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Bycatch of mid-trophic level anadromous fishes that connect marine and freshwater ecosystems
is a growing conservation concern. Anadromous alewife (4/osa pseudoharengus) and blueback
herring (4. aestivalis) are important components of coastal freshwater and marine food webs, but
have experienced dramatic declines in the abundances of spawning adults. Freshwater-focused
restoration efforts have yielded few consistent signs of recovery; raising concerns that bycatch in
Northwest Atlantic commercial fisheries may be negating these conservation actions. Using data
from 15 microsatellites genotyped for baseline populations and bycatch, we conducted genetic
stock identification to understand how bycatch was partitioned among previously identified
regional genetic stocks. We then combined this information with fishery observer data to
estimate genetic stock-specific bycatch mortality for the southern New England Atlantic herring
fishery (2012-2013). Bycatch overall, but especially in the Atlantic herring fishery, was
disproportionately assigned to the most severely depleted genetic stocks (alewife Southern New
England stock — 70% of assignments; blueback herring Mid-Atlantic stock — 78% of
assignments). These genetic stocks overlap in the region surrounding Long Island Sound,
suggesting that bycatch taken from this area in recent years may be negatively impacting
recovery efforts in this region. Our study suggests that mitigating bycatch on the southern New
England fishing grounds may benefit recovery efforts for alewife and blueback herring genetic

stocks that have experienced the greatest declines in spawning adult abundances.
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Introduction

The incidental catch of non-target species in commercial fisheries (i.e., bycatch)
represents a major threat to the health of marine ecosystems (Crowder and Murawski 1998;
Chuenpagdee et al. 2003). Bycatch of marine megafauna has received considerable attention
because of their charismatic nature and keystone role in marine food webs (Myers and Worm
2005; Lewison et al. 2014). Less focus has been directed to bycatch of mid-trophic level species,
despite their importance as a key trophic link in marine ecosystems (Smith et al. 2011; Pikitch et
al. 2014). Such species often make long distance migrations, transferring nutrients between
ecosystems and connecting distant food webs (Bakun et al. 2010; Hall et al. 2012). Ecosystem
connectivity may be particularly impacted if the flow of energy and nutrients across major
ecosystem boundaries, like that between marine and freshwater environments, is disrupted. Few
species traverse this boundary in large numbers, making those that do particularly important for
maintaining ecosystem connectivity. Notable among these species are anadromous fishes that
spawn in freshwater, but migrate to the ocean to grow and reach maturity before returning to
their natal (typically) freshwater spawning grounds to reproduce. Thus, when anadromous fish
populations become depleted, a key functional linkage between marine and freshwater
ecosystems is lost (Schindler et al. 2005; Moore et al. 2011; Hall et al. 2012).

Along the Atlantic Coast of North America, anadromous alewife (4losa pseudoharengus)
and blueback herring (4. aestivalis) — collectively ‘river herring” — comprise a key ecological
component of coastal freshwater and marine food webs (Yako et al. 2000; MacAvoy et al. 2000;
McDermott et al. 2015), and once supported an important commercial fishery. However,
spawning adult abundances have declined by 93% since 1970, and many spawning populations

now persist at historically low levels (Hightower et al. 1996; Limburg and Waldman 2009;
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Atlantic States Marine Fisheries Commission (ASMFC) 2012). These declines have been
attributed to multiple factors including overfishing, inadequate fish passage at dams, pollution,
predation, water withdrawals, acidification, changing ocean conditions, and climate change
(ASMFC 2012). River herring spawn in freshwater habitats from Newfoundland to Florida
during the spring, and juveniles typically spend several months in freshwater before emigrating
to the ocean and undertaking extensive north-south marine migrations along the Atlantic coast
before returning to their natal rivers to spawn at 2-5 years of age (Messieh 1977; Neves 1981;
Klauda et al. 1991). An examination of population genetic structure using microsatellites
revealed that most US alewife and blueback herring spawning populations have significantly
(P<0.05) different multi-locus allele frequency distributions, and constitute genetically
distinguishable populations (hereafter ‘populations’) (see Table 2 and Table 3 in Palkovacs et al.
(2014)). This interpretation is consistent with definitions of ‘population’ that place emphasis on
reproductive cohesion among groups of individuals (i.e., the ‘evolutionary paradigm’; (Waples
and Gaggiotti 2006)). Bayesian clustering analysis, which can provide conservative estimates of
population genetic structure (Faubet et al. 2007), revealed that US alewife populations were
nested within three regional genetic stocks (hereafter ‘genetic stocks’) (i.e., Northern New
England, Southern New England, and Mid-Atlantic), whereas US blueback herring populations
were nested within four genetic stocks (i.e., Northern New England, Southern New England,
Mid-Atlantic, and South Atlantic) (Palkovacs et al. 2014). Palkovacs et al. (2014) also showed
that recent declines in adult abundance and body size have been greatest for alewife populations
from the Southern New England stock (i.e., Mystic River, MA south to the Hudson River, NY)

and for blueback herring populations from the Southern New England stock (i.e., Mystic River,
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MA south to Gilbert-Stuart, RI) and Mid-Atlantic stock (i.e., Connecticut River, CT south to the
Neuse River, NC) (see Figure 3 in Palkovacs et al. 2014).

Restoration efforts, including habitat and water quality improvements, fish passage
projects, and harvest restrictions, have focused largely on mitigating threats in freshwater
habitats. However, persistent depression of population abundances, reductions in age and size of
spawning adults, and few consistent signs of recovery suggest that other sources of mortality —
possibly marine — may be negating these freshwater conservation actions (Nelson et al. 2011).
Indeed, observed shifts in life history and demography for a southern New England alewife
population (i.e., decreased size, younger age structure, fewer repeat spawners in Bride Brook,
CT) are consistent with the notion that marine mortality in this region has recently increased
(Davis and Schultz 2009).

Bycatch in commerecial fisheries of the northwest Atlantic Ocean has become a major
concern for river herring conservation (ASMFC 2012; Cournane et al. 2013; Bethoney et al.
2013, 2014a). From 1989 to 2010, bycatch of alewife and blueback herring equaled or exceeded
that reported for directed in-river commercial fisheries for 6 of 22 years (ASMFC 2012).
Bycatch in the Atlantic herring (Clupea harengus) fishery off the southern New England coast is
of particular concern (ASMFC 2012), because this fishery encounters river herring at relatively
high rates (Cournane et al. 2013; Bethoney et al. 2014a, 2014b) and is geographically proximate
to the populations and genetic stocks that have experienced the greatest declines in spawning
adult abundances and body size (Palkovacs et al. 2014). Understanding the impacts of marine
bycatch on populations and genetic stocks requires knowledge of how bycatch mortality is
partitioned. If bycatch mortality is evenly distributed across populations, there may be minimal

consequences to abundance for any particular population. However, if that same mortality is
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concentrated on just a few populations, major population- or genetic stock-level declines may
occur.

Here, we determine how bycatch mortality for alewife and blueback herring in northwest
Atlantic commercial fisheries is partitioned among genetic stocks using genetic stock
identification (GSI), a commonly applied form of mixed-stock analysis (Brenden et al. 2015).
Genetic stock identification involves the genotyping of individuals from a series of ‘baseline’
populations and from a ‘mixture’ sample (e.g., bycatch), and the subsequent estimation of
mixture proportions using a maximum likelihood or Bayesian statistical framework that relates
the genotypes in the mixture sample to the expected genotype frequencies in the baseline
populations (Anderson et al. 2008). This method is a standard tool in the management of mixed
stock fisheries, and has been applied to a variety of species (e.g., Wirgin et al. 1995; Koljonen et
al. 2005; Clemento et al. 2014; Waldman et al. 2014). Using data from 15 microsatellites
genotyped for populations and bycatch specimens for both species, we employed a Bayesian GSI
method to assign bycatch to genetic stock of origin. We then used bycatch data collected by
fishery observers to estimate the numbers of alewife and blueback herring taken as bycatch in the
Atlantic herring fishery in 2012 and 2013, and applied the results from GSI to estimate genetic
stock-specific mortality of alewife and blueback herring in this fishery. This combined approach
allowed us to identify the regional origins of river herring bycatch, and provided valuable insight
into whether bycatch may be a contributing factor in hindering recovery efforts for the most
depleted genetic stocks. Our results indicate that river herring bycatch is focused primarily on
those genetic stocks that have experienced the greatest declines in spawning adult abundance

(i.e., Southern New England stock in alewife; Mid-Atlantic stock in blueback herring).
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Mitigating the impacts of river herring bycatch will be an important component of conservation

efforts to rebuild these genetic stocks and restore coastal ecosystems.

Materials and Methods

Sample collections

Collections of alewife and blueback herring from populations sampled across their US
ranges were obtained from 2008-2011 (see Palkovacs et al. 2014), and served as baselines in the
GSI of bycatch. Before performing GSI, interspecific hybrids were removed from the baseline
dataset following the procedure described in (Hasselman et al. 2014). Our resulting baselines
were comprised of 1070 alewife from 21 spawning populations nested within three genetic
stocks (i.e., Northern New England, Southern New England, and Mid-Atlantic) and 1252
blueback herring from 21 spawning populations nested within four genetic stocks (i.e., Northern
New England, Southern New England, Mid-Atlantic, and South Atlantic) (Figure 1; Table S1).
These genetic stocks were used for GSI because previous research demonstrated genic
homogeneity and non-significant (P>0.05) genetic differentiation (Fsr) among several
geographically proximate alewife and blueback herring populations within these genetic stocks,
and because an analysis of molecular variance (AMOVA) revealed greater genetic variation
among genetic stocks than among populations within genetic stocks for both species (Palkovacs
et al. 2014).

River herring bycatch specimens (N=2928) were sampled opportunistically by fisheries
observers monitoring the Atlantic herring, shrimp (Pandalid spp.), longfin squid (Doryteuthis
pealeii), and Atlantic cod (Gadus morhua) fisheries of the northwest Atlantic Ocean (Table 1).

Details about the bycatch sampling programs used to acquire specimens for this study can be
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found in Supplementary Materials. The majority of samples came from the Atlantic herring
fishery, which uses single and paired midwater trawl, and bottom otter trawl fishing gear. Other
sampled fisheries use only bottom otter trawls. Bycatch collections were obtained in fall
(October-December) and winter (January-March) during 2011-2013 from Statistical Areas (SA)
comprising five near-shore regions (i.e., Gulf of Maine (GoM), SA 513/514; Cape Cod (CC), SA
521; southern New England (SNE), SA 537/539/611; New Jersey-Long Island (NJLI), SA
612/613/615; Delaware (DEL), SA 622). Although the Atlantic herring fishery also occurs on
Georges Bank (SA 522, 525, 561, 562) commercial fisheries encounter almost no river herring
bycatch in this off-shore region (Cieri et al. 2008; Cournane et al. 2013). Tissue (fin clip or
muscle plug) was preserved in 95% ethanol until DNA extraction.

Bycatch specimens were initially identified to species based on peritoneal coloration
(Scott and Crossman 1973), but were ultimately classified as alewife or blueback herring based
on multilocus genotypes, using specimens of known species (n=100 per species) and the
Bayesian model-based clustering method implemented in STRUCTURE v.2.3.3 (settings: K=2;
correlated allele frequencies; admixture model; burn-in=50,000 steps; 250,000 steps of the
Markov chain Monte Carlo (MCMC) algorithm) (Pritchard et al. 2000, Falush et al. 2003).
Hybrids were identified following the same procedure applied to population baseline populations
(see above; Hasselman et al. 2014). Bycatch specimens misidentified at sea were re-classified to
their correct species prior to analyses. Hybrid individuals, specimens not genotyped across a
minimum of six microsatellites, and instances where fewer than five specimens were sampled in
a given bycatch stratum (see below) were removed from analyses. These adjustments resulted in
a dataset for alewife (n=1747) and blueback herring (n=1013) bycatch that was used for GSI

(Table 1).
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Laboratory protocols

Bycatch specimens were genotyped across a suite of 15 polymorphic microsatellite loci
developed for alewife (4p010, Ap033, Ap037, Ap038, Ap047, Ap058, Ap070, Ap071) and
blueback herring (4a046, Aa070, Aa074, Aa081, Aa082, Aa091, Aa093) (A’Hara et al. 2012).
These same loci were previously used to genotype anadromous populations for assessment of
population genetic structure across the US ranges of these species (Palkovacs et al. 2014).
Details regarding DNA isolation and genotyping protocols involving bycatch specimens were
consistent with those used for baseline populations, as previously reported in (Palkovacs et al.
2014). Briefly, genomic DNA was extracted from tissue using one of two methods: Promega
Wizard® SV Genomic DNA Purification System or 10% Chelex 100 (Bio-Rad, Richmond, CA).
Amplification, size-fragment analysis, and scoring were conducted following (A’Hara et al.
2012). To confirm consistency in scoring and reproducibility of genotypes, positive and negative

controls were used.

Genetic data analyses
Data conformance to model assumptions

Genotyping artefacts were assessed using MICROCHECKER Vv.2.2.3 (Van Oosterhout et al.
2004). Evidence for null alleles in baseline populations resulted in the exclusion of four loci for
alewife (4a082, Ap037, Ap047, Ap070) and two for blueback herring (4ao81, Ap058). Hardy-
Weinberg equilibrium (HWE) among baseline populations for alewife and blueback herring, and
linkage disequilibrium (LD) among loci was confirmed previously, as was selective neutrality

(Palkovacs et al. 2014).
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Genetic stock identification

To perform GSI, we used the mixed stock analysis program gsi_sim (Anderson et al.
2008) available at: https://github.com/erigande/gsi_sim and included as an executable in the R
package gpiper (https://github.com/eriqande/gpiper). This method provides a computationally
efficient Bayesian approach and has been used for the GSI of other threatened anadromous
fishes, including green sturgeon (Acipenser medirostris) and Chinook salmon (Onchorhynchus
tshawytscha) (Israel et al. 2009; Satterthwaite et al. 2014; Clemento et al. 2014). This method is
particularly useful for alewife and blueback herring, as several of the populations within genetic
stocks for both species are not strongly differentiated (Anderson et al. 2008; Palkovacs et al.

2014).

Evaluation of baseline populations

To determine the capacity of our baseline populations for assigning bycatch and
estimating mixture proportions we assessed the behavior of estimates of genetic stock and
population proportions by simulation. We simulated 50 different mixing proportions for each
baseline population by first simulating the genetic stock proportions from a Dirichlet distribution
with all parameters equal to 1.5, and then simulating mixing proportions of each population
within a genetic stock, again using a Dirichlet distribution with parameters equal to 1.5. We then
took each of the 50 mixing proportions, in turn, and simulated four bycatch samples (1000 fish
each) using the CV-ML method of (Anderson et al. 2008) and estimated the mixing proportions

by maximum likelihood. The resulting distribution of estimates was used to assess predicted bias
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231  and precision in our estimates of the mixing proportions for assignment to genetic stock and
232 population of origin.

233

234  Genetic stock identification of bycatch

235 For the GSI of bycatch, samples from the posterior probability distribution for all

236  parameters were generated using 50,000 sweeps of an MCMC algorithm after a 20,000 sweep
237  burn-in phase (thinning interval=10) in gsi_sim. To verify proper mixing of the MCMC, we
238  conducted seven independent runs of the model for both alewife and blueback herring using
239  different starting seeds. We estimated the mixing proportion of each genetic stock for each
240  sample. This method provided an estimate of the fraction of fish from each genetic stock in the
241  bycatch at the time and place where the sample was taken, and has been shown to provide a
242 better estimate of true mixing proportions than aggregated individual assignments (Koljonen et
243 al. 2005). Thus, we do not report individual level assignments, but rather the overall assignment
244  of bycatch to genetic stock of origin. We then examined patterns of bycatch in two

245  complementary ways. We first examined all bycatch collectively to understand which genetic
246  stocks were being encountered across all fisheries. We then partitioned bycatch into 'strata’
247  represented by unique combinations of year, season, region, target fishery, and gear type,

248  resulting in 25 strata for alewife and 17 strata for blueback herring (Table 1). We estimated

249  mixing proportions independently for each stratum in order to better understand the effects of
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250  these various factors on the genetic stock composition of bycatch. MCMC samples of the mixing
251  proportions from their posterior probability distribution were used to estimate the proportion and
252 95% credible intervals of bycatch represented by each genetic stock for each species overall and

253  for each bycatch stratum. Although partitioning the bycatch data resulted in relatively small
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sample sizes for some strata, differences in samples sizes are readily accommodated by the
Bayesian method implemented in gsi_sim, and are reflected as wider posterior probability
distributions.

The Bayesian method implemented in gsi_sim yields unbiased estimates of GSI accuracy
only within the confines of the assumptions of the model, and particularly the assumption that all
populations in the mixture sample (i.e., bycatch) are accurately represented in the baseline
sample (Anderson et al. 2008). We examined centered and scaled negative log-likelihood values
for each fish in the bycatch (i.e., Z-scores; see (Clemento et al. 2014), p. 120) from gsi_sim to
assess the possibility that bycatch specimens may have originated from populations not included
in our baselines. Empirical cumulative density functions (ECDFs) of Z-scores from all bycatch
were compared with those from all baseline populations using a two-sample Komolgorov-
Smirnov (K-S) test (Sokal and Rohlf 2012) implemented in the R package 'stats' (R Development

Core Team 2013).

Genetic stock-specific bycatch mortality in the Atlantic herring fishery

Using data collected by fishery observers in 2012 and 2013, we estimated alewife and
blueback herring bycatch mortality (i.e., total number) captured with midwater single and paired
trawl vs. bottom otter trawl gear in the Atlantic herring fishery off the coast of southern New
England (SA 537/539/611). Observed weight of bycatch was converted to number of individual

river herring taken in this fishery in 2012 and 2013 by each gear type using an expansion factor:

Wi
XS,i - s

Ws i
that expands the number of measured individuals of species s to the total count of species s

caught in trip 7. W ; is the total weight of species s caught in trip i and wy; is the weight of

12
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species s in trip i that were measured and weighed. The total number of river herring caught for

each year and gear type was estimated by:

XiXsi*Ng
[N -n
N

where ng; ; is the number of measured fish of species s in length class / in trip 7, n is the number
of sampled trips, and Nis the total number of Vessel Trip Reports (reports of catch required by
the US federal government for every fishing trip) from mid-water trawl or small mesh bottom
trawl vessels targeting Atlantic herring (Bethoney et al. 2014b). We then applied the genetic
stock proportions and 95% credible intervals estimated from GSI to calculate the genetic stock-
specific bycatch mortality for alewife and blueback herring taken in this fishery. A relatively
large proportion of the alewife and blueback herring bycatch strata were represented by the
southern New England Atlantic herring fishery (0.56 and 0.59, respectively). To examine
whether the genetic stock composition of bycatch in this fishery differed between years (2012 vs.
2013) and gear types (midwater single and paired trawl vs. bottom otter trawl) we used two-
sample K-S tests. This was the only fishery for which a sufficient number of samples were

available to conduct such an analysis.

Results

Species identification of bycatch and incidence of hybrids

Genotyping identified 32 specimens that were misidentified to species based on
peritoneal coloration by fisheries observers, representing 1.2% of the bycatch sampled. In total,
21 alewife were misidentified as blueback herring, and 11 blueback herring were misidentified as

alewife. This asymmetry is not surprising given that blueback herring are generally characterized
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by dark peritoneal coloration, but alewife can also display some dark coloration (although
typically more subtle), that can lead to misidentification (see Berlinsky et al. 2015). Given the
morphological similarities between the species, our results show a high level of reliability for
species identification in the field. We identified 50 specimens as hybrid individuals, representing
1.8% of the bycatch sampled; slightly lower than previously reported rangewide for anadromous

adults (i.e., 2.4%; Hasselman et al. 2014).

Evaluation of baseline populations

Simulations used to assess the performance of gsi_sim revealed concordance between the
distributions of estimated and simulated mixing proportions for genetic stocks of alewife and
blueback herring, indicating a high degree of reliability for genetic stock-level assignments. For
alewife there was a slight upward bias for the Southern New England stock and a slight
downward bias for the Mid-Atlantic stock (Figure 2a). For blueback herring, there was a slight
upward bias for the Mid-Atlantic stock, and slight downward biases for the Northern New
England stock and Southern New England stock (Figure 2b). These slight biases are likely due to
the uneven representation of baseline populations within genetic stocks for both species (Table
S1), but have a modest impact on the precision of bycatch assignment to genetic stock of origin.

Systematic bias was observed between the distribution of estimated and simulated mixing
proportions at the population level for alewife (Figure S1a) and blueback herring (Figure S1b).
This bias is likely due to weak differentiation among populations within genetic stocks
(Palkovacs et al. 2014), and differences in samples sizes among baseline populations (Table S1)
that can impact the detection of rare alleles, which contribute to assignment probabilities.

Cumulatively, these self-assignment and simulation results suggested that bycatch assignment to
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population of origin suffers from considerable bias and may be unreliable; therefore, we focused

subsequent analyses on the assignment of bycatch to genetic stock of origin.

Genetic stock identification of bycatch

Overall, the greatest proportion of alewife bycatch (X=0.695) was assigned to the
Southern New England stock (Figure 3a), while the greatest proportion of blueback herring
bycatch (X=0.782) was assigned to the Mid-Atlantic stock (Figure 3b). Other genetic stocks
comprised substantially lower proportions of bycatch for both species. At a posterior probability
threshold of 0.95, the Southern New England stock represented at least 67% of the total alewife
bycatch, while the Mid-Atlantic stock represented at least 75% of the total blueback herring
bycatch. For both species, replicate runs of the MCMC with different starting seeds generated
posterior mean estimates of mixing proportions that were virtually identical to the initial run of
the model (Figure S2). This result indicated that the MCMC algorithm used by gsi_sim to
compute posterior probabilities converged well and was suitable for estimating assignment
probabilities for alewife and blueback herring to genetic stock of origin.

When alewife bycatch was partitioned into strata (i.e., year, season, region, target fishery,
and gear type), results showed that all genetic stocks were encountered in all regions and by all
fisheries. However, the greatest proportion of alewife bycatch across all fishing areas was
consistently assigned to the Southern New England stock (Figure 4a), which comprised the
greatest proportion of alewife bycatch for 24/25 strata (range: 0.38-0.98; X=0.66), and >50% of
bycatch for 18/25 strata (Table 1). Individual-level assignments for alewife bycatch are provided
in Table S2. Although alewife bycatch was sampled from multiple fisheries, the Atlantic herring

fishery was heavily represented in our bycatch dataset (20/25 strata), and largely occurred on the
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southern New England fishing grounds (14/20 strata). A large proportion of the alewife bycatch
sampled from this fishery was assigned to the Southern New England stock (range: 0.49-0.98;
X=0.73). Nonetheless, a large proportion of alewife bycatch from other regions and in other
fisheries were similarly assigned to the Southern New England stock (range: 0.38-0.76; X=0.55).
Cumulatively, these results suggest that populations from the Southern New England stock
represent the largest component of alewife bycatch for several fisheries utilizing a variety of
fishing gear, and occurring in several fishing areas at various times of year.

When blueback herring bycatch was partitioned into strata, results showed that all genetic
stocks were encountered in all regions, but the greatest proportion of bycatch was consistently
assigned to the Mid-Atlantic stock (Figure 4b). The Mid-Atlantic stock comprised the greatest
proportion of bycatch for 16/17 strata (range: 0.42-0.85; X=0.68), and comprised >50% of
bycatch for 16/17 strata (Table 1). Individual-level assignments for blueback herring bycatch are
provided in Table S2. Blueback herring bycatch was only encountered in the Atlantic herring
fishery, and largely occurred on the southern New England fishing grounds (10/16 strata). A
large proportion of the bycatch from this region was assigned to the Mid-Atlantic stock (range:
0.48-0.85; X=0.70). However, bycatch from other regions also had similar proportions assigned
to this genetic stock (Gulf of Maine: X=0.66; Cape Cod: X=0.74; New Jersey-Long Island:
X=0.65). Cumulatively, these results suggest that blueback herring populations from the Mid-
Atlantic stock comprise a large component of bycatch in the Atlantic herring fishery utilizing
midwater and bottom trawl fishing gear, and occurring in several fishing regions at various times
of year.

We observed no significant difference in ECDFs (i.e., Z-scores; Clemento et al. 2014)

between baseline populations and bycatch for either alewife or blueback herring (p>0.05; K-S
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test); suggesting that bycatch specimens did not originate from populations that were not
included in our baselines (Figure S3). This result implies that genetically differentiated
populations and genetic stocks from Canada (McBride et al. 2014) were not encountered in the

bycatch samples examined in this study.

Genetic stock-specific bycatch mortality in the southern New England Atlantic herring fishery

Over the two years of data examined, we estimate that more than 4.95 million river
herring (95% CI: 4.11-5.79 million) were taken as bycatch in the southern New England Atlantic
herring fishery (Table 2). In 2012, over 1.30 million river herring (95% CI: 1.04-1.56 million),
and in 2013 over 3.65 million river herring (95% CI: 3.08-4.23), were taken as bycatch in this
fishery. While more than twice as many blueback herring were taken (890 000) in 2012
compared to alewife (410 000), more than seven times as many alewife were taken (3.21 million)
in 2013 relative to blueback herring (450 000). Midwater trawls and bottom trawls accounted for
~82.3% and ~17.7% of the bycatch mortality in 2012, respectively. This pattern changed in
2013, when midwater trawls accounted for ~48.5% and bottom trawls ~51.5% of the bycatch
mortality.

Bycatch mortality was not evenly distributed among genetic stocks for either species
(Table 2). For alewife, 72.5% of the bycatch across both years examined was assigned to the
Southern New England stock, while 20% and 7.5% was assigned to the Mid-Atlantic stock and
Northern New England stock, respectively. The proportional genetic stock composition of
alewife bycatch was not significantly different between gear types (KS test: D=0.019, p > 0.1) or
between years (KS test: D=0.19, p > 0.1). For blueback herring, 80% of the bycatch across both

years was assigned to the Mid-Atlantic stock, while 9%, 10%, and 1% was assigned to the
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Northern New England stock, Southern New England stock and South Atlantic stock,
respectively. The genetic stock composition of blueback herring bycatch did not differ
significantly between gear types (KS test: D=0.042, p > 0.1) or between years (KS test: D=0.06,
p>0.1).

Despite consistency in the proportional representation of genetic stocks within species
across years, different species dominated bycatch mortality in 2012 vs. 2013, leading to major
differences in genetic stock-specific mortality. In 2012, when blueback herring dominated
bycatch, the Mid-Atlantic stock of blueback herring (711 800 fish taken) represented 54.7% of
the total river herring mortality. In 2013, when alewife dominated bycatch, the Southern New
England stock of alewife (2.32 million fish taken) represented 64% of the total river herring

mortality.

Discussion

Our study reveals that bycatch mortality in commercial fisheries, particularly the Atlantic
herring fishery, is not evenly distributed among genetic stocks, but is disproportionately assigned
to the most depleted genetic stocks (i.e., alewife: Southern New England stock; blueback herring:
Mid-Atlantic stock) and could be hindering recovery efforts. Mitigating the impacts of
commercial bycatch is an important component of alewife and blueback herring recovery efforts,
and will aid in restoring connectivity between marine and freshwater environments and restoring

the health of coastal ecosystems.

Genetic stock identification of bycatch
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The genetic composition of alewife and blueback herring bycatch overall and by strata
revealed that all genetic stocks from both species were taken in commercial fisheries. This
finding supports prior research that populations mix extensively at sea (Neves 1981; Rulifson
1984; Stone and Jessop 1992) and suggests that alewife and blueback herring from across their
ranges are susceptible to bycatch across a broad geographic area. However, the alewife Southern
New England stock and blueback herring Mid-Atlantic stock comprised the largest proportions
of genetic assignments overall (Figure 3) and dominated bycatch across years, seasons, regions,
target fisheries, and gear types (Figure 4). Although our mixture simulations revealed slight
upward biases for the alewife Southern New England stock (Figure 2a) and the blueback herring
Mid-Atlantic stock (Figure 2b), these biases are not substantial enough to account for the
differences in the proportion of overall bycatch assignment to these genetic stocks for either
species, and do not dramatically impact our key results. Further, replicate runs of the MCMC
underlying gsi_sim generated nearly identical posterior mean estimates of mixing proportions
(Figure S2), confirming model convergence and supporting the reliability of our assignments to
genetic stock of origin.

The geographic boundaries for the alewife Southern New England stock and blueback
herring Mid-Atlantic stock overlap in the region of Long Island Sound due to species specific
differences in population genetic structure (Figure 1; Palkovacs et al. 2014). Thus, alewife
populations from rivers that drain into Long Island Sound would be assigned to the Southern
New England stock, while blueback herring populations from these same rivers would be
assigned to the Mid-Atlantic stock. A relatively large proportion of the alewife and blueback
herring bycatch strata examined (0.56 and 0.59, respectively) came from the southern New

England Atlantic herring fishery that occurs in areas adjacent to Long Island Sound (i.e., SA
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537/539/611; Figure 4). Thus, it seems reasonable to postulate that bycatch in the southern New
England Atlantic herring fishery may be disproportionately impacting the alewife and blueback
herring populations in and around Long Island Sound that have experienced some of the greatest
declines in spawning adult abundances (Palkovacs et al. 2014). Relative to other marine
fisheries, the Atlantic herring fishery encounters the highest level of river herring bycatch (Cieri
et al. 2008; Cournane et al. 2013), and our results are consistent with previous studies that
demonstrated that river herring bycatch is greatest just offshore of the region where populations
have declined the most (Bethoney et al. 2013, 2014a). However, this should be interpreted
cautiously, as the boundaries for the alewife Southern New England stock and blueback herring
Mid-Atlantic stock extend beyond the Long Island Sound region (Figure 1).

Massachusetts, Rhode Island, and Connecticut are all adjacent to the Long Island Sound
region, and were among the first states to detect population-level declines and to implement a
series of conservation actions that placed moratoria on directed in-river fisheries and increased
access to historical spawning habitat (ASMFC 2012). Unfortunately, these conservation actions
have provided few consistent signs of recovery (Nelson et al. 2011). While there are numerous
threats that may limit the recovery of river herring in this region (Hartman 2003; Atlantic States
Marine Fisheries Commission 2012; Davis et al. 2012; Lynch et al. 2014; Tommasi et al. 2015),
our study suggests bycatch mortality may be an important contributing factor. However, bycatch
should be evaluated in conjunction with other sources of mortality to fully assess its direct

impact on river herring populations.

Genetic stock-specific bycatch mortality in the southern New England Atlantic herring fishery
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We estimate that approximately 3.6 million alewife and 1.3 million blueback herring
were taken as bycatch in the southern New England Atlantic herring fishery in 2012 and 2013
(Table 2). The greatest alewife bycatch came from the Southern New England stock (2.62
million fish), while the greatest blueback herring bycatch came from the Mid-Atlantic stock
(1.07 million fish). The amount of river herring caught in the southern New England Atlantic
herring fishery is typically < 0.5% of the catch of the target species (Bethoney et al. 2014a), but
the magnitude of bycatch mortality estimated for these genetic stocks may be substantial. Recent
research suggests that bycatch mortality in the Atlantic herring fishery may be similar to that
previously generated by directed fisheries (Cieri et al. 2008). However, linking the magnitude of
bycatch mortality to declines in spawning adult abundances at the genetic stock (or population)
level, and evaluating the impacts of bycatch on recovery efforts, is complicated by the absence of
reliable spawning run count data for many populations. What spawning run count data are
available have been enumerated using different methods (i.e., electronic fish counters, visual
counts, video counts) with variable accuracy. Nonetheless, bycatch mortality is considerable
when compared to the size of individual spawning runs (ASMFC 2012).

We observed extreme inter-annual variability in the magnitude and species composition
of bycatch in the southern New England Atlantic herring fishery. While the genetic stock
composition of bycatch was stable across years, we observed a notable increase in bycatch in
2013, but a reduced contribution from blueback herring. Such variability is evident across a
longer time series of coastwide bycatch dating back to 2005 (Mid-Atlantic Fisheries
Management Council (MAMFC) 2013). Thus, our results present a snapshot of a highly variable

fisheries management problem.
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Future directions

Our results show that bycatch may be disproportionately impacting the most severely
depleted river herring genetic stocks; however, we cannot presently assign bycatch to population
of origin with high confidence. Our simulations revealed some bias for population-level
assignment for both alewife and blueback herring (Figure S2). This result may stem from
moderate levels of gene flow among populations within genetic stocks and the resolution of the
microsatellite markers employed (Manel et al. 2005). Using the same suite of microsatellites,
Palkovacs et al. (2014) found relatively weak (but significant; P<0.05) levels of genetic
differentiation among populations of alewife (global Fst=0.049) and blueback herring (global
Fs1=0.030) from across the US, and non-significant differentiation among some geographically
proximate populations within genetic stocks. Similar patterns were observed for Canadian
populations (McBride et al. 2014). This result is consistent with other studies of anadromous
fishes that detected genetic structure on broad spatial scales, but insufficient differences among
populations within genetic stocks to confidently allocate mixture samples back to population of
origin (Gharret et al. 1987; Templin et al. 2011). For alewife and blueback herring, this finding
may be due to a combination of gene flow via natural straying and, in some areas, human-
mediated gene flow via inter-basin stock transfers (McBride et al. 2015).

Increased accuracy of genetic assignments for alewife and blueback herring bycatch on
finer spatial scales will benefit from the inclusion of additional baseline populations from across
the species’ entire geographic ranges. Assignment accuracy may also be improved through the
application of Single Nucleotide Polymorphisms (SNPs), particularly if some of those SNPs
show signatures of selection that help differentiate populations (Ackerman et al. 2011, Nielsen et

al. 2012). SNPs are currently being developed for alewife and blueback herring (Baetscher, D.,
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Hasselman, D.J., Palkovacs, E.P., and Garza, J.C. in prep), and their application shows promise
for improving the spatial resolution of GSI (e.g., (Larson et al. 2014). Combining SNPs with
microsatellites (Hess et al. 2011, Beacham et al. 2012), morphometrics (Cronin-Fine et al. 2013)
or otolith microchemistry (Barnett-Johnson et al. 2010; Brennan et al. 2015; Martin et al. 2015;
Turner et al. 2015) could provide particularly powerful approaches for improving the spatial
resolution of assignments.

Collection of bycatch samples for this study was largely opportunistic, leading to large
variation in sample sizes across bycatch strata. Although our overall results were consistent
across strata, we were limited to small sample sizes in some areas. Thus, future efforts should

attempt to implement a standardized sampling regime for bycatch.

Conservation and management implications

Our study suggests that bycatch in marine fisheries, particularly the southern New
England Atlantic herring fishery, may be a contributing factor in the persistent depression of
population abundances observed for the most depleted river herring genetic stocks. Our results
may help partially explain why freshwater restoration efforts in Massachusetts, Rhode Island,
and Connecticut have not yielded consistent regional signs of recovery. The geographically
concentrated nature of river herring bycatch reported herein places severely depleted genetic
stocks and populations at risk, but also suggests that reducing bycatch on the southern New
England fishing grounds (SA 537/539/611) may serve to increase spawning population
abundances, particularly for populations in the Long Island Sound region.

These genetic stocks and populations are important to the overall alewife and blueback

herring metapopulation genetic structure (Palkovacs et al. 2014; McBride et al. 2014), and the
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extirpation of these populations would create a geographic discontinuity in the ranges of both
species that could increase the risk of further extirpations, as connectivity and the potential for
stabilizing portfolio effects is lost (Schindler et al. 2010). The threat posed by climate change
makes it especially important to reduce bycatch mortality in order to increase the resiliency of
populations in the face of an unpredictable future (Lynch et al. 2014; Tommasi et al. 2015).
Therefore, reducing bycatch mortality for these genetic stocks should be a priority for river
herring conservation.

River herring catch limits based on past bycatch levels in the Atlantic herring fishery
were established in late 2014 with the goal of preventing high levels of bycatch, such as those
observed in 2007 and 2013, from occurring in the future (NEFMC 2013). However, more refined
bycatch mitigation techniques may be achieved through a combination of ‘real-time’ genetic
monitoring of bycatch (Schwartz et al. 2007), coupled with the implementation of genetic stock-
based catch caps, and the continuation of flexible and dynamic voluntary time and area closures
(Bethoney et al. 2013). Some of these measures along with bycatch reduction devices have
successfully reduced bycatch of Chinook salmon and rockfish (Sebastes spp.) in Pacific coast
commercial fisheries (Lomeli and Wakefield 2012; Ianelli and Stram 2015; Stram and Ianelli
2015). The recovery of river herring may be assisted by the successful implementation of similar

bycatch mitigation measures.
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Table 1: Bycatch strata for alewife (n=25) and blueback herring (n=17) with genetic stock-level posterior mean estimated mixing proportions (95% CI) calculated using gsi_sim

(Anderson et al. 2008).

Posterior Mean of Mixture Proportioné (95% CI)

Strata! Year Season RegionZz SA3 Fishery* Gear> N NNE SNE MAT SAT

Alewife

1 2011 Fall GoM 513 AH PMOT 28 0.1653 0.6687 0.1660 -
(0.0017-0.3808)  (0.4079-0.8986)  (0.0319-0.3514)

2 2012 Fall GoM 514 AC BOT 16 0.3246 0.3863 0.2892 -
(0.0721-0.6150)  (0.0782-0.7320) (0.0636-0.5817)

3 2012 Fall GoM 513 AH SMOT 16 0.4641 0.4994 0.0392 -
(0.1648-0.7603)  (0.1857-0.8154)  (0.0000-0.2162)

4 2012 Fall GoM 514 Unk BOT 7 0.3691 0.4205 0.2103 -
(0.0573-0.7628)  (0.0190-0.8408) (0.0018-0.6118)

5 2012 Winter CC 521 AH PMOT 38 0.2620 0.5649 0.1773 -
(0.1044-0.4504) (0.2898-0.8103) (0.0006-0.4206)

6 2012 Winter GoM 514 PS BOT 26 0.3652 0.5143 0.1206 -
(0.1236-0.6395)  (0.2203-0.7936)  (0.0107-0.3072)

7 2012 Winter SNE 539 AH Unk 20 0.0161 0.9607 0.0232 -
(0.0000-0.1302) (0.8047-1.000) (0.0000-0.1437)

8 2012 Winter SNE 539 AH BOT 149 0.1130 0.8831 0.0039 -
(0.0491-0.1909) (0.8035-0.9487)  (0.0000-0.0255)

9 2012 Winter SNE 539 AH PMOT 120 0.0056 0.9355 0.0589 -
(0.0000-0.0354) (0.8678-0.9902) (0.0068-0.1343)

10 2012 Winter SNE 539/611 AH BOT 37 0.2113 0.6411 0.1476 -
(0.0657-0.3992)  (0.4410-0.8242)  (0.0290-0.3122)

11 2012 Winter SNE 539/611 AH PMOT 21 0.0273 0.8479 0.1249 -
(0.0000-0.1862)  (0.5789-0.9991) (0.0000-0.3663)

12 2012 Winter SNE 611 AH BOT 40 0.0716 0.8764 0.0520 -
(0.0014-0.1977)  (0.6928-0.9895)  (0.0000-0.2065)

13 2013 Winter DEL 622 LS BOT 40 0.3427 0.6091 0.0481 -
(0.1916-0.5068)  (0.4318-0.7725)  (0.0001-0.1562)

14 2013 Winter ccC 521 AH PMOT 20 0.4108 0.4326 0.1566 -

(0.1768-0.6661)

(0.1528-0.7219)

(0.0093-0.3960)
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15 2013 Winter
16 2013 Winter
17 2013 Winter
18 2013 Winter
19 2013 Winter
20 2013 Winter
21 2013 Winter
22 2013 Winter
23 2013 Winter
24 2013 Winter
25 2013 Winter
Blueback herring

1 2011 Fall

2 2012 Fall

3 2012 Winter
4 2012 Winter
5 2012 Winter
6 2012 Winter

GoM
NJLI
SNE
SNE
SNE
SNE
SNE
SNE
SNE
SNE

Unk

GoM
GoM
cC

NJLI
SNE

SNE

514
613
537
539
539
539
539/611
611
611
611

Unk

513
513
521
613
539

539

PS

AH

AH

AH

AH

AH

AH

AH

AH

AH

AH

AH

AH

AH

AH

AH

AH

Unk

PMOT

PMOT

BOT

SMOT

PMOT

BOT

Unk

BOT

PMOT

PMOT

PMOT

PMOT

PMOT

PMOT

BOT

PMOT

65

20

75

350

125

55

228

20

109

95

27

73

19

51

46

88

282

0.5571
(0.3959-0.7172)
0.0217
(0.0000-0.1599)
0.1281
(0.0252-0.2577)
0.0282
(0.0065-0.0571)
0.1109
(0.0436-0.1925)
0.2525
(0.1137-0.4141)
0.0985
(0.0465-0.1555)
0.0089
(0.0000-0.0754)
0.0382
(0.0000-0.1015)
0.0317
(0.0000-0.0937)
0.0160
(0.0000-0.1226)

0.0323
(0.0000-0.1190)
0.2875
(0.0145-0.6088)
0.1052
(0.0038-0.2396)
0.0525
(0.0000-0.1761)
0.0084
(0.0000-0.0611)
0.1318
(0.0807-0.1907)

0.4095
(0.2411-0.5781)
0.7399
(0.3877-0.9917)
0.6780
(0.5184-0.8257)
0.6685
(0.5914-0.7385)
0.6372
(0.5182-0.7631)
0.4827
(0.2902-0.6758)
0.6703
(0.5777-0.7610)
0.5546
(0.3015-0.7972)
0.8566
(0.7542-0.9367)
0.6241
(0.4981-0.7469)
0.7072
(0.4664-0.9046)

0.0324
(0.0000-0.0937)
0.0144
(0.0000-0.1221)
0.0298
(0.0000-0.1308)
0.0144
(0.0000-0.1065)
0.2917
(0.1629-0.4229)
0.0537
(0.0155-0.1067)

0.0334
(0.0005-0.1091)
0.2384
(0.0026-0.5816)
0.1938
(0.0867-0.3243)
0.3033
(0.2373-0.3770)
0.2519
(0.1440-0.3573)
0.2648
(0.1339-0.4125)
0.2311
(0.1583-0.3112)
0.4365
(0.1968-0.6900)
0.1052
(0.0404-0.1924)
0.3442
(0.2326-0.4610)
0.2767
(0.0876-0.5095)

0.6794
(0.5230-0.8184)
0.6769
(0.3600-0.9594)
0.8334
(0.6614-0.9611)
0.8993
(0.7424-0.9966)
0.6594
(0.5196-0.7953)
0.8115
(0.7371-0.8671)

0.2579
(0.1348-0.3992)
0.0203
(0.0000-0.1412)
0.0316
(0.0000-0.1297)
0.0338
(0.0000-0.1221)
0.0406
(0.0053-0.1116)
0.0030
(0.0000-0.0203)
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10

11

12

13

14

15

16

17

2012

2012

2012

2012

2013

2013

2013

2013

2013

2013

2013

Winter

Winter

Winter

Winter

Winter

Winter

Winter

Winter

Winter

Winter

Winter

SNE
SNE
SNE
SNE
cc

NJLI
SNE
SNE
SNE
SNE

Unk

539/611
539/611
611
611
521
612
539
539
539
539/611

Unk

AH

AH

AH

AH

AH

AH

AH

AH

AH

AH

AH

BOT

PMOT

Unk

PMOT

PMOT

PMOT

BOT

SMOT

PMOT

BOT

SMOT

16

62

99

35

17

28

111

7

5

65

9

0.0267
(0.0000-0.2142)
0.1588
(0.0499-0.2931)
0.0525
(0.0000-0.1241)
0.0295
(0.0000-0.1735)
0.2816
(0.0017-0.5977)
0.4507
(0.2231-0.6915)
0.0470
(0.0000-0.1629)
0.2953
(0.0023-0.7051)
0.2003
(0.0000-0.6368)
0.1637
(0.0545-0.3106)
0.0246
(0.0000-0.2065)

0.1619
(0.0000-0.4896)
0.0069
(0.0000-0.0543)
0.1351
(0.0519-0.2376)
0.0227
(0.0000-0.1515)
0.0184
(0.0000-0.1561)
0.0795
(0.0000-0.2527)
0.0391
(0.0000-0.1079)
0.0211
(0.0000-0.1788)
0.0793
(0.0000-0.4814)
0.1190
(0.0320-0.2339)
0.2111
(0.0000-0.5789)

0.7782
(0.4120-0.9939)
0.8021
(0.6443-0.9263)
0.8089
(0.6912-0.9161)
0.9372
(0.7535-0.9999)
0.6643
(0.3345-0.9576)
0.4408
(0.1659-0.7017)
0.9107
(0.7837-0.9908)
0.5065
(0.0452-0.9100)
0.6025
(0.1064-0.9792)
0.7127
(0.5414-0.8566)
0.5121
(0.0232-0.9771)

0.0332
(0.0000-0.2133)
0.0322
(0.0000-0.1327)
0.0035
(0.0000-0.0243)
0.0107
(0.0000-0.0755)
0.0357
(0.0000-0.2074)
0.0290
(0.0000-0.1721)
0.0029
(0.0000-0.0199)
0.1771
(0.0000-0.6956)
0.1179
(0.0000-0.5517)
0.0046
(0.0000-0.0321)
0.2522
(0.0000-0.7177)

818

819

820

821

822

823

824

1 Strata numbers correspond to those in pie charts provided in Figure 4a,b.

2 Region: GoM (Gulf of Maine), CC (Cape Cod), SNE (southern New England), DEL (Delaware), NJLI (New Jersey-Long Island), Unk (unknown). See Figure 4ab for map

depicting fishing regions.

3 SA: Statistical Area: See Figure 4ab for map depicting statistical sampling areas.

* Fishery: AH (Atlantic herring), AC (Atlantic cod), PS (Pandalid shrimp), Longfin squid (LS), Unk (unknown).

> Gear: PMOT (Paired Midwater Otter Trawl), SMOT (Single Midwater Otter Trawl), BOT (Bottom Otter Trawl), Unk (unkown).

% Stock abbreviations: Northern New England (NNE), Southern New England (SNE), Mid-Atlantic (MAT), South Atlantic (SAT)
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825  Table 2: Number of alewife and blueback herring estimated to be removed from various genetic stocks by the Atlantic herring fishery off the coast of Southern New England (SA

826  537/539/611) in 2012 and 2013 by midwater trawl and bottom trawl fishing gear. The range represents 95% credible intervals of estimated mixing proportions.
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2012 2013 Total
Midwater Trawl Bottom Trawl Midwater Trawl Bottom Trawl
Alewife
Northern New England 20400 9 800 127 300 108 300 265 800
(9 000—31 300 (4 300 — 15 000) (56 600 — 195 500) (48 200 — 166 400) (118 100 — 408 200)
Southern New England 201 300 96 000 1255900 1 068 200 2 621 400
(181 500 — 222 700) (86 500 — 106 200) (1 132200 — 1 388 900) (963 000 —1 181 400 (2363 200 — 2 899 200)
Mid-Atlantic 55900 26 600 348 500 296 400 727 400
(45 900 — 64 700) (21 900 — 30 900) (286 100 — 403 900) (243 400 — 343 600) (597 300 — 843 100)
Sub-total 277 600 132 400 1731700 1 472 900 3614 600
(236 400 — 318 700) (112700 —-152 100) (1 474900—1988300) (1254600—1691400) (3078 600—4 150 500)
Blueback herring
Northern New England 75 400 9300 3900 38 600 127 200
(40 500 - 113 200) (5 000 — 14 000) (2 100 -5 700) (20 800 — 58 000) (68 400 — 190 900)
Southern New England 72 700 9100 3700 37200 122 700
(35 800 — 107 500) (4 500 — 13 200) (1 800 — 5 400) (18 400 — 55 100) (60 500 — 181 200)
Mid-Atlantic 633 600 78 200 32400 324 800 1 069 000
(537 100 — 715 000) (66 400 — 88 300) (27 400 — 36 500) (275 300 — 366 500) (906 200 — 1 206 300)
South Atlantic 10 400 1400 500 5300 17 600
(700 — 34 400) (100 — 4 200) (0—1 800) (300 — 17 600) (1 100 — 58 000)
Sub-total 792 100 98 000 40 500 405 900 1336 500
(614 100 — 970 100) (76 000 — 119 700) (31 300 —49 400) (314 800 — 497 200) (1036 200 — 1 636 400)
Grand total 1 069 700 230400 1722 200 1 878 000 4951 100

(850 500 — 1 288 800)

(188 700 — 271 800)

(1506 200 —2 037 700)

(1569 400 —2 188 600)

(4 114 800 — 5 786 900)
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Figure Legends

Figure 1: Map showing the baseline populations and genetic stocks for (a) alewife and (b)
blueback herring used in genetic stock identification. Populations are color-coded to coincide
with their genetic stock designations provided in legend (inset). Population abbreviations for

both species are provided in Table S1.

Figure 2: Simulated and estimated mixing proportions by genetic stock for (a) alewife and (b)
blueback herring. Upward bias is indicated where data points fall above the 1:1 (dashed) line,

whereas downward bias is indicated where data point fall below the 1:1 (dashed) line.

Figure 3: Boxplots showing the proportion (posterior median, with 10", 25", 75® and 95"
percentiles of the posterior distribution) of overall bycatch assignment for (a) alewife and (b)
blueback herring to genetic stock. Genetic stock designations: Northern New England (NNE),

Southern New England (SNE), Mid-Atlantic (MAT), and South Atlantic (SAT).

Figure 4: Relative proportion of assignments to genetic stocks for each bycatch stratum for (a)
alewife and (b) blueback herring. The map shows the baseline populations color-coded to
coincide with their genetic stock designations (as per Figure 1; see legend), and the NOAA
Statistical Areas where bycatch was sampled (grouped by region using various degrees of
shading). Pie charts illustrate the relative proportion of bycatch for each stratum, grouped by
region, that was assigned to each genetic stock. The number in the center of each pie chart refers
to a specific bycatch stratum (see Table 1). Descriptions of bycatch strata (i.e., year, season,

region, statistical area, target fishery, gear type, and sample size) are provided in Table 1.
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40

Alewife stratum #25 and blueback herring stratum # 17 were excluded from consideration

because the region where the bycatch sample was collected was unknown.
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