M., Ferreira, L.C.,
Fetterplace, L., Fowler, A., Harborne, A.R., Knott, N.A., Lowry, M., McAllister, J.,
McAuley, R., Meekan, M., Mills, K., Peddemors, V.M., Pillans, R., Semmens, J.,
Smoothey, A.F., Speed, C., Stehfest, K., van der Meulen, D., and Simpfendorfer, C.A.
2021. Continental-scale acoustic telemetry and network analysis reveal new insights into

stock structure. Fish and Fisheries 22:987-1005. doi:10.1111/faf. 12565

39



876

877

878

879

880

881

882

883

884

885

886

887

888

889

890

891

892

893

894

895

896

897

898

Lees, K.J., MacNeil, M.A., Hedges, K.J., and Hussey, N.E. 2021. Estimating demographic
parameters for fisheries management using acoustic telemetry. Reviews in Fish Biology
and Fisheries 31:25-51. do1:10.1007/s11160-020-09626-8

Legett, H. D., Jordaan, A., Roy, A. H., Sheppard, J. J., Somos-Valenzuela, M., and Staudinger,
M. D. 2021. Daily patterns of River Herring (A4losa spp.) spawning migrations:
Environmental drivers and variation among coastal streams in Massachusetts.
Transactions of the American Fisheries Society 150:501-513. doi:10.1002/tafs.10301

Legett, H. D., Aguilar, R., Heggie, K., Richie, K. D., and Ogburn, M. B. 2023. Timing and
environmental drivers of spawning migrations of alewife (4/osa pseudoharengus) and
blueback herring (4. aestivalis) in rivers of Chesapeake Bay. Fishery Bulletin 121:96-
111. doi: 10.7755/FB.121.3.4

Lippi, D.L., Coxey, M.S., Rooker, J.R., Rezende, S.M., Dance, M.A., Gaspar, A.L.B., Maida, M.,
and Ferreira, B.P. 2022. Use of acoustic telemetry to evaluate fish movement, habitat use,
and protection effectiveness of a coral reef no-take zone (NTZ) in Brazil. Marine Ecology
Progress Series 688:113—131. doi:10.3354/meps14020

Lowerre-Barbieri, S.K., Kays, R., Thorson, J.T., and Wikelski, M. 2019. The ocean’s movescape:
fisheries management in the bio-logging decade (2018-2028). ICES Journal of Marine
Science 76:477-488. doi:10.1093/icesjms/fsy211

MacAvoy, S.E., Macko, S.A., Mclnnich, S.P., and Garman, G.C. 2000. Marine nutrient
contributions to freshwater apex predators. Oecologia 122:568-573.
doi:10.1007/s004420050980

Massie, J.A., Santos, R.O., Rezek, R.J., James, W.R., Viadero, N.M., Boucek, R.E., Blewett,

D.A., Trotter, A.A., Stevens, P.W., and Rehage, J.S. 2022. Primed and cued: long-term

40



899

900

901

902

903

904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

acoustic telemetry links interannual and seasonal variations in freshwater flows to the
spawning migrations of Common Snook in the Florida Everglades. Movement Ecology
10:48. doi:10.1186/s40462-022-00350-5

Matley, J.K., Klinard, N.V., Barbosa Martins, A.P., Aarestrup, K., Aspillaga, E., Cooke, S.J.,
Cowley, P.D. Heupel, M.R., Lowe, C.G., Lowerre-Barbieri, S.K., Mitamura, H., Moore,
J.-S., Simpfendorfer, C.A., Stokesbury, M.J.W., Taylor, M.D., Thorstad, E.B.,
Vandergoot, C.S., and Fisk, A.T. 2022. Global trends in aquatic animal tracking with
acoustic telemetry. Trends in Ecology and Evolution 37:79-94.
doi:10.1016/j.tree.2021.09.001

Methratta, E.T. 2020. Monitoring fisheries resources at offshore wind farms: BACI vs. BAG
designs. ICES Journal of Marine Science 77:890-900. doi:10.1093/icesjms/fsaa026

Moore, S. and Perrin, S. 2007. Seasonal Movement and Resource-Use Patterns of Resident
Horseshoe Crab (Limulus polyphemus) Populations in a Maine, USA Estuary. Estuaries
and Coasts 30:1016-1026. doi:10.1007/BF02841392

Moulton, D.L., Dance, M.A., Williams, J.A., Sluis, M.Z., Stunz, G.W., and Rooker, J.R. 2017.
Habitat Partitioning and Seasonal Movement of Red Drum and Spotted Seatrout.
Estuaries and Coasts 40:905-916. doi:10.1007/s12237-016-0189-7

Murray, T.S., Elston, C., Parkinson, M.C., Filmalter, J.D., and Cowley, P.D. 2022. A decade of
South Africa’s Acoustic Tracking Array Platform: An example of a successful ocean
stewardship programme. Frontiers in Marine Science 9:2022.
doi:10.3389/fmars.2022.886554

Nalesso, E., Hearn, A., Sosa-Nishizaki, O., Steiner, T., Antoniou, A., Reid, A., Bedusso, S., Soler,

G., Klimley, A.P., Lara, F., Ketchum, J.T., and Arauz, R. 2019. Movements of scalloped

41



922 hammerhead sharks (Sphyrna lewini) at Cocos Island, Costa Rica and between oceanic
923 islands in the Eastern Tropical Pacific. PLoS ONE 14: €0213741.

924 doi:10.1371/journal.pone.0213741

925  Nathan, R., Getz, W.M., Revilla, E., Holyoak, M., Kadmon, R., Saltz, D., and Smouse, P.E. 2008.
926 A movement ecology paradigm for unifying organismal movement research. Proceedings
927 of the National Academy of Sciences 105:19052-19059. doi:10.1073/pnas.0800375105
928  National Marine Fisheries Service. 2022. Fisheries Economics of the United States, 2020. U.S.
929 Department of Commerce, NOAA Technical Memorandum NMFS-F/SPO-236A, 231 p.
930  Nelson, T.R. and Powers, S.P. 2020. Estimates of Red Drum Mortality via Acoustic Telemetry.
931 Marine and Coastal Fisheries: Dynamics, Management, and Ecosystem Science 12:78—
932 97. doi:10.1002/mcf2.10110

933  Nepal, V. and Fabrizio, M.C. 2019. High salinity tolerance of invasive blue catfish suggests

934 potential for further range expansion in the Chesapeake Bay region. PLoS ONE

935 14:€0224770. doi:10.1371/journal.pone.0224770

936 NOAA Chesapeake Bay Office. 2022. Tracking fish in the Chesapeake Bay helps researchers and

937 resource managers. NOAA. https://www.fisheries.noaa.gov/feature-story/tracking-fish-

938 chesapeake-bay-helps-researchers-and-resource-managers

939  Novak, A.J., Becker, S.L., Finn, J.T., Danylchuk, A.J., Pollock, C.G., Hillis-Starr, Z., and

940 Jordaan, A. 2020. Inferring residency and movement patterns of horse-eye jack Caranx
941 latus in relation to a Caribbean marine protected area acoustic telemetry array. Animal
942 Biotelemetry 8:12. doi:10.1186/s40317-020-00199-8

943  Ogburn, M.B., Harrison, A.-L., Whoriskey, F.G., Cooke, S.J., Mills Flemming, J.E., and Torres,

944 L.G. 2017a. Addressing challenges in the application of animal movement ecology to

42


https://www.fisheries.noaa.gov/feature-story/tracking-fish-chesapeake-bay-helps-researchers-and-resource-managers
https://www.fisheries.noaa.gov/feature-story/tracking-fish-chesapeake-bay-helps-researchers-and-resource-managers

945

946

947

948

949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

aquatic conservation and management. Frontiers in Marine Science 4:2017.
doi:10.3389/fmars.2017.00070

Ogburn, M.B., Spires, J., Aguilar, R., Goodison, M.R., Heggie, K., Kinnebrew, E., McBurney,
W., Richie, K.D., Roberts, P.M., and Hines, A.H. 2017b. Assessment of river herring
spawning runs in a Chesapeake Bay coastal plain stream using imaging sonar.
Transactions of the American Fisheries Society 146:22-35.
doi:10.1080/00028487.2016.1235612

Ogburn, M.B., Bangley, C.W., Aguilar, R., Fisher, R.A., Curran, M.C., Webb, S.F., and Hines,
A.H. 2018. Migratory connectivity and philopatry of cownose rays Rhinoptera bonasus
along the Atlantic coast, USA. Marine Ecology Progress Series 602:197-211.
doi:10.3354/meps12686

Ogburn, M.B., Legett, H.D., Aguilar, R., Furey, N.B., Heggie, K., Livernois, M.C., and Richie,
K.D. 2024. Acoustic telemetry captures the full annual migration of alewife between
Chesapeake Bay and the Gulf of Maine. Marine Ecology Progress Series in press.

doi:10.3354/meps14676

Omori, K.L. and Fisher, R.A. 2017. Summer and fall movement of cownose ray, Rhinoptera
bonasus, along the east coast of United States observed with pop-up satellite tags.
Environmental Biology of Fishes 100:1435-1449. doi:10.1007/s10641-017-0654-6

Papastamatiou, Y.P., Friedlander, A.M., Caselle, J.E., and Lowe, C.G. 2010. Long-term
movement patterns and trophic ecology of blacktip reef sharks (Carcharhinus
melanopterus) at Palmyra Atoll. Journal of Experimental Marine Biology and Ecology

386:94-102. do1:10.1016/j.jembe.2010.02.009

43



967

968

969

970

971

972

973

974

975

976

977

978

979

980

981

982

983

984

985

986

987

988

989

Papastamatiou, Y.P., Meyer, C.G., Carvalho, F., Dale, J.J., Hutchinson, M.R., and Holland, K.N.
2013. Telemetry and random-walk models reveal complex patterns of partial migration in
a large marine predator. Ecology 94:2595-2606. doi:10.1890/12-2014.1

Piper, A.T., Svendsen, J.C., Wright, R.M., and Kemp, P.S. 2017. Movement patterns of seaward
migrating European eel (Anguilla anguilla) at a complex of riverine barriers: implications
for conservation. Ecology of Freshwater Fish 26:87-98. doi:10.1111/eft.12257

Post, D.M. and Walters, A.W. 2009. Nutrient excretion rates of anadromous alewives during their
spawning migration. Transactions of the American Fisheries Society 138:264-268.
doi:10.1577/T08-111.1

Raabe, J.K., Hightower, J.E., Ellis, T.A., and Facendola, J.J. 2019. Evaluation of Fish Passage at
a Nature-Like Rock Ramp Fishway on a Large Coastal River. Transactions of the
American Fisheries Society 148:798-816. doi:10.1002/tafs.10173

Raby, G.D., Hinch, S.G., Patterson, D.A., Hills, J.A., Thompson, L.A., and Cooke, S.J. 2015.
Mechanisms to explain purse seine bycatch mortality of coho salmon. Ecological
Applications 25:1757-1775. doi:10.1890/14-0798.1

R Core Team. 2024. R: A Language and Environment for Statistical Computing. R Foundation
for Statistical Computing, Vienna, Austria.

Reubens, J.T., Pasotti, F., Degraer, S., and Vincx, M. 2013. Residency, site fidelity and habitat
use of Atlantic cod (Gadus morhua) at an offshore wind farm using acoustic telemetry.
Marine Environmental Research 90:128—135. doi:10.1016/j.marenvres.2013.07.001

Richards, R.A. and Rago, P.J. 1999. A Case History of Effective Fishery Management:
Chesapeake Bay Striped Bass. North American Journal of Fisheries Management

19:356-375. doi:10.1577/1548-8675(1999)019<0356: ACHOEF>2.0.CO;2

44



990

991

992

993

994

995

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

1007

1008

1009

1010

1011

1012

Rooker, J.R., Dance, M.A., Wells, R.J.D., Quigg, A., Hill, R.L., Appeldoorn, R.S., Padovani
Ferreira, B., Boswell, K.M., Sanchez, P.J., Moulton, D.L., Kitchens, L.L., Rooker, G.J.,
and Aschenbrenner, A. 2018. Seascape connectivity and the influence of predation risk on
the movement of fishes inhabiting a back-reef ecosystem. Ecosphere 9:¢02200.
doi:10.1002/ecs2.2200

Roscoe, D.W., Hinch, S.G., Cooke, S.J., and Patterson, D.A. 2011. Fishway passage and post-
passage mortality of up-river migrating sockeye salmon in the Seton River, British
Columbia. River Research and Applications 27:693—705. doi:10.1002/rra.1384

Rous, A.M., Midwood, J.D., Gutowksy, L.F.G., Lapointe, N.-W.R., Portiss, R., Sciscione, T.,
Wells, M.G., Doka, S.E., and Cooke, S.J. 2017. Telemetry-determined habitat use informs
multi-species habitat management in an urban harbor. Environmental Management
59:118-128. doi:10.1007/s00267-016-0775-2

Sackett, D.K., Able, K.W., and Grothues, T.M. 2007. Dynamics of summer flounder,
Paralichthys dentatus, seasonal migrations based on ultrasonic telemetry. Estuarine,
Coastal and Shelf Science 74:119-130. doi:10.1016/j.ecss.2007.03.027

S.B.268 — Maryland General Assembly (2017): Cownose Ray Fishery Management Plan and
Moratorium on Contests. (2017, May 4).

https://megaleg.maryland.gov/mgawebsite/legislation/details/sb0268?ys=2017rs

Secor, D.H., O’Brien, M.H.P., Gahagan, B.I., Watterson, J.C., and Fox, D.A. 2020. Differential
migration in Chesapeake Bay striped bass. PLoS ONE 15:¢0233103.
doi:10.1371/journal.pone.0233103

Semmens, B.X. 2008. Acoustically derived fine-scale behaviors of juvenile Chinook salmon

(Oncorhynchus tshawytscha) associated with intertidal benthic habitats in an estuary.

45


https://mgaleg.maryland.gov/mgawebsite/legislation/details/sb0268?ys=2017rs

1013

1014

1015

1016

1017

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

Canadian Journal of Fisheries and Aquatic Sciences 65:2053-2062. doi:10.1139/F08-
107

Simpfendorfer, C.A., Heupel, M.R., and Hueter, R.E. 2002. Estimation of short-term centers of
activity from an array of omnidirectional hydrophones and its use in studying animal
movements. Canadian Journal of Fisheries and Aquatic Sciences 59:23-32.
doi:10.1139/F01-191

Shuert, C.R., Marcoux, M., Hussey, N.E., and Auger-Méthé, M. 2022. Decadal migration
phenology of a long-lived Arctic icon keeps pace with climate change. Proceedings of the
National Academy of Science 119: €2121092119. doi:10.1073/pnas.2121092119

Stuart, [.G. and Jones, M.J. 2006. Movement of common carp, Cyprinus carpio, in a regulated
lowland Australian river: implications for management. Fisheries Management and
Ecology 13:213-219. do0i:10.1111/j.1365-2400.2006.00495.x

Taylor, M.D., Babcock, R.C., Simpfendorfer, C.A., and Crook, D.A. 2017. Where technology
meets ecology: acoustic telemetry in contemporary Australian aquatic research and
management. Marine and Freshwater Research 68:1397-1402. doi:10.1071/MF17054

TinHan, T.C., Mohan, J.A., Dumesnil, M., DeAngelis, B.M., and Wells, R.J.D. 2018. Linking
Habitat Use and Trophic Ecology of Spotted Seatrout (Cynoscion nebulosus) on a
Restored Oyster Reef in a Subtropical Estuary. Estuaries and Coasts 41:1793—-1805.
doi:10.1007/s12237-018-0391-x

Topping, D.T., Lowe, C.G., and Caselle, J.E. 2005. Home range and habitat utilization of adult
California sheephead, Semicossyphus pulcher (Labridae), in a temperate no-take marine

reserve. Marine Biology 147:301-311. doi:10.1007/s00227-005-1573-1

46



1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

1045

1046

1047

1048

1049

1050

1051

1052

1053

1054

1055

1056

Topping, D.T. and Szedlmayer, S.T. 2011. Home range and movement patterns of red snapper
(Lutjanus campechanus) on artificial reefs. Fisheries Research 112:77-84.
doi:10.1016/j.fishres.2011.08.013

Tuckey, T.D., Fabrizio, M.C., Norris, A.J., and Groves, M. 2017. Low Apparent Survival and
Heterogeneous Movement Patterns of Invasive Blue Catfish in a Coastal River. Marine
and Coastal Fisheries: Dynamics, Management, and Ecosystem Science 9:564-572.
doi:10.1080/19425120.2017.1381207

Twining, C.W., Palkovacs, E.P., Friedman, M.A., Hasselman, D.J., and Post, D.M. 2017.
Nutrient loading by anadromous fishes: species-specific contributions and the effects of
diversity. Canadian Journal of Fisheries and Aquatic Sciences 74:609-619.
doi:10.1139/cjfas-2016-0136

Ubeda, A.J., Simpfendorfer, C.A., and Heupel, M.R. 2009. Movements of bonnetheads, Sphyrna
tiburo, as a response to salinity change in a Florida estuary. Environmental Biology of
Fishes 84:293-303. doi:10.1007/s10641-008-9436-5

van Zinnicq Bergmann, M.P.M., Guttridge, T.L., Smukall, M.J., Adams, V.M., Bond, M.E.,
Burke, P.J., Fuentes, M.M.P.B., Heinrich, D.D.U., Huveneers, C., Gruber, S.H., and
Papastamatiou, Y.P. 2022. Using movement models and systematic conservation planning
to inform marine protected area design for a multi-species predator community.
Biological Conservation 266:109469. doi:10.1016/j.biocon.2022.109469

Watson, W.H., Johnson, S.K., Whitworth, C.D., and Chabot, C.C. 2016. Rhythms of locomotion
and seasonal changes in activity expressed by horseshoe crabs in their natural habitat.

Marine Ecology Progress Series 542:109-121. do0i:10.3354/meps11556

47



1057

1058

1059

1060

1061

1062

1063

1064

1065

1066

1067

1068

1069

1070

1071

1072

1073

1074

1075

1076

1077

1078

1079

Whoriskey, K., Martins, E.G., Auger-Méthé, M., Gutowsky, L.F.G., Lennox, R.J., Cooke, S.J.,
Power, M., and Mills Flemming, J. 2019. Current and emerging statistical techniques for
aquatic telemetry data: A guide to analysing spatially discrete animal detections. Methods
in Ecology and Evolution 10:935-948. doi:10.1111/2041-210X.13188

Williams, J., Hindell, J.S., Jenkins, G.P., Tracey, S., Hartmann, K., and Swearer, S.E. 2017. The
influence of freshwater flows on two estuarine resident fish species show differential
sensitivity to the impacts of drought, flood and climate change. Environmental Biology of
Fishes 100:1121-1137. doi:10.1007/s10641-017-0632-z

Wingate, R.L., Secor, D.H., and Kraus, R.T. 2011. Seasonal patterns of movement and residency
of striped bass within a subestuary of the Chesapeake Bay. Transactions of the American
Fisheries Society 140:1441-1450. doi:10.1080/00028487.2011.630279

Wippelhauser, G.S., Sulikowski, J., Zydlewski, G.B., Altenritter, M.A., Kieffer, M., and
Kinnison, M.T. 2017. Movements of Atlantic Sturgeon of the Gulf of Maine inside and
outside of the geographically defined distinct population segment. Marine and Coastal
Fisheries: Dynamics, Management, and Ecosystem Science 9:93-107.
doi:10.1080/19425120.2016.1271845

Wolcott, T.G, and Hines, A.H. 1990. Ultrasonic telemetry of small-scale movements and
microhabitat selection by molting blue crabs (Callinectes sapidus). Bulletin of Marine
Science 46:83-94.

Yergey, MLE., Grothues, T.M., Able, K.W., Crawford, C., and DeCristofer, K. 2012. Evaluating
discard mortality of summer flounder (Paralichthys dentatus) in the commercial trawl
fishery: Developing acoustic telemetry techniques. Fisheries Research 115-116:72-81.

doi:10.1016/j.fishres.2011.11.009

48



1080

1081

1082

1083

1084

1085

1086

1087

Young, J.M., Bowers, M.E., Reyier, E.A., Morley, D., Ault, E.R., Pye, J.D., Gallagher, R.M., and
Ellis, R.D. 2020. The FACT Network: Philosophy, Evolution, and Management of a
Collaborative Coastal Tracking Network. Marine and Coastal Fisheries: Dynamics,
Management, and Ecosystem Science 12:258-271. doi:10.1002/mcf2.10100

Zhang, Y., Xu, Q., Alos, J., Liu, H., Xu, Q., and Yang, H. 2015. Short-Term Fidelity, Habitat Use
and Vertical Movement Behavior of the Black Rockfish Sebastes schlegelii as
Determined by Acoustic Telemetry. PLOS ONE 10:¢0134381.

doi:10.1371/journal.pone.0134381

49



1088

1089

1090

1091

1092

Figures

. : ]
Tagging Locations ©
Delaware River
C&D Canal
\
Upper
South River\ Bay DE Ba 8 é)
Rhode River y Species
O \© Nanticoke O@ O @ Cownose ray
@ @ @ Dusky shark
Patuxent @ @ % @ Smoeoth dogfish
O Choptank © Striped bass
Potomac @ Alewife
Q) O ©Blue catfish
@ ® Horseshoe crab
@ Common carp
C
Rappahannock Lower Q
Piankatank — Bay O
York
© O
Mouth
James Offshore
i NC vl
. /,»;fj;."ﬁs EEZ
e
O |l
Psam"zo | ®  Fishery Management
oun i o
! Jurisdictions
el }
A
N
[
@ Uy

Fig 1. Study area and tagging locations of each species, with notable regions and tidal rivers

labeled. Inset includes locations of all receivers that detected a tagged animal of any species, and

the corresponding fishery management jurisdiction in which it belongs (color coded with labels).
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1107  Fig 4. Residency indices by region and season for each species. Sex-specific panels are included
1108  for cownose rays and dusky sharks. Inset map depicts receiver locations in each region within the
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Tables
Table 1. Tagging and detection data for each species: The number of tagged individuals and the

sizes of tags used (in parentheses, e.g., 9 = Innovasea V9), the number of individuals detected
and remaining in filtered datasets and the percentage of those tags that were detected for at least
one full year (in parentheses), years when tagging occurred, years in which detections were
recorded, total length in meters (mean = 1 SD) for all but cownose rays and horseshoe crabs
(disk width and carapace width, respectively), number of male and female individuals detected if
applicable, total number of detections in filtered datasets, and minimum and maximum latitudes

of detection per species.

Tagged Detected Years Total Latitude

Species (tagsize) (% >1yr) Tagged Years Detected Size(m) M|F Dets. (min/max)
Cownoseray 82 (9/13/16) 79 (49%)  2014-2019 2014-2022  0.77+023 20559 79620 269474057
Duskyshark 29 (13/16) 29 (83%)  2016-2019 20162022 146+031 1019 16168 2+66/41.20
Smooth dogfish ~ 21(13)  18(39%)  2017-2018 20172020 098011 117 11360  S>44/41.55
Striped bass 40 (9) 38 (42%) 2020 20202022 035£007 NA 831594 S/91/4208
Alewife 50 (7) 48 (8%) 2022 2022-2023  028+002 2325 6743  o/09/4515
Horseshoe crab 16 (9) 16 (6%)  2016,21,22 2016-19,2020-22 025%005 79 91743 S0:86/380
Commoncarp  15(9/13)  15(47%)  2015-2016 2015-2018  0.68+013 NA 90784  685/3896
Blue catfish 47(13)  45(60%)  2013-2015 2013-2017  057+011 NA 2095717 °635/3889
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Table 2. Metrics for each species’ local (Chesapeake and Delaware Bay regions) and continental-

scale (jurisdictional) network analysis, including the number of observed nodes

(regions/jurisdictions in which one or more individual was detected) and edges (movements

between regions/jurisdictions). Values in parentheses are the proportion of observed to possible

nodes or edges; local network = 19 possible nodes and 342 possible edges, continental-scale

network = 15 possible nodes and 210 possible edges.

Local Networks

Continental-scale Networks

Species Nodes (%) Edges (%0) Nodes (%) Edges (%0)
Cownose ray 13 (0.68) 74 (0.22) 11 (0.73) 53 (0.25)
Dusky shark 2(0.11) 1(0.003) 8 (0.53) 14 (0.07)

Smooth dogfish 3(0.16) 3(0.01) 8 (0.53) 17 (0.08)
Striped bass 9(0.47) 28 (0.08) 8 (0.53) 16 (0.08)
Alewife 4(0.21) 6 (0.02) 8 (0.53) 18 (0.09)
Horseshoe crab 2(0.11) 1 (0.003) 1(0.07) 0(0)
Common carp 2(0.11) 1 (0.003) 1(0.07) 0(0)
Blue catfish 4(0.21) 2 (0.006) 3(0.20) 2 (0.01)
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Table 3. Applications of acoustic telemetry data for fishery management

Management Action

Research Goal

Relevant Methods,
Analyses & Metrics

Examples

Conserve and restore
critical habitats

Identify critical
habitats and evaluate
responses to

Residency index

Reubens et al. 2013;
Rous et al. 2017; this
study; reviewed by

restoration Appert et al. 2023
Euclidean distance- Furey et al. 2013;
based analysis Moulton et al. 2017;
Rooker et al. 2018
Center of activity Simpfendorfer et al.
2002; Alos et al. 2011
Core use area (kernel Topping and
density, minimum Szedlmayer 2011;
convex polygon, Tinhan et al. 2018;
Brownian bridge, etc.) | Edwards et al. 2022
Habitat selection index | Topping et al. 2005;
Zhang et al. 2015
Continuous time Capello et al. 2015
residency
Bayesian state-space Semmens 2008
models
Adapt management for Determine Modeling frameworks Kneebone et al. 2012;
climate change environmental (GLM, GAM, BRT, RF, | Bangley et al. 2020a

associations and
model responses to
climate change

etc.)

Center of activity

Ubeda et al. 2009

Design spatiotemporal
management (protected
areas, time-area
closures)

Identify phenology of
space use and
migration pathways

Entry and exit dates

Sackett et al. 2007,
Able et al. 2014; Secor
et al. 2020; this study

Seasonal residency
index

Kessel et al. 2014;
Wingate et al. 2011;
this study

Modeling frameworks

Bangley et al. 2021

Detection at checkpoint
receivers

Hayden et al. 2014

Evaluate effectiveness of
protected areas

Quantify movements
within and
surrounding protected
areas

Core use area (KDE,
MCP, BB)

Lippi et al. 2022; van
Zinnicq Bergmann et
al. 2022

Network analysis

Garcia et al. 2015; Lea
et al. 2016

Residency index

Novak et al. 2020

Identify
interjurisdictional
management
opportunities and
effectiveness

Determine
connectivity among
regions or habitats

Network analysis

Lédée et al. 2021;
Espinoza et al. 2021;
this study

Connectivity plot

Heupel et al. 2015

Residency index

Hussey et al. 2017

59



1157

Appropriately define
stock units

Examine spatial scale
of potential
reproductive mixing

Network analysis

Lédée et al. 2021

Stock assignment

Kneebone et al. 2014

Explore size-based
management actions for
migratory species

Identify ontological
shifts in space use and
partial migration
patterns

Modeling frameworks
(GLMM, GAMM)

Papastamatiou et al.
2013; Secor et al. 2020

Multivariate analyses
(PCA)

Gahagan et al. 2015

Residency index,
connectivity plot

Espinoza et al. 2016

Restore migration
passageways for
diadromous fishes

Determine effects of
barriers on fish
passage and response
to restoration

Proportion of passage
success or survival

Roscoe et al. 2011;
Piper et al. 2017;
Leander et al. 2021

Modeling frameworks
(GLM)

Raabe et al. 2019;
Davies et al. 2023

Enhance accuracy of
mortality estimates in
stock assessments

Estimate natural
mortality

Bayesian multistate
models

Ellis et al. 2017; Block
et al. 2019; Nelson and
Powers 2020

Mark-recapture
methods

Bacheler et al. 2009;
Dudgeon et al. 2015;
Clark et al. 2016;
ASMFC 2017;
reviewed in Lees et al.
2021

Detection at checkpoint
receivers

Raby et al. 2015;
Flavio et al. 2020

Determine influence of
catch-and-release fishing
pressure

Estimate post-release
mortality

Comparison to dead
controls

Yergey et al. 2012;
Capizzano et al. 2016

Three-dimensional
geopositioning or
acceleration/depth tags

Curtis et al. 2015;
Bohaboy et al. 2020

Sex-specific
management objectives
and methods

Examine sex-specific
differences in space
use

Any herein, calculated
for each sex or included
as a covariate

Callihan et al. 2013;
Espinoza et al. 2021;
this study
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