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EXECUTIVE SUMMARY

Chesapeake Bay striped bass support important recreational fisheries along the US Atlantic coast; in the late 1970s, the
population of striped bass collapsed as a result of overfishing and poor water quality in rivers used for spawning and rear-
ing of young. Informed by stock assessments, strict management regulations were enacted in the mid-1980s and early
1990s; these highly effective regulations resulted in the recovery of the population in 1995. A key to the successful recov-
ery of the Atlantic coast striped bass was the wide range of ages of spawning females and the associated differences in
spawning behavior among ages. Age diversity among spawning females and the variation in timing of spawning within a
year ensure that some eggs and larvae encounter favorable growing conditions in nursery areas. In addition, survival of
young striped bass is affected by the amount of freshwater flow in the tributaries, the number and strength of pulsed
freshwater discharges, and wind and temperature conditions during spring; these conditions affect feeding opportunities
and growth of young fish through complex physical processes that occur in nursery habitats. The annual production of
young striped bass (recruitment) partially reflects environmental conditions, which vary from year to year.

Environmental conditions, including temperature and dissolved oxygen levels, also affect habitat use and the distribution
of juvenile and adult striped bass in Chesapeake Bay. Since recovery, the striped bass population in Chesapeake Bay has
likely exerted high predatory demand on forage fish populations in the bay; menhaden, gizzard shad, bay anchovy, and
herrings are the primary prey of large striped bass in the bay, whereas smaller fish consume a greater proportion of inver-
tebrates such as crabs and worms. When striped bass consume other fish, their exposure to contaminants increases;
thus, larger striped bass tend to exhibit higher concentrations of contaminants than smaller fish. Due to the high variabil-
ity in feeding patterns and growth rates, contaminant concentrations in striped bass are difficult to predict from size or
age alone.

Migratory behaviors in striped bass vary among individuals; some fish are resident in the bay year-round, whereas others
participate in extensive migrations along the Atlantic coast. Groups of fish that share the same migratory behavior profile
are termed contingents and members of a contingent may experience different growth and mortality rates. Regardless of
their migratory behavior, mature striped bass return to the bay to spawn in the spring; although spawning occurs in multi-
ple tributaries and in the upper bay, the striped bass population in Chesapeake Bay is considered a single stock. Since the
late 1990s, the Chesapeake Bay stock of striped bass has experienced increases in natural mortality rates, and this in-
crease is believed to be associated with disease (mycobacteriosis).

Currently, striped bass are not overfished and are not experiencing overfishing; however, abundance has declined since
2005. Although well-studied, future research on Chesapeake Bay striped bass should focus on the effects of disturbances
that threaten the long-term sustainability of the stock. In particular, alterations and reductions in habitat quality and
guantity, and long-term environmental changes associated with climate change present formidable challenges. We con-
clude this report with 29 recommendations for research to advance our understanding of the population biology and
ecology of Chesapeake Bay striped bass.
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INTRODUCTION - Chesapeake Bay striped bass support important recreational fisheries

along the US Atlantic coast. Management of the fisheries is informed by stock assessments.

Striped bass (Morone saxatilis) have been an important fishery in the United States since the early 1600’s,
and the fishery was regulated as early as 1639. Today, striped bass are targeted by recreational anglers
from ME to SC; commercial fisheries are permitted in states that produce large numbers of juveniles (NC,
VA, MD, DE, NY) as well as MA and RI. In Virginia, striped bass support valuable recreational and commer-
cial fisheries.

: 3000000 -
Most of the annual harvest of striped ® Commercial landings

bass along the Atlantic coast is due to [ Recreational harvest
the recreational sector (Figure 1). 2500000 1 I I
This is also true of harvests in Virginia
(Figure 2). However, since 2010, sim-
ilar numbers of fish were harvested
by recreational and commercial fish-
ers from Virginia waters (Figure 2).
Also, as a result of annual quotas,
commercial harvests in Virginia have
remained relatively steady since the 500000 4
mid-1990s.

2000000 f . N q

1500000 -

1000000 -

Numbers of striped bass

—_—
1992 =

1996 e

Along the coast, more fish were har-
vested annually by the recreational

1994 =

1990 =
1998
2000
2002
2004
2006
2008
2010
2012
2014

fishery than the commercial fishery
during the last decade (2006-2015; Figure 1. Annual harvest of striped bass (in numbers of fish) along the coast and
Figure 3). A similar result can be by sector, 1990 to 2015. Adapted from ASMFC 2016.

seen for harvests in Virginia (Figure
4). However, estimates of harvests

do not include fish that die after cap- 00000
ture and release (for example, fish 550000 | ~ mVA Commercial harvest
that are released because they are 500000 | 0 [1VA Recreational harvest
smaller than the minimum size).

Thus, the number of harvested fish
represents only one type of removal
or loss from the population; another
type is the loss associated with post-
release mortality. Post-release mor-
tality varies by sector, but is estimat-
ed to be 9% for the recreational fish-
ery. Taking this post-release mortality
into account, the recreational fishery

450000 - f

400000 -

350000 - M il

300000 -

250000 -

200000 -

150000 -

Numbers of striped bass

100000 -

50000 -

1900
o
1992 jmem

1994 b=

2014 =———

along the coast was responsible for 85 0
to 90% of annual striped bass remov-
als during the last decade (ASMFC

1996
2010 F—————
2012 j—

1998
2000
2002
2004
2006
2008

2016). Figure 2. Annual harvest of striped bass (in numbers of fish) in Virginia by sec-
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maintain a population of fish large
enough to sustain commercial and recreational fisheries in the future. To do this, scientists collect infor-
mation and data to assess the status of fish stocks by estimating the number of fish in the population. Stock
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Figure 3. Average annual harvest of striped bass (numbers
of fish) across all states and by sector during the last 10 years,
2006-2015. Adapted from ASMFC 2016.

Figure 4. Average annual harvest of striped bass (numbers
of fish) in Virginia by sector during the last 10 years, 2006-
2015. adapted from ASMFC 2016.

assessments provide information for making decisions about bag limits, seasonal closures, minimum sizes, and
other restrictions. Stock assessments are based on catch data collected through logbooks, observers, and rec-
reational anglers including telephone interviews and dockside surveys (NOAA Fisheries 2017). Stock assess-
ments also use abundance data from scientific surveys to help inform scientists about the number of adult and
juvenile fish in the population; biological data from such surveys provide information about fish growth and
mortality. To manage a fishery, managers need to understand how many fish are old enough to spawn
(spawning stock biomass, or SSB), the growth rate of individual fish, the numbers of new fish expected to enter
the population (juvenile abundance index), and the numbers of fish that leave the population through natural
mortality (M) and fishing mortality (F; Figure 5).

Stock assessment models use observations of the catch, stock abundance (numbers of fish), mortality, growth,
reproduction and movement to determine the condition of the fisheries resource. Fisheries managers then use
these models to set catch targets and make regulations to help ensure that there are enough fish in the popula-
tion to support recreational and commercial fisheries (NOAA Fisheries 2017).

Atlantic Striped Bass Life Cycle in the Chesapeake Bay

Adult striped bass live in the coastal ocean and return to fresh water to spawn.
The Chesapeake Bay is an important place for all life stages of striped bass.
Stock assessments take into consideration each step in the life cycle.
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As they grow, fish may die due to
natural causes or fishing. Total
mortality (Z) is the removal of fish
through fishing (F) and natural
death (M).

Figure 5. Life cycle of the Atlantic striped bass and key stock assessment concepts.
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POPULATION DYNAMICS - The striped bass population in Chesapeake Bay collapsed in

the late 1970s, but as a result of strict management regulations enacted in the mid-1980s and early
1990s, the population was recovered in 1995.
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production was associated with these young female fish (Secor 2000a). In addition, the striped bass popula-
tion was able to persist during the period of poor recruitment because of their long reproductive lifespan
(about 25 years), and their unique traits and habitat requirements; unlike other species with fishery closures or
partial closures (American shad, shortnose sturgeon), the unique characteristics of striped bass (long reproduc-
tive lifespan, high survival rates, and fast growth) allowed the population to respond to management regula-
tions (Secor 2000a). Also, because population numbers were low during the 1970s-1980s, competition was
reduced and striped bass growth and potential recruitment were high (Rutherford et al. 2003).

In recent years, concerns about the recovered population in Chesapeake Bay have been raised because of dis-
ease (mycobacteriosis) and reduced prey availability in the Bay (Hartman & Margraf 2003; Uphoff 2003). My-
cobacteriosis leads to cryptic mortality (i.e., mortality which is not observed) which explains the increase in
non-fishing mortality observed in recent stock assessments (Gauthier et al. 2008). In addition, the sublethal
effects of mycobacteriosis (i.e., effects that do not cause mortality but may alter growth and other processes)
are thought to limit growth of striped bass in Chesapeake Bay (Latour et al. 2012; Lapointe et al. 2014). For
example, fish with mycobacteriosis exhibit smaller maximum sizes (Latour et al. 2012), and in the presence of
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high temperature (82°F), adult striped bass with mycobacteriosis are less able to cope with low dissolved oxy-
gen conditions (Lapointe et al. 2014). Waters with dissolved oxygen levels below 2 mg of oxygen per liter (2
mg/L) are considered hypoxic and harmful to aquatic life. In warm (82°F), hypoxic waters, striped bass with
mycobacteriosis have about one-third of the energetic capacity of healthy striped bass at 68°F (Lapointe et al.
2014), indicating that striped bass that occupy warm hypoxic waters have less energy available for locomotion,
growth, and reproduction. Because fish with mycobacteriosis grow slower than healthy fish, a 3.3% loss of
lifetime reproductive output could be expected (Gervasi 2015). However, the greatest effect of the disease is
through mortality, particularly of older fish (6 years and older), and this can result in a 74.5% loss in reproduc-
tive output (Gervasi 2015).

REPRODUCTION - 0ne key to the successful recovery of the striped bass along the Atlantic

coast was the wide range of ages of spawning females and the associated differences in spawning
behavior among ages. Resiliency of the stock depends on a diverse age structure of spawning fish.

Striped bass mature earlier now than they did in the 1970s and 1980s, with 50% of females mature at age 2.95
years compared with the ranges reported previously, 3-4 years and 6-7 years (Gervasi 2015). For species like
striped bass, the timing of spawning in spring is a critical determinant of the number of young fish that are pro-
duced each year (Secor & Houde 1998), and a greater diversity of ages among spawning females is believed to
contribute to the likelihood of dominant year classes (Secor 2000b). This is because smaller/younger females
tend to spawn later in the spawning period, whereas larger/older females spawn earlier (Secor 2000b). This
behavior is a type of bet-hedging against the highly variable environmental conditions that occur in nursery
areas in the spring when striped bass spawn in the Chesapeake Bay region. The age diversity of spawners was
a critical attribute of the population during the recovery period (1985-1995) and high age diversity was associ-
ated with greater juvenile abundance (Secor 2000b). Like other long-lived fishes, an individual mature striped
bass may not spawn every year; when this ‘skipped spawning’ occurs later in life, the effect on reproduction is
greater than when this occurs early in life (Secor 2008). The implications of these phenomena are that the age
structure of the spawning fish should be protected and maintained in order to promote resiliency to environ-
mental change and fishing pressure (Secor 2008).

Water temperature may be more important than number of daylight hours in initiating, maintaining, and ter-
minating striped bass reproduction (Clark et al. 2005). Cool temperatures prior to spawning are necessary for
female striped bass to initiate the reproductive cycle (Clark et al. 2005). Warm winter temperatures may nega-
tively affect reproduction in striped bass by reducing the time available for egg development or by changing
the time of spawning. Climate-related variations in annual spring-time temperatures may also affect the popu-
lation by contributing to mortality of egg-bearing females (Peer & Miller 2014). For example, in cool years, egg
-bearing females delay entry to the spawning grounds and are vulnerable to the fishery for a longer period of
time compared with warm years (Peer & Miller 2014). Climate-induced changes in the timing of the spawning
migration may thereby have indirect effects on the fishing mortality of adult striped bass (Peer & Miller 2014).

RECRUITMENT - survival of early life stages of striped bass is affected by the amount of

freshwater flow in the tributaries, the number and strength of pulsed freshwater discharges, and
wind and temperature conditions during spring. Decadal variations in periods of high and low re-
cruitment appear to be characteristic of fishes that use Chesapeake Bay as a nursery area.

Recruitment is highly variable in striped bass (Martino & Houde 2010). Environmental factors affect the surviv-
al of striped bass eggs and larvae, particularly mean springtime freshwater flow (North & Houde 2001; Kim-
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merer et al. 2001; Martino & Houde 2010). For example, 1999 was a low-flow year in the Chesapeake Bay re-
gion and striped bass larvae were virtually absent in the nursery areas of the upper bay (North & Houde 2001).
In estuaries like Chesapeake Bay, the mixing of fresh and saltwater creates conditions that are favorable for the
growth of zooplankton, on which young striped bass feed. This area where freshwater and saltwater mix is
characterized by reduced water clarity and is called the estuarine turbidity maximum (ETM) zone. In the upper
Chesapeake Bay, the ETM is an important nursery area because striped bass larvae are retained within salinity
conditions that are favorable to growth (North & Houde 2001; North et al. 2005). Feeding opportunities for
larval striped bass within the ETM are enhanced in years of high freshwater flow because both larvae and their
prey (zooplankton) are retained within the ETM (Martino & Houde 2010). Freshwater flow and temperatures
in spring were important factors to explain variation in recruitment of striped bass in the upper bay between
1986 and 2006; strong year classes, like those observed in 1996 and 2003, were produced in years of high
freshwater flow (Martino & Houde 2010). In the Patuxent River, low temperatures and high flows in winter
were associated with high abundance of juvenile (age-0) striped bass in the following summer and fall (Wingate
& Secor 2008). In another study, variation in juvenile abundance in the upper bay from 1986 to 2002 could be
explained by mean spring freshwater flow and the number of pulsed freshwater events during the spawning
season (North et al. 2005). Timing of striped bass spawning in relation to pulsed freshwater-discharge events
may negatively affect egg transport if spawning occurs before or during these pulsed events (North et al. 2005).
This is because strong wind events and pulsed discharges of freshwater to the bay reduce the likelihood of egg
transport to the ETM (North et al. 2005).

A long-term study of recruitment of juvenile fishes in Chesapeake Bay suggests that much of the variation ob-
served in annual juvenile abundances occurs on decadal scales; a shift likely occurred in 1992 such that recruit-
ment of river-spawning fishes such as striped bass was favored over that of shelf-spawning fishes such as sum-
mer flounder (Wood & Austin 2009). This synchrony in recruitment was observed during the period 19682004
and is thought to reflect changes in regional climate conditions (Wood & Austin 2009).

Juvenile striped bass in Chesapeake Bay exhibit density-dependent growth (that is, slower growth in the pres-
ence of more juvenile striped bass); this type of response suggests that prey availability limits growth in high-
abundance years (Martino & Houde 2012). Furthermore, density-dependent growth is believed to lead to size-
selective mortality in winter (Martino & Houde 2012). Local density of fish is also related to body condition of
juvenile striped bass in Chesapeake Bay such that juvenile fish tend to exhibit low condition when densities are
high; these density effects were more important for explaining spatial variation in condition than temperature,
salinity, dissolved oxygen, or depth (Schloesser 2015). Feeding incidence and prey per gut of striped bass lar-
vae from the upper bay were similar during high (2007) and low (2008) recruitment years (Shideler & Houde
2014), suggesting that factors other than larval feeding contributed to differences in recruitment for these two
year classes. Indeed, recruitment success depends on the availability and quantity of nursery habitats
(Kimmerer et al. 2009), as well as predation on young striped bass.

As the climate warms, increasing water temperature and precipitation will likely affect recruitment of striped
bass in Chesapeake Bay in a number of ways (Kerr et al. 2009). First, high water temperatures (above 84°F)
reduce growth rates of juvenile striped bass, potentially exposing them to higher rates of predation (Cox and
Coutant 1981). Second, warmer water holds less oxygen, which may result in a loss of suitable habitat available
to striped bass (Coutant 1990). Third, rising water temperatures may also affect the timing of spawning of
striped bass and create a mismatch between the production of young striped bass and their food. Conversely,
higher streamflow due to increased precipitation may enhance reproductive success of striped bass by stimu-
lating the base of the food web and providing more food for young fish (North and Houde 2003; Martino and
Houde 2004). Whereas increased water temperature appears to have negative effects on recruitment, in-
creased precipitation may moderate those effects to some extent. However, an increase in the frequency or
magnitude of extreme precipitation events may flush larvae out of nursery habitats and reduce reproductive
success.
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HABITAT - Habitat use by juvenile and adult striped bass in Chesapeake Bay is shaped by envi-

ronmental conditions, including temperature and dissolved oxygen levels.

As the climate warms, water temperatures will continue to rise and the extent and duration of low dissolved
oxygen (hypoxia) events are predicted to increase. Hypoxia occurs when the level of dissolved oxygen in the
water drops below the critical threshold for most aquatic organisms (2 mg/L); when this occurs, organisms
cannot obtain sufficient oxygen from the water and may die if they cannot move to areas with more oxygenat-
ed waters. Currently, conditions in Chesapeake Bay may be limiting for striped bass in summer, when high
temperatures combine with low dissolved oxygen. Fish can avoid hypoxic conditions, but may be forced to use
habitats that exceed their temperature preference (Kraus et al. 2015). In response to elevated temperatures,
fish metabolic rates increase and their need to consume prey also rises. Thus, as a result of hypoxia and the
use of warmer-than-preferred areas, fish may need to locate and consume additional prey to be able to gain
enough energy to cope with temperature stress.

Juvenile (age-0) striped bass from the Chesapeake Bay grow best at relatively warm temperatures (82°F) and
intermediate salinity (7 psu — or about 23% of full-strength seawater; Secor et al. 2000). When dissolved oxy-
gen declines to low levels (4 mg/L or lower), food consumption by juvenile fish declines and their growth is
depressed (Brandt et al. 2009). Unlike other shallow-water, small-bodied fishes (e.g., killifishes and silversides)
striped bass are incapable of obtaining oxygen by gulping air at the surface (Dixon et al. 2017). Instead, juve-
nile striped bass cope with oxygen stress by resting on the bottom (Dixon et al. 2017); juvenile striped bass are
5 times more tolerant of hypoxia (less than 2 mg/L) at rest than when swimming (Nelson & Lipkey 2015). Ulti-
mately, however, when exposure to hypoxia is prolonged, fish will die (Dixon et al. 2017).

The concentration of dissolved oxygen in bottom waters is a good predictor of the presence of striped bass in
tributaries of Chesapeake Bay; further, dissolved oxygen is associated with the percent of impervious surfaces
(paved surfaces, buildings, and compacted soils) in the watershed (Uphoff et al. 2011). Aquatic environments
in suburban watersheds (10% or more impervious surfaces) are highly impacted and exhibit dissolved oxygen
concentrations that seldom exceed 3 mg/L. In these watersheds, striped bass occurred in only 10% of sam-
ples, whereas 50% of samples from aquatic habitats with dissolved oxygen levels exceeding 5 mg/L contained
striped bass (Uphoff et al. 2011). Maintenance of healthy aquatic environments that support striped bass re-
quires management of impervious surfaces in the watershed to avoid low dissolved oxygen concentrations in
these waters.

Adult striped bass tagged in the Patuxent River avoided hypoxic areas in summer and occupied surface waters
that were warmer than optimal temperatures (Kraus et al. 2015). These surface waters in summer may be
areas with the highest growth rate potential for adult striped bass because of the high abundance of prey in
these surface waters (Kraus et al. 2015). Indeed, the recovery of striped bass in the 1990s may have been aid-
ed by the concentration of striped bass and their prey in warm, surface waters (Costantini et al. 2008). Cur-
rently, however, surface water temperatures exceed the threshold (82°F) tolerated by striped bass and may be
contributing to reduced growth of adult striped bass.

Little is known about habitat use by adult striped bass in winter. One tagging study found that striped bass 3.1
feet total length (TL) and larger spend more than 90% of their time in the upper 32.8 feet of the water column
in temperatures of 43-48°F near the mouth of the Chesapeake Bay; these fish also moved a minimum of 23.3
to 108.5 km during the 30-day period in winter during which they were tracked (Graves et al. 2009). However,
this study included information from only 8 fish, and should be repeated with more fish to better understand
habitat use in winter.

Habitat degradation has negative consequences on striped bass populations, the fisheries that target striped
bass, and the local economies supported by these fisheries. For example, angler catch rates decline when low
dissolved oxygen conditions are present in the bay (Lipton & Hicks 2003). Furthermore, anglers are likely to
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decrease their participation in the fishery if dissolved oxygen levels are allowed to deteriorate so that they nev-
er exceed 5 mg/L (Lipton & Hicks 2003). These changes in angler behaviors occur because expected catch rates
and travel costs and time significantly influence the choice of fishing location by anglers (Lipton & Hicks 2003).
In the presence of hypoxia, economic losses for the Patuxent River were estimated to be $100,000 and almost
$300,000 if the river is allowed to become anoxic (no dissolved oxygen in the water); economic losses increase
as the area impacted by low dissolved oxygen increases (Lipton & Hicks 2003).

Climate change can also impact striped bass fisheries in the mid-Atlantic region (Kerr et al. 2009), but the con-
sequences of climate change on recreational fisheries depend on the magnitude of environmental change. For
example, damage to infrastructure that supports recreational fisheries (such as marinas, docks, and boat
launches) may be offset by the increased numbers of fishing days due to warmer temperatures (Kerr et al.
2009). The availability of striped bass and the catchability of legal-sized fish will be affected by climate change
and will impact where and when fish are available for capture (Kerr et al. 2009). Finally, climate change effects
will be manifested by changes in the productivity of the stock that will in turn affect stock size and resilience
(Kerr et al. 2009). Effects of climate change on human communities that participate in recreational or commer-
cial fishing can be assessed using newly developed indices to measure vulnerability to climate change (Colburn
et al. 2016), although these indices have not yet been applied in the Chesapeake Bay region.

FEEDI NG ECOLOGY — After the striped bass population in Chesapeake Bay recovered, this
species likely exerted high predatory demand on forage fish populations in the bay.

Feeding studies of striped bass focus on habits of either resident fish (fish that inhabit Chesapeake Bay) or
coastal migrants (fish that leave the bay). Within the bay, young striped bass (7.8 — 15.7 inches fork length
[FL]) successfully feed within oyster reefs: all striped bass collected from an oyster reef in the Piankatank River
contained food in their stomachs, whereas striped bass feeding in nearby sand bar or oyster shell bar habitats
did not (Harding & Mann 2003).

The recovery of the striped bass stock in Chesapeake Bay increased the predatory demand in the bay at the
same time that Atlantic menhaden abundance declined (Uphoff 2003). After 1998, potential striped bass pre-
dation on menhaden may have exceeded the supply of menhaden (Uphoff 2003). Consistent with this hypoth-
esis are observations of fish that were smaller than expected for a given age, and the appearance of mycobac-
teriosis in striped bass (Jacobs et al. 2009).

Diets of large (>18 inches TL) striped bass from Chesapeake Bay in spring and fall 1997 showed that only a few
species of prey fish were dominant across seasons and size ranges (Walter & Austin 2003). Although menha-
den were the primary prey of striped bass from most areas of the bay, gizzard shad were a key prey item for
striped bass captured from low salinity areas (Walter & Austin 2003). Other important prey included spot,
croaker, and herrings; thus, bottom fishes contributed a greater percentage of the diet than was previously
observed (Walter & Austin 2003). The diet of striped bass collected between 1998 and 2001 varied with size of
the fish, such that small (5.9 -11.8 inches TL) striped bass consumed primarily invertebrates (such as worms
and crabs) in spring; by fall, bay anchovy were the dominant prey particularly in the lower and middle bay
(Overton et al. 2009). Larger striped bass preyed on pelagic schooling fishes (bay anchovy, menhaden); in the
upper bay, gizzard shad and menhaden were important prey for larger striped bass (Overton et al. 2009).

Large striped bass (> 27.6 inches TL) exhibited a greater reliance on small pelagic prey (bay anchovy) during
spring and summer than had been observed previously (Overton et al. 2009). A modeling study of Chesapeake
Bay striped bass for the period 1955 to 2001 indicates that in the 1990s, striped bass consumed less menhaden
and more bay anchovy than during the 1950s (Overton et al. 2015). Most of the difference in estimated con-
sumption was associated with consumption patterns of the younger fish (Overton et al. 2015). For example, in
the 1990s, 2-year-old striped bass consumed about 8 times more blue crabs than during the 1950s (Overton et
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al. 2015). Furthermore, the diets of striped bass reflected the decline in menhaden abundance observed dur-
ing the 1990s (Overton et al. 2015).

Outside of Chesapeake Bay, coastal striped bass greater than one-year old rely on menhaden, anchovies, ale-
wife, blueback herring, and Atlantic herring regardless of season or size (Walter et al. 2003). Diets of striped
bass in Delaware Bay and north were dominated by invertebrates; in the absence of large schools of menha-
den, coastal striped bass may feed on organisms found on the bottom such as invertebrates (Walter et al.
2003).

Along the coast, striped bass compete for menhaden, bay anchovy, and other pelagic prey with other fish-
eating species such as spiny dogfish (Bangley & Rulifson 2014), summer flounder, bluefish, and weakfish
(Wuenschel et al. 2013). Diets of striped bass (16.6 — 36.2 inches FL) collected in NJ coastal waters between
June and October 2005 varied with fish size, and diet overlap with other species increased several fold in the
fall (Wuenschel et al. 2013). During winter, striped bass (>15.7 inches TL) off the coast of VA and NC fed pri-
marily on menhaden and bay anchovy, but also on croaker and spot (Overton et al. 2008). In more recent
years (2002-03, 2005-07), a greater proportion of the diet of coastal striped bass was comprised of menhaden
compared with earlier years (1994-96; Overton et al. 2008).

Condition, defined as the health or nutritional status, of adult striped bass can be assessed by measuring the
moisture content of muscle tissue, and fish with greater than 80% moisture content are considered to be in
poor condition (Jacobs et al. 2013). Further, this condition indicator could be used to set targets for manage-
ment: for example, in fall, a healthy population in Chesapeake Bay would be indicated by 75% of the popula-
tion having moisture values below the threshold (Jacobs et al. 2013). Alternatively, an index of body fat, which
requires less time to determine than moisture content, could be used to evaluate striped bass condition in the
bay (Jacobs et al. 2013). More recently, tools such as the fatmeter can be used to determine fish condition
without having to sacrifice the fish (Schloesser and Fabrizio 2017).

CO NTAMINANTS - concentration of mercury in Chesapeake Bay striped bass increases with

fish size and is higher among striped bass that consume other fish.

In recent years, mercury levels have been the focus of contaminant studies in Chesapeake Bay striped bass.
The degree to which striped bass consume other fish is a dominant determinant of mercury concentrations in
striped bass (Xu et al. 2013), and total mercury and methylmercury concentrations increase with size of indi-
vidual striped bass from the Chesapeake Bay (Mason et al. 2006); methylmercury is the organic form of mercu-
ry that is readily available for uptake by aquatic animals and humans. In addition, striped bass that remain in
the bay have higher methylmercury burdens than migratory fish of the same size (Mason et al. 2006). Howev-
er, none of the striped bass (20 — 22.8 inches FL) from the lower Chesapeake Bay had total mercury levels that
exceeded the EPA human health screening value (300 ug/kg wet weight; Xu et al. 2013). None of the striped
bass from the middle and upper Chesapeake Bay or the Potomac River exceeded the 1.0 mg/kg mercury
threshold used by the FDA, although three fish exceeded the 0.5 mg/kg threshold used by some states for mer-
cury advisories (Gilmour & Riedel 2000).
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STOCK STRUCTURE - The striped bass population in Chesapeake Bay is considered a single

stock, although spawning occurs in multiple tributaries and in the upper bay.

Striped bass in Chesapeake Bay spawn where fresh and estuarine waters mix, in a zone known as the estuarine
turbidity maximum (North & Houde 2001). In Virginia, striped bass spawn in the James, Chickahominy,
Pamunkey, Mattaponi, and Rappahannock rivers; these areas serve as primary nursery areas for striped bass.
Similarly, striped bass use multiple tributaries in Maryland for spawning and rearing of young, including the
Potomac, Patuxent, Nanticoke, Choptank, Chester, Blackwater, Wicomico, Manokin, Transquaking, and Po-
comoke rivers; the upper bay is a significant spawning and primary nursery area for striped bass (Speir et al.
1999). In any given year, the number of fish spawning in a particular river varies; for example, more eggs and
larvae were found in the Pamunkey River compared with the Mattaponi River in 1997 (Bilkovic et al. 2002).
Although juvenile production varies from river to river, the group of striped bass spawning in Maryland and
Virginia waters encompasses a single Chesapeake Bay stock (Brown et al. 2005; Gauthier et al. 2013). Further,
some individuals from the Chesapeake Bay stock have been shown to contribute to spawning in other areas
(Delaware River, Hudson River, and North Carolina, Gauthier et al. 2013; Kneebone et al. 2014). Although the
Chesapeake Bay stock is considered a single well-mixed genetic population, differences in growth (up to age
12) were observed among fish from the Choptank River, Nanticoke River, and C&D Canal (Woods et al. 1999).
Growth differences were also observed among and within offspring of the same parents (Woods et al. 1999),
suggesting that local conditions, prey availability, and habitat use may contribute to differences among juve-
nile fish.

MIGRATORY BEHAVIORS - striped bass exhibit a variety of migratory behaviors; some

fish are resident in the bay year-round, whereas others participate in extensive migrations along the
Atlantic coast. Groups of fish that share the same migratory behavior are termed contingents.

Juvenile striped bass in the Patuxent River exhibit variation in migratory behavior related to growth: juveniles
that moved into brackish waters exhibited slower growth as larvae compared with juveniles that remained in
freshwater (Conroy et al. 2015). Juvenile striped bass that moved into brackish waters were not in better con-
dition than juveniles that remained resident in freshwater habitats (Conroy et al. 2015). This flexibility in mi-
gratory behavior is termed ‘contingent behavior’ (Secor 2007) and has been observed in juvenile striped bass
from the St. Lawrence estuary as well (Morisette et al. 2016). Variability in migratory behavior is thought to
promote colonization of new environments (Morisette et al. 2016) and resiliency of populations to fluctuating
environments (Secor 2007).

Small striped bass (<7.9 inches TL) from Chesapeake Bay, Delaware Bay, and the Hudson River have been
found in New Jersey estuaries, where they may reside for several months to years (Able et al. 2012). The pres-
ence of these small fish suggests that striped bass may use estuaries along the coast as nursery areas; these
nurseries are termed secondary nurseries because they occur in estuaries that are not used by adult striped
bass as spawning areas (Able et al. 2012). Eventually, striped bass from secondary nurseries move into the
coastal ocean and join the migrating population at similar sizes and ages as those from primary nurseries (Able
et al. 2012).

As adults, Chesapeake Bay striped bass undertake coastal feeding migrations, but the portion of the stock that
participates in coastal movements varies (contingent behavior), with some adult striped bass remaining resi-
dent in the bay for several years. Such contingent behavior has been observed in other species including white
perch (Kerr & Secor 2009). Because individuals belonging to the resident contingent remain within the upper
estuary, this behavior may result in differential mortality due to variations in local harvest restrictions
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(Gahagan et al. 2015). Adult fish that migrate from the upper bay exhibit either estuarine or oceanic migra-
tions; as fish increase in age, they are more likely to undertake oceanic migrations (Secor & Piccoli 2007). By
age 13, about 75% of females leave the bay, and about 50% of males leave the bay (Secor & Piccoli 2007).
Thus, substantial numbers of males undertake oceanic migrations— a finding that is in contrast to what was
previously reported. Further, young females (ages 3-4) generally do not undergo mass emigration from
(movement out of) the bay, however, some yearling fish were shown to move into coastal habitats (Secor &
Piccoli 2007). During spring, adult striped bass move upriver for spawning, feeding, or both (Wingate et al.
2011). During summer, about 40% of the fish that were tagged in the Patuxent River were present within the
river; most tagged fish spent 5-7 months in the river suggesting that such systems are important habitats dur-
ing a major portion of the year (Wingate et al. 2011).

Large, migratory striped bass use estuaries along the Atlantic coast for foraging as far north as New England
(Mather et al. 2009; Pautzke et al. 2010; Baker et al. 2016; Hollema et al. 2017), and fish may remain in these
estuaries for a large portion of the year. For example, striped bass were present off Massachusetts from May
to November and were subsequently observed at known spawning areas in Chesapeake Bay, Delaware River,
and the Hudson River the following spring (Kneebone et al. 2014). In 2008 to 2010, the Chesapeake Bay stock
was the largest contributor to the population of fish in Massachusetts (Kneebone et al. 2014). These fish often
returned to the same feeding grounds in subsequent years, and typically used nearshore areas within 3 miles
of the shore as migratory corridors between Massachusetts and their spawning grounds (Kneebone et al.
2014).

During winter, adult striped bass in the Patuxent River move downriver and into the bay and beyond (Wingate
et al. 2011). Winter aggregations of striped bass occur in the Atlantic Ocean from just south of Cape Hatteras
to as far north as Sandy Hook, NJ, although the northern extent varies greatly from year to year (Waldman et
al. 2012). Interestingly, the stock composition of the group of striped bass that winters near the Delaware Bay
and Cape Hatteras was similar and included fish from Chesapeake Bay as well as other stocks (Waldman et al.
2012). In one year, a large proportion of the fish off New Jersey during winter were fish from the Hudson River
stock (Waldman et al. 2012).

STOCK ASSESSM ENT - Natural mortality rates in striped bass increased since the late

1990s and this increase is believed to be associated with disease.

As with many other species, age estimates for striped bass determined from otoliths (fish ear bones) are more
accurate and precise than those from scales (Liao et al. 2013). When scale-based ages are used in stock assess-
ments, abundance is underestimated by 15%, biomass of spawning females is underestimated by 19%, and
fishing mortality in recent years is overestimated by 19% (Liao et al. 2013).

Estimation of natural and fishing mortality rates remains a topic of interest among stock assessment scientists.
A modeling simulation indicated that tagging studies should aim to include five or more age groups, rather than
tagging only the youngest ages (Jiang et al. 2007a). More importantly, information about the tag-reporting

rate (the proportion of tags that are turned in compared with the total number of tags actually caught) was
needed to accurately assess mortality, particularly in the presence of age-dependent natural mortality (Jiang et
al. 2007a). In a subsequent study, an increase in natural mortality was shown to occur in the late 1990s and
the increase was associated with the appearance of mycobacteriosis in Chesapeake Bay striped bass (Jiang et
al. 2007b).

Finally, striped bass were included in an extended multispecies stock assessment focused on menhaden and
other prey species; predation mortality on menhaden (as well as prey fishes in general) must be quantified in
order to produce effective assessments of prey fish, their predators, and the fisheries that target these species
(Garrison et al. 2010). This research is currently underway in the Chesapeake Bay region (for example, Wood-
land et al. 2017).
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RECREATIONAL & COMMERCIAL FISHERIES - currently, striped bass are not

overfished and are not experiencing overfishing; however, abundance has declined since 2005.

In 1981, the Atlantic States Marine Fisheries Commission (ASMFC) drafted a fisheries management plan for
striped bass. Since the time of the original fishery management plan, there have been six Amendments and
several Addendums; these documents can be viewed at http://www.asmfc.org/species/atlanticstriped-bass.
In 1984, in response to a collapsed population, two amendments were passed to reduce fishing mortality and
to recommend management measures. The Atlantic Striped Bass Conservation Act (Public Law 98-613) was
also passed in 1984 (ASMFC 2016). This Act mandated the implementation of striped bass regulations and au-
thorized the ASMFC to hold states responsible for complying with management recommendations. Amend-
ment 3 was approved in 1984 and required states to adopt size regulations that would protect the group of
striped bass that hatched in 1982, so that 95% of females hatched in that year could spawn at least once be-
fore reaching a size available to the fishery. Amendment 3 also took into consideration the juvenile abun-
dance index, setting a target for the number of juvenile striped bass in the population. After decades of exploi-
tation, and record declines in catch, Maryland closed their striped bass fishery in 1985; Virginia followed with a
closure in 1989. That same year, Amendment 4 was implemented to focus on rebuilding the resource and a
new target fishing mortality rate (number of fish removed from the popula-
tion through fishing) was set. In 1990, to further protect migrating striped
bass and help rebuild stocks, all fishing for striped bass was banned in the
Exclusive Economic Zone, that is, in waters from 3 to 200 nautical miles off
the coast.

Striped Bass Management
Timeline

Fishery Management Plan — 1981

Fishing moratoria in Chesapeake Bay were lifted in 1990, and studies have
shown that the 1981 moratorium in Maryland stimulated recovery in later
years (Secor 2000a; Richards & Rago, 1999). During the next 5 years, recrea-
tional landings grew to 6.8 million pounds in 1994 under Amendment 4. In
1995, the Chesapeake Bay stock was declared restored and recreational land-
ings grew to 12.5 million pounds (ASMFC 2016). Amendment 6 was adopted
in 2003 to address several concerns including a perceived decrease in the
abundance of large striped bass in the coastal migratory population, and to
prevent the Amendment 5 exploitation target from being exceeded. New
fishing mortality targets and thresholds were established through Amend-
ment 6, and minimum size limits and new bag limits were set, with the Ches-
apeake Bay having more conservative measures. A bycatch monitoring and
research program was started in 2007 through Addendum | to improve esti-
mates of striped bass discards. In addition, a Presidential Executive Order
encouraged states to designate striped bass a gamefish (implying the closure
of all commercial fisheries). Addendum Il was approved in 2010 to establish
a new value for recruitment failure. Next, in 2012, Addendum Il was ap-
proved to implement a commercial harvest tagging program to limit illegal
harvest. Finally, Addendum IV was approved in 2014 to establish new fishing
mortality reference points in response to a decline in spawning stock bio-
mass.

Currently, Amendment 6 manages the Chesapeake Bay stock separately be-
cause of the size availability of striped bass in the bay. The Chesapeake Bay
guota allocates shares to Maryland, the Potomac River Fisheries Commission,
and Virginia. Each of these jurisdictions allocates their portion of the quota
to its recreational and commercial fisheries. Virginia’s regulations further di-
vide their catches into Bay and Coastal areas (Figure 7). Virginia also regu-

Amendment 1 — 1984
Amendment 2 — 1984
Amendment 3 — 1985

Amendment 4 — 1989

Addendum | — 1991
Addendum Il — 1992
Addendum IIl — 1993

Addendum IV — 1994

Amendment 5 — 1995

Addendum | —1997

Addendum Il — 1997
Addendum Il — 1998
Addendum IV —1999

Addendum V - 2000

Amendment 6 — 2003

Addendum | — 2007
Addendum Il — 2010
Addendum Il — 2012

Addendum IV—2014
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lates its recreational striped bass through seasonal restrictions.
The most recent regulations allow an open season in the bay
and coastal areas for the spring and summer from May 16
through June 15 with a minimum size of 20 inches TL and a
maximum size of 28 inches, a possession limit of two fish per
person, with one trophy-sized striped bass 36 inches or great-
er. The coastal trophy-size fishery in VA applies from May 1 to
May 15 and excludes the upper spawning tributaries of the
James, Pamunkey, Mattaponi, and Rappahannock rivers. The
bay and tributary trophy fishery applies from May 1 to June 15.
Anglers may keep only one trophy fish per day, and those who
want to keep a trophy striped bass must have a trophy permit
and must report the catch. In the fall, the bay fishery runs
from October 4 to December 31 and requires a minimum size
of 20 inches, with a maximum size of 28 inches (TL). Only one
fish may be 28 inches, and only two fish per person may be
kept per day. The coastal striped bass fishery is open from Jan-
uary 1 to March 31, and from May 16 to December 31. One
fish per person per day may be kept with a minimum size of 28
inches TL (VAC 20-252-10 ET SEQ).

Historically, the recreational fishery has been the predominant
source of fishery removals since the early 1990s (Figure 1). Fur-
ther, since Amendment 6 was implemented in 2003, the major-
ity of recreationally-caught striped bass have been released.

LLLLLLLL

Bay Area
Coastal Area

Virginia Beach

{58 Sources: Esfi, USGS, NOAA

Figure 7. Virginia’s Bay and Coastal fishery areas
for striped bass based on VMRC Regulation 4 VAC
20-252-20.

The most recent stock assessment found that Atlantic coast striped bass are not overfished and are not experi-
encing overfishing (ASMFC 2016). Overfished refers to a population whose abundance is below the desired
threshold abundance; overfishing refers to a fishing mortality rate (F) that exceeds the desired threshold.

Both thresholds are determined from the stock assessment.

Some recreational anglers in Vir-
ginia are engaged in the trophy
fishery for striped bass; although
this component of the recreation-
al fishery is small, the trophy fish-
ery provides information on large
fish. As of 1995, when the striped
bass population was declared re-
covered, the number of citations
(fish greater than 40 Ibs or ap-
proximately 44 inches TL) for Vir-
ginia striped bass increased
(Figure 8). However, since 2012,
citations have declined. The rea-
sons for this decline are uncer-
tain, but likely include a reduced o "‘l.'.|.|.|.|.|.|, ,
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Figure 8. Number of citations issued by the Virginia Saltwater Fishing Tourna-

mation on effort specifically targeting striped bass in the Virginia recreational sector is not available, nor do we

know if and how availability may have changed.
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Since 2009, total removals
(including discards) of striped bass
from the Chesapeake Bay by the
recreational and commercial fisher-
ies show a decrease in the propor-
tion of fish aged 11 years and older,
indicating that older, larger fish are
captured less often in recent years
compared with 2004 to 2009
(except for 2012; Figure 9). A de-
cline in the proportional catch
strongly indicates a decline in the
abundance of fish 11 years and old-
er in the population (in the absence
of age-specific regulatory
measures).

In contrast to what was observed in
the bay, the proportion of fish 11
years old and older that comprises
fishery removals from the ocean
(Figure 10) has been stable since
2004. In 2014, an increase in the
proportion of these older fish was
observed. Together, these figures
indicate that fewer older (> 11
years) striped bass have been re-
moved from Chesapeake Bay since
2009, but the proportion of older
fish removed from the ocean has
remained stable since 2004. Thus,
older fish are more likely to be en-
countered in the ocean than in the
bay.
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Figure 9. Proportion of Striped Bass 11 years old and older removed from Chesa-
peake Bay by commercial and recreational fisheries, 1982-2014.
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Figure 10. Proportion of Striped Bass 11 years old and older removed from
the coastal ocean by commercial and recreational fisheries, 1982-2014.
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RECOM MENDATIONS FOR RES EARCH - Although well-studied, future research on

Chesapeake Bay striped bass should focus on gaining a better understanding of habitat use of adult striped
bass (particularly in winter), the ability of the stock to adapt to broad-scale environmental changes such as
those anticipated under climate change, assessing the effects of habitat modifications (such as water with-
drawals) on recruitment, and filling the needs of the stock assessment model.

Striped bass research continues to provide insights on the behavior and population biology of this species, yet
the population continues to face disturbances that threaten its long-term sustainability. In particular, altera-
tions and reductions in habitat quality and quantity and long-term environmental changes associated with
global warming present formidable challenges. We recommend the following research (in no particular order)
to advance our understanding of striped bass ecology and management: (1) examine the effect of a warming
climate on the timing of spawning in Chesapeake Bay tributaries; (2) assess the ability of the Chesapeake Bay
stock to adapt to broad-scale environmental changes such as those anticipated under climate change; (3) re-
evaluate the synchrony in recruitment of river-spawning fish like striped bass and shelf-spawning fish like sum-
mer flounder; (4) assess the quantity and quality of nursery habitats for striped bass in Virginia; (5) determine
the impact of invasive blue catfish on larval and juvenile striped bass survival; (6) examine the relationship be-
tween condition of adult fish in fall to the production of young fish in the spring; (7) identify the location and
design of all intake pipes (permitted commercial intakes and non-permitted agriculture intakes) located in
striped bass nursery habitats in Chesapeake Bay, quantify water withdrawals, and assess effects on recruit-
ment; (8) investigate the use of Virginia’s coastal bays by small striped bass as a secondary nursery; (9) charac-
terize the age and size composition of fish harvested by recreational anglers from Virginia coastal waters; (10)
describe the distribution of large striped bass during winter, particularly in coastal waters; (11) determine con-
taminant levels other than mercury from harvestable striped bass; (12) examine the effects of recreational
fishery regulations (e.g., slot limits) on the size and age structure of harvested and discarded striped bass; (13)
evaluate angler preferences for size limits, bag limits, and fishing season in Chesapeake Bay; and (14) apply
community social vulnerability indices to measure the effects of climate change on recreational and commer-
cial fishers in Chesapeake Bay.

In addition to our recommendations above, the Atlantic States Marine Fisheries Commission recommended
the following research to improve the accuracy and precision of stock assessments (Appleman, et al. 2016).
Here, we provide a simplified description of those recommendations: (15) continue collection of paired scale
and otolith samples from the fishery to permit estimation of ages from historical samples that used only scales;
(16) determine gear-specific discard mortality rates and the magnitude of bycatch mortality in the fishery; (17)
improve estimates of striped bass harvest removals in coastal areas during wave 1 and in inland waters of all
jurisdictions year round; (18) evaluate the percentage of anglers that use circle hooks; (19) develop a refined
and cost-efficient coastal population index for striped bass; (20) improve estimates of fishing mortality rates by
integrating tagging models into the stock assessment (21) use tagging data to develop a movement model that
can be used in the stock assessment; (22) use state-of-the-art modeling approaches to estimate fishing mortal-
ity rates from tagging data; (23) develop methods for combining results from tagging programs that release
fish in different areas on different dates; (24) evaluate reliability of estimates of gear-specific mortality (trawls,
pound nets, gill nets, and electrofishing), tag-induced mortality, and tag loss; (25) develop field or modeling
studies to estimate natural mortality and other factors affecting the tag-return rate; (26) re-evaluate estimates
of maturity at age for coastal striped bass; (27) examine methods to estimate annual variation in natural mor-
tality; (28) develop reliable estimates of poaching loss from striped bass fisheries; and (29) improve methods
for determining the sex ratio of the population particularly during spawning.
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