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Abstract

Historical loss of river and stream habitats due to impassable dams has contributed to the
severe decline of many fish species. Anadromous fishes that migrate from the sea to fresh-
water streams to spawn have been especially impacted as dams restrict these fish from
accessing ancestral spawning grounds. In 2018, Bloede Dam was removed from the Patap-
sco River near Baltimore, Maryland, restoring approximately 100 km of potential habitat for
migratory fish. We assessed the response of anadromous river herring, alewife (Alosa pseu-
doharengus) and blueback herring (Alosa aestivalis), to this dam removal by monitoring
environmental DNA (eDNA) and eggs from 2015 to 2021 at locations upstream and down-
stream of the dam site during their spawning migrations. We additionally assessed the pres-
ence of fish by collecting electrofishing samples and tracked the movements of individual
adult fish within the river using passive integrated transponder (PIT) tags. No adult river her-
ring, eDNA, or eggs were detected upstream of Bloede Dam in the four years prior to its
removal despite the presence of a fish ladder. Our results suggest initial habitat use recov-
ery by spawning river herring in the first year post-removal, although a relatively small pro-
portion of the population in the river used the newly accessible habitat. In the three years
post-removal, the likelihood of detecting river herring eDNA upstream of the former dam site
increased to 5% for alewife and 13% for blueback herring. Two adult fish were also collected
in electrofishing samples upstream of the dam site in 2021. We found no evidence of
changes in egg abundance and no tagged fish were detected upstream of the dam site post-
removal. While long term monitoring is needed to assess population changes, this study
highlights the value of integrating methods for comprehensive understanding of habitat use
following dam removal.
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Introduction

Connectivity between marine and river ecosystems is essential for the survival, growth, and
productivity of anadromous fish species, which require migration access to multiple habitats
to complete their life cycles [1]. However, the building of dams and other barriers has signifi-
cantly fragmented habitats across watersheds and coastal areas—breaking the “river contin-
uum” [2, 3]. Dams inhibit the upstream movement of migratory fishes and prevent access to
freshwater spawning habitat and juvenile nursery grounds, resulting in significant loss of
spawning biomass [4, 5]. In addition, historical loss of spawning habitat and productivity
caused by dams further decreases fish population resilience to harvest mortalities and intensi-
fying climate stressors [6].

Dam removal is a recognized—but challenging—strategy to restore fish habitat connectivity
and conserve anadromous species [7, 8]. Despite the construction of fish passage structures in
dams, such as ladders and lifts, upstream passage efficiency remains at a low 20% for most
anadromous species [9]. On the other hand, studies monitoring fish responses to dam remov-
als have consistently observed that removing physical barriers restores longitudinal connectiv-
ity, allowing numerous migratory species to re-occupy upstream reaches [10-13]. A growing
number of dam removal projects in North America have cited recovery of fish passage and
ecological restoration as a primary goal [14], including Elwha Dam in Washington State, U.S.
[13] and Edwards Dam in Maine [15].

Loss of habitat connectivity due to dams has long been identified as one of the primary
threats to alewife (Alosa pseudoharengus) and blueback herring (Alosa aestivalis), collectively
managed as river herring [8, 16-18]. These anadromous fish species are native to the Atlantic
coast of North America and migrate every spring from the ocean to spawn in freshwater
streams, lakes, and ponds [19]. Although river herring were once abundant throughout their
range and supported one of the largest fisheries in the United States, fishery landings have
decreased by over 90% in recent decades [20, 21]. The Chesapeake Bay region of the U.S. has
experienced some of the most severe declines, where landings of river herring in 2009 were
less than 1% of landings from 1950 to 1970, dropping from approximately 3.5 million to
45,000 Ibs [21, 22]. While some populations in other regions, particularly New England stocks,
have experienced slowly increasing trends in the past decade, river herring in the Chesapeake
Bay remain at historical lows [21].

Due to consistently low abundances and their ecological and economic importance, river
herring are a target for species recovery. So far, conservation efforts have largely focused on
management changes through catch regulation. In 2005, the National Marine Fisheries Service
(NMES) declared alewife and blueback herring to be “Species of Concern,” and in 2012 a mor-
atorjum was imposed on the commercial and recreational fisheries in Maryland and Virginia
[20]. Yet conservation interventions to reduce harvest mortality may not be sufficient in recov-
ering river herring populations if the spawning population output remains low [5]. This is
especially true for river herring, as forage species populations remain vulnerable to high natu-
ral mortality pressures as prey [5, 8, 23]. Modeled changes in New England alosine biomass
show minimal responses to reduced fishing effort, whereas combining reduced fishing effort
and substantial increases in freshwater-marine connectivity could increase biomass to early
1900’s baselines [24]. Dam removal thus likely plays an important role in restoring depleted
river herring populations given the species’ ecology and life history.

Several previous studies have demonstrated that removing dams can restore spawning habi-
tat for river herring. Adult alewife and blueback herring can return to newly accessible spawn-
ing habitat within two years of restoration [15, 25-28]. Successful river herring reproduction
and juvenile nurseries have also been confirmed in upstream reaches of restored tributaries
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following dam removals [12, 25]. In addition, increases in river herring abundance have been
documented at some rivers. For example, in the Kennebec River in Maine, river herring counts
increased 228% in the five years following the removal of Edwards Dam in 1999 and 1425% in
the ten years following the removal of Fort Halifax Dam in 2008, when combined with restock-
ing efforts [15].

Given its success in other regions, river herring conservation in the Chesapeake Bay is now
turning to dam removal. In 2014, five mid-Atlantic state governments and federal agency part-
ners signed the Chesapeake Bay Watershed Agreement, committing to open 212 km (132 mi)
of freshwater streams to fish passage every two years by 2025 [29]. There are no detailed stud-
ies, however, evaluating dam removal impacts on river herring spawning migration in any
Chesapeake Bay watersheds. Because dam removals also face complex socio-economic, regula-
tory, and political hurdles, a better understanding of fish population responses using empirical
data can inform environmental decision-making for restoration priorities [8, 14, 30].

In this study, we evaluate the response of alewife and blueback herring to the removal of
Bloede Dam in the Patapsco River, Maryland. Prior to its removal, biological surveys con-
ducted by the Maryland Department of Natural Resources (MD DNR) detected river herring
below, but not above Bloede Dam [31]. Further, Denil-type fish ladders installed in the dam
failed to facilitate river herring passage [32, 33]. Thus, the state of Maryland, federal agencies,
and environmental nonprofits considered removing Bloede Dam as a critical step for the resto-
ration of river herring and other anadromous fishes in the Patapsco River. We examine the
spatial extent of river herring habitat use and spawning activity by applying four complimen-
tary monitoring methods in a “before-after, downstream-upstream” study design spanning
four years prior to the dam removal (2015-2018) and three years post-removal (2019-2021).
As a secondary objective, we also assess whether alewife and blueback herring exhibit species-
specific responses to the dam removal. Monitoring methods included: 1) environmental DNA
(eDNA), 2) ichthyoplankton (fish eggs) collection, 3) boat electrofishing, and 4) passive inte-
grated transponder (PIT) telemetry, which together provide information on habitat use from
the population to individual level. Given the rapid use of restored habitat observed in other riv-
ers [12, 13, 15], we similarly predict that river herring will re-occupy restored habitat in the
Patapsco River within three years of the removal of Bloede Dam.

Materials and methods

Study area

The Patapsco River, located in central Maryland, is a major tributary of the Chesapeake Bay
and flows into Baltimore Harbor (Fig 1A). Historically, the Patapsco River valley was home to
five dams (Bloede, Simkins, Union, Daniels, and Liberty) that serve as reservoirs or were used
to power local flour and textile mills in the early 1900s. Starting in 2010, the Maryland Depart-
ment of Natural Resources (DNR), American Rivers, Friends of the Patapsco Valley State
Park, and the National Oceanic and Atmospheric Administration (NOAA) started a multi-
year effort to restore ecological connectivity in the Patapsco River watershed. Although two
dams (Union and Simkins) were removed in 2010, Bloede Dam, built in 1907, remained as the
most downstream barrier for fish migrating up the Patapsco River (Fig 1B). Bloede Dam was
located approximately 18 km (11 mi) upstream of the Chesapeake Bay and was designed as a
flat slab buttress hydroelectric dam with a 10 m (34 ft) high spillway spanning 67 m (220 ft)
across the river valley [34]. A concrete Denil-type fish ladder was added to the right abutment
of the dam in 1992. In September 2018, Maryland DNR breached Bloede Dam and began the
process of dismantling the dam structure and full-scale restoration of the riverbanks. All dam
removal and restoration work was completed in May 2019. During the construction period, a
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Fig 1. Map of general field sampling locations in the Patapsco River relative to the locations of Bloede Dam and Daniels Dam. The
locations of sampling sites (A) were categorized into three groups according to their geographic location relative to the Bloede Dam site
including “Downstream” of Bloede Dam, “Restored” sites between Bloede Dam and Daniels Dam, and “Above Daniels” sites upstream
of Daniels Dam. Individual habitat use sampling sites for eDNA and ichthyoplankton are labeled by site code referenced in Table 1.
Specific sites for electrofishing and PIT tag antennas can be found in S2 and S3 Figs. Images show Bloede Dam before removal in 2018
(B) and the former dam site after breaching and full bank and streambed restoration (C). Mapping layers (A) from Chesapeake
Assessment and Scenario Tool (CAST) (2020), Maryland iMAP, Maryland Geological Survey, NOAA, Maryland Coastal Zone
Management Program (2003), US Census Bureau (2018). Images (B, C) from Maryland Department of Natural Resources.

https://doi.org/10.1371/journal.pone.0284561.9001
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temporary causeway was installed just upstream of the dam location, which may have served
as a potential fish passage barrier. After full restoration was complete (Fig 1C), this dam
removal effectively restored access to approximately 103 km (64 mi) of free-flowing freshwater
habitat for anadromous fish species along the main stem and tributaries [34]. Monitoring of
fish habitat use and migration occurred from 8.3 km (5 mi) below the former Bloede Dam as
far as 12.9 km (8 mi) upstream of Daniels Dam, but did not extend as far as Liberty Dam, the
last major artificial obstruction that intersects the North Branch of the Patapsco River. This
study was conducted under proposal numbers SERC-03-01-2013, SERC-12-06-2016, and
SERC-2020-0131-01 which received written approval by the Smithsonian Environmental
Research Center Animal Care and Use Committee.

Environmental DNA sampling

Environmental DNA is an emerging, non-invasive monitoring tool used to detect river herring
presence via naturally shed DNA. Sampling sites were categorized into three groups according
to their geographic location relative to the Bloede Dam site including “Downstream” of Bloede
Dam (n = 8), “Restored” sites between Bloede Dam and Daniels Dam (n = 5), and “Above
Daniels” sites upstream of Daniels Dam (n = 3; Fig 1). Water samples (~800 ml) were collected
in 1 L Nalgene bottles. Before sample collection, bottles and caps were rinsed with a 10%
bleach solution. The bottles were also autoclaved no more than 5 days prior to sampling and
stored in a sealed cabinet with other clean bottles or in bleached collection coolers. Once bot-
tles were autoclaved, they were not opened until sample collection. If bottles were new, they
were only autoclaved prior to sample collecting. After collection, samples were frozen in a
non-defrosting freezer until further analysis. A total of 490 eDNA samples, including control
samples, were collected across the 16 sample sites between 2015 and 2021 (Table 1). Of these
samples, 189 were collected from Downstream sites, 117 from Restored sites, and 97 from

Table 1. eDNA sampling effort across Patapsco River study sites from 2015 to 2021.

Site Name

Above Daniels

Restored

Downstream

ad3. Marriottsville North Branch
ad2. Marriottsville South Branch
adl. Daniels Dam Up

r5. Daniels Dam Down

r4. Alberton

r3. Old Frederick Road

r2. Ellicott City

rl. Illchester Rd

d8. Orange Grove

d7. Mainstem at Rockburn

d6. Rockburn Run

d5. DIDSON-PT

d4. Deep Run Hanover Rd

d3. Deep Run Furnace Rd

d2. Stoney Run

d1. Food Bank

Year
2015 2016 2017 2018 | 2019 2020 2021
1 1 1 1 E 2 2 2
1 1 1 1 | 2 2 2
ns ns ns ns E 2 2 2
ns ns ns ns i 2 2 2
1 1 1 1 i 2 ns ns
1 1 1 1 i 2 2 2
ns ns ns ns i 2 2 2
ns ns ns ns i 2 2 2
ns ns ns ns E 2 2 2
1 1 1 1 i 2 2 2
1 1 1 1 i 2 2 2
ns 1 ns 1 E 2 2 2
1 1 1 1 E 2 ns ns
1 1 1 1 | 2 2 2
1 1 1 1 i 2 ns ns
ns ns ns ns i 2 2 2

Sites are arranged in order from farthest upstream to lowest downstream. “1” = single sample, “2” = duplicate sample, “ns” = not sampled. Reference locations for each

site by code (d1-8, r1-5, ad1-3) on Fig 1; total sampling effort by site in S2 Fig.

https://doi.org/10.1371/journal.pone.0284561.t001
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Above Daniels sites. Duplicate samples were also collected at all sites in 2019 (n = 109 out of
140 non-control samples), 2020 (n = 52 out of 105), and 2021 (n = 54 out of 102) (Table 1).
One control sample was collected for each sampling event (n = 39) to show that samples were
not contaminated during the collection, transport, or storage processes.

A river herring-specific quantitative PCR (qPCR) molecular beacon assay was used to iden-
tify river herring DNA sequences following established procedures [35]. Briefly, water samples
were thawed and filtered using 47 mm diameter Whatman cellulose nitrate filters with 1.0 pm
pore size. DNA was extracted with the Omega Biotek EZNA Water kit following manufactur-
er’s instructions or with a CTAB Chloroform-Isoamyl extraction procedure [36]. qPCR was
conducted on sample extracts in triplicate, and samples with at least two out of three triplicates
with cycle quantification (Cq) values below 39 were considered positive eDNA detections (i.e.,
river herring presence) (n = 402 out of 451 non-control samples). This Cq value has previously
been established as the conservative threshold for true eDNA detections for river herring
assays [35]. For samples with positive river herring detection, species-level identification of ale-
wife and blueback herring was determined via Sanger sequencing [35]. The relative ratio of ale-
wife to blueback herring DNA in each sample was estimated based on the relative peak height
ratios at a species-diagnostic SNP produced by QSV Analyser [37] and was used to calculate
the number of eDNA copies per liter for each species. Copy numbers from qPCR amplification
were then adjusted for each sample based on the filtered water volume, calculated as the num-
ber of mtDNA copies per liter of water sampled. Duplicate samples were collected from the
sites from 2019 to 2021, so copy numbers were averaged across all replicates collected at the
same site and time prior to analysis.

Ichthyoplankton sampling

Ichthyoplankton sampling was conducted to assess spawning activity in the Patapsco River.
Surveys of river herring eggs were conducted simultaneously with the collection of eDNA
water samples at the “Downstream” (n = 8), “Restored” (n = 5), and “Above Daniels” (n = 3)
sites (Fig 1, S1 Fig), following established protocols and standard methods previously used by
Maryland DNR [38]. A stationary 46 cm x 30 cm plankton drift net with 500 pm mesh and a
200 mL cod end was deployed for 5 minutes per sample. In total, 284 samples were collected
over the course of this study. Water velocity measurements from a flowmeter (JDC Electronics
Flowatch) were used to estimate sample volume at each location. Eggs and larvae were
retrieved, counted, and identified under a dissecting microscope. It is not possible to visually
distinguish between alewife and blueback herring eggs, or between river herring and hickory
shad (Alosa mediocris), due to morphological similarities at the early developmental stages.

Prior to statistical analysis, a qualitative lower threshold was established for the egg count
data to account for potential sampling error (methods similar to [39]). Observations with two
or fewer eggs at any site were set as zero for “non-detection” (n = 34) and thus excluded from
the average. The lower detection threshold would account for potential sampling cross-con-
tamination, where residual eggs may not be thoroughly cleaned or removed from the net
between new sampling events at different sites. Biological significance also informed the
threshold, as even a single spawning female river herring can release hundreds of thousands of
eggs into the water column [40].

Egg abundance was converted to catch per unit effort (CPUE) across the dataset, standardized
as number of eggs 100 kL™ of water. Calculating the volume of water passing through the collec-
tion net accounted for measured flow (cm s™) at each site/sample, net area (cm?), and collection
time (s). Normalized CPUE was rounded to the nearest egg to obtain an integer count value for
subsequent models. Mean egg abundance was then compared among the sampling sites.
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Electrofishing sampling

Adult river herring were collected during boat electrofishing surveys at six sites on the main-
stem of the Patapsco River from 2015 through 2021. Three sites were located downstream of
Bloede Dam (“Downstream-electrofishing”) and three sites were located upstream (“Restored-
electrofishing”; S2 Fig). Two of the Downstream-electrofishing sites (#591 and #592) were
sampled for the full duration of this study (2015-2021). The remaining Downstream-electro-
fishing site (#593), located just below Bloede Dam in the dam’s tailrace, was not sampled after
2018 because the site converted from a pool to rapids following the dam removal and was no
longer safely boatable. Boat electrofishing was not conducted above Bloede Dam (#595, #596,
and # 597) between 2015 and 2018, because prior monitoring conducted from 2011 to 2014 in
the dam pool and at the fish ladder exit indicated no river herring passage [31]. Surveys were
not collected at these Restored-electrofishing sites in 2019 due to mechanical issues with the
electrofishing boat. Field activities in 2020 were severely impacted by COVID-19 restrictions,
limiting the number of sampling events at both Downstream- and Restored-electrofishing
sites. All electrofishing sites (barring # 593) were fully sampled in 2021.

Electrofishing surveys were conducted weekly at each site during the river herring spawning
season (March through May), with a target of ten sampling visits per site per year. Due to
COVID-109 restrictions, we were only able to sample the Downstream-electrofishing sites twice
(two events in March) and the Restored-electrofishing sites five times (two events in March and
three events in May) in 2020. Electrofishing at all sites was performed from a small boat while
moving downstream, with total electrofishing time, fish species present, and abundance of river
herring recorded for each site. Using the recorded electrofishing time and the numbers of river
herring caught, relative abundance (fish collected per hour of electrofishing) was estimated for
each species. Collected river herring were identified to species and total length and sex (deter-
mined based on the presence of milt or eggs, when possible) were recorded for each individual.

Passive integrated transponder (PIT) telemetry

Habitat use and spawning migration movement by individual adult fish was assessed using
passive integrated transponder (PIT) telemetry. PIT tags are passive radio tags that allow the
tracking of individual adult fish movement during their migration [27, 41]. River herring were
captured via boat electrofishing from within the study system and each fish was identified to
species, measured (total and fork length) and sexed (determined based on the presence of milt
or eggs, when possible). All fish were surgically implanted with a 23 mm X 3.65 mm HDX
+ PIT tag (Oregon RFID, Portland, Oregon, USA) following established intraperitoneal tag-
ging methods [42]. In short, a small incision was made just posterior to the pelvic fin, roughly
three scale rows forward of the ventral midline. A PIT tag was then immediately inserted man-
ually and the fish placed into an aerated live well. Once tagged fish returned to normal swim-
ming behavior they were released back in the river. The scalpel width (#15 blade, 3.75 mm)
was slightly larger than the tag width (3.65 mm) and closed neatly after tag implantation; thus,
negating the use of sutures. Surgical handing times were short, generally less than 30 s per fish.
Tagged fish were tracked from 2016 to 2021 using multiple PIT tag antenna/reader systems
(Oregon RFID, Portland, Oregon, USA) deployed in the Patapsco River. The configuration of
all antennas (comprising 4-gauge fine strand copper wire) was a pass-over loop that stretched
along bottom of the entire stream width (~ 10 m). The antenna shape and integrity were main-
tained by 3/16 in chain attached to the antenna wire and 69.5 cm sections of 1.25 in schedule
40 PVC pipe filled with cement spaced at roughly 1.5 m intervals attached to both sides of the
chain in the center of the loop. We deployed antennas at three sites: “Downstream-antenna
#1”, “Downstream-antenna #2”, and “Restored-antenna” (S3 Fig). For three years pre-removal
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(2016-2018), only the two antennas located downstream of Bloede Dam (Downstream-
antenna #1 and #2) were deployed. In 2019 and 2021, all three antennas were deployed with
the Restored-antenna located upstream of the former Bloede Dam location. River herring
were not tagged or tracked in 2020 due to COVID-19 restrictions on field activities. PIT tag
detections were automatically logged with a timestamp by tag readers. For analysis, detections
for each unique tag at any given antenna were aggregated by date.

Statistical analysis

Statistical analyses were conducted in R version 4.1.1 using generalized linear mixed models
(GLMM) in the glmmTMB R package [43, 44]. We used a hurdle model framework [45] to
examine differences in river herring eDNA and egg presence-absence and concentration
between pre- and post-dam removal periods across the three groupings of habitat sites (Down-
stream, Restored, Above Daniels). Differences in the presence-absence of eDNA and eggs pre-
and post-dam removal were assessed using logistic regressions with logit link functions, dam
removal as a fixed effect and sampling site as a random effect. Differences in eDNA concentra-
tion and egg CPUE pre- and post-dam removal were assessed using linear models with gauss-
ian error structures, identity link functions, dam removal as a fixed effect and sampling site as
arandom effect. In these analyses, both eDNA concentration and egg abundance were log-
transformed and only included data with concentrations greater than zero. The three habitat
site groupings were examined independently for both the presence-absence and concentra-
tions of eDNA and eggs. Post-hoc pairwise comparisons were conducted using the emmeans R
package [46, 47]. To generate model estimates for presence-absence, probabilities and standard
errors were back-transformed from the logistic regression to the response scale. Model
assumptions and fit for all models were assessed using the DHARMa package [48]. All analyses
of eDNA were species-specific for alewife and blueback herring, while eggs were collectively
analyzed since the species could not be distinguished.

In addition to the primary analyses comparing pre- and post-dam removal, we compared
the presence-absence and concentration of eDNA between the two species, alewife vs. blue-
back herring, using a similar hurdle model framework. Differences in the presence-absence of
eDNA were assessed using logistic regressions with a logit link function, species as a fixed
effect, habitat group as a random effect, and sampling site as a random effect nested within
habitat group. Differences in the log-transformed concentration of eDNA were assessed using
linear models with gaussian error structures, identity link functions, species as a fixed effect,
habitat group as a random effect, and sampling site as a random effect nested within habitat
group. This model included only data with concentrations greater than zero. Only eDNA was
compared between species as eggs could not be distinguished.

The seasonal movements of PIT tagged fish were assessed by estimating the percentage of
tagged fish that were detected at the Downstream-antenna #1 that were then also detected at
either the Downstream-antenna #2 or Restored-antenna (following [26]. Quantifying detec-
tions at multiple antennas in this way reduces the extent to which external factors (i.e., tagging
stress, natural mortality, other sources of tag loss) influence the results. Collections of river
herring during boat electrofishing surveys were used to confirm the presence of adult alewife
and blueback herring at sites downstream and upstream of the Bloede Dam site.

Results
Distribution and concentration of alewife and blueback herring eDNA

A total of 451 non-control eDNA samples were collected and processed across 16 sites between
2015 and 2021, with 120 total samples positive for river herring eDNA. After accounting for
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duplicates, 28% of all samples produced positive river herring eDNA detections. All control
samples (n = 39) were negative for river herring eDNA. Duplicate samples most consistently
produced positive detections in both samples at Downstream sites (68% of positive detections),
whereas only 17% of positive detections for Restored sites were positive in both duplicate sam-
ples. There were 13 samples where only alewife DNA was detected and 42 samples where only
blueback herring DNA was detected.

Both alewife and blueback herring eDNA was detected at sites upstream of Bloede Dam
after the dam’s removal, but not before (alewife: Fig 2A and 2B, blueback herring: Fig 2C and
2D). Post-removal, the probability of detecting alewife eDNA at Restored sites increased from
0% to 5.4 + 3.0%, while the probability of detecting blueback herring eDNA at Restored sites
increased from 0% to 12.5 + 4.4% (estimate + SE; Fig 3). In 2019, during the spring migration
immediately after the removal of Bloede Dam, eDNA from both species was detected at the
site farthest upstream in the restored segment, immediately below Daniels Dam. In addition to
increased eDNA detections at Restored sites upstream of Bloede Dam, detections of eDNA
increased at Downstream sites for both species. The chance of detecting alewife e DNA
increased from 10.6 + 3.9% to 24.0 + 5.3% (odds ratio = 2.67 + 1.27, t;46 = 2.06, p = 0.041),
while the chance of detecting blueback herring eDNA increased from 12.0 + 6.0% to
34.4 +10.9% (odds ratio = 3.87 + 1.84, t146 = 2.84, p = 0.005).

We compared changes in river herring eDNA concentrations pre- and post-dam removal
for Downstream sites only, because there were no positive detections at Restored and Above
Daniels Dam sites pre-removal. In samples with positive detections, concentrations of alewife
eDNA ranged from 20 to 103,384 copies L™ (9,812 + 3,555 copies L', mean + SE; Fig 4A). For
blueback herring, concentration from positive detections ranged from 2 to 2,685,977 copies L’
' (184,846 + 68,049 copies L'; Fig 4B). While the probability of detecting eDNA increased
across all sites for both alewife and blueback herring post-dam removal, there were not statisti-
cally significant changes in relative eDNA concentrations at Downstream sites. Pre-removal, a
mean of 1,041 + 559 copies L' (mean + SE, Downstream sites only, zeros removed) of alewife
eDNA were collected at Downstream sites while 2,712 + 1,320 copies L were collected post-
dam removal (estimate = 0.29 + 0.64, t,3 = 0.456, p = 0.653; Fig 5A). For blueback herring, a
mean of 80,323 + 52,927 copies L™ were collected pre-removal and 33,633 + 11,526 copies L™
were collected post-removal (estimate = 0.91 + 0.87, t4; = 1.05, p = 0.299 Fig 5B).

Finally, we compared the changes in eDNA detectability and concentration between alewife
and blueback herring. Prior to the removal of Bloede Dam, there were no statistically signifi-
cant differences between alewife and blueback herring in the presence-absence (odds
ratio = 0.63 £ 0.35, t5;, = -0.82, p = 0.414) or concentration (estimate = -1.83 + 1.28, t;, =
-1.44, p = 0.177) of eDNA. Post-removal the estimated probability of detecting blueback her-
ring eDNA was 15.79 + 8.08% compared to 6.47 * 3.85% for alewife (odds ratio = 0.37 £ 0.12,
t346 = -3.18, p = 0.002). The concentration of eDNA was also greater for blueback herring,
108,116 + 51,296 copies L (mean SE, all sites, excluding zeros) compared to 9,811 + 4,502
copies L' for alewife (estimate = -1.88 + 0.59, t¢3 = -3.18, p = 0.002). In addition, blueback her-
ring eDNA was detected in three samples at sites Above Daniels Dam (Marriottsville North
and Marriottsville South Branch) in 2021, increasing the chance of detection from 0% to
8.3 £ 4.6% (Fig 2D). Alewife eDNA was not detected at any sites Above Daniels Dam.

Distribution and concentration of eggs

River herring eggs were not detected upstream of the Bloede Dam site either before or after the
dam’s removal (Fig 6). Overall, there was a 14% positive detection rate (41 out of 284 samples)
for eggs across all sites and years. Pre-removal, river herring eggs were detected at three out of
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Fig 2. Map of positive river herring eDNA detections in the Patapsco River pre- and post- removal of Bloede Dam. Concentrations
of alewife eDNA before (A) and after (B) and blueback herring eDNA before (C) and after (D) the removal of Bloede Dam. Size of the
points are relative to the mean number of mtDNA copies/L.

https://doi.org/10.1371/journal.pone.0284561.9002

five (60%) sampled sites in the river downstream of the dam site. Post-removal, eggs were
detected at six out of seven (86%) sampled sites in the downstream segment. Notably, in 2019,
eggs were detected at two Downstream sites (Orange Grove and Rockburn Run) sites where
eggs had not been detected pre-removal. The probability of detecting river herring eggs at
downstream sites increased from 17.2 + 7.2% (mean + SE) pre-removal to 25.2 + 8.6% post-
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Fig 3. Probability of detected river herring eDNA in the Patapsco River pre- and post- removal of Bloede Dam. Estimated detection
probability of alewife (A) and blueback herring (B) eDNA at Downstream, Restored, and Above Daniels sites in the Patapsco River pre-
and post- removal of Bloede Dam. Least squares means and standard errors are back-transformed from the logistic regression to the
response scale.
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removal (odds ratio = 1.62, t;33 = 1.06, p = 0.289; Fig 7A). The mean concentration of eggs was
higher pre-removal (2,055 + 1,922 eggs 100 kL', mean + SE, Downstream sites only, zeros
removed) compared to post-removal (390 + 110 eggs 100 kL™"). The higher pre-removal mean
value was skewed by a single sample where a large number of eggs were collected at low dis-
charge (Deep Run in 2015). On a log-scale, the concentrations of eggs pre- and post-dam
removal were not statistically different (estimate = 0.20, 35 = -0.35, p = 0.728; Fig 7B).

Electrofishing surveys

Alewife and blueback herring were regularly collected in electrofishing samples at the three
Downstream-electrofishing sites pre- and post-dam removal, except in 2020 when the survey
was not fully conducted (Table 2). Adult alewife and blueback herring were both collected at
Restored-electrofishing sites upstream of the former Bloede Dam for the first time in 2021. A
single male alewife was collected at the first site upstream of the former dam (#595) on March
26, 2021, and a single male blueback herring was collected at the second site upstream of the
former dam (#596) on May 13, 2021 (54 Fig).

PIT telemetry

There is no evidence of tagged fish moving upstream into restored habitats after Bloede Dam
was removed, since we did not detect tagged fish of either species at the Restored-antenna in
2019 and 2021. In total, 640 alewife (261 female and 379 male) and 1122 blueback herring (409
female, 709 male, and 4 unspecified) were tagged during this study. Approximately 25% of
either tagged alewife (n = 159) and tagged blueback herring (n = 271) were detected at any
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Fig 5. Concentration of river herring eDNA in the Patapsco River pre- and post- removal of Bloede Dam. Mean concentration of
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removal of Bloede Dam. Concentrations are normalized as number of mtDNA copies/L. Means include zeros and are shown on a log
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Dam. Abundance of river herring eggs collected pre-removal (A) and post-removal (B) of Bloede Dam. Catch per unit effort is
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antenna at least once over the entire sampling period. Prior to the removal of Bloede Dam,
tagged adult river herring were consistently detected at the two PIT tag antennas downstream
of the dam site (Table 3). Less than 10% of tagged alewife or blueback herring detected at the
Downstream-antenna #1 were also detected at Downstream-antenna #2. Post-removal in
2019, 19% of alewife and 14% of blueback herring detected at the Downstream-antenna #1

also reached Downstream-antenna #2, representing the greatest proportion of individual fish
detected migrating into this midstream reach of the river below the Bloede Dam site. However,
in 2021, only between 3-7% of tagged fish detected at the Downstream-antenna #1 reached
Downstream-antenna #2. During the pre-removal period (2016 to 2018), the number of tagged
blueback herring individuals detected at the Downstream-antenna #1 was consistently greater
than that of alewife.

Discussion

Electrofishing and eDNA samples suggest recovery of spawning habitat use
in response to dam removal

We integrated four monitoring methods (eDNA, eggs, electrofishing, PIT tags) to record rapid
expansion and recovery of river herring spawning habitat in the Patapsco River following a
large-scale dam removal. Overall, we confirmed our prediction that river herring would access
restored habitats within three years of the dam removal. Prior to the removal of Bloede Dam,
neither eDNA, eggs, nor adult river herring were detected upstream of the dam despite the
presence of a fish ladder. This result was consistent with earlier electrofishing monitoring
efforts by Maryland DNR [31]. In the first year post-dam removal, river herring eDNA was
detected upstream of the former dam site, indicating expanded fish presence in restored
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https://doi.org/10.1371/journal.pone.0284561.g007

habitat even before full restoration work at the site was completed. Electrofishing surveys fur-
ther confirmed river herring presence in the restored reach in the third year post-removal,
2021, with the capture of one adult alewife and one adult blueback herring. River herring can
be particularly good at reoccupying new spawning habitats if stream reaches are well con-
nected; straying rates of over 30% have been observed among sites within a river system [49].
Our results are thus consistent with previous studies in other rivers that reported rapid expan-
sion of spawning habitat use by alosines when dams are removed [12, 15, 34, 50].

Table 2. Number of adult alewife (AW) and blueback herring (BB) detected in boat electrofishing surveys in the Patapsco River.

Downstream-electrofishing sites Restored-electrofishing sites
Year #591 #592 #593 #595 #596 #597
AW BB AW BB AW BB AW BB AW BB AW BB

2015 128 42 20 4 21 74 - - - - - -

2016 115 83 24 137 88 202 - - - - - -
2017 36 68 12 29 8 26 - - - - - -

208 a5 |26l | CO O L O - W S N S R SO I -

2019 75 66 9 42 = - . - - - - -

2020 0 1 0 - - 0 0 0

2021 91 86 58 - - 1 0 0 1

Electrofishing surveys were conducted from 2015-2021 from three sites downstream of Bloede Dam (591,592,593) and three sites upstream of Bloede Dam in the

restored section of the river (595, 596, 597). The survey was only partially conducted in 2020. Site 593 was not surveyed after 2018 and Restored sites were not surveyed
before 2020. The dotted horizontal line represented the removal of Bloede Dam.

https://doi.org/10.1371/journal.pone.0284561.t002
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Table 3. Number of tagged alewife (AW) and blueback herring (BB) detected at PIT receiver antenna sites (Downstream-antenna #1, Downstream-antenna #2, and
Restored-antenna).

Year
2016
2017

Downstream-antenna #1

BB count

AW count
0
29

Downstream-antenna #2 Restored-antenna
BB count % AW count % BB count % AW count %
4 0 0 0 - - - -
7 10.7 1 <0.1 - - - -
_________________________________________________________ B 26 A sy
8 14.0 15 18.6 0 0 0
1 6.7 2 3.3 0

PIT tag receivers were installed and collected data from 2016 to 2021, excluding 2020. Percentage represents the proportion of fish detected at the downstream site that

were also detected at the midstream or upstream site. The Ellicott City antenna upstream of Bloede Dam was only installed in 2019.

https://doi.org/10.1371/journal.pone.0284561.t003

Our results further indicated the spatial extent of restored habitat access for river herring
following dam removal. In 2021, blueback herring eDNA was present upstream of Daniels
Dam on two separate sampling days just before the fish ladder closed in May 2021 to prevent
the spread of invasive northern snakehead in the Patapsco River. Prior to 2018, passage effi-
ciency at the Daniels Dam Denil-type fish ladder was impossible to measure because river her-
ring were not passing Bloede Dam [31]. The positive detection and high concentrations of
blueback herring eDNA upstream of Daniels Dam indicates that the fish are not only using
newly restored habitat immediately beyond Bloede Dam, but are also capable of migrating past
Daniels Dam to some degree as long as the fish ladder remains open. Thus, by removing
Bloede Dam, even more habitat than originally estimated may now be available to spawning
river herring.

Although the presence of river herring eDNA and adult fish in electrofishing surveys
upstream of the former Bloede Dam indicated successful use of restored habitat, no PIT tagged
alewife or blueback herring were detected by the Restored-antenna deployed upstream of the
former dam. Detections of PIT tags reflected a trend of decreasing abundance moving
upstream across the entire monitoring period, where an average of 12% of tagged river herring
at the Downstream-antenna #1 also reached Downstream-antenna #2. This result is consistent
with the decreasing detection probability of both alewife and blueback herring eDNA moving
from Downstream to Restored and Above Daniels sites. Previous studies have demonstrated
similar “truncated” upstream distribution patterns of anadromous fishes in response to stream
restoration [10, 50]. For example, a linear decline in PIT tagged American Shad (Alosa sapids-
sima) abundance in the Little River, North Carolina, was observed after a dam removal, with
the highest proportion of detected fish remaining in downstream reaches [26]. Overall, longer
term and more extensive telemetry studies in the Patapsco River are needed to track the move-
ment of individual tagged fish into restored reaches of the river.

No evidence of spawning in restored habitats from egg samples

Despite increased presence of river herring eDNA in the Patapsco River after Bloede Dam was
removed and the detection of adult fish above the dam site, egg count data did not provide evi-
dence of spawning activity in the newly accessible habitat. There are few prior studies that
sample ichthyoplankton to monitor anadromous fish spawning after dam removals, especially
for alosines on the East Coast of the United States. Previous studies examining the presence of
eggs and larvae after dam removals tend to focus on changes over longer timescales, after sev-
eral years post-restoration [25, 50]. Thus, similar longer-term sampling in the Patapsco River
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is needed to identify potential positive impacts of the dam removal on spawning activity and
eventually population size.

The lack of eggs detected upstream of the Bloede Dam site, however, does not necessarily
indicate a true absence of reproductive activity in the restored habitats post-removal. Each of
our other data types suggests that far fewer fish are using the Restored sites than Downstream
sites, so it is possible that spawning is taking place and the concentration of eggs at Restored
sites is so low that we didn’t detect them. In addition, our positive eDNA results may indicate
spawning in the restored section of the river, as eDNA can be derived from biological material
shed during any life stage of the fish, including eggs, larvae, or other maternal tissues expelled
during broadcast spawning [35, 51]. In fact, observed increases in fish eDNA in ambient water
may overlap with reproduction timing and spawning events [52]. More frequent ichthyoplank-
ton sampling at longer sample durations may aid in documenting whether spawning is occur-
ring in the restored reaches of the river.

eDNA samples reveal species-specific responses to the dam removal

Our eDNA results suggest alewife and blueback herring may have had different responses to
the dam removal. While the presence of eDNA increased for both species, use of restored habi-
tat was greater for blueback herring. Pre-removal, we observed no differences in the presence
and concentration of eDNA between the species. Post-dam removal, there was approximately
an 84% greater probability of detecting blueback herring eDNA across all sampling sites com-
pared to alewife and the mean concentrations of blueback herring eDNA were roughly 167%
greater. Alewife eDNA presence was also restricted to fewer Restored sites and was not
detected upstream of Daniels Dam. Concentrations of eDNA are known to be strongly corre-
lated with relative fish abundance and biomass density as demonstrated through field and
experimental studies of several anadromous species [53, 54], including river herring in the
Chesapeake Bay [35]. Therefore, the greater presence and concentration of blueback herring
eDNA may be linked to a higher abundance of blueback herring in the Patapsco River post-
dam removal. Analysis of river herring eDNA surveys at a region-wide scale suggest that river
systems on the western shore of the Chesapeake Bay (including the Patapsco River) typically
have greater blueback herring presence than the eastern shore, and vice versa for alewife [50].
In multispecies studies of other migratory fish, species with greater abundances pre-removal
also had the greatest increase in detection probability and upstream extent after a dam removal
compared to rarer species [55]. There is also substantial interannual variability in river herring
migration and spawning dynamics in the Chesapeake Bay [56]. Thus, the relatively greater
response of blueback herring, based on our eDNA results, are likely river specific within the
Chesapeake Bay or may have coincided with years when there were stronger blueback herring
runs.

Distinct habitat preference and migration behaviors may also contribute to the observed
differences in alewife and blueback herring eDNA data. Environmental factors such as water
temperature, flow regime, and nutrient and chlorophyll concentration have been identified as
potential drivers of variability in river herring run dynamics [56-58]. River discharge and sub-
strate are also strong determinants spawning habitat suitability for each species [59]. Notably,
alewife tend to spawn in slower moving streams and prefer gravel and pebbles for spawning,
while blueback herring prefer faster flows over gravel, sand, and finer sediments [59, 60]. Dam
removal can drastically alter the hydrology and stream bed morphology within streams as
bank elevation and natural flow is restored [61]. In the Patapsco River, the removal of Bloede
Dam is expected to shift the ecosystem as it reverts from lentic to a lotic state at the location of
the former dam pond [34, 62].
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Advantages and limitations of early detection methods

By integrating all four methods to monitor migration and spawning activity across multiple
reaches in the Patapsco River downstream and upstream of Bloede Dam, we present a robust
analysis of the short-term response of river herring to dam removal. Each of the four monitor-
ing techniques has its strengths and limitations. Ichthyoplankton sampling of egg and larval
counts can provide direct evidence of active spawning [25]. Egg releases by an individual fish
may also magnify its presence over an area many times larger than the space occupied by the
animal itself. However, species-specific analyses of such data can be difficult and may further
be confounded by accidental inclusion of other visually similar species, such as hickory shad.
Electrofishing and PIT telemetry are widely used to assess the distribution of fish in relation to
habitat features, including dams (electrofishing: [31, 63]; PIT tagging: [27, 41]). While PIT tags
enable tracking of migration patterns for individual fish at a fine timescale, tag loss is a major
constraint and detection data may not be reliable or accurate if, for instance, the tagged fish
does not swim directly over the antenna or two overlapping tags pass the antenna simulta-
neously [64, 65]. There were also sampling challenges in the years after dam removal. High
flow conditions and the COVID-19 pandemic made it difficult to deploy and maintain PIT
antennas and conduct electrofishing during the 2019 and 2020 spring migration months. The
antennas were removed during high flow events in 2019 and not deployed in the streambed
for the entire 2020 sampling period.

Compared to other methods, electrofishing surveys have disadvantages as well as distinct
advantages. The equipment is expensive, the surveys are labor intensive, and target species
detections are generally more difficult than with other techniques. Whereas detection via
eDNA or ichthyoplankton requires only that a water sample contain eggs or genetic material
released by an individual fish within a detectible distance and time [68, 69], researchers con-
ducting electrofishing surveys must navigate a boat within a few meters of the fish to incapaci-
tate and capture it. Additional limitations include a low probability of capturing early migrants
into restored habitats if they are present in low densities or with patchy distributions. Regard-
less of these issues, presence data from electrofishing surveys provide immediate, tangible, and
certain identification of adult fish not available with other methods. Furthermore, regulators
value these results, and detection of river herring using electrofishing surveys was one of the
criteria for determining the success of the Bloede Dam removal for fish passage restoration
[66]. Additionally, electrofishing can provide information on the size and sex composition of
the spawning run via sample collection for determining fish age (otoliths), spawning history
(scales), and population genetics (fin clips).

This study further demonstrates the practical application of eDNA as an early detection
tool to document spatial patterns of anadromous fish habitat use in response to restoration.
Our study adds to the growing body of literature using eDNA to assess aquatic habitat connec-
tivity, spatial distribution, and restoration dynamics for anadromous fish populations [52, 54,
67]. We were more likely to detect eDNA in the river than ichthyoplankton, PIT tagged fish,
or adult fish in electrofishing samples in the years immediately after the dam removal. These
results indicate that changes in eDNA can be detected in aquatic streams before population-
level abundance changes are detectable through traditional sampling methods. The eDNA
assay used is highly sensitive, with consistent and robust amplification for river herring DNA
[35]. Thus, positive eDNA detections indicate true species presence at or upstream of the sam-
pling location. Detectable eDNA signals in freshwater systems can also typically last a few hun-
dred meters downstream from the source and can persist from 1 to 54 days before degrading
and dissipating [68, 69]. Therefore, positive detections of river herring eDNA are likely from
local and recent sources of genetic material released during migration or spawning activity.
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Despite the benefits of using eDNA as a monitoring tool, there are also potential limitations
when interpreting eDNA results. Environmental factors can affect eDNA detectability and
degradation, including a combination of hydrological conditions, UV exposure, and water
temperature [53]. Detectability of eDNA may also depend on species density [52]. Thus, it is
possible that some samples were false negatives, if the fish were indeed present at a location
but in small enough numbers that the eDNA was too diffuse to detect. This may also explain
why we observed reduced consistency in detecting river herring eDNA across duplicate sam-
ples moving upstream in the Patapsco River. Finally, eDNA data can face issues of overdisper-
sion due to patchy spacing and density of fish in the environment (i.e., migration spikes) and
movement of genetic material available to be sampled [70].

Management implications

Removing dams is an effective strategy to reconnect habitats and restore anadromous fish popula-
tions, particularly alosines. Our study suggests that the primary objective for Bloede Dam’s
removal—to restore migratory fish passage in the Patapsco River—has been met for river herring
[71]. These trends of recovery are consistent with a region-wide assessment of river herring
eDNA across the Chesapeake Bay, which detected river herring at the majority of sampling loca-
tions upstream of five former dam sites [50]. In a 2019 Endangered Species Act listing review for
river herring, “the present or threatened destruction, modification, or curtailment of habitat or
range” due to dams was ranked as the highest threat to alewife and blueback herring [18]. Over
400 dams remain standing in Maryland’s rivers as potential barriers to anadromous fish migration
[72]. Notably, 28 dams were constructed pre-1950 and are now functionally obsolete, serving rec-
reational purposes only [73]. Of these dams, ten were classified as “high” or “significant” hazard
potential by the U.S. Army Corp of Engineers. As only 21 dams have been removed from rivers in
Maryland since 1990, there are additional opportunities to expand river herring spawning habitat
by restoring stream connectivity [74]. Dam removals fit into the broader strategy of “life cycle
conservation,” which considers range-wide actions for key habitats critical for anadromous life
cycles [75]. This approach has similarly been adopted in the recovery plans for other anadromous
fishes, such as the endangered Coho salmon in California [76]. Furthermore, restoring aquatic
connectivity for river herring spawning migrations can help recover additional ecological func-
tions and ecosystem services along the ecosystem gradient of the watershed-ocean continuum
[77]. River herring serve as forage prey for other birds, mammals, fish like the recreationally valu-
able striped bass, while transporting nutrients from the marine environment into freshwater eco-
systems [78, 79]. Expanded ecological and biological monitoring of anadromous fishes pre-
removal at priority dam sites can contribute valuable information to increase political, economic,
and social support for this restoration strategy [61, 80].

Ultimately, the conservation end-goal for habitat and fish passage restoration is to improve
stock productivity and recruitment. Nine out of the fifteen Chesapeake Bay stocks evaluated in
the previous river herring stock assessment were either “overfished or severely depleted” [20].
The four survey methods presented in this study—eDNA, ichthyoplankton, electrofishing, and
PIT tagging—only capture momentary and stationary snapshots of biological and ecological
events. Additional assessment of river herring run counts in the Patapsco River, such as with
imaging sonar, should be conducted to evaluate changes in breeding population size in
response to the restoration effort [56]. Information on population-level responses can inform
how spawning habitat restoration supplements other management actions, such as catch regu-
lations that reduce harvest mortality and incidental by-catch [8, 24, 75]. Environmental moni-
toring of temperature, flow, and sediment condition in the river is also essential to
characterizing habitat suitability post-restoration. Post-dam removal, elevated sediment loads
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and water column turbidity can extend to coastal subtidal zones and persist in the water col-
umn for years [81]. Thus, it is important to continue monitoring changes in the aquatic envi-
ronment of the Patapsco River to understand how river herring and other fish species respond
over time. Such additional considerations could be integrated into alternative analyses and
environmental assessments for future dam removal projects [34].

As our results suggest, both alewife and blueback herring began using habitat upstream of
the Bloede Dam site almost immediately after dam removal, but their responses were species-
specific and context dependent. River herring are currently managed collectively under the
Fishery Management Plan for American Shad and River Herring, which considers alewife and
blueback herring together [21]. However, the species-specific responses observed in this study
suggest that fish passage restoration and other conservation and management actions may
benefit from species-specific analyses. In addition, different Chesapeake Bay rivers host differ-
ent genetic stocks of alewife and blueback herring [82], which might also exhibit different
responses to fish passage restoration. The integrated approach of this study provided rich con-
text for understanding the early stages of restoration response. We documented rapid expan-
sion of river herring into re-opened habitat while also showing that a small fraction of the
population participated in the expansion to date and that spawning activity in the re-opened
habitat, if it is happening, remains at undetectable levels. Similar approaches could be valuable
for understanding short and longer-term responses of anadromous fish to fish passage restora-
tion across a range of species and environmental contexts.

Supporting information

S1 Fig. Sampling effort for eDNA and ichthyoplankton in the Patapsco River. Samples
were collected across 16 sites and seven years (2015 to 2021), and sites are arranged in order
from farthest upstream to lowest downstream. Locations of each site are in S1 Fig.

(TIF)

S2 Fig. Map of sampled reaches for Maryland Department of Natural Resources boat elec-
trofishing in the Patapsco River from 2015 to 2021. Mapping layers (A) from Chesapeake
Assessment and Scenario Tool (CAST) (2020), Maryland iMAP, Maryland Geological Survey,
NOAA, Maryland Coastal Zone Management Program (2003), US Census Bureau (2018).
(TIF)

S3 Fig. Map of PIT tag antenna locations in the Patapsco River from 2016 to 2021. “Total
reach covered” refers to the total area of the river between individually deployed antennas that
are considered as the same site for analysis purposes. Mapping layers (A) from Chesapeake
Assessment and Scenario Tool (CAST) (2020), Maryland iMAP, Maryland Geological Survey,
NOAA, Maryland Coastal Zone Management Program (2003), US Census Bureau (2018).
(TIF)

$4 Fig. Male alewife and blueback herring collected in electrofishing surveys upstream of the
former Bloede Dam site in 2021. Male alewife collected upstream of the former Bloede Dam site on
March 26, 2021. Male blueback herring (B) collected in electrofishing samples upstream of the for-
mer Bloede Dam site on May 13, 2021. Images from Maryland Department of Natural Resources.
(TIF)
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