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Abstract

Objective: Restoration of many populations of anadromous American Shad Alosa sa-
pidissima and river herring (Alewife A. pseudoharengus and Blueback Herring A. aesti-
valis) has been hampered by the presence of barriers to their spawning migrations and
insufficient monitoring of run size. Here, we describe results of a 10-year (2012-2021)
study of American Shad and river herring passage at the Island Farm Weir (IFW), the
downstream-most migration barrier on the Raritan River, New Jersey, United States.
Methods: We used passive integrated transponder tags applied to fish that were cap-
tured and released downstream of the IFW to estimate passage rates and migration
delays associated with upstream movements through an antenna array on a verti-
cal slot fishway within the weir. By combining estimated passage rates with video
monitoring of the total numbers of American Shad and river herring transiting the
fishway, we estimated the annual run size below the weir.

Result: Results suggest that the fishway on the IFW is moderately effective for
American Shad (passage rate=41%; 95% credible interval [CI] =21-61%) but ineffec-
tive for the smaller-bodied river herring (passage rate =0.5%, 95% CI = 0-2%; fallback-
adjusted passage rate=1.1%, 95% CI=0.0-4.5%). The IFW may have also delayed the
spawning migrations of those fish that did pass, with total passage times ranging
from 0.4 to 20.9 days (mean + standard deviation =8.2 + 5.3 days) for American Shad
and 15.0days for the one river herring that passed within the same year that it was
tagged. Run size estimates during the study period ranged from 103 to 2624 individu-
als for American Shad and from 1486 to 53,334 for river herring.

Conclusion: Restoration of these species in the Raritan River will likely require re-
moval of the IFW or replacement of its current fish passage device with one that

increases the passage rates of alosines.
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INTRODUCTION

Anadromous runs of alosines, a subfamily of the
Clupeidae that includes American Shad Alosa sapidis-
sima and river herring (Alewife A. pseudoharengus and
Blueback Herring A. aestivalis), historically supported
important fisheries and were critical forage species in
many rivers of the northeastern United States. For exam-
ple, the total nationwide American Shad harvest reached
a peak of 22,408 metric tons in 1814 (Atlantic States
Marine Fisheries Commission [ASMFC] 2007), and by
the 1840s, overfishing had driven the first of several
fishery collapses in the Delaware River (Hardy 1999).
Alosines can be an important diet item for piscivorous
fishes like the Striped Bass Morone saxatilis during
these species’ spring freshwater spawning migrations
(Andrews et al. 2018). Studies of marine-derived nitro-
gen demonstrate that river herring spawning runs are
an important biogeochemical flux from marine to fresh-
water ecosystems (Walters et al. 2009). These migratory
species thus represent substantial sources of ecosystem
functions and services to eastern U.S. river ecosystems
(Hare et al. 2021).

Despite attempts at restoration, populations of
alosines in the northeastern United States have declined
to the point at which they are no longer filling their
historical economic and ecosystem roles (Limburg and
Waldman 2009). American Shad commercial harvest
in the Delaware River—once the most productive shad
fishery on the U.S. East Coast—is now extremely limited
in Delaware, prohibited in Pennsylvania, and restricted
to a single haul seine operation (the Lewis Fishery at
Lambertville) in New Jersey, which is maintained largely
for its value as a long-term monitoring time series. The
directed at-sea fishery for American Shad has been
closed coastwide since 2005 (ASMFC 2020). River her-
ring have been under a harvest moratorium since 2012
for all U.S. states that lack a sustainable fishery manage-
ment plan. The most recent stock assessment for the en-
tire coastwide metacomplex of river herring concluded
that they are at or near historic lows (ASMFC 2017).
River herring were recently considered for listing under
the U.S. Endangered Species Act, although a review con-
cluded that they did not currently meet the criteria
for listing (National Marine Fisheries Service 2019).
Stocking of American Shad in the Raritan River, New
Jersey—where they were previously extirpated—re-
sulted in a small but persistent population that sup-
ported a modest recreational fishery. This fishery was
closed beginning in 2013, when all directed fishing for
the species was prohibited in New Jersey except within
the main-stem Delaware River (New Jersey Department
of Environmental Protection 2013).

Impact statement

Using a combination of electronic tags and video
monitoring, we found that a fish passage structure

on the Raritan River, New Jersey, works moder-
ately well for the large-bodied American Shad but
passes only a small fraction of the smaller-bodied
river herring.

One of the major anthropogenic impacts thought
to be preventing the recovery of alosines is the loss
of access to freshwater spawning habitat due to dams
(Savoy and Crecco 1995; Hasselman and Limburg 2012).
Globally, we are in the midst of a dam-building boom,
with thousands of new dams currently under construc-
tion or planned, particularly in South America, Asia, and
Africa (Zarfl et al. 2015). However, within the northeast-
ern United States, small mill dams already dotted the
landscape as early as the 17th century, and dams in this
region continued to grow in numbers and size until the
1980s (Graf 1999). Within the state of New Jersey alone,
there are estimated to be over 1700 dams (D. Lima, New
Jersey Department of Environmental Protection, per-
sonal communication). Although many of the larger
dams in the northeastern United States have fish pas-
sage devices, these structures are often ineffective at
maintaining anadromous fish runs, either because of
low passage rates (Brown et al. 2013) or because the pas-
sage devices result in migratory delays and thus reduce
the energetic condition of migrating fish (Castro-Santos
and Letcher 2010). Studies of fish passage are rela-
tively common, but the majority focus on salmoniform
fishes (Roscoe and Hinch 2010), and empirical studies
of alosine passage are less common (but see Franklin
et al. 2012, Raabe et al. 2019, Weaver et al. 2019, and
Sullivan et al. 2023).

Here, we use a combination of video monitoring and
passive integrated transponder (PIT) tagging to investi-
gate passage rates and estimate run sizes of American
Shad and river herring through a fishway located within
a coastal plain river in New Jersey: the Raritan River.
We ask the following questions: (1) “How effective is the
fishway at facilitating upstream passage for American
Shad and river herring?”; and (2) “How has the run
size for these species changed over the period of video
monitoring from 2013 to 2021?” The first question is
broken down into two discrete components related to
passage rates and migratory delay: (1) “What fraction
of tagged fish find the fishway entrance and make their
way through it to the exit?”; and (2) “How long does it
take for tagged fish to find the entrance to the fishway
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and make their way to the exit after they first find the
entrance?”

METHODS
Study site

Our primary field site was the Island Farm Weir (IFW),
located on the Raritan River below its confluence with
the Millstone River in Bound Brook, New Jersey, United
States (40.543° N, 74.566° W; Figure 1). The IFW, a low-
head dam that was built in 1994, maintains the water
level for the New Jersey American Water treatment plant,
which provides for household water needs in the region.
The fish passage structure adjacent to the weir is a verti-
cal slot fishway consisting of eight chambers and a view-
ing room. Discharge at a U.S. Geological Survey gauging
station in Bound Brook (1.8 km below the IFW) averaged
32 m*/s (standard deviation [SD] = 55 m*/s) over our study
years during the period of peak alosine passage (defined
as the period encompassing 90% of individuals tallied on
video). We estimated American Shad and river herring

80Kilometers.

Viewing
Room

passage efficiency through the IFW and the run size for
each species by using video monitoring combined with
PIT tagging (Table 1).

Video monitoring

From 2013 to 2021 (generally in late March through late
June), we monitored the passage of fish through the fish-
way using a camera system facing a clear polycarbonate
viewing window near the exit of the fishway. Video was
recorded 24 h/day during the monitoring season. In 2013,
we used a closed-circuit television camera and digital
video recording system (DYK14G Mini-DVR; Advanced
Technology Video) to record passing fish. In 2014, we up-
graded the camera system to an infrared-capable security
camera (CVC627B Bullet Camera; Speco Technologies)
and we installed an infrared, weather-resistant LED light
bar (LBIR-850-35; Super Bright LEDs, Inc.) above the fish-
way near the viewing window to provide better illumina-
tion of the water column. All electronics were powered
by pairs of 225-ampere-hour, 12-V, deep-cycle marine
batteries.

Al

| Ladder
Entrance

L 4

© River Flow

FIGURE 1 (A) Study location map, showing the Island Farm Weir (black star) at the confluence of the Millstone and Raritan rivers
(blue lines) in Bound Brook, New Jersey. (B) Aerial view and (C) plan view diagram of the Island Farm Weir and Fishway are shown. In the
diagram, red rectangles A1-A4 show locations of the passive integrated transponder tag antennas. The viewing room is near the upstream

exit of the fishway. The large arrow at bottom in panel C represents the direction of river flow, and the small arrows within the fishway

indicate the direction that a passing fish would swim to move upstream through the fishway. (Photo credit: Jamie Darrow, New Jersey

Department of Environmental Protection.)
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TABLE 1 Capture and passage efficiency estimation methods® that were used to study American Shad and river herring migration at the

Island Farm Weir on the Raritan River, New Jersey.

Criterion

American Shad

River herring

Capture method

Capture location

Release location

Timing (relative to

Angling (n=40); seine (n=10); gill net (n=1); fyke net
(n=0)

Immediately below dam (n=45); 6.2km from dam
(n=5); 14.4km from dam (n=1)

Same as capture location

Throughout migration season

Angling (n=13); seine (n=144); gill net (n=0);
fyke net (n=7)

Immediately below dam (n=17); 6.2km from dam
(n=147)

Same as capture location

Throughout migration season

Intracoelomic injection without anesthesia

The same equipment used for American Shad was

used for river herring

Not observed (i.e., no tagged fish that passed
through the fishway were subsequently
recorded again within the fishway)

peak migration)

Tagging method and Intracoelomic implantation without anesthesia

anesthesia

Equipment Monitored using within-antenna marker tag to verify

performance and receiver function (in 94% of study hours, the array

reliability had at least one antenna functioning from the date
of first tagging until the end of peak passage). Tag
read range was checked every 2-4 days. Receivers
and video monitoring equipment were removed
during high-water events (11.33% of the time that
the receiver was present).

Fallback after passage Not observed (i.e., no tagged fish that passed through
the fishway were subsequently recorded again
within the fishway)

Fallback (or mortality) Unknown

before passage

Estimated fallback rate of 52% in a second, smaller
New Jersey river during a study using similar
capture and tagging methods

“Efficiency metrics sensu Cooke and Hinch (2013). See also Bunt et al. (2012).

Video footage analysis

We manually reviewed all video footage at 4-16x viewing
speed using VLC Media Player (VideoLAN). We counted
and identified all fish passing the viewing window, and
we recorded the time and date of passage for each identi-
fied fish. If an individual was not identifiable due to poor
visibility, we marked it as “unidentified.” Fish that made
an unsuccessful passage attempt were not counted; like-
wise, fish that passed downstream through the fishway
exit were not counted.

PIT tagging

From 2012 to 2019 (generally in late March through late
May), we visited sites downstream of the IFW two to
four times per week to capture and PIT-tag American
Shad and river herring. We captured fish by using a 91-
X 2-m seine at a site 6.2km downstream from the weir
(40.542° N, 74.514° W) and via hook and line or seine
near the base of the weir (40.5431° N, 74.5653° W). In
2012, fish were also captured by using gill nets and fyke
nets at the site 6.2km downstream from the weir. We

tagged each captured American Shad and river her-
ring with a uniquely coded half-duplex PIT tag (Oregon
RFID; length =23 mm for American Shad and 12 mm for
river herring) that was inserted into the coelomic cavity
via a small incision in American Shad or was injected
via a sterilized syringe (PIT Tag Injector; Oregon RFID)
in river herring. All tagged fish were released at their
tagging site.

Antenna array

We detected tagged fish at the fishway by using multi-
antenna half-duplex radio frequency identification
(RFID) readers (Oregon RFID) powered by pairs of
225-ampere-hour, 12-V, deep-cycle marine batteries and
connected to PIT tag antennas within the fishway (place-
ment described below). Antennas were constructed of
5.08-cm polyvinyl chloride (PVC) tubing with two loops
of 12-gauge stranded thermoplastic high-heat nylon
(THHN) wire separated by corrugated plastic placed in-
side the PVC tubing. We connected antennas to RFID
tuner boxes that allowed for custom antenna sizes.
Tuner boxes were connected to the RFID readers by
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using 20-gauge stranded and shielded twinaxial cable.
We fitted antennas with a Marker Tag (Oregon RFID)
that electronically “revealed” a PIT tag at 15min inter-
vals to monitor performance of the PIT tag detection
system. Additionally, we verified antenna performance
twice weekly using a PIT tag attached to a long piece of
PVC pipe that we manually moved through the detec-
tion plane of the antenna to check the range and detec-
tion of the test tags.

From 2012 to 2014, we maintained two antennas at the
fishway: one at the fishway entrance (A1) and one at the
fishway exit (A4; Figure 1), generally from late March to
late June. From 2015 to 2019, we maintained four anten-
nas in the fishway: one at the fishway entrance (A1), one
at the exit of the first (downstream) chamber (A2), one at
the entrance to the final (upstream) chamber (A3), and
one at the fishway exit (A4; Figure 1). We retrieved PIT
tag data, including the times and identities of all marker
tags and fish tags that were detected, twice weekly from
the field site using a laptop computer, where the data were
stored for later analysis.

Estimating attraction, staging, and
transit times

After compiling all tagging data from the IFW in R (R
Core Team 2021), we estimated three metrics related
to passage efficiency through the IFW fishway: attrac-
tion, staging, and transit times. Following Castro-Santos
et al. (1996), we defined attraction time as the length of
time between tagging and the first detection at the fish-
way entrance antenna (Al), staging time as the length of
time between the first and last detections at the fishway
entrance antenna (A1), and transit time as the length of
time between the last detection at the fishway entrance
antenna (A1) and the first detection at the fishway exit
antenna (A4; i.e., the time to transit through the fish-
way). Staging and transit times can be viewed as meas-
ures of the fish's willingness to enter the fishway and the
fish's ability to pass through the fishway, respectively.
We further defined “passage time” as the sum of all
three metrics, representing the total length of time from
tagging until exiting the fishway on the upstream end.

Estimating river herring fallback

The stress of tagging can cause some individuals to aban-
don their migration, a phenomenon known as “fallback.”
Therefore, some proportion of tagged fish that failed to
reach the fishway likely resulted from fallback and not
from an inability to navigate to the fishway. Estimation of

fallback after PIT tagging can be done but requires an an-
tenna spanning the entire channel, which was not feasible
in the Raritan River.

Here, we estimated the fallback probability for river
herring using data from a separate study that took place
in 2013 at the Lake Shenandoah Dam (40.086° N, 74.185°
W) on the South Branch Metedeconk River in southern
New Jersey (J. M. Vasslides, unpublished data). In that
study, 139 river herring were tagged and both their up-
stream and downstream movements were assessed using
a three-antenna array. River herring were captured via
a modified fyke net approximately 60 m downstream of
the fishway entrance and were tagged by using the same
12-mm PIT tags used for river herring on the Raritan
River. To track the number of river herring that success-
fully continued upstream after tagging, a “cross-stream”
antenna that spanned the width of the stream, oriented
vertically, was placed approximately 2m downstream
from the entrance to the fishway. Additional antennas
were located within the fishway entrance and within
the fishway exit to assess the fishway attraction and pas-
sage efficiencies, respectively. The antennas were con-
structed as above but with two loops of 10-gauge THHN
wire and were attached to an identical RFID system. The
detection efficiency of the cross-stream antenna was es-
timated to be 50% based on the fraction of fish that were
detected at the entrance antenna but not at the cross-
stream antenna. We estimated the fraction of tagged
fish that continued on after tagging (i.e., 1 — fallback
probability) as the number recorded at the cross-stream
antenna divided by the total number tagged, with the
resulting value divided again by 0.5 to adjust for the 50%
antenna detection efficiency.

Passage rate, fallback rate, and run
size estimation

We fitted a Bayesian hierarchical model to estimate the
proportion of individuals that successfully transited the
IFW fishway (“passage rate”) and therefore were avail-
able to be counted in our video surveys. The dependent
variable was the count of tagged individuals detected
by the fishway exit antenna (A4) in each year (n;). This
count was assumed to be distributed as a binomial ran-
dom variable, Binomial(n;IN;, 6;), where N; is the total
number of tagged fish in each year and 6; is the passage
rate parameter to be estimated. We assumed that logit
(0,) originated from a common normal distribution for
each fish species (f) with a mean of logit(py) and preci-
sion (i.e., variance™) of . The hierarchical structure of
the model allows estimates from years with sparse tag-
ging data to be informed by the overall mean rate (py)
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for each species. We estimated the corrected fallback
probability for river herring within a similar Bayesian
model using data from the South Branch Metedeconk
River study, assuming Bernoulli-distributed fallback
events with 139 trials. We adjusted the estimated pas-
sage rate of river herring from our Raritan River IFW
tagging data by dividing the estimate by 1 minus the
South Branch Metedeconk River fallback probability,
propagating uncertainty from both sources. American
Shad passage rates were not adjusted for fallback, as we
lacked comparable data for this species. We estimated
run size for American Shad and river herring by divid-
ing the video counts by the final posterior distribution
for the estimated passage rate. For years in which we
had video counts but no tagging data, we used the pos-
terior predictive distribution for the mean passage rate
parameter (py) for this calculation. We assumed vague
priors for all parameters and fitted the models by using
JAGS and jagsUI in R (Kellner 2021). We ran three
chains of 1,000,000 iterations each, including a burn-in
period of 500,000 and keeping every 200th draw. Model
convergence was assessed by examining trace plots and
Gelman-Rubin statistics (7 <1.1).

The approach described above makes two implicit as-
sumptions about fish detection at the fishway. The first is
that all PIT-tagged fish are detected within the antenna
array. The second is that all fish passing through the fish-
way are correctly identified as they pass the video moni-
toring station near the upstream exit. In the Results and
Discussion, we evaluate the extent to which these assump-
tions were met and the associated impacts on passage and
run size estimates.

RESULTS
Video monitoring performance

From 2013 to 2021, we observed 65,287 fish passing
through the IFW fishway, including 3491 American Shad
and 708 river herring. We were unable to identify 13,971
fish (21.4%) from our video monitoring due to poor water
clarity or poor lighting conditions. We did not review
nighttime video in 2013 except for up to about 0.5h after
sunset due to the lack of infrared-capable equipment.
However, analysis of passage timing in 2014-2021, when
an infrared camera system and infrared spotlight were de-
ployed, showed that 94% of American Shad and river her-
ring passed during daylight hours (from sunrise to 0.5h
after sunset; Figure S1 available in the Supplementary
Material in the online version of this article). The video
equipment performed well throughout the study, with
technical issues compromising only 9days (1.1%) of video

footage out of 847 days over the course of the 9-year study.
In addition, we removed the video equipment for 96 days
due to high-water events; thus, footage was recorded and
available for 742 (87.6%) of the 847 days.

PIT tag antenna array performance

From 2012 to 2019, the PIT tag antenna array remained
in operation from approximately late March through late
June of each year. Due to high-water events, the array was
removed for a total of 96 (11.3%) of the 847 days; addition-
ally, there were periods during which individual antennas
were not fully operational. However, at least one antenna
was confirmed operational at the array during 94% of
hours that occurred during the period beginning on the
date the first PIT tags were deployed and ending at the end
of the peak fish passage period in each year (Figure S2).

Attraction, staging, and transit times

From 2012 to 2019, we detected 26 of 51 tagged American
Shad and 5 of 164 tagged river herring at our antenna
array. Of the five river herring that were detected, we de-
tected two individuals during the same year in which they
were first tagged, whereas three individuals were detected
during the year after initial tagging (i.e., 348-363days
later). These interannual individual returns are excluded
from our attraction and passage time calculations. Over
the course of the study, we documented 21 of 51 tagged
American Shad as navigating through the fishway, with
fish being detected at the upstream exit antenna (A4).
Over the same period, we documented only two river her-
ring that successfully moved upstream of the dam after
tagging, and only one of those individuals did so during
the year in which it was tagged. Attraction time (the time
between tagging and detection at the entrance antenna
[A1]) averaged 5.4+4.3days (+SD) for American Shad
(range=0.1-16.0days; n=25) and 12.1 + 2.6 days for river
herring (range=10.2-13.9days; n=2; Figure 2). Staging
time (the time between the first and final detections at the
fishway entrance antenna [Al]) averaged 1.7+3.9days
for American Shad (range=0.0-19.6days; n=25) and
5.2+5.4days for river herring (range=0.0-12.0days;
n=>5). Transit time (the time between the final detection at
the fishway entrance antenna [Al] and the initial detection
at the fishway exit antenna [A4]), averaged 0.1+ 0.3 days
for American Shad (range=0.005-1.000days; n=20)
and 0.01+0.001days for river herring (range=0.010-
0.012days; n=2). The mean total time that elapsed be-
tween tagging and full passage through the fishway was
8.2+5.3days for American Shad (range=0.4-20.9days;
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FIGURE 2 Attraction, staging, transit, and total passage times for American Shad and river herring at the Island Farm Weir in central

New Jersey. Individual data points are shown as semi-transparent circles, while box-and-whisker plots (American Shad only) show the median,

interquartile range, and range of the data. One data point for American Shad (transit time=1.0 day) is omitted from the plot for clarity.
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FIGURE 3 The total numbers of American Shad (left panel) and river herring (right panel) that were tagged, reached the fishway

entrance, and successfully passed through the fishway exit at the Island Farm Weir. Lighter gray shading for tagged river herring represents

the fraction of fish that were estimated to have abandoned migration after tagging based on fallback estimates.

n=21). The only river herring to successfully navigate the
entire fishway during the same year that it was tagged had
a total passage time of 15.0days.

Passage rate, fallback rate, and run
size estimation

Between 2012 and 2019, we found that after tagging, 21 of
51 American Shad and 1 of 164 river herring successfully
moved upstream of the dam during the same year in which
they were tagged (Figures 3 and 4). Annually, our model

estimated that passage rates ranged from 31% to 48% per
year for American Shad (Figure 4; mean=41%; 95% cred-
ible interval [CI] =21-61%) and from 0.0% to 0.9% for river
herring (mean =0.5%; 95% CI=0-2%). Across all years, ap-
proximately half (mean=49%; 95% CI=20-76%) of tagged
American Shad were detected at the fishway entrance an-
tenna (Figure S3) and 82% (95% CI=63-97%) of those indi-
viduals continued through the fishway and were detected
at the fishway exit antenna (Figure S4). For river herring
across all years, only two tagged individuals were detected
at the fishway entrance antenna, resulting in an average
attraction rate of 0.8% (95% CI=0.0-2.8%; Figure S3).
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FIGURE 4 Passage rates of American Shad (left panel) and river herring without (center panel) and with (right panel) correction for
fallback at the Island Farm Weir on the Raritan River as estimated via a Bayesian hierarchical model fitted to tagging data. Black circles
represent the point estimate for each year, with thick and thin lines representing 80% and 95% credible intervals, respectively. Red x symbols
show the observed proportion of tagged fish that passed successfully each year, while the numbers to the right show the sample size of
tagged fish in each year. The vertical red lines represent the overall mean estimate (solid line) with 95% credible intervals (dashed lines).

During the 2013 tagging fallback study in the South
Branch Metedeconk River, 33 (24%) of 139 tagged river
herring were observed to continue upstream after tagging.
Based on these data, our modeled estimate for the contin-
uation probability (i.e., 1 — fallback) after correcting for a
50% observed detection efficiency was 48%, with a 95% CI
of 35-63%.

From 2013 to 2021, raw visual counts based on
the video data ranged from 47 to 1207 individuals for
American Shad and from 7 to 267 individuals for river
herring (Figure 5). Modeled run size below the IFW, ad-
justed for the estimated fraction that did not reach the
video camera, ranged from 103 (95% CI=61-175) to 2624
(95% CI1=1686-4237) for American Shad and from 1486
(lower bound of 95% CI=157) to 53,334 (lower bound of
95% CI=4164) for river herring (Figure 5). We did not at-
tempt to estimate the upper bounds of run size for river
herring because the lower bounds of the 95% CIs for an-
nual passage rate estimates were very close to zero in some
cases (e.g., minimum=2 x107'°%), leading to very large
(and implausible) adjusted run size estimates.

DISCUSSION

Understanding how dams affect migratory fish passage
and measuring the effectiveness of fish passage struc-
tures are pressing needs globally as the construction of

new dams and new passage structures accelerates. We
reported on the passage efficiency and estimated the run
size for migratory fish, American Shad and river herring,
which are of high cultural and economic significance in
the eastern United States. The estimated passage rate for
American Shad (41%) falls within the typical range for the
species as reported in the literature, with rates of 10-20%
considered “common” and a rate of 50% considered “ex-
cellent” (Larinier and Travade 2002). However, even the
best constructed passage structures can hinder restoration
efforts for shads, as passage rates for this group are low
compared with other taxa (e.g., salmonids, with up to 95-
100% passage; Larinier and Travade 2002). Our estimated
mean passage rate for American Shad falls below the
mean passage rate from a meta-analysis of nonsalmonid
fish at vertical slot fishways (51%; Bunt et al. 2016) but is
above the mean rate estimated for all structures combined
(21%; Noonan et al. 2012).

In contrast, the passage rate we estimated for river
herring is exceptionally low (0.5%), even after attempt-
ing to account for fallback (1.1%). Passage rates appear
to be highly variable for this group in the literature, pos-
sibly due to variation in structural characteristics of the
fishways. For example, one study found a similarly low
(5.6%) passage rate for Alewife at a pool-and-weir fishway
(Landsman et al. 2020), while another found relatively
high passage rates (63-64%) at a Denil fishway (Sullivan
et al. 2023). Even subtle differences in spillway design
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FIGURE 5 Runsize estimates for American Shad and river herring at the Island Farm Weir on the Raritan River, New Jersey. Dashed

lines represent observed counts for American Shad (left panel) and river herring (right panel) based on video observations. The solid lines

and circles represent the estimated run size, corrected for modeled fishway passage (both species) as well as tagging fallback rates (river

herring only). Shading and error bars show 80% and 95% credible intervals. Upper credible intervals are not shown for river herring due to

exceptionally high values resulting from uncertainty in passage rates.

influence American Shad passage (Mulligan et al. 2019).
The smaller size of Alewife and Blueback Herring relative
to American Shad likely contributed to the poorer passage
rates observed for river herring in our study. Even within
Alewife, larger individuals are more likely to pass a fish-
way successfully (Nau et al. 2017; Sullivan et al. 2023).
Regardless of the cause, the IFW in the Raritan River
appears to be acting as a near-total obstruction to river
herring migration in its current form and is therefore
functioning as an impediment to restoration efforts for
these species.

The length of time that it takes a fish to find and navi-
gate a fishway can provide insight into potential energetic
costs and into the general significance of the structure as
a barrier to movement. For American Shad at the IFW, the
time between tagging and first detection at the fishway en-
trance (attraction time) was highest, with a mean of 5days.
Meanwhile, the time to actually pass through the fishway
(transit time) was much shorter on average, with a median
time of 13 min. The mean transit time (101 min) was heav-
ily influenced by a single individual with an extremely long
24-h transit time. A similar pattern was observed for river
herring, with mean attraction and transit times of 12days
and 14min, respectively. However, sample sizes were
much smaller for the river herring (n=2 and 3, respec-
tively). Comparisons of attraction time between American
Shad and river herring are confounded by the fact that
most American Shad (45 of 51) were tagged immediately
below the fishway, while most river herring (147 of 164)
were tagged at a location 6.2km downstream of the fish-
way (Table 1). Little information on attraction and tran-
sit times is available in the literature; however, American
Shad have been noted to have difficulty navigating some

fishways in which they “milled in schools” (Ice Harbor-
type fishway; Haro and Kynard 1997), a behavior that was
also noted below a dam with a vertical slot fishway (Grote
et al. 2014). On the other hand, Haro et al. (1999) found
relatively quick passage times (generally <30s) for both
American Shad and Blueback Herring at a Denil fishway.
In comparison, the relatively long median transit times
that we observed (13-14 min for American Shad and river
herring) may suggest difficulties in navigating the IFW
fishway.

A substantial challenge in the interpretation of data on
fish passage from tagging studies is the potential for “fall-
back,” or downstream movement after tagging. Fallback
can occur naturally but may also be a result of handling
stress. Fallback has previously been estimated for alosines
by using tagging methods that allow for spatially contin-
uous geolocation. For example, radio tag (Hightower and
Sparks 2003) and acoustic tag (Aunins and Olney 2009)
studies of American Shad have observed fallback in a
substantial portion of tagged fish, with many individuals
abandoning their migrations entirely. Here, we were able
to estimate fallback for river herring based on a study using
identical tagging methods in a smaller river where a cross-
channel antenna could be constructed. However, we could
not estimate fallback of American Shad. The fraction of
individuals exhibiting fallback in studies of American
Shad tagged with radio and acoustic tags varies widely
from as low as 10% to as much as 100% (Smith et al. 2009).
The prevalence of fallback behavior emphasizes the im-
portance of short handling times and minimally invasive
procedures. The use of PIT tags in this study is likely to
be a significant advantage in this respect, as they can be
quickly injected using a hypodermic needle and are little
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more than 1% of the weight of telemetry tags (0.1 g for PIT
tags versus 9 g for typical telemetry tags).

Another challenge in PIT tag studies of fish passage
using fixed antennas is maintaining continuous antenna
coverage of the fish passage device. Antennas must be
powered continuously and retuned occasionally to ensure
that they reliably detect tagged fish. Occasional high-water
events were the greatest obstacle to maintaining contin-
uous antenna coverage in this study. We were forced to
temporarily remove all monitoring equipment, including
antennas, readers, the video camera, and memory cards,
when high water was forecasted, as floods occasionally
reached levels that would have destroyed the equipment.
Nevertheless, at least one antenna was confirmed opera-
tional at the array during 94% of hours that occurred in
the period from the first tag deployment to the end of peak
fish passage in each year (Figure S2). Despite this high rate
of antenna coverage, at least one American Shad likely
made it through the entrance antenna without detection
in 2014. This individual was detected at the exit antenna
but not at the entrance antenna during a day when the en-
trance antenna was being replaced and retuned. Although
the detection efficiency in our study was high, it was not
100%, and missed detections of tagged fish would cause
attraction and passage estimates to be biased low and run
size estimates to be biased high.

Similarly, not all fish could be identified from the
video monitoring near the upstream exit of the fishway.
Unidentifiable fish represented 21.4% of the total. In the
(implausible) extreme case that all of these unidentifi-
able fish were either American Shad or river herring, this
would mean that the true run size was 21.4% higher than
our estimates. Allocating these 21.4% of individuals pro-
portionally to the identified species is not justifiable, as
the unidentified fish tended to be smaller bodied.

Restoration efforts targeting American Shad and river
herring on the Raritan River have focused on removing
small low-head dams. One dam on the main-stem Raritan
River below the IFW was removed in 2011 before this
study began. An additional three dams above the IFW
were removed during the study period: the Robert Street
and Nevius Street dams on the main stem were removed
in 2012 and 2013, respectively; and the Weston Mill Dam
on the Millstone River was removed in 2017. Although the
limited sample size before and after each of these events
precludes any statistical analysis, the run size estimates
for American Shad and river herring show no evidence
of a rapid population recovery after the removal of these
dams. In fact, the number of river herring passing above
the IFW peaked in 2017 (267 individuals), declining each
year thereafter despite the Millstone River spawning hab-
itat that was made available by dam removal upstream

of the IFW. The exceptionally low passage rates of river
herring at the IFW suggest that their recovery may con-
tinue to be hampered without either removal of the IFW
or installation of a more effective fish passage device.
There is some capacity to increase attraction water veloc-
ity at the downstream entrance of the IFW fishway, and a
review of passage studies suggests that this may increase
passage efficiency (Noonan et al. 2012). However, even if
the threefold increase in passage efficiency with increased
water velocity seen in that study could be achieved for
river herring attempting to pass through the IFW, the re-
sulting passage rate would still be under 5%. Benefits to
American Shad from removal of the IFW or modification
of the fishway may be more limited, as this species cur-
rently has a higher passage rate and there is relatively little
of the main-stem spawning habitat that they prefer above
the IFW.

ACKNOWLEDGMENTS

This study was made possible by funds provided by the
New Jersey Department of Environmental Protection.
Funding for the South Branch Metedeconk River study was
provided by the U.S. Environmental Protection Agency
under a cooperative agreement to Ocean County College
(CE98212312). We thank the New Jersey Water Supply
Authority and New Jersey American Water Company for
site access, assistance in opening and closing the fishway
each year, and maintaining the fishway (especially Len
Navarro). This study would not have been possible with-
out the many technicians and volunteers that assisted
with fish capture, video footage review, and equipment
maintenance, particularly Andrew Lahr, Andrew Still,
Massimo DiSanto, Morgan Mattioli, Greg Mattioli, Kiera
Malone, Jim Fiorendino, Brendan Campbell, Stephanie
Melara, Alise Strauch, Michael Carvino, Luke LeDrappier,
Shawn Hazlett, Carl Alderson, Jessica Beyeda, Ray Slater,
Andrew Mazza, and Alexander Kisurin. We also thank
Julia Criscione for her invaluable help and Warren Leach
(Oregon RFID) and Alex Haro (U.S. Geological Survey)
for technical expertise.

CONFLICT OF INTEREST STATEMENT
All authors declare that they have no conflicts of interest.

DATA AVAILABILITY STATEMENT
Data and code for this study are available at https://github.
com/mikeallen-eco/fish_pass.

ETHICS STATEMENT

This work was conducted under approval from the Rutgers
University Institutional Animal Care and Use Committee
(Protocol Number 11-013).

95U8017 SUOLULLOD aA1e.D) 8|deo![dde sy Aq peusenob afe sajoiLe YO ‘8sn Jo se|nl 1o} Aig178UIUO 4|1 UO (SUOTIPUOO-PUR-SWIR)/W0D A8 1M Aleld 1 pul|uo//Sdny) SUONIPUOD Pue WS 1 8u) 89S *[202/80/ST] Uo Aig1auljuo AB|IM ‘Z9v0T SEY/Z00T 0T/I0p/Wod A3 | im Aleiq 1 put|uo'sgnds je//sdny wolj pepeojumod ‘€ ‘20z ‘65988YST


https://github.com/mikeallen-eco/fish_pass
https://github.com/mikeallen-eco/fish_pass

ALOSINE PASSAGE AND RUN SIZE

299

ORCID

Olaf P. Jensen © https://orcid.org/0000-0001-7850-6616
Anthony R. Vastano © https://orcid.
org/0000-0002-9468-3222

Michael C. Allen © https://orcid.
org/0000-0002-6632-4337

Mario F. Hernandez (® https://orcid.
org/0000-0003-2842-1379

Julie L. Lockwood © https://orcid.
org/0000-0003-0177-449X

James M. Vasslides © https://orcid.
org/0000-0003-1745-4378

REFERENCES

Andrews, S. N., Zelman, K., Ellis, T., Linnansaari, T., & Curry, R.
A. (2018). Diet of Striped Bass and Muskellunge downstream
of a large hydroelectric dam: A preliminary investigation into
suspected Atlantic Salmon smolt predation. North American
Journal of Fisheries Management, 38(3), 734-746. https://doi.
org/10.1002/nafm.10074

Atlantic States Marine Fisheries Commission. (2007). Terms of refer-
ence and advisory report of the American Shad stock assessment
peer review (Stock Assessment Report 07-01). Atlantic States
Marine Fisheries Commission.

Atlantic States Marine Fisheries Commission. (2017). River herring
stock assessment update. Volume I: Coastwide summary. Atlantic
States Marine Fisheries Commission.

Atlantic States Marine Fisheries Commission. (2020). 2020 American
Shad benchmark stock assessment and peer review report.
Atlantic States Marine Fisheries Commission.

Aunins, A., & Olney, J. E. (2009). Migration and spawning of
American Shad in the James River, Virginia. Transactions of the
American Fisheries Society, 138(6), 1392-1404. https://doi.org/
10.1577/T08-160.1

Brown, J. J., Limburg, K. E., Waldman, J. R., Stephenson, K., Glenn,
E. P, Juanes, F., & Jordaan, A. (2013). Fish and hydropower on
the U.S. Atlantic coast: Failed fisheries policies from half-way
technologies. Conservation Letters, 6(4), 280-286. https://doi.
org/10.1111/conl.12000

Bunt, C. M., Castro-Santos, T., & Haro, A. (2012). Performance of
fish passage structures at upstream barriers to migration. River
Research and Applications, 28, 457-478. https://doi.org/10.
1002/rra.1565

Bunt, C. M., Castro-Santos, T., & Haro, A. (2016). Reinforcement and
validation of the analyses and conclusions related to fishway
evaluation data from Bunt et al.: ‘Performance of fish passage
structures at upstream barriers to migration.. River Research and
Applications, 32, 2125-2137. https://doi.org/10.1002/rra.3095

Castro-Santos, T., Haro, A., & Walk, S. (1996). A passive integrated
transponder (PIT) tag system for monitoring fishways. Fisheries
Research, 28(3), 253-261. https://doi.org/10.1016/0165-
7836(96)00514-0

Castro-Santos, T., & Letcher, B. H. (2010). Modeling migratory en-
ergetics of Connecticut River American Shad (Alosa sapidis-
sima): Implications for the conservation of an iteroparous
anadromous fish. Canadian Journal of Fisheries and Aquatic
Sciences, 67(5), 806-830. https://doi.org/10.1139/F10-026

Cooke, S., & Hinch, S. G. (2013). Improving the reliability of fishway
attraction and passage efficiency estimates to inform fishway
engineering, science, and practice. Ecological Engineering, 58,
123-132. https://doi.org/10.1016/j.ecoleng.2013.06.005

Franklin, A. E., Haro, A., Castro-Santos, T., & Noreika, J. (2012).
Evaluation of nature-like and technical fishways for the pas-
sage of Alewives at two coastal streams in New England.
Transactions of the American Fisheries Society, 141(3), 624-637.
https://doi.org/10.1080/00028487.2012.683469

Graf, W. L. (1999). Dam nation: A geographic census of American dams
and their large-scale hydrologic impacts. Water Resources Research,
35(4), 1305-1311. https://doi.org/10.1029/1999WR900016

Grote, A. B., Bailey, M. M., Zydlewski, J. D., & Hightower, J. E.
(2014). Multibeam sonar (DIDSON) assessment of American
Shad (Alosa sapidissima) approaching a hydroelectric dam.
Canadian Journal of Fisheries and Aquatic Sciences, 71(4), 545-
558. https://doi.org/10.1139/cjfas-2013-0308

Hardy, C. (1999). Fish or foul: A history of the Delaware River basin
through the perspective of the American Shad, 1682 to the pres-
ent. Pennsylvania History: A Journal of Mid-Atlantic Studies,
66(4), 506-534.

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. (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(6), 627-664. https://
doi.org/10.1002/mcf2.10174

Haro, A., & Kynard, B. (1997). Video evaluation of passage efficiency
of American Shad and Sea Lamprey in a modified Ice Harbor
fishway. North American Journal of Fisheries Management,
17(4), 981-987. https://doi.org/10.1577/1548-8675(1997)017<
0981:VEOPEO>2.3.CO;2

Haro, A., Odeh, M., Castro-Santos, T., & Noreika, J. (1999). Effect of
slope and headpond on passage of American Shad and Blueback
Herring through simple Denil and deepened Alaska steeppass
fishways. North American Journal of Fisheries Management,
19(1), 51-58. https://doi.org/10.1577/1548-8675(1999)019<0051:
EOSAHO>2.0.CO;2

Hasselman, D. J., & Limburg, K. E. (2012). Alosine restoration in the
21st century: Challenging the status quo. Marine and Coastal
Fisheries: Dynamics, Management, and Ecosystem Science, 4(1),
174-187. https://doi.org/10.1080/19425120.2012.675968

Hightower, J. E., & Sparks, K. L. (2003). Migration and spawning hab-
itat of American Shad in the Roanoke River, North Carolina. In
K. E. Limburg & J. R. Waldman (Eds.), Biodiversity, status, and
conservation of the world's shads (Symposium 35, pp. 193-199).
American Fisheries Society.

Kellner, K. (2021). Package jagsUI: A wrapper around ‘rjags’ to
streamline JAGS analyses. R package version 1.5.2. https://
CRAN.R-project.org/package=jagsUI

Landsman, S. J., McLellan, N. R., Platts, J., & van den Heuvel, M. R.
(2020). Fishway effectiveness and upstream residency of three
fish species at four fishways in Prince Edward Island, Canada.
Northeastern Naturalist, 27(1), 48-76. https://doi.org/10.1656/
045.027.0105

Larinier, M., & Travade, F. (2002). The design of fishways for shad.
Bulletin Francais de la Peche et dela Pisciculture, 364(Supplement),
135-146. https://doi.org/10.1051/kmae/2002098

95U8017 SUOLULLOD aA1e.D) 8|deo![dde sy Aq peusenob afe sajoiLe YO ‘8sn Jo se|nl 1o} Aig178UIUO 4|1 UO (SUOTIPUOO-PUR-SWIR)/W0D A8 1M Aleld 1 pul|uo//Sdny) SUONIPUOD Pue WS 1 8u) 89S *[202/80/ST] Uo Aig1auljuo AB|IM ‘Z9v0T SEY/Z00T 0T/I0p/Wod A3 | im Aleiq 1 put|uo'sgnds je//sdny wolj pepeojumod ‘€ ‘20z ‘65988YST


https://orcid.org/0000-0001-7850-6616
https://orcid.org/0000-0001-7850-6616
https://orcid.org/0000-0002-9468-3222
https://orcid.org/0000-0002-9468-3222
https://orcid.org/0000-0002-9468-3222
https://orcid.org/0000-0002-6632-4337
https://orcid.org/0000-0002-6632-4337
https://orcid.org/0000-0002-6632-4337
https://orcid.org/0000-0003-2842-1379
https://orcid.org/0000-0003-2842-1379
https://orcid.org/0000-0003-2842-1379
https://orcid.org/0000-0003-0177-449X
https://orcid.org/0000-0003-0177-449X
https://orcid.org/0000-0003-0177-449X
https://orcid.org/0000-0003-1745-4378
https://orcid.org/0000-0003-1745-4378
https://orcid.org/0000-0003-1745-4378
https://doi.org/10.1002/nafm.10074
https://doi.org/10.1002/nafm.10074
https://doi.org/10.1577/T08-160.1
https://doi.org/10.1577/T08-160.1
https://doi.org/10.1111/conl.12000
https://doi.org/10.1111/conl.12000
https://doi.org/10.1002/rra.1565
https://doi.org/10.1002/rra.1565
https://doi.org/10.1002/rra.3095
https://doi.org/10.1016/0165-7836(96)00514-0
https://doi.org/10.1016/0165-7836(96)00514-0
https://doi.org/10.1139/F10-026
https://doi.org/10.1016/j.ecoleng.2013.06.005
https://doi.org/10.1080/00028487.2012.683469
https://doi.org/10.1029/1999WR900016
https://doi.org/10.1139/cjfas-2013-0308
https://doi.org/10.1002/mcf2.10174
https://doi.org/10.1002/mcf2.10174
https://doi.org/10.1577/1548-8675(1997)017%3C0981:VEOPEO%3E2.3.CO;2
https://doi.org/10.1577/1548-8675(1997)017%3C0981:VEOPEO%3E2.3.CO;2
https://doi.org/10.1577/1548-8675(1999)019%3C0051:EOSAHO%3E2.0.CO;2
https://doi.org/10.1577/1548-8675(1999)019%3C0051:EOSAHO%3E2.0.CO;2
https://doi.org/10.1080/19425120.2012.675968
https://cran.r-project.org/package=jagsUI
https://cran.r-project.org/package=jagsUI
https://doi.org/10.1656/045.027.0105
https://doi.org/10.1656/045.027.0105
https://doi.org/10.1051/kmae/2002098

300

JENSEN ET AL.

Limburg, K. E., & Waldman, J. R. (2009). Dramatic declines in North
Atlantic diadromous fishes. Bioscience, 59(11), 955-965. https://
doi.org/10.1525/bi0.2009.59.11.7

Mulligan, K. B., Haro, A., Towler, B., Sojkowski, B., & Noreika, J.
(2019). Fishway entrance gate experiments with adult American
Shad. Water Resources Research, 55(12), 10839-10855. https://
doi.org/10.1029/2018 WR024400

National Marine Fisheries Service. (2019). Status review report:
Alewife (Alosa pseudoharengus) and Blueback Herring (Alosa
aestivalis). National Marine Fisheries Service, Office of
Protected Resources.

Nau, G. S,, Spares, A. D., Andrews, S. N., Mallory, M. L., McLellan, N.
R., & Stokesbury, M. J. W. (2017). Body size, experience, and sex
do matter: Multiyear study shows improved passage rates for
Alewife (Alosa pseudoharengus) through small-scale Denil and
pool-and-weir fishways. River Research and Applications, 33(9),
1472-14383. https://doi.org/10.1002/rra.3215

New Jersey Department of Environmental Protection. (2013). Public
notice: 2013 American Shad fishery closure for all NJ waters ex-
cept Delaware River and Delaware Bay. New Jersey Department
of Environmental Protection.

Noonan, M. J., Grant, J. W., & Jackson, C. D. (2012). A quantitative
assessment of fish passage efficiency. Fish and Fisheries, 13(4),
450-464. https://doi.org/10.1111/j.1467-2979.2011.00445.x

R Core Team. (2021). R: A language and environment for statistical
computing. R Foundation for Statistical Computing. https://
www.R-project.org/

Raabe, J. K., Hightower, J. E., Ellis, T. A., & 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(4), 798-816. https://doi.org/10.1002/tafs.10173

Roscoe, D. W., & Hinch, S. G. (2010). Effectiveness monitoring of fish
passage facilities: Historical trends, geographic patterns and fu-
ture directions. Fish and Fisheries, 11(1), 12-33. https://doi.org/
10.1111/j.1467-2979.2009.00333.x

Savoy, T., & Crecco, V. (1995). Factors affecting the recent decline of
Blueback Herring and American Shad in the Connecticut River.
Atlantic States Marine Fisheries Commission.

Smith, J. M., Mather, M. E., Frank, H. J., Muth, R. M., Finn, J. T., &
McCormick, S. D. (2009). Evaluation of a gastric radio tag inser-
tion technique for anadromous river herring. North American
Journal of Fisheries Management, 29(2), 367-377. https://doi.
org/10.1577/M08-111.1

Sullivan, K. M., Bailey, M. M., & Berlinsky, D. L. (2023). Passage
efficiency of Alewife in a Denil fishway using passive inte-
grated transponder tags. North American Journal of Fisheries
Management, 43(3), 772-785. https://doi.org/10.1002/nafm.
10893

Walters, A. W., Barnes, R. T., & Post, D. M. (2009). Anadromous
Alewives (Alosa pseudoharengus) contribute marine-derived
nutrients to coastal stream food webs. Canadian Journal of
Fisheries and Aquatic Sciences, 66, 439-448. https://doi.org/10.
1139/F09-008

Weaver, D. M., Brown, M., & Zydlewski, J. D. (2019). Observations
of American Shad Alosa sapidissima approaching and using
a vertical slot fishway at the head-of-tide Brunswick Dam on
the Androscoggin River, Maine. North American Journal of
Fisheries Management, 39(5), 989-998. https://doi.org/10.1002/
nafm.10330

Zarfl, C., Lumsdon, A. E., Berlekamp, J., Tydecks, L., & Tockner,
K. (2015). A global boom in hydropower dam construction.
Aquatic Sciences, 77, 161-170. https://doi.org/10.1007/s0002
7-014-0377-0

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

95U8017 SUOLULLOD aA1e.D) 8|deo![dde sy Aq peusenob afe sajoiLe YO ‘8sn Jo se|nl 1o} Aig178UIUO 4|1 UO (SUOTIPUOO-PUR-SWIR)/W0D A8 1M Aleld 1 pul|uo//Sdny) SUONIPUOD Pue WS 1 8u) 89S *[202/80/ST] Uo Aig1auljuo AB|IM ‘Z9v0T SEY/Z00T 0T/I0p/Wod A3 | im Aleiq 1 put|uo'sgnds je//sdny wolj pepeojumod ‘€ ‘20z ‘65988YST


https://doi.org/10.1525/bio.2009.59.11.7
https://doi.org/10.1525/bio.2009.59.11.7
https://doi.org/10.1029/2018WR024400
https://doi.org/10.1029/2018WR024400
https://doi.org/10.1002/rra.3215
https://doi.org/10.1111/j.1467-2979.2011.00445.x
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1002/tafs.10173
https://doi.org/10.1111/j.1467-2979.2009.00333.x
https://doi.org/10.1111/j.1467-2979.2009.00333.x
https://doi.org/10.1577/M08-111.1
https://doi.org/10.1577/M08-111.1
https://doi.org/10.1002/nafm.10893
https://doi.org/10.1002/nafm.10893
https://doi.org/10.1139/F09-008
https://doi.org/10.1139/F09-008
https://doi.org/10.1002/nafm.10330
https://doi.org/10.1002/nafm.10330
https://doi.org/10.1007/s00027-014-0377-0
https://doi.org/10.1007/s00027-014-0377-0

	Migratory passage and run size of American Shad and river herring in the Raritan River, New Jersey, USA
	Abstract
	INTRODUCTION
	METHODS
	Study site
	Video monitoring
	Video footage analysis
	PIT tagging
	Antenna array
	Estimating attraction, staging, and transit times
	Estimating river herring fallback
	Passage rate, fallback rate, and run size estimation

	RESULTS
	Video monitoring performance
	PIT tag antenna array performance
	Attraction, staging, and transit times
	Passage rate, fallback rate, and run size estimation

	DISCUSSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ETHICS STATEMENT
	REFERENCES


