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Anadromous river herring, Alewife Alosa pseudoharengus and Blueback Herring A. 

aestivalis, were valuable fisheries that declined to such an extent that moratoria were 

established throughout much of their range, including all of the Chesapeake Bay. The 

presumptive causes of decline are overfishing and habitat degradation. The goals of this 

research were to examine the life history traits of river herring in Potomac River 

tributaries and determine if the tributaries serve as successful spawning and nursery 

habitats after years of habitat alterations. A stage-based model of populations in Potomac 

River tributaries was developed with site-specific growth rates, mortality rates, and 

maturity schedules. Adults were collected in Pohick Creek, Accotink Creek, and 

Cameron Run, juveniles in Gunston Cove and Hunting Creek, and larvae in all locations. 

Otoliths were extracted to estimate age (adults in years and young-of-year (YOY) in 



 
 

days) and scales were collected from adults to estimate spawning age. Of the eight 

growth models tested, the best-fit model was the logistic for adults and the von 

Bertalanffy for YOY; however best- and worst-fit models were <2% different. Adult 

females grew faster, larger, and matured earlier than males for both species. Growth 

differed between years for both species of YOY, and between monthly cohorts for 

Blueback Herring YOY. Mortality was more variable for Alewife than for Blueback 

Herring. The model was a good fit for YOY Alewife but not for Blueback Herring. The 

model predicted that year class strength was variable for both species, with surviving 

juveniles replacing 13.8%, 130.4%, and 6.5% of spawning Alewife, and 1.8%, 0.5%, and 

0.4% of adult Blueback Herring each year from 2013 to 2015. However, the models were 

sensitive to the juvenile mortality rate and both populations were increasing when lower 

juvenile mortality rates, similar to other Virginia rivers, were utilized. This dissertation 

provides needed life history characteristics for all stages of development for river herring 

found in Potomac River tributaries.  

To determine how the Potomac River population compared to populations throughout the 

Chesapeake Bay, I examined life history traits of adult river herring in different rivers 

with data provided by five scientific organizations. Most populations had more males 

than females but the proportions differed. Spawning frequency was different between 

rivers with the Choptank River having more repeat spawners, and the Potomac River 

having more virgin spawners. The median length and age were different between rivers, 

indicating that herring in the Susquehanna River were smaller individuals, while 

individuals in the Nanticoke River were older. Life history traits differing between rivers 



 
 

support populations being managed individually, but cooperation between jurisdictions is 

needed to determine research and restoration priorities throughout the Chesapeake Bay. 
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GENERAL INTRODUCTION 

Anadromous species Alewife Alosa pseudoharengus and Blueback Herring A. 

aestivalis, collectively termed river herring, are commercially and recreationally valuable 

species along the Atlantic coast from New Brunswick, Canada to Florida, USA (Fay et al. 

1983). Alewife and Blueback Herring are typically grouped for management purposes, 

since these species are very similar in appearance, location, and life history traits (NMFS 

2009; NRDC 2011). Before colonial times, shad and herring species were important to 

Native Americans along the east coast but their impact on the fishery cannot be 

quantitatively ascertained due to the lack of records (Bassett 2015; Cummins 2012). As 

one of the oldest fisheries in the US, catch records of river herring date back at least to 

the 1700’s, when more than 1.5 million individuals were captured from the Potomac 

River in one year (NRDC 2011; Wharton 1957). Virginia has historically had one of the 

largest Alewife and Blueback Herring fisheries (NRDC 2011). Commercial landings of 

river herring in the ocean were important to foreign fisheries before the Fishery 

Conservation Zone was implemented in the late 1970’s, with foreign fisheries landing up 

to 80 million pounds of river herring per year (NRDC 2011).  
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Life History Traits 

Blueback Herring have been documented in coastal waters from Florida, USA to 

Nova Scotia, Canada, and Alewife from South Carolina, USA to Newfoundland, Canada 

(Hildebrand 1963; Palkovacs et al. 2014; Winters et al. 1973). Adult river herring migrate 

into fresh or brackish water along the coast in large spawning runs once a year from late 

February to early June depending on water temperature (Fay et al. 1983; Greene et al. 

2009; O'Connell and Angermeier 1999; Raney and Massmann 1953). Alewife enter 

freshwater rivers and tributaries in February to mid-April (peak in mid to late-March) 

when temperatures are between 10° and 16°C (Fay et al. 1983; O'Connell and 

Angermeier 1999) and peak spawning in the Chesapeake Bay (hereafter, Bay) occurs 

when temperatures are between 10.5°C and 21.6°C (Jones et al. 1978).  Blueback Herring 

complete spawning runs when temperatures are between 13°C and 27°C (Fay et al. 1983; 

Rulifson et al. 1982), with optimal spawning occurring at 20°C (Cianci 1969; Fay et al. 

1983; Klauda et al. 1991a; Pardue 1983; Tommasi et al. 2015). Particular spawning 

grounds for each species vary from small, shallow streams to deep, wide rivers to small 

ponds; however, Blueback Herring usually spawn in fast moving waters with hard 

substrates and alewives usually spawn in slower waters (Fay et al. 1983; Havey 1973; 

Kissil 1974; Loesch and Lund 1977). 

Newly fertilized eggs are demersal, adhesive, or pelagic until they become water-

hardened in roughly 24 hours, after which eggs enter the water column (Jones et al. 1978; 

Loesch and Lund 1977). Incubation time varies for both species depending on water 

temperatures but Blueback Herring hatch within 55 to 94 hours and alewives hatch within 
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50 to 360 hrs (Cianci 1969; Edsall 1970; Kellogg 1982). Larvae hatch at 3.8 to 4.3 mm 

total length (TL; Heinrich 1981; Jones et al. 1978) and yolk-sacs are fully consumed at an 

average TL of 5.1 mm, which is a process usually completed in 2 to 5 days (Cianci 1969; 

Mansueti 1962). Transition to the juvenile stage occurs around 15.9 mm standard length 

(SL) for Blueback Herring and 19.9 mm SL for Alewife (Jones et al. 1978). Juveniles 

studied in the tidally influences portion of the Potomac River remain in the river until late 

June to November at which point they migrate downstream to the Atlantic Ocean 

(Burbidge 1974; Kissil 1974; Richkus 1975; Warinner et al. 1969). Some juveniles are 

documented to overwinter in the estuaries of the natal river systems (Limburg 1998).  

Status of River Herring Populations 

Commercial landings of river herring have declined by 98% in the US from the 

1950’s (when detailed records were first kept) to the 1970’s, and in the Bay populations 

plummeted 99% or more from their 1970’s averages to 2010 (NRDC 2011). River 

herring were listed as a species of conservation concern in 2006 due to severe declines 

throughout much of their range (NMFS 2009). Fishing moratoria were established in the 

Potomac River in 2010 due to low catches (ASMFC 2012). In the second amendment to 

the Fishery Management Plan for Shad and River Herring (2009), the Atlantic States 

Marine Fisheries Commission (ASMFC) established that commercial or recreational 

fisheries in any jurisdiction may not land river herring unless a sustainable fishery 

management plan has been approved by January of 2012 (Greene et al. 2009). River 

herring moratoria were established throughout the Bay and through many states along the 

US east coast in 2012 (ASMFC 2012). Even as the moratoria remain active in state 
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waters, river herring continue to be major bycatch in other commercial fisheries, 

including menhaden, white perch, and Atlantic herring (ASMFC 2012; Bethoney et al. 

2013; Cieri et al. 2008), although it is clear that bycatch affects all regional stocks 

(Hasselman et al. 2015). Offshore bycatch occurs due and the overlapping range of river 

herring to other species targeted by midwater trawls, which undergo a high degree of 

fishing effort. The exact impacts of bycatch on river herring populations are unknown 

(ASMFC 2012; Bethoney et al. 2013). Effort is being directed to develop forecasting 

methods based on habitat preferences to further reduce bycatch through identifying the 

probable areas river herring may use given the environmental conditions (Turner et al. 

2015).  

Fisheries managers use the terms “overfished” and “overfishing” to describe the 

current or past fishing pressure on a population when fishing exceeds the populations 

reproductive capability. However, habitat degradation, alteration, and/or destruction 

impact river herring populations in addition to fishing pressure, so instead of overfished, 

the current classification for river herring has been termed “depleted” (Hightower et al. 

1996; NMFS 2009; NRDC 2011). Spawning habitats are impacted by urban and 

agricultural development through sedimentation, eutrophication, altered water velocities, 

decreased substrates, and dams blocking passageways (ASMFC 2008; Greene et al. 

2009). Construction and mining techniques damage streams by increasing sedimentation, 

changing water velocities, and decreasing preferred spawning substrates like gravel and 

cobble (Greene et al. 2009). Increased sedimentation in the water column suffocates river 

herring when sediments enter the gills and lower the exchange of oxygen (Greene et al. 
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2009). Increased water velocities and decreased vegetation reduce the likelihood that 

eggs will attach to substrate and stay in the tributaries (Greene et al. 2009). Point and 

non-point source pollution in the area causes habitat degradation by direct toxicity of the 

pollutants or eutrophication (Greene et al. 2009). Eutrophication as a result of increased 

nutrient loading often leads to DO levels too low to sustain populations, thus resulting in 

reproductive declines of river herring (Greene et al. 2009).  

The ASMFC concluded in 2010 that 23 US stocks of river herring were depleted, 

one was rebounding, and 28 were unknown due to a lack of time series data (ASMFC 

2012). The current status of the Potomac River stock is listed as unknown due to a lack of 

data (ASMFC 2012). Data collection and monitoring are considered top priorities for 

river herring management, with an emphasized interest in total catch (including bycatch), 

validation of age determination, determination of river herring populations sizes, 

determination of the effectiveness of restoration efforts, and improvement of fish passage 

on dams (ASMFC 2012).  

Research Area 

The Chesapeake Bay is an estuary along the Atlantic coast of the United States. 

The watershed of the Bay drains roughly 165,800 km2 from six states (New York, 

Pennsylvania, Delaware, Maryland, Virginia, and West Virginia) with varying levels of 

urbanization, agricultural use, and development. The most northern extent of the Bay 

begins with the Susquehanna River, which accounts for more than half of the freshwater 

flow into the bay (Figure 1; Schubel and Pritchard 1986). Total freshwater flows in the 

Bay averages 2300 m3s-1 (Schubel and Pritchard 1986). The Bay is characterized as a 
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long, shallow estuary with a mean depth of 6.5 m; however, a deep, narrow channel runs 

along the middle of the Bay (Kemp et al. 2005). The Bay is considered a partially 

stratified estuary and is broken into four zones based on salinity: polyhaline (18 to 

<30‰), mesohaline (5 to <18‰), oligohaline (0.5 to <5‰), and tidal freshwater 

(<0.5‰).  Stratification in the Bay can be temporarily destabilized with strong wind 

mixing the water (Hagy 2002; Kemp et al. 2005), but circulation is controlled by 

freshwater input (Kemp et al. 2005; Pritchard 1956; Pritchard 1967). Strong salinity 

gradients caused by riverine input result in long mixing times and retention of 

particulates within the system (Kemp et al. 2005; Pritchard 1956; Pritchard 1967). 
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Figure 1. Land use characteristics of the entire Chesapeake Bay watershed as of 2000 (Source CBF 2016). 

 

The Chesapeake Bay has been an important resource to human development for 

millennia in terms of commercial and recreational activities, including transportation, 

fishing, urban development, industry, and national defense. Currently, 18 million people 

reside within the Bay watershed, of which 70% live in Maryland and Virginia furthering 
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development pressures on the Bay and its resources (CBP 2016b). Increased development 

and agriculture have led to an increase in anthropogenic impacts on the Bay, including 

but not limited to eutrophication, point and non-point source pollution, sedimentation, 

hypoxia, water-flow alteration (through channelization, dams and blockages, and 

increased runoff), habitat alteration, and overharvested fisheries (Belval and Sprague 

1999; CBF 2014; Sprague et al. 2000). Today, roughly 23% of the Bay watershed is 

devoted to agricultural use, which accounts for 41% of the nitrogen pollution entering the 

Bay (CBF 2016b). In 1983, the Chesapeake Bay Program (CBP) was created with the 

sole purpose of improving the water quality within the Bay (CBP 2016a). In 1987, the 

CBP led a process by which the states agreed to reduce nutrient loading into the Bay by 

40% by the year 2000, which was the first agreement with a numeric goal (CBC 2013; 

CBP 1987). The 1987 goal was revised in 1992 to address nutrient loading from the 

tributaries feeding into the Bay (CBC 2013). While the 1987 agreement was 

unprecedented and successful at bringing together multiple agencies for setting a numeric 

goal, the goal was not met in 2000 (CBC 2013). A new agreement, Chesapeake 2000, 

was established in June 2000 reiterated goals for reducing nutrient loading and added 

goals for habitat restoration, fisheries management, and toxins reduction (CBP 2000). In 

2009, managers agreed to revisit the goals for Bay restoration every two years (CBP 

2016a).  

In the 2014 State of the Bay, the Bay was graded as a D+ (grade of 32) with water 

quality improving but fisheries still a concern (CBF 2014). Dissolved oxygen, water 

clarity, seagrass beds and oyster beds all increased from 2012 to 2014. However, 
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phosphorus loading has increased, while striped bass Morone saxatilis stocks and blue 

crabs  Callinectes sapidus stocks have declined since 2012 (CBF 2014). 

The general state of the Bay is poor and priorities within each tributary of the Bay 

can widely vary. The Susquehanna Watershed, which contributes the most freshwater 

into the Bay, is comprised of 9% developed land and 21% agricultural land (CBF 2016b). 

The nutrients from the Susquehanna River make up about 62% of nitrogen and 34% of 

phosphorus input into the Bay each year (Sprague et al. 2000). The source of nitrogen 

from the Susquehanna Watershed is mostly from agriculture (Sprague et al. 2000). 

Agricultural sources make up 41% of the nitrogen input into the Bay from all river 

sources (CBF 2016b). Agricultural land is proportionally highest within the Choptank 

Watershed at 48% and lowest in the Patuxent and Mattaponi watersheds at 13% (CBF 

2016b). Additional sources of nitrogen are introduced to the Chesapeake Bay through air 

pollution (25%), wastewater treatment facilities and factories (16%), and stormwater 

runoff (15%), which are all higher contributors in areas with higher urban development 

(CBF 2016b).  The Patuxent Watershed has the highest proportion of developed land at 

32% while the Pamunkey Watershed had the lowest developed at 5% (CBF 2016b); 

however, development throughout the region is continually increasing due to the addition 

of 150,000 people each year and the population is expected to surpass 23 million people 

by 2050 (Ruark 2010). 

The Potomac River is the second largest river feeding the Bay. Split into four 

branches (North Branch, South Branch, Upper Potomac, and Tidal Potomac River), the 

section of river I focus on in this study is the Tidal Potomac River, since the fall line 
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naturally restricts river herring migrations in Potomac River tributaries. The Tidal 

Potomac River is characterized by being tidally influenced and extends from the Bay to 

the fall line at Great Falls above Washington D.C. (Jones et al. 2008a). Freshwater 

conditions are maintained in the Tidal Potomac River upstream of Quantico Creek 

(roughly 43 rkm south of Washington D.C.; Lippson et al. 1981). The watersheds 

draining directly into the tidal Potomac River are mainly composed of coastal plain 

morphology with some piedmont morphology (Sprague et al. 2000). The northern area of 

the tidal Potomac River, which includes Washington D.C., the most urbanized area of the 

entire Potomac River (Figure 1). The southern extent of the tidal Potomac River is a mix 

of land usage considered as highly rural (Figure 1). The Potomac River comprises 20% of 

the freshwater flow into the Bay, as well as 28% of nitrogen and 33% of phosphorus 

(Belval and Sprague 1999; Sprague et al. 2000). There are over 50 smaller tributaries 

draining directly into the tidal Potomac River, including Pohick and Accotink creeks 

(draining into Gunston Cove) and Cameron Run and Hoof’s Run (draining into Hunting 

Creek; Figure 2).  

Gunston Cove is a 6 km2 embayment situated in the tidally influenced portion of 

the Potomac River (Figure 2; Jones et al. 2008a) . Occurring roughly 20 rkm south of 

Washington DC, the cove is created by two third-order tributaries, Accotink and Pohick 

creeks (Jones et al. 2008a). Gunston Cove has average depth of 1.5-2 m at mean tide; 

however, one deeper dredged channel has been created with the deepest about 5 m. 

Accotink Creek drains 13,134 hectares and Pohick Creek drains 8,806 ha of Fairfax 

County (Parsons 1973, Parsons 1975; as cited by Jones et al. 2008a). Most of the 
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drainage area is classified as piedmont, but some coastal plain area exists below the fall 

line (Kelso et al. 1985). 

 

 
Figure 2. Locations of Gunston Cove and Hunting Creek, tributaries of the Potomac River, Virginia, USA 
and the smaller tributaries, Pohick Creek, Accotink Creek, and Cameron Run, that lead into them. 
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Hunting Creek is a 2.26 km2 embayment that also abuts the tidal Potomac River 

approximately 2 rkm south of Washington D.C. (Figure 2; Jones and De Mutsert 2014; 

Odenkirk 1996) . Hunting Creek is fed by third-order tributary, Cameron Run, and is 

tidally influenced with depths of 2 m or less throughout (Jones and De Mutsert 2014; 

Odenkirk 1996). Cameron Run is categorized as a Piedmont creek west of the fall line 

and a Coastal Plain creek east of the fall line (NVRC 2006); however, much of the creek 

has been channelized for flood control due to medium- to high-density urban 

development (Versar Inc. 2007).  

Pohick Creek and Cameron Run have historically received sewage discharge from 

the highly populated areas surrounding them, and these bodies of water now receive 

treated wastewater from the Noman M. Cole, Jr. Pollution Control Plant (Pohick Creek), 

and the Alexandria Renew Nutrient Management Facility (Cameron Run). Before the 

Noman Cole treatment plant was functional in 1970, as much as 32,200 kg/d of 

phosphorus from raw sewage was pumped into Pohick Creek (Jones 2008). The input of 

phosphorus created large blooms of phytoplankton that prevented sunlight from reaching 

the natural macrophytes in Gunston Cove. Excess phytoplankton in the system caused 

eutrophication and lowered DO. Low DO and lack of macrophytes for eggs to attach to 

are detrimental to river herring populations (Bozeman Jr. and Van Den Avyle 1989; 

NRDC 2011; Pardue 1983). When the treatment plant was established, the phosphorus 

loading into Pohick Creek was reduced to 400 kg/d; however, the phosphorus trapped in 

the soil created internal loading that became re-suspended during levels of high pH 

(Jones 2008; Kelso et al. 1985; Kircher 1990). Phosphorus levels did not reduce to 



 

 
 

13 

limiting levels until 2000 (Jones and De Mutsert 2012). Since 2005, DO levels have 

become stable (normally above 100% saturation) and natural macrophyte populations 

have re-colonized 50% of the downstream habitat in Gunston Cove (Jones and De 

Mutsert 2012). The Alexandria Renew Enterprises treatment plant has decreased their 

nutrient load since the 1970’s (AlexRenew 2016). 

Pohick Creek, Accotink Creek, and Cameron Run have been impacted by 

additional human alterations for centuries, with Cameron Run being the most modified. 

Anthropogenic impacts to Cameron Run include farming, fishing, heavy urban 

development, channelization, and damming (City of Alexandria 2001). Data collected in 

Cameron Run shows that DO levels, temperature, pH, and pollutants indicate low water 

quality but improvements have occurred through cleanup and management practices 

(City of Alexandria 2001).  However, sections of Cameron Run have been channelized to 

help prevent flooding and a natural riparian buffer does not exist for these and/or other 

sections of the tributary (City of Alexandria 2001). While riparian buffer zones are being 

reestablished throughout the region, reestablishing buffers along all portions of the water 

body is not a management option at this time (City of Alexandria 2001). Spawning may 

not be optimal in these non-buffered sections of Cameron Run or may impact survival of 

young-of-the-year further downstream by reducing water quality. Understanding the 

health of spawning stocks of river herring in a recovered tributary, like Gunston Cove, 

will improve our understanding of how to better protect and restore these species of 

concern.  
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Data Collection 

The Potomac Environmental Research and Education Center (PEREC) has been 

monitoring the abundances of spawning adult and larval river herring in Pohick and 

Accotink Creek annually since 1987 and in Cameron Run since 2013 (Jones and De 

Mutsert 2014; Jones and Kelso 1987) . Prior to monitoring efforts in Pohick and Accotink 

creeks, surveys completed in the 1960’s captured river herring in Pohick Creek (Davis et 

al. 1970).  However, by 1981 anadromous and semi-anadromous species were not 

captured in Pohick Creek (Jones and Kelso 1988; Loesch 1981). Alewife and Gizzard 

Shad Dorosoma cepedianum were captured in Dogue Creek, the tributary directly north 

of Gunston Cove (Jones and Kelso 1988; Loesch 1981). At the time, the Noman Cole 

Pollution Control Plant was using chlorine to treat wastewater flowing into Pohick Creek, 

which was the most likely cause of river herring absence within the tributary (Jones and 

Kelso 1988). Dechlorination of sewage effluent began in June 1986 and Blueback 

Herring and Gizzard Shad were captured in Accotink Creek in 1988 (Jones and Kelso 

1988). Alewife and Gizzard Shad were captured in Pohick Creek in 1989 (Jones and 

Kelso 1988).  

River herring were collected using gill nets and hoop nets from 1988 to 1990 

(Jones and Kelso 1988; Jones and Kelso 1989; Jones and Kelso 1990). A standard 

sampling method of using hoop nets deployed for 24 hours was implemented in 1992 

(Jones and Kelso 1992). However, access to Pohick and Accotink creeks on Fort Belvoir 

was limited from 2003 to 2006, so hoop nets could not be deployed and sampling was 

conducted by visual counts and cast nets (Jones et al. 2008b; Jones et al. 2008c). The 
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average catch of Alewife per sampling day remained low (with a max average of 3.1 

alewife per day captured in 1996) from 1988 to 1999 for Pohick, Accotink, and Dogue 

creeks (Figure 3). Abundance in Pohick Creek began to increase in 2000 and in Accotink 

creek in 2010 (Figure 3). Abundance of Blueback Herring remained low in every creek 

until 2015, when the abundance in Pohick creek dramatically increased (Figure 3).  

 

 
Figure 3. The average number of Alewife and Blueback Herring caught per sampling day by the Potomac 
Environmental Research and Education Center from 1988 to 2015 in Accotink Creek, Cameron Run, 
Dogue Creek, and Pohick Creek (data sources: Jones and De Mutsert 2012; Jones and De Mutsert 2013; 
Jones and De Mutsert 2014; Jones and De Mutsert 2015; Jones et al. 2008b; Jones et al. 2008c; Jones et al. 
2013; Jones et al. 2015; Jones and Kelso 1989; Jones and Kelso 1990; Jones and Kelso 1992; Jones and 
Kelso 1993; Jones and Kelso 1995a; Jones and Kelso 1995b; Jones and Kelso 1996; Jones and Kelso 1997; 
Jones and Kelso 2000; Jones and Kelso 2003; Jones and Kraus 2009; Jones and Kraus 2010; Kelso et al. 
1985).  
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Research Objectives 
The purpose of this study is to examine site-specific life history traits of river 

herring found within Potomac River tributaries and interpret them through comparison 

with other Chesapeake Bay tributaries. Life history traits, such as growth rates, mortality 

rates, sex ratios, and spawning frequency can change over time due to overfishing, habitat 

degradation, and/or natural variation over generations (Basu and Pick 1996; Heino 1998; 

Heino and Godo 2002; Law 2000; Limburg and Schmidt 1990). An understanding these 

different life history traits are needed to properly model the potential recruitment and 

survival of a population in a spawning and nursery habitat. Additionally, some these traits 

have not been documented for populations in Potomac River in several decades, while 

others have not been reported before. This project integrates life history data into a 

population model to determine the effects of degraded spawning and nursery habitats to 

guide future management of these species.  The objectives are: 1) estimate the maturity 

schedules, spawning frequency, and growth rates of adult river herring in Potomac River 

tributaries, 2) calculate larval and juvenile growth parameters and mortality rates in 

Potomac River tributaries, 3) develop stage-based, stochastic, difference models and 4) 

conduct a comparison of adult life history traits across the Chesapeake Bay (Figure 4).   
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Figure 4. Flow diagram of project information. Red arrows indicate the use of gathered data, yellow arrows 
indicate the use of information developed in the study, blue arrows indicate products of the model 
developed, and green arrows indicate products of additional studies other than the model. 

 

My first objective is to determine growth rates, maturity schedules, and spawning 

frequencies of adults returning to Potomac River tributaries to spawn. River herring have 

been documented to return to natal rivers when mature, which occurs between 2 and 5 

years of age, but age at maturity can vary between populations (Fay et al. 1983; Jessop 

1994; Klauda et al. 1991a; Speir and Mowerer 1987). Previous reports indicate males 

become mature before females (Klauda et al. 1991a; Speir and Mowerer 1987). Spawning 

occurs consecutively in many populations throughout the life of the fish, which 

historically lasts up to 14 years for Alewife and up to 9 years for Blueback Herring 

(ASMFC 2012). However, recent reports have captured few river herring at 8 years of 

age and no older fish (ASMFC 2012).  
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Growth rates and maturity schedules have been documented to differ between 

rivers for river herring and similar species (Sheppard et al. 2010; Tuckey and Olney 

2010). Understanding these life history traits within a population are needed to determine 

the reproductive potential of the specific population. Growth parameters of the population 

can be used to determine the mean length at each given age, which can be used to 

estimate the fecundity of females. Also, the frequency of spawning events is examined to 

determine what proportion of a population is mature at each age. These values are 

important to determine the fecundity of females in the populations, which is used in a 

later objective.  

The second objective is to determine site-specific growth and mortality rates of 

young-of-the-year (YOY) utilizing Potomac River tributaries as nursery areas. Eight 

growth models were calculated, and the best-fit model for YOY river herring was used to 

estimate instantaneous growth rates. A catch curve analysis was used to compare the 

natural log of the population at one age to the natural log of the population at the next age 

to determine instantaneous mortality rates (Haddon 2011).  However, catch curve 

analysis only works with populations that are fully selected by the gear, which can be 

violated when working with young-of-the-year (Deriso et al. 1985), because individuals 

that are smaller than the gear mesh size can slip through the holes in the mesh. Thus, the 

population would appear to increase as YOY grow in size only because the efficiency of 

the gear changes. A ¼” mesh was the smallest size used for this study, which could easily 

allow small YOY to pass through.  Indirect estimates of natural mortality were also 

calculated to determine mortality from time at hatching to time of emigration from the 
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nursery using equations based on von Bertalanffy growth parameters (Hoenig 1983; Then 

et al. 2014) or the maximum age of individuals in the population (Then et al. 2014).  

Growth and mortality rates of river herring are dependent on environmental 

conditions, such as temperature, DO, turbidity, predation, and prey availability (Cushing 

1975; Edsall 1970; Houde 1989; Houde 1997; Ware 1975). Understanding growth and 

mortality rates of young-of-the-year (YOY) river herring in the tributaries provides 

managers with needed information about the success of the habitat as a nursery. Young-

of-year fish grow faster, in a more linear fashion as opposed to adults, whose asymptotic 

growth slows considerably over time (Lester et al. 2004). Determining the growth 

potential of YOY before emigration out of the nursery is critical in understanding the 

health of the habitat.  

For my third objective, site-specific life history traits such as growth rates, 

mortality rates, spawning frequencies, sex ratios, and maturity schedules (determined in 

objectives 1 and 2) are incorporated into stage-based models to determine the 

effectiveness of Potomac River tributaries as spawning and nursery habitats for river 

herring. By incorporating environmental factors affecting growth and mortality, my aim 

is to develop a tool to gauge the health of river herring nursery systems by estimating 

whether reproduction is successful in Potomac River tributaries. To classify successful 

spawning and nursery habitats in Potomac River tributaries, the number of juveniles 

emigrating out of the ecosystem must be equal to or greater than the number of adults 

spawning. For example, assuming an average fecundity of 100,000 and 100 spawning 

adults (1:1 sex ratio), 0.0020% of the YOY need to survive for the system to be 
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considered stable and 0.00202% for the population to be growing, thereby indicating the 

moratorium could work. While these percentages may seem low, Kissil (1974) reported 

that the survival of YOY Alewife rearing in Bride Lake, Connecticut was 0.0013% while 

in the nursery.  

The fourth objective is to determine if mean length-at-age, age, spawning age, and 

spawning frequency differ between stocks in the bay. Understanding the proportion of 

adults returning to spawn could help managers make better decisions regarding 

protection. If the size, age, and spawning characteristics differ in close geographical 

proximity, the results could be used to identify which anthropogenic effects (e.g., 

pollution, dams, impervious surface increases around waterways) are of highest concern 

for habitat rehabilitation and population recovery.  
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CHAPTER 1: GROWTH AND MATURITY OF ADULT ALEWIFE ALOSA 
PSEUDOHARENGUS AND BLUEBACK HERRING A. AESTIVALIS SPAWNING 

IN POTOMAC RIVER TRIBUTARIES 

Abstract 

The purpose of this study is to assess the aging techniques, growth rates, spawning 

frequencies, and maturity schedules of river herring, Alewife Alosa pseudoharengus and 

Blueback Herring Alosa aestivalis in the Potomac River tributaries of northern Virginia. 

River herring are currently under moratoria in the Potomac River due to lack of 

information about the population. Otoliths and scales were collected from river herring to 

determine age and spawning marks. Ages determined from otoliths were compared to 

ages from scales to quantify aging bias and precision. Length-at-age data were analyzed 

using eight growth models and compared using Akaike Information Criterion (AIC) to 

determine the best-fit model. Spawning marks were used to determine spawning 

frequency and the proportion of the population mature at a given age was determined 

using a multinomial distribution model.  The logistic growth model was the best-fit 

model but the AIC weights were only 0.04% different between best and worst fit models. 

Using logistic and von Bertalanffy growth models, females grew larger and faster than 

males (p<0.0001 for both species). Virgin (first-time) spawners comprised 72.2% of the 

Alewife population and 78.3% of the Blueback Herring population. By age 5, all female 

Alewife were mature but only 87.5% of males were, and 60% of female Blueback 

Herring were mature at age 4 versus 40% of males. A surprising result in this study was 
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that females matured faster than males in both species, which differ from historic 

documentation, suggesting a possible change in the population dynamics. Additionally, 

both species are experiencing a wider range of age at maturity, spawning at earlier ages in 

some individuals and older ages in others.  

 

Introduction 

An important tool of fisheries management is the use of a reproduction schedule 

of spawning adults to determine when, how often, and how many spawning events occur 

for any given species. Understanding these variables is important to correctly model the 

abundance and productivity of a fishable stock. Maturity schedules, comprised of the 

proportion maturing at each age and the number of times an individual spawns, are 

needed for modeling efforts by managers.  Maturity schedules and growth rates can be 

altered over time due to overfishing, habitat degradation of spawning habitat, and through 

natural variability through time (Heino 1998; Heino and Godo 2002; Law 2000; Wang 

and Hook 2009). Additionally, these characteristics can differ in populations throughout 

their geographical range, even in close proximity (Sheppard et al. 2010; Tuckey and 

Olney 2010). For example, American Shad Alosa sapidissima exhibited different 

maturity schedules in three Virginia rivers that all experienced similar climate conditions 

(Tuckey and Olney 2010). The purpose of this study is to determine the growth rates and 

maturity schedules of adult river herring in the Potomac River.  

Data on the river herring populations in the Potomac River is limited to juvenile 

abundance indices and adult presence/absence data. In addition to data historically 
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provided by fishery landings, the Maryland Department of Natural Resources (MDDNR) 

currently estimates juvenile abundance indices through seine surveys and examines 

ichthyoplankton samples for presence or absence of river herring eggs and larvae several 

Potomac River tributaries (MDNR 2016a). The District Department of the Environment 

(DDOE) conducts electrofishing for adults, and seine and push net surveys for juveniles 

in the Potomac River (ASMFC 2012). Maryland Department of Natural Resources 

reported an increase in Alewife and Blueback Herring adult abundances in the North East 

and Nanticoke Rivers in 2013 and 2014 (MDNR 2015); however, abundances in the 

Potomac River have not recently been reported. The Potomac Environmental Research 

and Education Center has seen an increase in river herring catch since 1988 in Gunston 

Cove (a small embayment of the Potomac River; Jones and De Mutsert 2012; Jones and 

Kelso 1988; Jones and Kraus 2010). To understand whether degraded habitats and/or 

overfishing are the major contributors to the decline of these populations, data on the 

characteristics of spawning populations are needed. Additionally, understanding how 

declines in the populations have impacted life history strategies of the species is 

important for current stock assessment strategies.    

Important Life History Parameters 

River herring have been documented to spawn in small tributaries of rivers from 

spring to early summer (Durbin et al. 1979; Fay et al. 1983; Greene et al. 2009; Jessop 

1994). Spawning events coincide with water temperatures above 10.5°C for Alewife 

(Cianci 1969; as cited by Fay et al. 1983) and above 13.0°C for Blueback Herring (Fay et 

al. 1983; Loesch and Lund 1977). Maturity has been recorded between the ages of 2 to 4 
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years for both species (Fay et al. 1983). The maximum age historically reported for 

Alewife is 14 years, and 9 years for Blueback Herring, but recently fish older than 6 to 8 

years have not been not captured throughout their range (ASMFC 2012). Spawning over 

consecutive years has been documented in both species (Fay et al. 1983); however, the 

frequency of consecutive spawning has not been examined for the Potomac River.   

Scales have been used to age river herring and determine spawning frequency; 

however, aging fish from scales has not been as widely accepted as reading otoliths. 

Spawning events are indicated by spawning marks, eroded areas of annual growth on the 

scale due to entering freshwater during spawning (Marcy 1969). Aging from scales can 

result in less accurate age estimation because periods of minimal growth can result in 

false annuli on scales; this is not the case with otoliths (Besler 1999; Campana and 

Neilson 1985; Helfman et al. 2009; Wilson 2000). Scales are still useful to determine 

spawning frequency, since otoliths do not develop spawning markers.  Using both scales 

and otoliths to age individuals helps in validation of aging techniques of river herring, 

and scales provide markers for each individuals spawning history. Validation with known 

aged individuals has not been documented for river herring and both scale and otolith 

aging methods were based on closely related species, including American Shad A. 

sapidissima (ASMFC 2012). 

Importance of Parameter Estimation 

Fish fecundity is directly related to size with larger individuals in a population 

producing more eggs per spawning event. Thus, body size and growth rates are important 

in population analyses. The von Bertalanffy growth model is the most commonly used 
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model for fisheries to describe the growth (in length or weight) of individuals within a 

population; however, for many species, the von Bertalanffy growth model is not the best 

fit (Haddon 2011; Katsanevakis and Maravelias 2008; Quinn II and Deriso 1999). 

Katsanevakis and Maravelias (2008) reported that von Bertalanffy was the best-fit model 

only 34.6% of the time in 133 different data sets tested. A difference in the best-fit model 

between populations could be due to the parameters used in the model or due to the 

particular species not growing at an asymptotic rate, which is an assumption of the von 

Bertalanffy growth model (Katsanevakis and Maravelias 2008). Today, multiple growth 

models can be constructed easily with the use of software programs such as Excel and R, 

so running multiple types of growth models (e.g. von Bertalanffy, Gompertz, Richards, 

etc.) and statistically comparing the growth parameters using Akaike information 

criterion (AIC) is a useful way to determine the best-fit model (Katsanevakis and 

Maravelias 2008).  

Maturity schedules are important parameters for modeling population growth to 

understand the size of the spawning population. Maturity schedules describe the 

proportion of individuals of a given age in a population that are spawning. Understanding 

changes in the age at maturity and proportion of mature individuals of a given age are 

important to reliably model the population of a species. Maturity schedules can be altered 

by size-selective fishing, environmental conditions that affect growth, strong year classes 

entering a population, or anthropogenic conditions that impact the costs of reproduction 

(Maki et al. 2002; Wang and Hook 2009). Maki et al. (2001) developed a method to 

determine the maturity schedule of an anadromous fish population using year-class data 
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(longitudinal approach) while excluding immature and non-spawning individuals. The 

longitudinal approach bins individual fish together by age and counts the spawning marks 

located on the scales to determine the spawning ages and frequency. Based on the history 

of older individuals in a population, a maximum likelihood estimate can be used to infer 

the maturity of younger individuals in a population (Maki et al. 2001). The longitudinal 

approach groups fish of the year class from multiple years of collection into a single 

cohort (Maki et al. 2001; Tuckey and Olney 2010). For example, a 3-year-old Alewife 

collected in 2008 would be grouped with 4-year-old Alewife collected in 2009 and 6-

year-old Alewife collected in 2011 because all individuals hatched in 2005. Thus, more 

information about a particular age class can be used to infer information about non-

spawning individuals in the population.   

Research Objectives 

The goal of this study was to examine current life history strategies of adult river 

herring returning to Potomac River tributaries to spawn. The objectives to obtain this goal 

were: 1) determine bias between using scales and otoliths to estimate age, 2) examine 

multiple growth models to determine the best fit model, 3) determine site-specific growth 

parameters using the best fit model, 4) explore the frequency of the population that are 

first time spawners versus repeat spawners, and 5) calculate the proportion of the 

population mature at each given age. Understanding the mean length-at-age, average age, 

and maturity schedules in a given population are crucial to estimate the number of eggs 

potentially released during a given spawning year. A spawning population consisting of 

only young, small, virgin spawners produces significantly fewer eggs than a similarly 
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sized population that has a large proportion of older, larger spawners. Additionally, the 

same methods used to determine maturity schedules and ages can be used to determine 

the number of times an individual river herring has spawned in its lifetime. 

Understanding the frequency at which individuals spawn allows for better estimation of 

spawning stocks in future years.  

 

Materials and Methods 

Study Sites 

Pohick Creek, Accotink Creek, Dogue Creek, Quantico Creek, and Cameron Run 

are third order tributaries running through northern Virginia that drain into the Potomac 

River south of Washington D.C. (Figure 5). This stretch of the Potomac River is tidally 

influenced freshwater, which continues into the lower portions of each creek (Jones et al. 

2008a). River herring have been documented to spawn in each river below the Virginia 

fall line (Jones et al. 2008c), except in Cameron Run. River herring have been recently 

documented in low numbers in Cameron Run but the extent of their reach stops at a weir 

system, roughly 0.1 rkm above our study location (Jones and De Mutsert 2014) .  
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Figure 5. Sampling locations of adult river herring within small tributaries leading to the Potomac River in 
Virginia, USA.   

 

Field Methods 

Adults migrating upstream through Accotink Creek and Pohick Creek (Figure 5) 

were sampled by blocking each creek for 24 hours using a hoop net with 1.3 cm mesh 

and 5.1 cm mesh snow fencing once a week from mid-March to May from 2007 to 2015. 
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Cameron Run was sampled the same way from 2013 to 2015 (Figure 5). In 2007 and 

2008, adult river herring were collected from Quantico Creek and Dogue Creek by 

electrofishing (Figure 5). All adult river herring captured were counted, measured, and 

when possible, sex and spawning status were determined. Adults that did not survive 

capture were frozen unless dissection occurred within 48 hours of capture. Adults were 

measured for wet weight (WW; g), standard length (SL; mm), fork length (FL; mm), and 

total length (TL; mm). Scales were collected, cleaned using a mild detergent, and dried 

flat. Sagittal otoliths were collected and stored dry.  

Laboratory Methods 

Sagittal otoliths were cleaned of all fish debris using water. Two separate readers 

viewed otoliths under a dissecting microscope on a black background using reflected 

light based on procedures outlined in the Atlantic States Marine Fisheries Commission 

2013 River Herring Ageing Workshop (ASMFC 2014). Samples were excluded from 

analysis when age was not agreed upon. Five to six scales from each fish were cleaned 

with water and a mild detergent then sandwiched between two slides, examined, and 

photographed using a camera mounted on a dissecting microscope with transmitted light 

and read for annuli and spawning markers (ASMFC 2014). Since river herring were 

captured during the spawning season, the edges of otoliths and scales were counted as 

annuli (Cating 1953).   

Aging Validation 

Otoliths were compared to scale readings to ground truth ages of scales using age 

bias and precision analyses in R© using code provided by Ogle (2015a). Age-biased plots 
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were created by plotting the agreed otolith age versus scale age to visually examine data 

for systematic bias in aging scales (Campana et al. 1995). Ages within the age-biased plot 

were analyzed using a t-test to determine if scale ages agreed with otolith ages (Campana 

et al. 1995). To statistically test for symmetry, McNemar’s test, Evans-Hoenig test, and 

Bowker’s test were used on the age-biased plots to determine the differences around the 

main diagonal of the age-biased plot (Evans and Hoenig 1998).  Average coefficient of 

variation (ACV) was used to determine the variability in scale ages compared to otolith 

ages (Campana 2001; Ogle 2015b).  

Statistical Analyses 

Length-at-age data were used to determine growth curves in nine different growth 

models: von Bertalanffy, Gompertz, Laird-Gompertz, Richards, Logistic, Ratkowsky, 

Francis and Cerrato. All analyses were conducted in Microsoft® Excel® for Mac 2011 

using a built-in add-in, Solver (Haddon 2011). The von Bertalanffy, Gompertz, Laird-

Gompertz, Richards, and Logistic models are traditional age-length models (Beverton 

and Holt 1957; Haddon 2011; Quinn II and Deriso 1999; Ricker 1975). The von 

Bertalanffy growth model is a three-parameter negative exponential equation based on 

the assumption that fish continue to grow throughout their lifetime until a theoretical 

asymptotic length (L∞) is reached (Table 1; von Bertalanffy 1938). The rate at which the 

asymptotic length is reached (K) and the hypothetical age at which length is zero are also 

determined (t0; Table 1; von Bertalanffy 1938).  The hypothetical age at which length 

equals zero (t0) is the x-intercept of the growth curve and is extrapolated based on 

available data, but biologically has no meaning for interpretation (Haddon 2011; Quinn II 
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and Deriso 1999; Sparre and Venema 1998). The Gompertz growth model is a sigmoidal 

function used to determine the same three-parameters as von Bertalanffy (Table 1; 

Gompertz 1825). The Laird-Gompertz growth model is a re-parameterized Gompertz 

growth model with three parameters, two of which are the same as the Gompertz growth 

model (L∞ and t0; Table 1; Laird 1964, Zweifel and Lasker 1976). The third parameter, K, 

is changed to a dimensionless parameter (k) where the initial specific growth rate (A0) 

decays over time at a specific exponential decay rate (a; Table 1; Laird 1964). The 

Logistic growth model has the same variables as the von Bertalanffy and Gompertz 

growth models, but it was originally developed to model the size of populations and 

modified to estimate the growth of individuals within a population (Table 1; Ricker 

1975). The Richards growth model is a generalized von Bertalanffy model that takes 

four-parameters into account by adding a shape parameter (δ, where δ ≠ 0), giving the 

model more flexibility in parameter estimations (Table 1; Richards 1959). When δ =1, the 

model is reduced to a von Bertalanffy model, and when δ =-1 it is reduced to a Logistic 

model (Quinn II and Deriso 1999).  

The Ratkowsky, Francis, and Cerrato growth models are expected-value 

parameterizations (Quinn II and Deriso 1999). Using a parameter directly observed from 

the data helps to improve the model statistics (Cerrato 1990; Quinn II and Deriso 1999). 

Originally developed for fisheries, the Ratkowsky growth model is a partial expected-

value parameterization that uses the length (l1) at the youngest age (τ 1) and the length (l2) 

at the oldest age (τ 2) to determine the change in growth (m) and the Ford growth 

parameter (p) depending on the sample size (n; Ratkowsky 1986). The Francis growth 
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model is a complete expected-value parameterization similar to Ratkowsky’s, except it 

adds a length parameter (lm) at the average age (tm), where tm=(t1+t2)/2 and t1<t2 (Table 1; 

Francis 1988). The Cerrato growth model is a simpler, partial expected-value 

parameterization that does not account for sample size but uses the same parameters as 

Ratkowsky’s (Table 1; Cerrato 1990). 

Growth models were run using SL as the measure for length to increase sample 

size in this study, since some of the river herring captured had damaged caudal fins, 

making TL and FL unreliable or unattainable measures. However, past documentation of 

growth parameters for river herring were done with FL or TL. To directly compare this 

study’s results with past studies, the von Bertalanffy growth model was run with FL and 

TL for each species, which are reported in parentheses when applicable to the text.  
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Table 1. Growth models used to determine growth rates for river herring spawning in Potomac River 
tributaries, along with the equations for the growth models and the parameters (Θ) of each. Parameters 
were determined using Microsoft ® Excel ® for Mac 2011 Solver add-in. 

Model Equation Θ Units Interpretation of parameter 
Cerrato 
(Cerrato 
1990)  

!! = !! + (!! − !!)
1 − !!!!!
1 − !!!!!! 

l1  mm Length at youngest age 
l2 mm Length at oldest age 
ρ  Ford growth parameter (ρ 

=exp(-k)) 
Francis 
(Francis 
1988)  

!! = !! +
!!!!!
!!!! [1 − !

!(!!!!)/(!!!!!) 
! = (!! − !!)/(!! − !!) 

l1  mm Length at youngest age 
l2 mm Length at oldest age 
lm  Average age 

Gompertz 
(Gompertz 
1825) 

!! = !!!!
!
!!

!!(!!!!) L∞ mm Mean length of oldest fish in 
population  

K mm/yr Growth rate L∞ is reached; curve 
parameter 

t0 year x-intercept; no biological 
meaning 

Laird-
Gompertz 
(Laird 1964) 

!! = !!!! !!!!"  
k=A0/a 

L0  mm Length at birth 
k NA The initial growth rate divided 

by the rate of decay 
a mm/yr Exponential rate of growth rate 

decay over time 
Logistic 
(Ricker 1975) 

!! = !! 1 + !!! !!!! !!
 

 
L∞ mm Mean length of oldest fish in 

population  
K mm/yr Growth rate L∞ is reached; curve 

parameter 
t0 year x-intercept; no biological 

meaning 
Ratkowsky 
(Ratkowsky 
1986) 

!! = !! + (!! − !!)
1 − !!!!
1 − !!!!  

where ! = 1 + (! − 1) !!!!
!!!!!

 

            ! = !
!!!!!
!!!  

l1  mm Length at youngest age 
l2 mm Length at oldest age 
ρ  Ford growth parameter  

(ρ =exp(-k)) 

Richards 
(Richards 
1959) 
 

!! = !! 1 − !!!! !!!!
!
! 

!! ≠ 0 
 

L∞ mm Mean length of oldest fish in 
population  

K mm/yr Growth rate L∞ is reached; curve 
parameter 

t0 year x-intercept; no biological 
meaning 

δ NA δ≠0; parameter giving 
flexibility to model; no 
biological meaning 

von 
Bertalanffy 
(von 
Bertalanffy 
1938) 

!! = !![1 − !!! !!!! ] L∞  mm Mean length of oldest fish in 
population  
(Not max length) 

K mm/yr Growth rate L∞ is reached; curve 
parameter 

t0 year x-intercept; no biological 
meaning 
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The best-fit model was determined using Akaike information criterion (AIC; 

Akaike 1974). Using the sum of squares calculated for each model, AIC was calculated 

by: 

!"# = ln !!" + !!
!       (9) 

where SSQ is the sum of squares, k is the number of parameters, and n is the number of 

samples (Akaike 1974; Hilborn and Mangel 1997). The use of AIC allows for over-

parameterization of a model to be taken into context (Hilborn and Mangel 1997). AIC 

was then transformed to Akaike information criterion weights (w) to determine which 

model was furthest from the true Akaike information criterion value between all of the 

models using the following formula: 

! = !!!.!(!"#!!!"#!"#)

!!!.!(!"#!!!"#!"#)!
!!!

      (10) 

where AICi was AIC value for model i  and AICmin is the lowest AIC value calculated for 

all the models (m).  

An Analysis of Residual Sum of Squares (ARSS) was conducted on the best-fit 

model to determine if there are sex-specific differences in growth parameters. Finally, a 

Likelihood Ratio was used to test which growth parameter(s) are responsible for any 

differences between sexes. The Likelihood Ratio is a chi-squared distribution with 

degrees of freedom that compares the sums of squares (SSQ) of the models for each 

combination of growth parameters by estimating each parameter individually through the 

growth model while holding some parameters constant and calculating the sums of 

squares for each combination of parameters. 
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Spawning marks develop on scales when river herring enter fresh water to spawn, 

and can be used to infer how many times and at what ages each individual spawned 

(Marcy 1969).  The age corresponding to the first spawning mark on a scale is the age at 

maturity for individuals and was used to calculate the maturity schedule for an entire 

population. Maturity schedules were analyzed using multinomial distribution models and 

maximum likelihood methods to determine the probability of maturation at each age 

(Maki et al. 2001). The model developed by Maki et al. (2001) requires 3 assumptions: 1) 

mortality did not differ between mature and immature fish, 2) mature individuals 

spawned in consecutive years, and 3) fish of the same age had the same probability of 

capture, regardless of the number of times the individuals have spawned. The last two 

assumptions were easy to test using the methods described by Maki et al. (2001); 

however, mortality of river herring offshore was not quantifiable using currently 

available data. The moratorium on the species should have provided a fishing mortality of 

zero in spawning streams, but the extent to which Potomac River populations were 

exposed to bycatch mortality offshore is unknown. Final model construction depended on 

the youngest age at which 100% maturity was reached and each younger age group was 

modeled individually based on the percent of mature individuals. When 100% of the 

population reached maturity for all ages combined was calculated according to Maki et 

al. (2001): 

Λ! ∝ !!
!!"!!"#

!       (11) 

where i was the age at capture, j was the age of first spawning, xij was the number of fish 

captured at age i that spawned at age j, and pj was the probability of spawners at age j. 
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For any individuals less than the maximum spawning age, the proportion maturing after 

capture was taken into consideration so the equation changes to:  

Λ! ∝ ( !!
!!!!!"#$$%&

!
! )!!"     (12) 

where the probabilities of immature individuals in the age class (those who had not 

spawned yet) were subtracted from one (Σ!!"#$$%&) (Maki et al. 2001). 

 

Results 

Alewife (n=1,707) were captured in Potomac River tributaries from 2007 to 2015 

and 598 were dissected for aging. Blueback Herring (n=1,159) were captured from 2007 

to 2008 and from 2011 to 2015 and 304 were dissected for aging. In 2015, the catch of 

both species was an order of magnitude higher than any other year during this study 

(Figure 6). Methods and locations were consistent from 2009 to 2015, except that 

Cameron Run was added from 2013 to 2015 resulting in the capture of 1 Alewife, 6 

Alewife, and 16 Alewife in each year, respectively, so the increase was not due to gear 

selectivity or increased effort.  
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Figure 6. Number of Alewife and Blueback Herring captured in Potomac River tributaries from 2007 to 
2015 by the Potomac Environmental Research and Education Center.   

 

Aging 

Alewife 

Otoliths were collected from 574 Alewife over 9 consecutive years (2007-2015) 

and readers agreed on all ages except for 1 Alewife. Ages ranged from 2 to 7 with a mean 

age of females (n=244) of 3.8±1.04 (±SD), and a mean age of males (n=329) of 3.4±0.91 

(±SD). Scales could be read for 532 of the 574 dissected Alewife. Scale aging revealed 

reader bias, particularly in younger ages. Ages 2 and 3 commonly aged older and ages 5, 

6, and 7 commonly aged younger than otolith age agreements; however, ages 4, 6, and 7 

were not statistically different (Table 2). Biases in ages between scales and otoliths were 

statistically different for McNemars test, Evans Hoenig test, and Bowkers test (p=0.0032, 

p=0.0089, p=0.0001, respectively). Scale and otolith ages agreed for 83.1% of the 

samples and were within 1 year for an additional 15.0% of samples, with an ACV of 
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3.8%, indicating the ages were precise according to standards established by Campana 

(2001). 

 

Table 2. The comparison of Alewife otolith ages and scale ages using t-test statistics to determine age bias 
for each given age. 

Otolith 
age 

 Scale age 
t p n min max mean SE 

2 40 2 5 2.7 0.10 6.51 <0.0001* 
3 246 3 6 3.1 0.03 4.60 <0.0001* 
4 158 3 5 4.0 0.03 -0.47 0.6388 
5 65 4 6 4.8 0.06 -3.21 0.0084* 
6 16 4 7 5.7 0.20 -1.58 0.2824 
7 7 5 7 6.3 0.36 -1.99 0.2824 

 

Blueback Herring 

Blueback Herring were sampled from 2007 to 2015, but none were captured in 

2009 and 2010. Otolith readers agreed on 285 out of 287 samples. Ages ranged from 2 to 

6 yrs, with a mean age of females (n=123) of 3.3±0.84 (±SD) and a mean age of males 

(n=164) 3.0±0.79 yr (±SD). Scales could be read for 260 of the 287 dissected Blueback 

Herring, with ages 2 and 3 commonly over-aged by readers, and statistically biased based 

on McNemars test, Evans Hoenig test, and Bowkers test (all p <0.0001; Table 3). Ages 

between scales and otoliths agreed for 87.3% of the samples and were within 1 year for 

an additional 10.8% of the samples. The ACV was 3.2% indicating the aging of samples 

were precise (Campana 2001).  
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Table 3. The comparison of Blueback Herring otolith ages and scales ages using t-test statistics to 
determine age bias for each given age. 

Otolith 
age 

 Scale age 
t p n min max mean SE 

2 54 2 3 2.2 0.06 4.10 0.0007* 
3 156 3 3 3.1 0.02 3.63 0.0151* 
4 33 3 4 4.0 0.03 -1.00 0.6496 
5 13 3 5 4.4 0.24 -2.55 0.0762 
6 4 4 6 5.5 0.50 -1.00 0.6496 

 

Growth Models 

The best-fit growth model for Alewife and Blueback Herring was the Logistic 

growth model; however, the AIC weights (w) were only 0.04% different from the best fit 

and worst fit models for both species (Table 4; Appendix I). For this reason, both von 

Bertalanffy (the most traditionally used growth model) and Logistic growth models were 

used to examine the difference between sexes. However, graphically only the von 

Bertalanffy growth model will be displayed, since the von Bertalanffy model is the more 

commonly used model for fisheries, and the values of the Logistic model were not 

different enough to depict both. All of the models did converge, indicating enough data 

were available for the models to successfully run. However, the similarity in growth 

models could be due to a lack of older fish (Hilborn and Walters 1992). Alewife have 

historically been aged up to 14 years and blueback up to 9 years (ASMFC 2012) but 

maximum ages in this study were 7 years and 6 years, respectively.  
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Table 4. Rank of Akaike information criterion weights (w) calculated for Alewife and Blueback Herring 
based on sample size (n), number of parameters (k), sums of squares (SSQ), and Akaike information 
criterion (AICi) from each growth model.   

Species Growth model n k SSQ AICi w (%) Rank 
Alewife Cerrato 573 3 96,589 11.489 12.5022 4 

 Francis 573 3 96,589 11.489 12.5022 4 

 Gompertz 573 3 96,582 11.489 12.5026 2 

 Laird-Gompertz 573 3 96,582 11.489 12.5026 2 

 Logistic 573 3 96,576 11.488 12.503 1 

 Ratkowsky 573 3 96,589 11.489 12.5022 4 

 Richards 573 4 96,537 11.492 12.4832 8 

 von Bertalanffy 573 3 96,589 11.489 12.5022 4 
       

Blueback 
Herring 

Cerrato 285 3 34,956 10.483 12.5052 4 
Francis 285 3 34,956 10.483 12.5052 4 

 Gompertz 285 3 34,955 10.483 12.5054 2 

 Laird-Gompertz 285 3 34,955 10.483 12.5054 2 

 Logistic 285 3 34,953 10.483 12.5057 1 

 Ratkowsky 285 3 34,956 10.483 12.5052 4 

 Richards 285 4 34,948 10.49 12.4628 8 

 von Bertalanffy 285 3 34,956 10.483 12.5052 4 
 

Alewife 

 The resulting von Bertalanffy growth parameters with SL were L∞=257.2 mm, 

K=0.179, and t0= -6.04, with FL were L∞=273.9 mm, K=0.208, and t0= -5.39 and for TL 

were L∞=317.0 ,m TL, K=0.183, and t0= -5.92 for Alewife. Parameters between sexes 

were statistically different using von Bertalanffy and Logistic growth models (p<0.0001 

for both). Both models show females growing faster than males and attaining larger 

asymptotic lengths (Table 5, Figure 7a). The standardized residuals for the von 

Bertalanffy growth curve were randomly distributed, indicating the model was a good fit 

(Figure 7b). A likelihood ratio test confirmed the difference between sexes was not due to 

coincidence (χ2=229, df=3, p<0.0001 for both models). The interaction between L∞ and K 

were statistically different (χ2=5, df=2, p=0.09) between male and female Alewife using 
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only the logistic growth model. A Bonferroni adjustment changed the critical p value to 

0.007, which resulted in the difference between sexes still not occurring due to 

coincidence; however, the interaction between L∞ and K in the logistic model was no 

longer significant.  

 

Table 5. von Bertalanffy and Logistic growth model parameters for males, females, and sexes pooled of 
Alewife with subsequent sums of squares from model fitting and sample size. 

Model Sex L∞ 
(cm SL) 

K 
(year-1) 

t0 
(year-1) 

SSQ n 

von 
Bertalanffy 

Male 233.8 0.218 -5.97 30,131 329 
Female 250.9 0.237 -5.25 34,579 244 
Pooled 257.2 0.179 -6.04 96,589 573 

       

Logistic Male 230.5 0.279 -3.84 30,127 329 
Female 247.9 0.298 -3.35 34,582 244 
Pooled 249.8 0.254 -3.11 96,576 573 
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Figure 7. A) Observed length-at-age for female (gray dots) and male (black plus signs) Alewife with 
predicted length-at-age based on von Bertalanffy growth models (solid lines). B) Standardized residuals vs. 
fitted values for the von Bertalanffy growth curves for female (gray dots) and male (black plus signs) 
Alewife. 
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Blueback Herring 

The resulting von Bertalanffy growth parameters with SL were L∞=220.3 mm, 

K=0.525, and t0= -1.69, with FL were L∞=267.0 mm FL, K=0.58, and t0= 0.31, and with 

TL were L∞=272.0 mm TL, K=0.53, and t0= -1.65 for Blueback Herring. An ARSS 

revealed that female Blueback Herring grew significantly larger and faster than males 

(p<0.0001; Table 6, Figure 8a) and a likelihood ratio test confirmed the differences were 

significant (χ2=138, df=3, p<0.0001 for both models). Standardized residuals between the 

von Bertalanffy growth model and observed values were random (Figure 8b). Differences 

between sexes were based on the interactions between L∞ and K (χ2=8, df=2, p=0.02 for 

both models) and interactions between L∞ and t0 (von Bertalanffy χ2=5, df=2, p=0.01; 

Logistic χ2=4, df=2, p=0.01). Using a Bonferroni adjustment, the critical p value became 

0.007 and only testing for whether the models for each sex were statistically different was 

still significant, indicating differences between sexes was not a coincidence but no one 

parameter explains this difference.  

 

Table 6. von Bertalanffy and Logistic growth model parameters for Blueback Herring for each sex and 
sexes pooled with subsequent sums of squares from model fitting and sample size. 

Model Sex L∞ 
(cm SL) 

K 
(year-1) 

t0 
(year-1) 

SSQ n 

von 
Bertalanffy 

Male 213.7 0.387 -3.27 8,763 162 
Female 219 0.837 -0.75 11,522 123 
Pooled 220.3 0.525 -1.69 34,956 285 

       

Logistic Male 212.4 0.456 -2.28 8,762 162 
Female 218.8 0.914 -0.41 11,516 123 
Pooled 219.2 0.615 -0.95 34,953 285 
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Figure 8. A) Observed length-at-age for female (gray dots) and male (black plus signs) Blueback Herring 
with predicted length-at-age based on von Bertalanffy growth models (solid lines). B) Standardized 
residuals vs. fitted values for the von Bertalanffy growth curves for female (gray dots) and male (black plus 
signs) Blueback Herring. 
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Maturity Schedules 

Alewife 

Alewife spawning markers were observed for 224 females and 309 males. Male 

Alewife dominated younger age classes, while older age classes had more females 

(Figure 9). Individuals in the Alewife population spawned between 1 and 5 times with an 

average of 1.48 times. The average number of spawns for individuals varied from 1.15 

and 1.85 times per lifetime. Virgin spawners averaged 49.1% of the females and 56.5% 

of the males in the population, with an inter-annual variation of 24.7% and 25.3% 

respectively.  Maturity for Alewife has been reported to occur between the ages of 2 to 4 

years (Fay et al. 1983), but this study found only 75.4% of the population was mature by 

age 4 (i.e. spawned at least once at age 4; Figure 10). All females were mature by age 5, 

while males were mature by age 6. Historically males have been reported to spawn before 

females (ASMFC 2012; Speir and Mowerer 1987), so to ensure the unusually large 2015 

catch of Alewife (183% more than the average from 2007 to 2014) did not skew the 

results, the 2015 data were excluded, and the analysis was rerun. Only 58.3% of male 

Alewife were mature by age 4 without 2015 data, compared to 63.6% with 2015 data 

included  (Figure 11). Additionally, 70% of females were mature by age 4 without the 

2015 data, while 83.3% of females were mature with the 2015 data (Figure 11). 

Excluding the anomalous strong year class revealed stronger evidence for females 

maturing earlier than males.  
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Figure 9. The frequency of female (pink) and male (blue) Alewife that were first-time (virgin; dark color) 
or repeat spawners (faded color) in each age class. 

 

 

 
Figure 10. The proportion of females, males, and pooled sexes of Alewife mature at a given age. 
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Figure 11. The proportion of females, males, and pooled sexes of Alewife mature at a given age excluding 
individuals captured in 2015. 

 

Blueback Herring 

Spawning markers were observed on Blueback Herring scales of 116 females and 

160 males. Male Blueback Herring were dominant in age classes 2 and 3, while females 

were slightly more abundant in ages 4 through 6 (Figure 12). Blueback Herring spawned 

between 1 and 3 times in their life with a population average of 1.25 times. The average 

number of spawns per individuals within the population varied from one year to the next 

between 1 time and 1.52 times. Virgin spawners dominated the populations with an 

average of 79.6% of the females and 72.8% of the males with interannual variability of 

14.7% and 33.3% respectively. Blueback Herring have been documented to mature 

between 2 and 6 years (Fay et al. 1983; Loesch 1987). All Blueback Herring were mature 

by age 5 (Figure 13).  Females generally matured faster than males with 66.7% reaching 
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maturity by age 4 versus only 40.0% of males maturing by age 4 (Figure 13). Again 2015 

fish were excluded and proportions mature reanalyzed to determine if the large catch in 

2015 changed the maturity schedules for each sex. Without 2015 data, only 40.0% of 

females and 33.3% of males were mature by age 4 (Figure 14). Again for Blueback 

Herring, while fish captured in 2015 increased the sample size, the trend of females 

maturing before males did not change with or without the large year class.  

 

 
Figure 12. The frequency of female (pink) and male (blue) Blueback Herring that were first-time (virgin; 
dark color) or repeat spawners (faded color) in each age class. 
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Figure 13. The proportion of females, males, and pooled sexes of Blueback Herring mature at a given age. 
 

 

 
Figure 14. The proportion of females, males, and pooled sexes of Blueback Herring mature at a given age 
excluding individuals caught in 2015. 
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Discussion 

Female river herring grew faster and matured earlier than males for both species. 

Previous studies have documented size differences between sexes for both species 

(Howell et al. 1990; Klauda et al. 1991a; Loesch 1987; Loesch and Lund 1977; Marcy 

1969). However, previous maturity schedules based on scale ages show males maturing 

faster than females (100% of male Alewife mature by age 4 versus 98% of females and 

33% of male Blueback Herring mature by age 3 versus only 6.3% of females) in 

Maryland rivers from 1984 to 1985 (Speir and Mowerer 1987). In 2010, 84% of male 

versus 66% of female Alewife and 100% of male versus 93% of female Blueback 

Herring were mature by age 4 in the Nanticoke River, Maryland (ASMFC 2012). In the 

current study, some individuals of both sexes of Alewife and Blueback Herring matured 

earlier than previous reports, while other within the populations matured later than 

previous studies. Several age 2 river herring were captured spawning in the Potomac 

River. Speir and Mowerer (1987) caught only one age 2 spawning Blueback Herring and 

zero age two spawning Alewife. Speir and Mowerer (1987) reported 99% of Alewife and 

100% of Blueback Herring were mature by age 4, as compared to age 5 in this study.  

I hypothesize that some river herring in the Potomac River population were 

maturing at earlier ages than previously reported due to overfishing. Transition to 

maturing at younger ages has been documented to occur after heavy fishing pressures in 

Atlantic Cod Gadus morhua (Trippel 1995), several Pacific Salmon species  (Ricker 

1981) and numerous other species (Darimont et al. 2009). This response is presumed to 

occur when the large individuals are removed from the system, releasing intraspecific 
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competition, and allowing smaller, younger individuals to develop faster (Ricker 1981; 

Thorpe 1993). One hypothesis to explain why females were maturing faster than males 

could be that fisheries historically targeted females more since they were larger, thus 

females were removed from the system faster than males. Hilton et al. (2014) observed 

male: female ratios of 1:5.23 to 1:10.58 in Virginian rivers when utilizing gear to mimic 

the historical fishery, indicating mature female fish were selected for more than males.  

While the population has been in decline for several years, 2015 was the first year for a 

complete cohort to be protected under the moratorium. Females grow faster than males, 

so a compensatory response to population density may allow for females to mature faster. 

However, there has been no documented study of females and males switching maturity 

schedules due to overfishing in other fish populations at this time. 

Another hypothesis that explains why some individuals are maturing later is that 

endocrine disrupting chemicals (EDC) are impacting the maturity schedules of river 

herring in Potomac River tributaries. Wild roach Rutilus rutilus and gudgeon Gobio 

gobio in United Kingdom rivers have shown evidence of intersexuality, or 

hermaphroditism, when exposed to wastewater treatment effluent in early life stages, and 

the affluent effected males more than females (Jobling et al. 2002). Additionally, a large 

proportion of exposed males displayed delayed maturity through delayed 

spermatogenesis and exposure as larvae induced feminization in males (Jobling et al. 

2002). In the Potomac River, endocrine disruptors have been documented to impact 

Smallmouth Bass Micropterus dolomieu through the development of testicular oocytes in 

males (Blazer et al. 2012). A recent study also documented several species of fish from 
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Gunston Cove contain high concentration of EDC’s in tissue samples, including Alewife 

(Arya 2015). Mean concentrations of dexotromethorphan (an EDC) was 45.3 ± 9.12 ng/g 

wwt and 49.1 ± 9.68 ng/g wwt and triclosan (an EDC) was 76.1 ± 9.13 ng/g wwt and 

47.9 ± 6.89 ng/g wwt in Alewife collected from Accotink and Pohick creeks, respectively 

(Arya 2015); however, gonads were not examined to determine impact to maturity and/or 

spawning. With elevated levels of EDC’s found within river herring captured from 

Potomac River tributaries, EDC’s could explain why more males are delaying maturity, 

thus switching maturity schedules between the sexes. However, a detailed gonad analysis 

of spawning adults in Potomac River tributaries is needed to confirm this hypothesis. 

Similar trends in age at maturity were not seen in river herring populations spawning in 

the Choptank and Nanticoke rivers, as well as the Alewife population spawning in the 

Susquehanna River (M. Ogburn, Smithsonian Environmental Research and Education 

Center, personal communication; Appendix II). However, maturity schedules of 

Blueback Herring in the Susquehanna River did show a higher proportion of females than 

males becoming mature at ages 2 and 3 (Ogburn, personal communication; Appendix II), 

indicating this is not only occurring in the Potomac River.   

The estimated L∞  (L∞=273.9 mm FL for Alewife and L∞=242.0 mm FL for 

Blueback Herring) were smaller in the present study than in previous studies. The 

Northeast Fisheries Science Center (NEFSC) bottom trawl survey conducted from 1973 

to 1987 estimated growth parameters with FL and concluded L∞=282.6 mm for Alewife 

and L∞=267.0 mm for Blueback Herring (ASMFC 2012).  The asymptotic length was 

also smaller for each sex in Messieh (1977) and in New Hampshire rivers (Table 7; 
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ASMFC 2012). The differences between the asymptotic lengths were mostly likely due to 

a lack of older individuals captured in the Potomac River. A lack of older fish in a 

population assessment of growth parameters can lead to a poor estimation of the 

asymptotic length (Hilborn and Walters 1992). A lack of representation of older fish in 

the dataset can result from high adult mortality rates, gear selectivity, or under-aging of 

fish (Francis 1988). High adult mortalities in offshore river herring have been linked to 

historical overfishing practices and current bycatch of adult fish (ASMFC 2012; Greene 

et al. 2009; Hasselman et al. 2015; Hightower et al. 1996). The current moratoria for 

these species have only been in effect regionally for 3 years, providing a limited amount 

of protection for river herring older than the moratoria. 
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Table 7. von Bertalanffy growth model parameters for Alewife and Blueback Herring for each sex from the current study, Messiah (1977) and a New 
Hampshire population (ASMFC 2012) calculated for fork length and total length (denoted by parentheses). 
             von Bertalanffy Growth Parameters 
Species Sex Location Years Length Source L∞ (mm) K t0 

Alewife Male St. John's River, New Brunswick 1975 FL  Messieh 1977 292  0.44  0.14  
 Male Potomac River 2007-2015 FL (TL) Current Study 247  (297) 0.29  (0.18) -4.64  (-7.03)  
 Male New Hampshire Rivers 1990-2008  (TL) ASMFC 2012  (305)  (0.54)  (-0.26) 
 Female St. John's River, New Brunswick 1975 FL  Messieh 1977 310  0.40  0.10  
 Female Potomac River 2007-2016 FL  (TL) Current Study 272  (305) 0.27  (0.30) -4.62  (-4.02)  
 Female New Hampshire Rivers 1990-2008  (TL) ASMFC 2012  (322)  (0.51)  (-0.26) 
             

Blueback Male St. John's River, New Brunswick 1975 FL  Messieh 1977 231  0.59  0.34  
Herring Male Potomac River 2007-2015 FL  (TL) Current Study 231  (263) 0.45  (0.42) -2.44  (-2.93)  
 Male New Hampshire Rivers 1990-2008  (TL) ASMFC 2012  (287)  (0.54)  (-0.25) 
 Female St. John's River, New Brunswick 1975 FL  Messieh 1977 26  0.47  0.28  
 Female Potomac River 2007-2016 FL  (TL) Current Study 245  (275) 0.70  (0.79) -0.79  (-0.53)  
  Female New Hampshire Rivers 1990-2008  (TL) ASMFC 2012  (328)  (0.37)  (-0.31)  
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The rate for which the asymptotic length was reached (K) was lower for Alewife 

and male Blueback Herring (Table 7), which could be due to a lack of smaller individuals 

in the previous studies (D. Ogle, Northland College, personal communication). The 

current study used Alewife that ranged from 2 to 7 years and Blueback Herring ranging 

from 2 to 6 years; however, in both previous studies river herring ranged from 3 to 9+ 

years (ASMFC 2012; Messieh 1977). When age 2 individuals were removed from my 

analysis, K increased from 0.179 to 0.243 mm yr-1 for combined sexes of Alewife and 

from 0.525 to 0.697 mm yr-1 for combined sexes of Blueback Herring.  

Scales commonly led to higher ages for both species when compared to otoliths of 

2 or 3 years old in the current study. The ASMFC River Herring Aging Workshop found 

participating state agencies also over-aged scales of younger fish and under aged scales 

of older fish (ASMFC 2014). Many agencies base the methods for aging river herring 

scales on the methods developed by Cating (1953) for American Shad. Marcy (1969) 

developed transverse groove counts specific to river herring captured in Connecticut 

based on Cating’s (1953) method. However, Marcy’s (1969) method does not take 

geographical locations into account as a factor on fish growth and scale formation (Duffy 

et al. 2011). The use of transverse grooves, outlined by Cating (1953) and Marcy (1969), 

to determine location of freshwater zones and the first three years of age resulted with 

inconsistencies  between ages in different geographical regions of American Shad ranges 

(Duffy et al. 2011). Age validation with known-aged river herring needs to be completed 

for each geographical region for scales to be reliable as an aging technique for river 

herring. The ASMFC River Herring Aging Workshop has developed protocols to 
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standardized aging techniques, as well as starting a reference collection for aging 

structures from different rivers of the throughout the US east coast.  

In conclusion, this study documented differences in the maturity schedules of 

river herring spawning in Potomac River tributaries. Differences in maturity could not be 

attributed to differences in aging scales versus otoliths, since only otolith ages were used 

in the maturity schedule calculations. The population changed from males maturing at 

earlier ages to females maturing early. Since females grow faster than males, they could 

have taken a greater advantage of the compensatory mechanism due to overfishing. 

Additionally, EDC’s have been documented in Potomac River tributaries and have been 

linked to feminization of male Smallmouth Bass (Blazer et al. 2012). Shifts in females 

maturing before males are important to incorporate into age-based stock assessments of 

local populations. More research is needed to determine if the changes to maturity 

schedules are due to EDC’s, overfishing, or other causes, whether the changes are 

temporary, or how the changes impact reproductive potential for the population.  Was the 

183% percent increase in spawning river herring in 2015 compared to the average of the 

109 individuals years before that due to the moratoria working to increase the 

populations, or an extremely good year class? Continued monitoring in these locations in 

future years will help make this determination. This study reveals the importance of 

validating aging techniques for river herring species, as well as continuing to monitor the 

ages and spawning frequencies of the population. Many management agencies are calling 

for an increase in the count of individuals running for spawning (run counts) and 

abundance estimates of these populations (ASMFC 2012; ASMFC 2016; RHTEWG 
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2015). In addition, if scale aging can be validated, it could be a useful, non-lethal option 

to gain valuable insight into the population. Documenting river herring abundances is 

only a small component in understanding a population that may have dramatically 

changed over the decades through overfishing and degraded habitats. The additional age 

and growth estimates completed in this study provide necessary information needed in 

the ongoing efforts to restore these once great fisheries. 
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CHAPTER TWO: GROWTH AND MORTALITY RATES OF LARVAL AND 
JUVENILE ALEWIFE ALOSA PSEUDOHARENGUS AND BLUEBACK 

HERRING A. AESTIVALIS IN POTOMAC RIVER TRIBUTARIES 

Abstract 
Development and survival of young-of-the-year (YOY) river herring are dependent on a 

multitude of environmental variables, such as temperature, DO, and turbidity, as well as 

the availability prey and predators. Each variable differs based on the geography and 

ecosystem dynamics of the nursery. The purpose of this study was to determine the site-

specific growth and mortality rates of YOY river herring in Potomac River tributaries. 

Otoliths were collected from YOY river herring to determine the daily ages and calculate 

growth rates using eight growth models. The best-fit growth model was determined using 

Akaike Information Criterion (AIC). The von Bertalanffy growth model was the best-fit 

model for both species. Growth parameters differed between years for both species, and 

between monthly cohorts for Blueback Herring (all p’s <0.05). Alewife daily growth 

rates ranged from 0.62 to 0.91 mm/d for larvae and 0.13 to 0.46 for juveniles, while 

Blueback Herring ranged from 0.56 to 1.02 mm/d for larvae and 0.05 to 0.40 mm/d for 

juveniles. Mortality rates were difficult to determine for YOY since the gear did not 

effectively sample most of the YOY sizes; however, by implementing indirect mortality 

predictor equations, instantaneous mortality rates ranged from 0.011 to 0.056 d-1 for 
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Alewife and ranged from 0.031 to 0.076 d-1 for Blueback Herring. Estimating site-

specific growth and mortality rates can help managers determine the health of Potomac 

River tributaries as nursery systems.  

 

Introduction 
There is a lack of data about the life history traits of Alewife and Blueback 

Herring in Potomac River tributaries due to a history of being overexploited, the visual 

similarity of the two species resulting in poor management, and an impact by habitat 

degradation. Landings of the two river herring species were commonly combined for 

management purposes due to shared habitat and similar characteristics (NMFS 2009; 

NRDC 2011). This combination has led to a lack of data about the life history traits of 

both species. Habitat degradation has been linked to the decline in both species (ASMFC 

2012; Carvalho 2012; Greene et al. 2009; NRDC 2011). Limburg and Schmidt (1990) 

found that the density of eggs and larvae decreased dramatically after the surrounding 

landscape reached 10% or more urbanization, indicating a spike in mortality at these life 

stages. Similar results have been documented in Maryland rivers with the structures per 

hectare and conductivity explaining 54% and 33% of variation in samples with river 

herring eggs or larvae, indicating both negatively impact the populations (MDNR 2016a). 

Suspended sediments can clog the gills of larval river herring that are filter-feeding 

(ASMFC 2009) and limit the food availability of juveniles that are visual predators of 

zooplankton (Burbidge 1974; Kosa and Mather 2001). Increased water flows due to 
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impervious surfaces and channelization can also lead to a reduction in zooplankton 

biomass (Basu and Pick 1996) and in aquatic macroinvertebrate larvae (Baxter et al. 

2005; Iwata et al. 2003), thus reducing available prey for young-of-the-year (YOY) river 

herring. Additionally, many higher level predators found in Potomac River tributaries, 

such as Snakehead, several Bass and Catfish species, have been documented as predators 

of river herring and their increasing abundances could lead to a direct decrease of adult 

and juvenile survival (Couture and Watzin 2008; Jearld and Brown 1971; Saylor et al. 

2012; Schloesser et al. 2011). Given the increasing anthropogenic impacts to larval and 

juvenile river herring in the Potomac River, determination of the growth and mortality 

rates of these species is needed. The objectives of this study are to determine the site-

specific growth rates and mortality rates in Potomac River tributaries. Understanding the 

site-specific growth and mortality rates of YOY river herring in Potomac River tributaries 

is essential in determining the success of the habitat as a nursery area. If mortality rates 

are too high or growth rates too low, this would support the hypothesis that river herring 

population declines are caused by habitat degradation.    

Background 

Young-of-the-year river herring are categorized by 4 stages: yolk-sac larvae 

(YSL), post yolk-sac larvae (PYSL), early stage juveniles, and fully developed juveniles. 

At hatch, river herring are 2.5 to 5.0 mm total length (TL) and are reliant on the attached 

yolk-sac for 2 to 5 d (Fay et al. 1983). Post yolk-sac larvae continue development until 

transitioning from larvae to juveniles which begins around 20 mm standard length (SL) 

for Alewife and 15 mm SL for Blueback Herring (Jones et al. 1978). The early stage 
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juveniles are still developing scales and quickly growing in size (Fay et al. 1983). River 

herring are fully developed juveniles around 40 mm SL (Hildebrand 1963).  

Year class success of a species depends on growth and mortality rates of YOY 

(Houde 1987; Houde 1997). Growth and mortality of larval and juvenile river herring are 

dependent on several environmental variables that are highly site specific, such as 

temperature, DO, prey availability, and predation (Edsall 1970; Essig and Cole 1986; Fay 

et al. 1983; Heinrich 1981; Houde and Zastrow 1993; Kissil 1974).  Mortality rates and 

growth rates are usually linked to the same environmental variables (Cushing 1975; 

Edsall 1970; Houde 1989; Houde 1997; Ware 1975). For example, growth rates increase 

with temperature until the a maximum tolerance is reached, then mortality increases at 

and above that temperature (Edsall 1970). Additionally, mortality rates are dependent on 

growth rates, e.g. slower growing individuals have higher mortality rates through 

predation because they are small for a longer period of time (Houde 1997). Tuckey 

(2009) estimated growth and mortality rates for juvenile Blueback Herring in three 

Virginia rivers and concluded that these rates were specific to the riverine conditions that 

control production from year to year.  

While the von Bertalanffy growth model is traditionally the most used model for 

fisheries, Katsanevakis and Maravelias (2008) reported that the von Bertalanffy growth 

model was not the best fit model for 65.4% species tested. Additionally, Lester et al. 

(2004) documented that YOY grow at more linear rates than adults, making more linear 

growth models, like the logistic model, a better fit. Determining the best fit model 

specific to species within the Potomac River, will allow for a better determination of site-
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specific growth and mortality rates for these populations and lead to a better 

understanding of the health of Potomac River tributaries as nursery habitats for YOY 

river herring.  

 

Materials and Methods 
Study Sites 

 Gunston Cove and Hunting Creek are shallow embayment systems fed by third-

order tributaries that drain into the tidal Potomac River (Figure 15; Jones 2008; Jones and 

De Mutsert 2014; Lippson et al. 1981). Adult river herring spawn in Pohick Creek and 

Accotink Creek, where eggs and larvae travel back down stream to Gunston Cove (Jones 

and De Mutsert 2013). Similarly, Cameron Run are the tributaries utilized by adult river 

herring and YOY flow back downstream to Hunting Creek (Jones and De Mutsert 2014) . 

These tidally influenced systems serve as nursery habitats for YOY river herring until 

fall, where environmental conditions directly impact survival. Both systems are classified 

as eutrophic, with excess nutrients added through runoff from the surrounding watershed 

and through wastewater treatment plants, such as Noman M. Cole, Jr. Pollution Control 

Plant (located on Pohick Creek) and the Alexandria Renew Management Facility (located 

on Cameron Run). Both treatment facilities have reduced nutrient loading since the 

1970’s, but urbanization has increased in both watersheds along the same time frame 

(City of Alexandria 2001; Jones and De Mutsert 2013; Jones and De Mutsert 2014) . 

YOY river herring have been collected in Gunston Cove since 1984 and Hunting Creek 
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since 2013, but growth rates and mortality rates have not been studied in either system 

(Jones and De Mutsert 2013; Jones and De Mutsert 2014).  

 

 
Figure 15. Locations of Gunston Cove and Hunting Creek, small tributaries of the Potomac River, Virginia, 
USA and the smaller tributaries, Pohick Creek, Accotink Creek, and Cameron Run, that leads into them, 
respectively. 
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Field Methods 

Ichthyoplankton were sampled in Pohick Creek, Accotink Creek, and Cameron 

Run from March to May in 2013, 2014, and 2015 (Figure 15). Larvae drifting back 

downstream from the spawning sites were sampled once a week for 20 minutes using 

0.25 m diameter conical plankton net with a square mesh size of 0.333 mm. A flow meter 

was attached to the mouth of each net to determine water volume sampled. Depth and 

flow profiles were conducted simultaneously with plankton tows to determine total 

discharge of the stream. Ichthyoplankton were also collected in Gunston Cove (STA7 and 

STA9) and Hunting Creek (AR2 and AR4) with 0.5 m diameter conical plankton net with 

0.333 mm square mesh (Figure 16). The ichthyoplankton net was towed behind the boat 

for 2 minutes at each of three depths: near bottom, mid-depth, and near surface. 

Ichthyoplankton nets were fitted with flow meters to determine the water volume 

sampled during tow. Collected ichthyoplankton were preserved with 70% ethanol and 

identified to lowest possible taxa in the laboratory.  

Juveniles were collected in 2013, 2014, and 2015 in Gunston Cove and Hunting 

Creek (Figure 16). Juveniles were collected from April to September using otter trawls, 

seine nets, and fyke nets at predetermined sites every other week for 10 weeks. In 

Gunston Cove, 3 otter trawls were pulled for 5 minutes at 2 knots (STA10, STA7, and 

STA9), 4 seine nets were pulled along the shore for 50 to 100 m (STA4, STA4A, STA6, 

and STA11), and 2 fyke nets were soaked for 5 hours (STA4 and STA10; Figure 16). In 

Hunting Creek, 2 otter trawls were towed for 5 minutes at 2 knots (AR3 and AR4) and 2 

seine nets were pulled along the shore for 50 to 100 m (AR5 and AR6; Figure 16). The 
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abundance of juveniles per m2 was calculated for each seine and trawl sampled by 

calculating the area sampled by the gear. Areas sampled by seines were the distance the 

seine was pulled offshore (perpendicular to the shore) multiplied by the distance along 

the shore (parallel to the shore) it was pulled. Areas sampled by trawl were calculated 

using the following formula:  

a=D*hr*X2      (13) 

where a is the area sampled, D is the distance traveled by the trawl (determined by 

velocity times time), hr is the length of the head rope, and X2 is the fraction of the head 

rope utilized when trawl is deployed (hr*X2=the width of the trawl path; Sparre and 

Venema1998). The head rope and fraction of head rope utilized were used to calculate 

the “wing spread” or width of the trawl path, since the diameter of the net is difficult to 

determine while deployed in the water. Pauly (1980) suggests using an X2 of 0.5 (as cited 

by Sparre and Venema1998).  
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Figure 16. Locations of sampling stations within Gunston Cove (blue box) and Hunting Creek (green box).  
Seines (yellow square) are conducted at STA4, STA4A, STA6, STA11, AR5, and AR6. Trawls (red circle) 
are conducted at STA10, STA7, STA9, AR3, and AR4. Fyke nets (black circle) are only set in Gunston 
Cove and are conducted at STA4 and STA10. 
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Environmental Variables 

Mean monthly creek discharge from March to October was downloaded from the 

U.S. Geologic Survey gauge stations for Accotink Creek (#01654000) and Cameron Run 

(#01653000). Mean monthly water temperature for Accotink Creek was also downloaded 

from the U.S. Geological Survey gauge station (#0165400). Water temperature for 

Cameron Run was downloaded from the National Data Buoy Center, Station 44061, 

which is located where Hunting Creek meets the Potomac River. Daily creek discharge 

and temperature were not available for Pohick Creek in either database, so data collected 

during fish sampling in the creek was used.  

Laboratory Methods 

Juveniles were frozen in the lab until dissection could occur. All individuals were 

measured for wet weight, SL, fork length (FL), and TL. Larvae were immediately stored 

in 70% ethanol in the field, then identified using a dissecting microscope and measured 

for SL or notochord length (NL) depending on stage of development. Identification of 

larval Alosa sp. was conducted by methods developed by Walsh et al. (2005).  Sagittal 

otoliths were removed from a subsample of YOY specimens and mounted on slides using 

thermoplastic glue. At least 25 fish of each species was used from each catch. Aging 

otoliths consists of counting the daily growth increments (rings). Larval otoliths were 

aged whole, and juvenile otoliths were ground using fine-grit sandpaper until rings were 

clear under transmitted light. Two separate readers aged otoliths in blind readings. The 

age was averaged if the difference was less than 10%. Samples were discarded when the 

difference between ages was more than 10%.  
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The readers used juveniles of a known age to validate aging techniques. The 

Virginia Institute of Marine Science provided 30 American Shad Alosa sapidissima (a 

similar species) of known age for validation. Readers would first read known aged 

samples before beginning analysis of unknown field-collected samples.  

Growth and Mortality 

Eight growth models (von Bertalanffy, logistic, Gompertz, Laird-Gompertz, 

Richards, Ratkowsky, Cerrato, and Francis) were fitted to age-at-length data using 

Microsoft Excel © Solver separately for mature and immature individuals because 

growth at younger stages predominately occurs at a linear rate, as opposed to the 

asymptotic rate at which adults are assumed to grow (Lester et al. 2004). The best-fit 

model was determined by using Akaike information criterion (AICw; same analysis as in 

Chapter 1).  

Juveniles were binned by year and month of hatching, with growth models fitted 

to each set of binned data. An Analysis of Residual Sum of Squares (ARSS) was used to 

determine if fitted growth models differed between juveniles binned by year and/or by 

month of hatching (Haddon 2011). When data were binned by month, some data had to 

be excluded due to insufficiency of data in the individual bin to run a von Bertalanffy 

growth model. For example, there was only one Alewife captured that hatched in June of 

2015, so a von Bertalanffy growth curve could not be completed. The sums of squares of 

each fitted monthly growth model were summed and compared to the fit of the combined 

monthly data (pooled) to determine if the fitted growth models differed between months. 

Any data that were excluded from monthly bins were also excluded from the pooled data, 
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to ensure sample size did not affect the ARSS. Instantaneous growth rates (Gt) were 

calculated based on a derivative of the von Bertalanffy growth curve (best fit model) for 

each data bin:  

(Gt=K*(L∞-Lt))     (14) 

where K and L∞ are von Bertalanffy growth parameters and Lt is the standard length 

predicted by the growth parameters at time t. Instantaneous growth rates were estimated 

for larvae at age 2 and 20 days (G2 and G20), as well as for juveniles at age 60 and 120 

days (G60 and G120).  

Ages were assigned to juveniles that were measured but not aged through the use 

of an age-length key (ALK). Using 5 mm intervals for length, the proportion of aged 

individuals in each bin at each age was determined. Those proportions were then applied 

to samples of unknown aged fish in each corresponding bin (Kimura 1977). Proportions 

were calculated in R© using methods described by Ogle (2015b) and the FSA R© 

package. Due to the bias created with low samples sizes when running growth models 

(Coggins et al. 2013), ages determined by ALK were only used for mortality estimations.  

Habitat specific mortality rates were calculated for juveniles using a catch curve 

analysis (Deriso et al. 1985; Haddon 2011; Höök et al. 2007; Quinn II and Deriso 1999). 

Catch curve analysis estimates the instantaneous mortality rate (Z) by using total 

abundance between multiple years or cohorts (N) following the log-transformed equation:  

!" !!!! = !" !! − !    (15) 

For YOY river herring, fishing mortality was assumed to be zero since there was no legal 

target fishery or bycatch for these life stages in Potomac River tributaries. Thus, for 
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purposes of this study, the equation can be solved for natural mortality (M) in place of 

total mortality (Z). One-month cohorts (N) were used based on the hatch date of 

individuals within the catch.  

 Catch curve analysis is one of the most popular ways to calculate mortality but the 

abundance used for Nt must be an age where fish are fully selected by the fishing gear 

(Deriso et al. 1985; Quinn II and Deriso 1999). A fish of a particular age is fully selected 

by the gear when that gear is able to capture all fish in that particular size range. 

Individuals smaller or larger than that range can occasionally be captured, for example 

when submerged aquatic vegetation clogs the mesh of the gear, thus capturing smaller 

individuals; however, when a gear does not specifically target a particular size (e.g. when 

it is smaller than the mesh size of a net), the number of individuals in that size range 

cannot be properly estimated. In this study, the analysis was limited since fish at younger 

ages were not fully selected for, thus were removed from the analysis. Since the purpose 

of this study was to estimate mortality of YOY (including larvae) river herring, which 

were not fully selected for during the time they are found in the nursery, mortality was 

also estimated using indirect alternatives outlined by Hoenig (1983) and Then et al. 

(2014). The alternatives use either the growth parameters or maximum age to estimate 

natural mortality within a system. Hoenig (1983) proposed the following equation to 

estimate mortality (M):  

! = !!.!"!!.!"!"#!(!!"#)    (16) 
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where tmax is the maximum age of the fish in the system. Then et al. (2014) proposed two 

equations to be used based on the maximum age (to be used when possible) and based on 

L∞ and K from the von Bertalanffy growth equation.   

! = 4.899!!"#!!.!"#     (17) 

! = 4.11!!.!"!!!!.!!    (18) 

All three equations were used in this study to estimate the instantaneous natural mortality 

per day from the hatching until emigration out of the system. A more common alternative 

was proposed by Pauly (1980) that uses von Bertalanffy growth parameters and 

temperature to estimate instantaneous natural mortality; however, Pauly’s (1980) 

methods overestimate the mortality for clupeid species, so they were not used in this 

study. All of the outlined methods were conducted in R© using metaM() function 

available in the FSA package (Ogle 2015b). The percent of the population that succumbs 

to mortality per day (A) can be calculated from the instantaneous mortality based on the 

following equation: 

! = 1− !!!     (19) 

where Z is the total instantaneous mortality, which was equal to M for this study.  

 

Results 
Larval Alewife were present in ichthyoplankton samples from March to July, and 

Blueback Herring were present from April to July. Based on ichthyoplankton densities, 

both species of river herring had peak production between mid-May to mid-June in all 

three years (Figure 17). Juvenile Alewife (n=380) and Blueback Herring (n=757) were 
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captured from Potomac River tributaries from 2013 to 2015, with peak catches varying 

between years for both species (Figure 18). However, catches were always more 

abundant in the trawls than the seines (Figure 18). Juvenile Alewife were 14 mm SL to 

74 mm SL, and juvenile Blueback Herring were between 15.1 mm SL and 59 mm SL. 

The average SL for the juveniles captured increased with each month, with 3 exceptions 

(Figure 19). Juvenile Alewife average SL decreased from May to June 2015 and juvenile 

Blueback Herring SL decreased from July to August 2014 and June to July 2015. 
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Figure 17. Average density of Alewife and Blueback Herring ichthyoplankton captured from March to July 
in 2013, 2014, and 2015. Please note that 2015 data were not complete at the time of this study and 
abundance of ichthyoplankton was higher than depicted.   

 

2015 
2013 

2014 
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Figure 18. The abundance of juvenile Alewife and Blueback Herring captured in Potomac River tributaries 
from 2013 to 2015 based on date of capture and gear type.   
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Figure 19. Box plot of the standard lengths of juvenile Alewife and Blueback Herring per month of capture 
in Potomac River tributaries from 2013 to 2015. 

 

Otoliths were collected from 319 Alewife (60 larvae and 259 juveniles) and 391 

Blueback Herring (51 larvae and 340 juveniles). Readers were within 10% agreement for 

315 YOY Alewife otoliths and 387 YOY Blueback Herring otoliths. Larval Alewife and 

Blueback Herring (up to 20 mm) ranged from hatchings (1 d) to 22 (d), while juvenile 

Alewife ranged from 25 d to 161 d and juvenile Blueback Herring 26 d to 132 d. Peak 

hatching for YOY Alewife occurred in May with secondary peaks occurring in April for 
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2014 and 2015 (Figure 20). Blueback Herring peak hatching occurred multiple times 

from May to July each year (Figure 20).  

 

 
Figure 20. The abundance of juvenile Alewife and Blueback Herring captured in Potomac River tributaries 
from 2013 to 2015 based on date of hatching and gear type. 
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Environmental Conditions  

Monthly mean water temperatures increased from March until July each year 

(Figure 21). Pohick Creek had higher temperatures than Accotink Creek and Cameron 

Run in March and April because it was the only site where wastewater effluent from the 

Noman M. Cole, Jr. Pollution Control Plant was discharge upstream of where 

temperatures were measured. Temperature peaked in July in Accotink Creek and Hunting 

Creek at approximately 30°C in 2013 and at 28°C in 2014. In 2015, Accotink Creek 

peaked at 28.9°C in August and Hunting Creek peaked at 28°C in July. Temperatures 

were only collected in Pohick creek from March to May each year, so when the 

temperatures peak is unknown. The mean monthly discharge (ft3/s) was moderate in the 

spring for 2013 and 2015 in all creeks (Figure 22). Peak discharge was in June then flows 

decreased until the lowest flow occurring in September of 2013 and 2015. In 2014, high 

flows were experienced in April and decreased until the lowest flow in September.  
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Figure 21. Mean monthly temperature in Accotink Creek, Pohick Creek and Hunting Creek, which are 
tributaries to the Potomac River. Data downloaded from the USGS (Units #01654000) for Accotink Creek 
and from the NDBC (Station 44061) for Cameron Run. Data for Pohick Creek were collected during fish 
sampling trips. 
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Figure 22. Mean monthly discharge (ft3/s) for Accotink Creek and Pohick Creek (tributaries to Gunston 
Cove) and Cameron Run (tributary to Hunting Creek), which all drain into the Potomac River. Data 
downloaded from the USGS (Units #01654000 and #01653000). Data for Pohick Creek were collected 
during fish sampling trips. 

 

Growth Rates 

The von Bertalanffy, Francis, Cerrato, and Ratkowsky growth models were the 

best fitting models of the eight tested models for YOY Alewife, and all had an AICw 

value of 12.79% (Table 8, Appendix III). Since the von Bertalanffy model has been the 
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most commonly used model in previous studies, it was used for further analysis. The 

best-fit model for juvenile Blueback Herring was the von Bertalanffy growth model with 

a 12.73% AICw value (Table 8, Appendix III). The logistic model was the worst fit model 

for both species but the difference between logistic and von Bertalanffy was only 1.25% 

for Alewife and 0.7% for Blueback Herring (Table 8).  

 

Table 8. Rank of Akaike information criterion weights (w) calculated for young-of-the-year Alewife and 
Blueback Herring based on sample size (n), number of parameters (k), sums of squares (SSQ), and Akaike 
information criterion (AICi) from each growth model. 

Species Model n k SSQ AIC w (%) Rank 
Alewife Cerrato 315 3 7437 8.93 12.79 1 

 
Francis 315 3 7437 8.93 12.79 1 

 
Gompertz 315 3 8078 9.02 12.27 6 

 
Laird-Gompertz 315 3 8078 9.02 12.27 6 

 
Logistic 315 3 9128 9.14 11.54 8 

 
Ratkowsky 315 3 7437 8.93 12.79 1 

 
Richard 315 4 7435 8.93 12.75 5 

 
von Bertalanffy 315 3 7437 8.93 12.79 1 

        

Blueback 
Herring 

Cerrato 387 3 7406 8.93 12.70 2 
Francis 387 3 7406 8.93 12.70 2 

 Gompertz 387 3 7830 8.98 12.35 6 

 
Laird-Gompertz 387 3 7868 8.99 12.32 7 

 
Logistic 387 3 8557 9.07 11.81 8 

 
Ratkowsky 387 3 7406 8.93 12.70 2 

 
Richards 387 4 7376 8.93 12.69 5 

 
von Bertalanffy 387 3 7370 8.92 12.73 1 

 

Alewife 

 The von Bertalanffy growth curves for YOY Alewife differed between years 

(p<0.0001) based on an ARSS comparison. The asymptotic length (L∞) decreased from 

2013 to 2015, while the rate at which L∞ was reached (K) increased (Table 9; Figure 
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23a). The standardized residuals for the Alewife growth curves were randomly 

distributed (Figure 23b), indicating that the von Bertalanffy growth model appropriately 

accounted for the increasing lengths with age. Since L∞ varied between years, K was not 

a good indication of growth rate within the tributaries as it is the rate at which individuals 

reach L∞. Thus a change in L∞, such as when YOY were in the nursery longer one year 

than the next, results in a change in K, regardless of whether the growth rate changed 

between the two years. Instantaneous growth rates were variable at 2 days and 20 days of 

age (prior to transitioning to juveniles), with growth the fastest in 2014 and the slowest in 

2013 (Table 9). However, after transitioning to juveniles, growth rates reduced and were 

less variable between years (Table 9). Growth curves did not differ between months for 

each year (2013 p=0.190, 2014 p=0.203, and 2015 p=0.991). Monthly bins from March 

2013 and June 2015 were excluded since there was not enough data to run a von 

Bertalanffy growth curve and Alewife were not captured in March 2014. There was 

insufficient data to run growth models when YOY Alewife was binned into biweekly 

cohorts. 

 

Table 9. von Bertalanffy growth model parameters young-of-the-year Alewife for each year of collection 
(2013, 2014, and 2015) and all years pooled together with subsequent sums of squares from model fitting, 
sample size, and instantaneous growth rates in mm/d for larvae (G2 and G20) and juveniles (G60 and G120). 

Year L∞ 
(cm SL) 

K 
(year-1) 

t0 
(year-1) 

SSQ n G2 G20 G60 G120 

2013 112.1 0.006 -4.44 2,691 105 0.66 0.59 0.46 0.32 
2014 79.2 0.012 -1.13 1,271 86 0.91 0.74 0.46 0.22 
2015 57.7 0.015 -2.84 2,014 120 0.82 0.62 0.34 0.13 

Pooled 88.3 0.009 -3.76 7,526 311 0.72 0.62 0.44 0.26 
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Figure 23. A) Observed length-at-age for young-of-the-year Alewife collected in 2013 (black triangles), 
2014 (gray dots), and 2015 (charcoal asterisks) with predicted length-at-age based on von Bertalanffy 
growth model (corresponding lines). B) Standardized residuals vs. fitted values for the von Bertalanffy 
growth curves for young-of-the-year Alewife. 
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Blueback Herring 

 The von Bertalanffy growth curves for YOY Blueback Herring differed between 

years (p<0.0001) based on an ARSS comparison. Similar to Alewife, the L∞ increased 

from 2013 to 2015 (Table 10, Figure 24a); however, K decreased from 2013 to 2014 and 

increased from 2014 to 2015 (Table 10, Figure 24a). The standardized residuals for 

Blueback Herring growth curves were randomly distributed (Figure 24b), indicating the 

von Bertalanffy growth model was a good fit to the data. Instantaneous growth rates for 

larvae (2 and 20 d) were highest in 2014 and lowest in 2013 (Table 10). However, 

instantaneous growth rates for juveniles (60 and 120 d) were highest in 2013 and lowest 

in 2015.  

 

Table 10. von Bertalanffy growth model parameters of young-of-the-year Blueback Herring for each year 
of collection (2013, 2014, and 2015), and all years pooled together with subsequent sums of squares from 
model fitting, sample size, and instantaneous growth rates in mm/d for larvae (G2 and G20) and juveniles 
(G60 and G120). 

Year L∞ 
(cm SL) 

K 
(year-1) 

t0 
(year-1) 

SSQ n G2 G20 G60 G120 

2013 63.3 0.014 -1.87 1,782 112 0.81 0.64 0.37 0.16 
2014 52.4 0.018 -1.54 1,774 132 0.90 0.65 0.31 0.10 
2015 46.1 0.020 -2.60 1,641 138 0.83 0.58 0.26 0.08 

Pooled 54.8 0.016 -2.39 6,644 382 0.80 0.61 0.32 0.13 
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Figure 24. A) Observed length-at-age for young-of-the-year Blueback Herring collected in 2013 (black 
triangles), 2014 (gray dots), and 2015 (charcoal asterisks) with predicted length-at-age based on von 
Bertalanffy growth model (corresponding lines). B) Standardized residuals vs. fitted values for the von 
Bertalanffy growth curves for young-of-the-year Blueback Herring. 
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 Growth models of YOY Blueback Herring binned into monthly cohorts differed 

between months for each year (2013 p=0.028, 2014 p<0.001, and 2015 p=0.019). In 2013 

and 2015, larvae that hatched in June had the highest growth rates (G2 and G20), but in 

2014 larvae hatched in May had the highest growth rates (Table 11).  Conversely, 

juveniles hatched in May had the highest growth rates in 2013 and 2015, while in 2014 

juvenile hatched in June had the highest growth rates (Table 11).  

 

Table 11. von Bertalanffy growth model parameters young-of-the-year Blueback Herring binned into 
monthly cohorts for each year of collection (2013, 2014, and 2015) and all months pooled together with 
subsequent sums of squares from model fitting, sample size, and instantaneous growth rates in mm/d for 
larvae (G2 and G20) and juveniles (G60 and G120). 

Year Month L∞ 
(cm SL) 

K 
(year-1) 

t0 
(year-1) 

SSQ n G2 G20 G60 G120 

2013 April 53.3 0.017 -4.58 252 13 0.83 0.61 0.30 0.11 
 May 69.8 0.011 -1.60 1,136 77 0.77 0.63 0.40 0.20 
 June 52.0 0.025 0.61 162 20 1.27 0.81 0.29 0.06 
 Pooled 63.1 0.014 -1.72 1,778 110 0.82 0.64 0.37 0.16 
           

2014 April 51.3 0.019 -1.29 16,139 13 0.93 0.66 0.30 0.09 
 May 50.7 0.020 -1.05 1,137 83 0.94 0.66 0.30 0.09 
 June 53.7 0.018 -1.36 476 34 0.90 0.65 0.32 0.11 
 Pooled 52.4 0.018 -1.44 1,762 130 0.90 0.65 0.31 0.10 
           

2015 April 43.2 0.020 -1.58 240 19 0.79 0.56 0.25 0.08 
 May 48.1 0.018 -3.03 1,202 111 0.79 0.57 0.28 0.09 
 June 45.3 0.025 -2.20 22 9 1.02 0.65 0.24 0.05 
 Pooled 46.1 0.020 -2.44 1,642 139 0.83 0.58 0.27 0.08 

 

Mortality Rates 

The instantaneous mortality rates (Z) for juvenile Alewife capture from 2013 to 

2015 ranged from 0.007 to 0.083 d-1 based on a catch curve analysis (Eq. 15), which 

translates to a daily mortality rate (A) of 0.68% to 7.92% d-1 (Eq. 19; Table 12). Catch 
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curves could not be completed on the monthly cohorts due to a lack of data for younger 

fish. The instantaneous mortality rates (M) calculated using Hoenig (1983) methods (Eq. 

16) ranged from 0.025 to 0.035 d-1, which translate into daily mortalities (A) of 2.5% to 

3.4% d-1 (Eq. 19) for each year of data (Table 12). Mortality rates (M) calculated by Then 

et al. (2014) methods (Eq. 17) using tmax ranged from 0.032 to 0.042 d-1, which translate 

to daily mortalities (A) of 3.1% to 4.2% d-1 (Eq. 19; Table 12). Then et al. (2014) 

methods using growth parameters (Eq. 18) to calculate M ranged from 0.021 to 0.050 d-1, 

and 2.1% to 4.9% d-1 for A, (Eq. 19; Table 12). Estimating mortality based on monthly 

cohorts increased the estimate for each cohort of juvenile Alewife, except when using the 

Then et al. (2014) equation based on growth parameters in May 2013 and May 2014 

(Table 12).  

The instantaneous mortality (Z) rates determined by catch curve analysis (Eq. 15) 

for juvenile Blueback Herring were 0.096 d-1 in 2013 and 0.0914 d-1 in 2014, which 

corresponds to a daily mortality (A) of 9.18% d-1 and 8.73% d-1, respectively (Eq. 19; 

Table 12). Due to an abnormally large catch on August 1, 2015 with no subsequent catch, 

a catch curve analysis could not be conducted for 2015 samples. Also, catch curve 

analyses could not be conducted on individual monthly or biweekly cohorts due to low 

proportions of younger ages, presumed to be due to not being fully selected for by the 

gear.  Based on the equation provided by Hoenig (1983), instantaneous mortalities (M) 

ranged from 0.031 to 0.036 d-1 (Eq. 16), which translates to daily mortalities (A) of 3.1% 

to 3.5% d-1 (Eq. 19; Table 12). Equations from Then et al. (2014) estimated mortality 

rates (M) of 0.039 to 0.044 d-1 (Eq. 17) based on maximum age with daily mortalities (A) 
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between 3.8% and 4.3% d-1 (Eq. 19), while mortality rates (M) based on growth 

parameters ranged between 0.046 to 0.059 d-1 (Eq. 18) with daily mortality (A) of 4.5% 

to 5.7% d-1 (Eq. 19; Table 12). Estimating mortality based on monthly cohorts increased 

the mortality estimate for each cohort, except when using the Then et al. (2014) equation 

based on growth parameters in May 2013, June 2014, and May 2015 (Table 12). Since 

growth rates could not be calculated in March 2013 (n=2), March 2014 (n=0), and June 

2015 (n=1) due to a lack of data, I did not attempt to calculate mortality rates for these 

time periods.  
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Table 12. Estimated instantaneous natural mortality rates (M(d-1)) and corresponding daily percent 
mortality (A(%/d-1)) for juvenile Alewife and Blueback Herring captured in Potomac River tributaries from 
2013 to 2015. Mortality rates were based on catch curve analysis, Hoenig (1983) equation, and two 
equations posed by Then et al. (2014). 
      Catch Curve Hoenig Then (tmax) Then  (Linf & K) 
Species Year Cohort Z A% M A % M A % M A % 
Alewife 2013 All 0.083 7.92 0.034 3.4 0.043 4.2 0.021 2.1 

  
April . . 0.045 4.4 0.056 5.4 0.046 4.5 

  
May . . 0.039 3.8 0.048 4.7 0.011 1.1 

  
June . . 0.050 4.9 0.062 6.0 0.026 2.6 

 
2014 All 0.007 0.68 0.025 2.5 0.032 3.1 0.039 3.8 

  
April . . 0.025 2.5 0.032 3.1 0.039 3.8 

  
May . . 0.029 2.9 0.036 3.5 0.041 4.0 

  
June . . 0.036 3.5 0.045 4.4 0.073 7.0 

 
2015 All 0.037 3.67 0.035 3.4 0.043 4.2 0.050 4.9 

  
March . . 0.040 3.9 0.050 4.8 0.062 6.0 

  
April . . 0.035 3.4 0.043 4.2 0.047 4.6 

  
May . . 0.039 3.8 0.049 4.7 0.056 5.4 

           

Blueback 
Herring 

2013 All 0.096 9.18 0.034 3.4 0.043 4.2 0.046 4.5 

 
April . . 0.040 3.9 0.050 4.8 0.057 5.5 

  
May . . 0.034 3.4 0.043 4.2 0.038 3.7 

  
June . . 0.038 3.7 0.047 4.6 0.076 7.3 

 
2014 All 0.091 8.73 0.031 3.1 0.039 3.8 0.059 5.8 

  
April . . 0.041 4.0 0.051 5.0 0.062 6.0 

  
May . . 0.031 3.1 0.039 3.8 0.065 6.3 

  
June . . 0.036 3.5 0.044 4.3 0.059 5.7 

 
2015 All . . 0.036 3.5 0.044 4.3 0.067 6.5 

  
April . . 0.036 3.5 0.044 4.3 0.068 6.6 

  
May . . 0.038 3.7 0.047 4.6 0.061 5.9 

    June . . 0.052 5.1 0.065 6.3 0.079 7.6 
 

 

Discussion 
Recruitment of YOY Alewife and Blueback Herring was continual throughout the 

spring and summer months in Potomac River tributaries. Ichthyoplankton catches show a 

peak in larval densities in late May to early June for both species; however, catches of 

aged juveniles revealed a different pattern of abundance in surviving YOY. More 
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juvenile Alewife hatched in late April to late May were caught than those hatching in 

June, indicating that survival was highest earlier in the season. Using the Hoenig (1983) 

and Then et al. (2014) approaches based on longevity (utilize tmax) to estimate 

instantaneous mortality rates, a higher percent of Alewife and Blueback Herring survived 

in the second of the three-month season than in the first or third month of the season. The 

approach by Then et al. (2014) based on growth parameters, was more variable and did 

not have the same trend through the years. Many of the indirect estimation equations 

have been tested by multiple studies, where most conclude that mortality estimates based 

on tmax were better and more reliable than those based on growth parameters (MacCall 

2009; Punt et al. 2005; Then et al. 2014).  

A major assumption of the indirect mortality estimators was that mortality did not 

vary with age. This assumption was violated by the current study, since it is documented 

that mortality decreases with increasing YOY age/size (Houde 1997; Peterson and 

Wroblewski 1984). The estimated instantaneous mortality rates were based on the size of 

the largest juveniles in the catch, so mortality for younger juveniles and larvae should be 

higher than reported. When daily mortality rates for American Shad were estimated for 

each YOY life-stage, first-feeding larvae had higher mortality rates, ranging from 19.8% 

d-1 to 25.6% d-1, than small juveniles, which ranged from 1.8% d-1 to 2% d-1 depending 

on the year (Crecco et al. 1983).  

Calculated mortality rates for YOY river herring were variable between years and 

between the two species (Alewife 0.007 d-1 to 0.083 d-1 and Blueback Herring 0.091 d-1 

to 0.096 d-1), but varied less than other studies. The mortality rates in the Potomac River 
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were lower than in Tar-Pamlico River, North Carolina, where Alewife mortality ranged 

from 0.103 to 0.277 d-1and Blueback Herring from 0.105 to 0.200 d-1 (Overton et al. 

2008). Mortality rates were more closely matched to Blueback Herring collected from the 

Mattaponi and James rivers in southern Virginia, at 0.012 to 0.023 d-1 and 0.037 to 0.146 

d-1, respectively (Tuckey 2009). In Bride Lake Connecticut, Kissil (1974) calculated the 

total mortality of juvenile Alewife during their time in the nursery to be 99.9987% per 

season, which translated into 2.88 juveniles emerging from the nursery for every 

spawning female. When the daily mortalities (calculated by Hoenig 1983) are 

transformed into yearly mortalities for Potomac River juveniles, the yearly mortality is 

99.9891 to 99.9998% yr-1. Based on an average fecundity of 102,800 eggs (calculated by 

Kissil 1974), 0.42 to 11.2 juveniles would emerge from the nursery for every female that 

spawned. While this does not account for mortality on the eggs before hatching or a more 

variable fecundity, it does show that the large, variable daily mortalities for juvenile river 

herring found in this study are comparable with findings elsewhere.   

Alewife abundance by hatch date showed multiple peaks from April to June 

indicating multiple cohorts within a spawning season; however, growth rates did not 

differ between months indicating a single cohort or no growth differences between 

different cohorts. A lack of differentiation between potential cohorts could have occurred 

due to small sample sizes. Determining appropriate parameters for von Bertalanffy 

growth models requires a sufficient but undefined amount of individuals in a population. 

Grouping Alewife by hatch date into two-week bins, left many size bins with less than 10 
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individuals. To better examine difference between potential cohorts, a larger sample 

would be needed.  

Instantaneous growth rates of Alewife were highly variable for larvae (2 and 20 

days old) with 2014 being the year of highest growth. Larval growth rates that ranged 

from 0.13-0.91 mm/d for Alewife in this study are comparable to daily growth rates 

reported in 1984 at 0.625 mm/d in New Jersey and 0.820 to 0.996 mm/d in Massachusetts 

(Richkus and DiNardo 1984; as cited by Klauda et al. 1991). Little information is 

currently available on the von Bertalanffy growth parameters of juvenile Alewife.  

Estimations of growth are essential to many stock assessment strategies (Beverton and 

Holt 1957; Haddon 2011; Hilborn and Walters 1992; Quinn II and Deriso 1999). More 

specifically, many population modeling strategies, such as ecosystem models developed 

with Ecopath with Ecosim, utilize the von Bertalanffy K parameter to simulate growth of 

a species within the model (Christensen and Walters 2004). The current study provides 

the von Bertalanffy parameters for juvenile river herring species captured in the Potomac 

River.   

Blueback Herring growth rates range from 0.05-1.27 mm/d but differed by month, 

indicating at least 2 or more cohorts within the spawning season. Abundance by hatch 

date was also sporadic, further indicating that multiple cohorts were produced within a 

single spawning season. Trends in Blueback Herring cohorts for Potomac River 

tributaries were similar to those found for Blueback Herring in the Mattaponi and 

Pamunkey rivers in Virginia, with multiple peaks due to continuous recruitment, which 

Tuckey (2009) described as an “episodic process”. Tuckey (2009) also found that 



 

92 

Blueback Herring hatched from April to late June in all three Virginia rivers. While 

juveniles captured in the James and Pamunkey rivers were older individuals attaining 

larger sizes, instantaneous growth rates at day 60 were more variable than the current 

study (Tuckey 2009). Individuals that hatched in May grew between 0.25 mm/d to 0.30 

mm/d in the Potomac River from 2013 to 2015, while growth in the James River in 2005 

to 2007 varied from 0.01 mm/d to 0.33 mm/d (Tuckey 2009). Krauthamer and Richkus 

(1987; as cited by Klauda et al. 1991) reported similar growth rates of Blueback Herring 

in Virginian rivers in the 1980’s at 0.209 mm/d.  

Instantaneous growth rates were on average 5.3% higher for larval Blueback 

Herring than larval Alewife (G2 and G20) in 2013 and 2015; however, juvenile Alewife 

had growth rates that were on average 39.0% higher than juvenile Blueback Herring in all 

three years (G60 and G120). Previous reports document young Blueback Herring growing 

faster than young Alewife (Hildebrand and Schroeder 1928) but it does not specify 

whether they are referring to larvae, juveniles, or both life stages.  Higher Blueback 

Herring growth rates have been partially attributed to hatching later in the growing 

season when temperatures are warmer as compared to YOY Alewife (Klauda et al. 

1991a). Young-of-the-year Alewife on average spend more time in the Potomac River 

tributaries than YOY Blueback Herring.  

Growth rates were highest for larval Alewife and larval Blueback Herring in 

2014, when the water discharge rates peaked earlier in the season. Also, mortality rates 

were lowest for both species in 2014 as well.  Using a stock-recruitment model, Tommasi 

et al. (2015) found that year class success of YOY was not related to river herring 
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spawners, but rather was related to water flow and temperature. Crecco and Savoy (1984) 

and Kosa and Mather (2001) also found that YOY stocks of alewives and American Shad 

(a similar species) were dependent on environmental conditions for success rather than 

the abundance of adult spawning stocks. Tommasi et al. (2015) reported that the 

environmental variables affecting the YOY stocks was specific to a particular river and 

species. For example, Alewife in the Potomac River were mainly impacted by 

temperature during nursery use while Alewife in the Delaware River were impacted by 

temperature during egress, and water flow during nursery use (Tommasi et al. 2015). The 

optimal temperature range for river herring in the nursery setting was hypothesized to 

occur between 20 and 22°C by Tommasi et al. (2015), which was when the lowest 

mortality rates were calculated for this study. However, Tommasi et al. (2015) stress 

more research is needed to confirm this hypothesis.  Understanding the growth rates and 

mortality rates of YOY river herring is essential to determine the health and productivity 

of a nursery habitat, particularly when there is evidence that recruitment is more 

dependent on environmental conditions than adult spawning runs (Tommasi et al. 2015). 

Despite the insufficient data to directly measure mortality and identify individual 

cohorts of YOY river herring, this study provides needed estimations of growth and 

mortality rates, which can be utilized to determine the health of Potomac River nurseries. 

Growth and mortality rates were different between years, demonstrating the variability of 

year-class strength.  For better estimations of growth and mortality rates of YOY river 

herring, a new sampling strategy must be devised to collect individuals at smaller sizes 

while in the juvenile stage. When environmental variables are a better indication of year-
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class success than the number of spawning adults, more information is needed to 

determine how anthropogenic changes to the nursery are impacting the survival of these 

species. The impacts of environmental variables on the survival of YOY river herring 

should be examined via controlled laboratory experiment. Developing better links to how 

these processes within a nursery system are impacting the survival of future year classes 

would give scientists and managers insight into how to better conserve these once 

important fisheries species.   
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CHAPTER 3: POPULATION DYNAMIC MODELS OF RIVER HERRING IN 
POTOMAC RIVER TRIBUTARIES  

Abstract 
Alewife Alosa pseudoharengus and Blueback Herring Alosa aestivalis utilize tidally 

influenced tributaries of the Potomac River as nursery habitats. Due to population 

declines attributed to habitat degradation and overfishing, managers have called for more 

information about population dynamics of these once commercially important species. In 

many Potomac River tributaries, like Gunston Cove, some aspects of habitat degradation 

have been addressed through increased effectiveness of wastewater treatment facilities 

and waterways are starting to recover. The purpose of this study was to develop 

population models of young-of-the-year (YOY) river herring to determine if Potomac 

River tributaries are successful spawning and nursery habitats. Using STELLATM, a 

dynamic modeling software package, a seasonal model of the three life history stages of 

river herring was developed and calibrated using data collected from Gunston Cove from 

2013 to 2015. Sensitivity analyses were completed to determine which mortality 

estimation was most important for population success. The model fit Alewife larval 

abundance (p=0.217, p=0.132, and p=0.154) and juvenile abundance (p=0.224, p=0.199, 

and p=0.227) in all three year, as well as, Blueback Herring juvenile abundance 

(p=0.227, p=0.213, and p=0.116). However, the model poorly fit Blueback Herring larval 
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abundance (p=0.0006, p=0.022, and p=0.023), which may be due to the fact that it 

included estimates of temperature impact to egg survival based on Alewife, as these 

parameters were not available for Blueback Herring. Alewife populations were only 

increasing in 2014, with 130.4% of spawning adults replaced by surviving juveniles but 

Blueback Herring populations never increased based on Potomac River parameters. 

When lower mortality rates (2% d-1), more comparable to other Virginia rivers were 

utilized, Blueback Herring populations increased in 2013 (310.0%) and 2014 (118.1%). 

A better estimation of YOY mortality rates and impacts of environmental variables on 

juveniles is needed to for more accurate model development.  

 

Introduction 
The application of models in ecology allows for understanding of systems in a 

visual and mathematical way to simplify fishery populations and their interactions within 

ecosystems (Odum and Odum 2000). Models developed for freshwater or marine systems 

are difficult to adapt to anadromous species due to the addition of a second environment 

and the unique difficulties encountered by transitioning between the two environments, 

such as changes in fishing pressures or anthropogenic barriers (McDowall 1993). Model 

boundaries need to be established correctly to answer the objectives of a study (Megrey et 

al. 2007), so models must be customized for the species under consideration.  

A critical question for management of anadromous species is whether ending 

overfishing, restoring habitats or both are needed to help these species rebound to 
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profitable fisheries. The problem, however, is that the declines in populations are usually 

due to a combination of factors (Limburg and Waldman 2009), thus solving for one may 

not rebound a population. Additionally, the two problems occur at different levels in the 

different habitats occupied by anadromous species throughout their lifetime. Correctly 

modeling a population can help to determine which of the two issues may be impacting a 

population more in a particular habitat, and modeling proposed management scenarios 

can help scientists decipher what will be most effective and affordable.  

A stock assessment model for Alewife Alosa pseudoharengus in Nova Scotia was 

completed by using age-structured life history trait equations and incorporating spawning 

frequency in a natal stream to the model (Gibson and Myers 2003). Gibson and Myers 

(2003) created a dynamic, stock specific model with data created for stock assessments, 

demonstrating through a maximum likelihood analysis that the model can be used for 

stock assessment, even when only catchability data sets are available. Traditional stock 

assessment approaches, such as virtual population analysis, require catch-at-age for each 

year to be analyzed (Hilborn and Walters 1992). Dynamic modeling approaches can 

allow for more flexibility with incomplete data sets.  

A similar population dynamics model was completed for Allis Shad Alosa alosa 

in the Gironde system in southwest France to determine the cause of the fishery collapse 

(Rougier et al. 2012). While Rougier et al. (2012) could not isolate whether the decline 

was caused by increased mortality in freshwater versus marine/estuarine environments, 

their model suggested an Allee effect was occurring in the Gironde system. An Allee 

effect occurs in a density-dependent population where the population has reached 
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numbers too low for sustainable productivity (Allee 1931; Berec et al. 2007; Courchamp 

et al. 1999). For example, if the population becomes so low that finding mates becomes 

difficult or schooling juveniles are no longer protected by the schools (Berec et al. 2007). 

Models by Gibson and Myers (2003) and Rougier et al. (2012) were constructed with 

variations of popular growth models to determine the growth and abundance of young-of-

the-year (YOY) individuals in the population. Constructing similar growth and 

abundance models for populations of river herring would help determine the main driver 

in population decline in the Potomac River tributaries and help define gaps in 

understanding for these populations.  

The purpose of this study was to develop stage-based, stochastic, difference 

models to determine the effectiveness of Potomac River tributaries as spawning and 

nursery habitats for river herring utilizing the program STELLATM. STELLATM is a 

software package capable of dynamic modeling without the use of advanced code writing 

skills (Odum and Odum 2000). Several successful dynamic models of fish abundance and 

recruitment have been developed using STELLATM, which allows for fast and efficient 

calculations of systems using a diversity of functions and differential equations (Costanza 

and Gottlieb 1998; Costanza and Voinov 1998; Metzker and Mitsch 1997; Mouri et al. 

2010; Ruiz Sebastián and McClanahan 2013). Jessup (1998) used four size classes 

(embryo, young-of-the-year, juvenile, and adults) of brown trout Salmo trutta to simulate 

the effects of habitat suitability on each life stage in STELLATM. Ruiz Sebastián and 

McClanahan (2013) developed an extensive coral reef ecosystem model (CAFFEE) in 

STELLATM that incorporates benthic and fish biomass to examine the recovery of reefs 
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after fishing closures and bleaching events in a 40 year monitored reef system. By 

implementing the site-specific life histories traits determined during the first two 

chapters, models of river herring reproduction and early life stages were developed as a 

tool to determine which environmental variables control the year class success of river 

herring. Understanding how populations respond to particular environmental variables 

can help managers focus restoration efforts in areas with the greatest potential to 

contribute to population recovery.  

 

Materials and Methods 
Development of Models 

STELLATM 10.0 was used to develop a stage-based, stochastic, difference model 

to predict recruitment of river herring in Potomac River tributaries. Numerical integration 

based on Runga Kutta 4 methods was used with a time step of one day for 225 days. The 

model includes eggs, larvae, and juvenile river herring as separate state variables with the 

female spawning population in Potomac River tributaries as a forcing function (Figure 

25). Juveniles were separated into two separate stocks within STELLATM to represent 

river herring that were not selected for by the fishing gear (early-stage juveniles) and 

river herring captured by trawls during surveys (juveniles; Figure 26).
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Figure 25. Conceptual diagram of river herring recruitment model using Odum Energy Systems Language. Hexagons represent stocks of river herring at 
particular life stages; arrows represent the flow of the stock variables; circles represent outside variables that affect stock variables; teardrops represent 
the stocks of other organisms that affect stock variables; the chevron represents the interaction of the outside variables and their effects on the stock 
variables; the gray box represents variables inside of the system being measured. 
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Figure 26. STELLATM diagram of recruitment model for Alewife and Blueback Herring in Potomac River tributaries.
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Individual stocks of each life stage were constructed and linked together based on 

mortality and growth rates, similar to Jessup (1998; Figure 26; Table 13). To correct for 

construction difficulties observed by Jessup (1998) in the first years modeled in his study, 

this model took life stages and the time for growth into account by using conveyor stocks 

instead of the traditional reservoir stock, similar to methods employed by Ahn et al. 

(2007) to model recruitment of black willow Salix nigra. Conveyor stocks are model 

elements that allow for the variable (river herring) to remain in the life stage for a 

designated amount of time and then graduate into the next life stage (Ruth and Hannon 

2012). This element also allowed for leaks within the conveyor system, which were used 

as mortality in this model (Ruth and Hannon 2012). For the egg stage, time in the 

conveyor stock was dependent on incubation time in days, while larvae and juvenile 

stages were dependent on larvae and juvenile growth rates. 
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Table 13. State variables, forcing functions, and parameters used in the Alewife and Blueback Herring recruitment models. 
Symbol Name Units Source 
State Variables    
Eggs The number of viable, incubating eggs Count Modeled 
Larvae The abundance of larvae Count Modeled, Field Samples 
Early Stage Juveniles The abundance of early stage juveniles, not subject to capture by gear Count Modeled 
Juveniles The abundance of juveniles, subject to capture by gear Count Modeled, Field Samples 
    

Forcing functions    
Spawning Females The abundance of females that return to the Potomac River to spawn Count Chapter 1 
Egg Mortality Natural mortality of eggs (linear) % stage-1 Calibrated 
Larvae Mortality Natural mortality of larvae (exponential) % d-1 Chapter 2 
Early Juvenile Mortality Natural mortality of early stage juveniles (exponential) % d-1 Calculated using methods 

by Hoenig (1983) 
Juvenile Mortality Natural mortality of juveniles (exponential) % d-1 Chapter 2 
    

Parameters and coefficients   
Adult Population Total population of adults returning to the Potomac River to spawn Count Chapter 1 
Sex Ratio The fraction of female spawners in the Potomac River population  Count Chapter 1 
Fecundity Calculated fecundity of females based on total length Eggs/Fish Lake and Schmidt 1998 
Total Length (TL) The average total length of spawning females in the Potomac River population mm Chapter 1 
Egg Mortality Temperature Natural morality of eggs due to temperature (linear) % stage-1 Edsall 1970 
Egg Mortality Other Natural mortality of eggs due to other mortality sources, such as predation, 

water flow, turbidity, etc.  (linear) 
% stage-1 Lake and Schmidt 1998; 

Calibrated 
Temperature Average daily temperature °C NOAA 2016 
Incubation Time needed for eggs to hatch based on temperature Days (d) Edsall 1970 
Days to 20 mm Number of days spent in larvae stock before transitioning to Early stage 

juvenile 
d Chapter 2 

Days to Selection Number of days spent in early stage juvenile stock before growing into a 
juvenile 

d Chapter 2 

Max Age Maximum age of juveniles captured in Potomac River tributaries d Chapter 2 
Days to Emigration Number of days spent in juvenile stock before emigrating out of the system d Chapter 2 
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Model Initial Input 

The egg stage had an inflow of “viability,” which was dependent on the number 

of females spawning multiplied by the fecundity of each female (Figure 26; Table 13). 

Abundance, size, and sex ratio of adults in Potomac River tributaries were estimated in 

chapter 1 (Table 14). All adults captured in the tributaries were assumed to be actively 

spawning at the time of capture since both species enter freshwater habitat for spawning 

(Fay et al. 1983).  Sampling for adults occurred once a week, so the catch was multiplied 

by seven to scale for the entire week. For Blueback Herring in 2013, only 4 individuals 

were captured and the population was estimated to contain 28 individuals. Larval 

production suggests that this estimate is too low; therefore, the population was multiplied 

by 5 to match the larval production of that year (Table 14). For the same reason, the 

Blueback Herring population in 2014 needed to be doubled to match the larval 

production of that year (Table 14). 

 

Table 14. Values of parameters used to determine the number of spawning female Alewife and Blueback 
Herring. Asterisks indicate the adult population had to be increased to match the larval production rather 
than using estimated abundance by catch. 

Species Year Total Number 
of Adults 

Sex 
Ratio 

Total Length 
(mm) 

Alewife 2013 581 0.35 284.8 
 2014 420 0.43 272.7 
 2015 7112 0.29 273.8 
     

Blueback  2013 140* 0.67 266.5 
Herring 2014 378* 0.48 264.1 
 2015 6755 0.45 260.3 
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Fecundity for alewives has been documented between 60,000 to 100,000 eggs per 

female (Foerster and Goodbred 1978), while Blueback Herring fecundity was 

documented between 45,800 to 349,700 eggs per female (Loesch and Lund 1977). Lake 

and Schmidt (1998) determined that Alewife fecundity could be estimated based on the 

following regression: 

!"#$%&!!"!!!!" = −90,098+ 588.1(!")   (20) 

where, TL was the total length of the female in mm. For purposes of this model, 

fecundity of Blueback Herring was assumed to be consistent with this equation, since a 

similar analysis has not been completed for Blueback Herring. However, this equation 

may underestimate the Blueback Herring fecundity. 

Young-of-the-Year Growth Rates 

Time of development of Alewife eggs ranged from 2 to 15 d depending on 

temperature, based on the following equation (Edsall 1970): 

! = 6.335!!!10!!!!.!"""     (21) 

where T is the time in days and t is the temperature in °F. Due to the program’s difficulty 

dealing with power trendlines, the equation was inputted into the model based on the 

graphical representation of the data provided by Edsall (1970). Blueback Herring eggs 

develop between 2 and 4 days and also vary by temperature (Klauda et al. 1991a). While 

an equation was not available for the model, Klauda et al. (1991a) reported development 

times based on ranges of temperature that could be utilized. Temperature for the model 

was obtained from the National Data Buoy Center, station 44061 (NOAA 2016a).  
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Once eggs hatched, individuals graduated from the egg stock to the larvae stock. 

Development of yolk-sac larvae only depends on temperature, assuming DO does not 

drop below 2.4 ppm, since they are feeding on the attached yolk sacs (Edsall 1970; Fay et 

al. 1983; Heinrich 1981). Post yolk-sac larval development is dependent on temperature, 

DO, turbidity, and prey availability (Kellogg 1982; Kocovsky et al. 2008; Kosa and 

Mather 2001; Pardue 1983). Larval river herring primarily feed on zooplankton as soon 

as the mouth is formed around 6 mm TL (Fay et al. 1983; Nigro and Ney 1982). Due to 

the eutrophic nature of the tributaries studied, and a diet analysis that concluded YOY 

river herring prey upon abundant organisms (Schlick unpublished), prey availability was 

assumed to be more than adequate and will not be incorporated into the model. In chapter 

2, I calculated the growth rates of YOY river herring for each month and year. However, 

due to a small sample size, I could not determine the relationship between each 

environmental variable and growth rates. Monthly-calculated growth rates were used in 

the model, with the understanding that temperature, turbidity, DO, and prey availability 

were the controlling environmental mechanisms on the rates. Larvae are considered 

juveniles when they reach 20 mm in standard length (SL; Fay et al. 1983) , so the age 

when an individual reached 20 mm was used as the larval growth time (Days to 20 mm; 

Table 15).  
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Table 15. Values of parameters impacting young-of-the-year stocks of Alewife and Blueback Herring. 
Parameter Units Alewife Blueback Herring 
Egg Mortality Other % stage-1 90 77 
Days to 20mm d 27 26 
Larvae Mortality % d-1 16.6 16.0 
Days to Selection d 30 55 
Early J Mortality % d-1 13.9 7.52 
Max Age d 131 122 
Juvenile Mortality % d-1 4.09 8.95 

 

Two stocks were used to model juvenile abundance: Early Stage Juveniles and 

Juveniles. Early stage juveniles were used to represent the population that was not 

selected for by the fishing gear and could not be compared to observed catches of river 

herring. Observed catches were used to compare with the juvenile stocks to help with 

determining model fit and calibration. Juvenile development was dependent on 

temperature, DO, turbidity, and prey availability (Kellogg 1982; Kocovsky et al. 2008; 

Kosa and Mather 2001; Pardue 1983). Juveniles also prey on zooplankton, but switch to 

larger species due to the large size and higher energetic demands (Fay et al. 1983; Nigro 

and Ney 1982). Juveniles have been documented to descended out of the tributaries in 

late summer or autumn when they reach approximately 102 mm TL (Fay et al. 1983; 

Joseph and Davis 1965); however, juveniles this size were never captured in Potomac 

River tributaries. Juveniles were moved out of the model (Emigration), when they 

reached the maximum age (MaxAge) captured in the tributary for each monthly cohort.  

Young-of-the-Year Mortalities  

Natural mortality for eggs and yolk-sac larvae has been documented to be 

dependent on temperature, turbidity, available substrate, water velocity, and predator 

abundance (ASMFC 2012; Burbidge 1974; Edsall 1970; Fay et al. 1983; Klauda et al. 
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1991a; Klauda et al. 1991b; Kosa and Mather 2001; Pardue 1983). This model 

incorporated the effects of temperature on the mortality of eggs through the relationships 

provided by Edsall (1970) and Pardue (1983), where mortality decreases with 

temperature until an optimal range, then it starts to increase with temperature, 

representing warming conditions that create deformities in larvae. Even though eggs 

hatch at increased temperature, larvae are deformed and can only survive for 2 or 3 days 

(Koo and Johnston 1978). So larval deformities due to temperature were treated as egg 

mortalities for model simplicity. Other natural mortality was also inputted into the model 

as “Egg Mortality Other” and the egg mortality that was greater on a given day was used 

in the model. For example, when the temperature was 5°C in the Alewife model, egg 

mortality due to temperature was used since it was 100% stage-1, but when the 

temperature was 14°C, other egg mortality was used since egg mortality due to 

temperature in that range is 65% stage-1, which was less than the 90% stage-1 used for 

other egg mortality. Post yolk-sac larvae natural mortality (LarMort) was dependent on 

temperature, turbidity, prey availability, and predator abundance (ASMFC 2012; 

Burbidge 1974; Edsall 1970; Fay et al. 1983; Kosa and Mather 2001; Pardue 1983). 

Larvae mortality was inputted based on the mortality of the age of larvae before transition 

into juveniles using Hoenig’s (1983) methods (see Chapter 2 for more details).  

Natural mortality for juveniles was dependent on temperature, turbidity, prey 

availability, salinity, predator abundance, and dissolved oxygen (ASMFC 2009; ASMFC 

2012; Burbidge 1974; Davis and Schultz 2009; Fay et al. 1983; Greene et al. 2009; 

Klumb et al. 2003; Kosa and Mather 2001; Loesch and Lund 1977). While natural 
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mortality rates were calculated in Chapter 2, due to issues with gear selectivity and a lack 

of useable data, mortality rates could not be correlated to environmental variables. 

Mortality rates determined in Chapter 2 were inputted into the model with the 

understanding that environmental factors impacted them, but environmental variables 

were not used in the model as impacts on the juvenile stocks. Individuals that emigrate 

out of the system were juveniles that survived in the nursery, and represent individuals 

that would start to move offshore for further development.  

Calibration of the Models 

Calibration of the model was completed with data from 2013 for each species 

independently. Timing of adult abundances was arranged to fit the peak of larval 

abundances each year. Larval densities per m3 were calculated based on the number of 

individuals captured in a plankton tow divided by the volume of water that flowed 

through the plankton net (Chapter 2). Mortality of eggs by variables other than 

temperature was also calibrated to fit the larval production rates. Larval production rates 

(P) observed in the field were calculated using the formula:  

P = D * V * I      (22) 

where D was larval density per m3, V was the mean river discharge rate (m3/s), and I was 

the larvae sampling period (s; total time plankton net is deployed). The time spent in the 

Early Stage Juvenile Stock (Days to Selection) was calibrated to fit the modeled Juvenile 

stock to the peaks of juvenile abundances captured in trawl nets. Juvenile abundances per 

m2 captured in trawl nets were calculated by dividing the number of juveniles caught by 

the area the trawl samples (Eq. 13 in Chapter 2). The time spent in the juvenile stage was 
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also calibrated to fit the peaks of juvenile abundances captured in trawls and was based 

on the maximum age of juveniles observed in the samples (Chapter 2).  

Validation, Statistical Analyses, and Sensitivity Analyses  

The adult parameters (number of adults, sex ratio, and TL; Table 14) and the daily 

temperatures were inputted into the calibrated model for each year. The stock output 

created by the recruitment models was the number of individuals in each life stage at any 

given point in time. The model outputs were exported from STELLA© into Microsoft 

Excel©. The probability of fit for the model output data were compared with catch data 

collected by PEREC by using a chi-squared test with a 95% confidence interval in R© 

(Gertseva et al. 2004; Odum and Odum 2000). A chi-squared test was chosen since the 

model outputs and observed data were on different scales and it is the only goodness of 

fit test that used proportions rather than raw data. The larval densities per m3 and 

juveniles abundances per m2 are proportions of the total population.  The total number of 

individuals that reach the flow “Emigration” were considered as survivors and were the 

final output from the model. The “Emigration” output were compared to the adult 

spawning population to determine if enough juveniles were successfully emigrating out 

of the Potomac River to replace the adults that spawned, thus indicating a successful 

spawning and nursery habitats. Data from 2014 and 2015 were used to validate the 2013 

calibrated model to determine the predictive abilities of the model.  

Sensitivity analyses were completed by altering the mortality rates for each life 

stage to determine at which life stage the population was most sensitive to small changes 

in mortality rates. Values for the sensitivity analysis were based on values used to 
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calibrate the model and the literature values documented for these species in other 

systems (Table 16). A priori mortality rate ranges were added into the sensitivity analysis 

to determine what small variations to the literature or modeled values would do to the 

population. For example, “egg mortality other” was calibrated at 90% stage-1 in the 

Alewife model, but Lake and Schmidt (1998) reported 77% stage-1 for Alewife in a 

Hudson River tributary of New York. A priori values of 70% stage-1, 80% stage-1, 85% 

stage-1, and 99% stage-1 were used along with the literature value of 77% stage-1 and 

modeled value of 90% stage-1 to determine how successful the population would be to 

different mortality rates. The mortality rates used in the models were based on the age at 

which river herring start to transition into juveniles (20 mm SL; Fay et al. 1983), which 

occurred at 27 days for Alewife and 26 days for Blueback Herring based on the von 

Bertalanffy growth curve (Chapter 2). Using Hoenig’s (1983) equation, the resulting 

mortality rates for larval Alewife was 15.3% d-1 and for Blueback Herring was 16% d-1, 

which was higher than the 12% d-1 reported by Essig and Cole (1986) for larval Alewife 

in coastal Massachusetts pond. The larval mortality rate was altered in the sensitivity 

analysis from 10% d-1 to 18% d-1 based around the model values and Essig and Cole’s 

(1986) value (Table 16). For juveniles, mortality rates determine by catch curve analysis 

in Chapter 2 varied from 0.68% to 7.92% for Alewife and from 8.73% to 9.18% for 

Blueback Herring. Mortality rates varied even more when Hoenig’s (1983) equation was 

utilized and in the previous literature, with values as high as 24% d-1 for Alewife and 

18% d-1 for Blueback Herring (Overton et al. 2008). Since the populations were already 

very low at mortality rates less than 10%, I decided to run a sensitivity analysis with 
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juvenile mortality rates between 0.68% d-1 and 10% for Alewife and 2% d-1 to 9.18% d-1 

for Blueback Herring (Table 16). 

 

Table 16. Mortality rates used in model sensitivity analysis. 
 Stage Alewife Blueback Herring 
(units) Mortality Rate Source of Values Mortality Rate Source of Values 
Eggs 70 Alternative 70 Alternative 
(% stage-1) 77 Lake and Schmidt 1998 77 Lake and Schmidt 1998 

 
80 Alternative 80 Alternative 

 
85 Alternative 85 Alternative 

 
90 Model 90 Model 

 
99 Alternative 99 Alternative 

Larvae 10 Alternative 10 Alternative 
(% d-1) 12 Essig and Cole 1986 12 Essig and Cole 1986 

 
14 Alternative 14 Alternative 

 
15.3 Model (Hoenig 1983) 16 Model (Hoenig 1983) 

 
16 Alternative 18 Alternative 

 
18 Alternative 20 Alternative 

Juveniles 0.68 Chapter 2 (2014; min) 2 Tuckey 2009 
(% d-1) 2 Alternative 4 Alternative 

 
4.09 Chapter 2 (Average) 6 Alternative 

 
6 Alternative 8 Alternative 

 
7.92 Chapter 2 (2013; max) 8.95 Chapter 2 (Average) 

  10 Alternative 9.18 Chapter 2 (2013; max) 
 

 

Results 

Alewife 

The Alewife recruitment model fit well to the data for all three years for both 

larvae (p=0.217, p=0.132, and p=0.154, respectively; Figure 27) and juveniles (p=0.224, 

p=0.199, and p=0.227, respectively; Figure 27). While the model juvenile Alewife 

population statistically fit to the observed abundance data, there were not enough 

observed data points to properly examine the fit of the model with a chi-squared test 
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(Kenny and McCoach 2003). The modeled production of larvae (total number of larvae 

produced through out the entire year) was 0.7%, 7.9% and 87.0% of modeled larval 

production in 2013, 2014, and 2015, respectively. In 2015, the model fit was based on the 

timing of peak larval abundances (number of larvae per m3 on the day of sampling) and 

the proportions of those peaks compared to the rest of the season. Modeled larval 

production rates being much higher than observed larval densities in 2015 could be 

partially attributed to the fact that 58.8% of clupeids in larval samples could not be 

identified to species, and identified river herring only made up 20% of the clupeids. 

However, about 43% of clupeids were not identified to species across all three years. If 

larval production was in fact higher in 2013 and 2014, then the egg mortality was 

overestimated in the model, since it was calibrated to the larval production.  

The fit of the model in 2014 and 2015 shows the predictive power of the model 

for larval production in future years. Given the adult population dynamics (population 

size, individuals in population size, and sex ratio), the peaks in larval production can be 

matched. However, the total amount of larvae produced and the subsequent number of 

juveniles surviving each year cannot be predicted by the model at this time since 

mortality rates vary from year to year.   
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Figure 27. Predicted (line) and observed (dots) abundance of larval and juvenile Alewife in Potomac River tributaries from 2013 to 2015. 
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The number of juveniles that emigrated from the model was 79, 14, and 462 each 

year respectively. The surviving juveniles replaced 13.8% 3.3%, and 6.5% of spawning 

adults in each year respectively.  The average mortality (4.09% d-1) calculated by catch 

curve analysis in Chapter 2 was utilized for the model. However, juveniles within the 

population were smaller than the mesh size of the gear through most of the season, so  

juveniles in smaller size ranges were not properly sampled (selected) by the gear. Due to 

juveniles not being fully selected by gear, instantaneous mortality rates were difficult to 

ascertain for Chapter 2 and additional daily mortality rates were estimated based on 

maximum age (Hoenig 1983). When the model was run using mortalities calculated by 

Hoenig (1983), the proportion of juveniles surviving, and thus the fit of the model, did 

not change from when mortalities were calculated by catch curve analysis; however, the 

total number of juveniles surviving did. The percentage of replaced adults was 9.5% in 

2013 and 9.6% in 2014 and 2015.  

The modeled population was most sensitive to the juvenile mortality rate, which 

was the most difficult parameter in the model to ascertain (Figure 28). Daily mortality 

rates within Potomac River tributaries were estimated at 7.92% d-1 in 2013, 0.68% d-1 in 

2014, and 3.67% d-1 in 2015 (Chapter 2). The population was only increasing when the 

low mortality rate calculated for 2014 was used (Figure 28). 
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Figure 28. Sensitivity analyses results depicting the number of surviving juvenile Alewife in Potomac River tributaries based on different mortality rates 
during egg, larval, and juvenile stages. Mortality rates were based on literature (dark blue), chapter 2 (blue), calibrated model (black), or alternative 
values determined based on other mortality rates (gray). Red lines indicate the number of spawning adults that year, where any populations with more 
juveniles than adults indicate a growing population and a successful.  
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Blueback Herring 

 The Blueback Herring recruitment model did not statistically fit to the data for 

larvae (p=0.0006, p=0.022, p=0.023, respectively for each year). Statistical tests other 

than chi-squared may reveal the fit was better than reported, but other tests could not be 

used since the observed data and modeled data were on different scales. Visual 

examination of the model reveals it captures the peaks in the observed abundance 

(number of larvae per m3 on a particular day), but the scale of larval production (total 

number of larvae produced throughout the entire year) may also be of concern (Figure 

29). The adult catch poorly estimated the size of the population in regards to the larval 

production, so adult populations were increased in 2013 and 2014. Additionally, the 

timing of the population spawning was considerably changed for Blueback Herring to 

match larval abundances. However, the model performed well when compared to 

juvenile abundance data for all three years (p=0.2426, p=0.2133, p=0.1157; Figure 29). 

The larval productions calculated by the model were within 7.5% in 2013, 8.9% in 2014, 

and 94.7% in 2015 of the observed production rates. Again, larval production observed in 

the field was calculated using river herring identified to species, which accounted for 

20% of identified clupeids. Another 40% of clupeids could not be identified to species 

level due to lack of pigmentation or damage, which occurs during capture and processing. 

This could partially account for the large discrepancy between modeled and observed 

larval production in 2015. Additional, egg mortality in the model could have been over 

estimated, since it is calibrated to the larval production rates in 2013. 
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Figure 29. Predicted and observed abundance of larval and juvenile Blueback Herring in Potomac River tributaries from 2013 to 2015. 
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 The number of surviving juvenile Blueback Herring was extremely low each year 

3, 3, and 30 individuals each year, respectively. The percentage of adults replaced by 

juveniles was 1.8% in 2013, 0.5% in 2014, and 0.4% in 2015. The model was run again 

with mortality values estimated by Hoenig’s (1983) methods for 2013 and 2014. The new 

mortality rates resulted in an increase in the percentage of adults replaced by juveniles 

each year (46.3%, 14.0% and 11.8%).  

The model was most sensitive to the juvenile mortality rate (Figure 30). The mortality 

rates calculated by catch curve analysis and Hoenig’s (1983) methods were much higher 

than the mortality rates observed by Tuckey (2009) in other Virginia rivers, which ranged 

from 1.2% d-1 to 2.3% d-1. When a juvenile mortality rate of 2% d-1 (similar to Tuckey’s 

2009 rates) was utilized, the populations were increasing in 2013 (309.9% adult 

replacement) and 2014 (118.1% adult replacement). Validation of the Blueback Herring 

model was difficult, since the model was a poor fit each year.  
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Figure 30. Sensitivity analyses results depicting the number of surviving juvenile Blueback Herring in Potomac River tributaries based on different 
mortality rates during egg, larval, and juvenile stages. Mortality rates were based on literature (dark blue), chapter 2 (blue), calibrated model (black), or 
alternative values based on other mortality rates (gray). Red lines indicate the number of spawning adults that year, where any populations with more 
surviving juveniles than adults indicate a growing population and a successful. 
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Discussion 
The stage-based, stochastic, difference model was developed as a tool to 

understand survival in Potomac River tributaries. Due to lack of information on how 

environmental variables directly impact YOY river herring, simplifications to the model 

were necessary. The simplified model was successfully developed for YOY Alewife, but 

not YOY Blueback Herring. More information was available about temperature impacts 

to Alewife YOY development, particularly to eggs, which was not available for Blueback 

Herring. Based on the assumption that the two species were similar in life history 

strategies and due to a lack of information about Blueback Herring development and 

survival, the Blueback Herring model was based on many of the same equations as the 

Alewife model. Additionally, only one growth rate curve was examined for YOY 

Alewife in Chapter 2, while Blueback Herring that hatched in different months grew at 

different rates. The models only used one growth rate for an entire year, which would 

change the predicted YOY abundance differently than what was observed in nature.   

These assumptions attributed to the poor fit of the Blueback Herring model.  

Another factor that attributed to the poor fit of the Blueback Herring model was 

that adult sampling efforts ended before spawning runs. In all three years, larvae were 

collected within Gunston Cove in July. Otoliths from larvae were examined during the 

methods in Chapter 2, and all were less than 10 days old. Additionally, Blueback Herring 

eggs have been documented to take 2 to 5 days to develop, so spawning would have had 

to occur in late-June to early-July. I only sampled for spawning adults until the end of 
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May each year (Chapter 1). However, Alewife larvae less than 10 days old were also 

captured in July each year.   

Any population with more than 100% of adults replaced by surviving juveniles is 

growing with the subsequent generation in one spawning season. Any population with 

50% of adults replaced will be increasing if all of the adults can survive for two spawning 

seasons; however, the average number of spawns for individuals captured each year was 

1.0 for 2013, 1.1 for 2014, and 1.5 for 2015 (Chapter 1). Based on the model output, 

Alewife only increased in 2014 and Blueback Herring increased in 2013 and 2014 if 

mortality rates were lower than estimated in Chapter 2. I hypothesize that the mortality 

rates estimated in Chapter 2 were overestimated since the rates were estimated at the end 

of the season. Juveniles could have already been emigrating out of the system when we 

captured individuals on the last day. Individuals that emigrated out of the system would 

have been considered as deaths when calculating mortality, as there was no way to 

determine how many had emigrated versus died. Thus resulting in overestimated 

mortality rates. The sensitivity analysis reveals that even over estimating the juvenile 

mortality rate by 2% d-1 can change whether the population is increasing or decreasing.  

Fluctuations in year class strength (the more juveniles that survive, the stronger 

the year class) has been well documented for alosid species (Figure 31; ASMFC 2012; 

Crecco et al. 1983; Hilton et al. 2015; MDNR 2016b) ; however, current estimates of year 

class strength are based on juvenile indices, for which the ASMFC requested validation 

in the last stock assessment report (ASMFC 2012). Recent juvenile indices for YOY river 

herring in the Potomac River indicate catches of both species were low in 2013 and 
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increased each year until 2015 (Figure 31; MDNR 2016b). However, these catches do not 

take the number of spawning adults into consideration, which is not known for the river 

as a whole. The number of juveniles predicted to emigrate out of the Virginia tributaries 

was highest in 2015 for Alewife (n=79 in 2013, n=14 in 2014, and n=483 in 2015) and 

Blueback Herring (n=3 in 2013, n=3 in 2014, and n=30 in 2015). Juvenile indices 

calculated based on the emigrating juvenile Alewife from the model should show 2015 

being a significantly better year class than 2014; however, when the number of adults is 

taken into consideration, the population is growing in 2014 and decreasing in 2015, 

because a higher percentage of spawning adults were replaced by surviving juveniles. To 

better understand the success of nursery habitats, scientists and managers need to 

consider adult spawning stock that reproduces, as well as the juvenile abundance. In 

2015, the juvenile year classes were considered successful for Blueback Herring and 

marginally better for Alewife (Figure 31; MDNR 2016b). With information about the 

spawning stock size, I would conclude that 2015 was a weak year class.   
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A)  

B)  
Figure 31. Juvenile indices represented as geometric mean catch per haul of young-of-the-year A) Alewife 
and B) Blueback Herring captured in the Potomac River by Maryland Department of Natural Resources 
from 1959 to 2015. Graphs downloaded from MDNR (2016b).  
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One concern of the model is that it overestimates egg mortality. The models were 

calibrated to the estimated larval production rates, which were based on the identified 

larval abundance within the tributary. However, there were numerous clupeids (either 

river herring, Gizzard Shad Dorosoma cepedianum, American Shad Alosa sapidissima, 

or Hickory Shad A. mediocris), captured that could not be identified to species due to 

damage or lack of pigmentation caused by the capture and preservation process. 

Unidentified clupeids made up 43% of the larval clupeid catch (40.4% in 2013, 28.2% in 

2014, and 58.8% in 2015). Identified river herring made up only 20% of the catch. Even 

if only half of the unidentified catch were river herring (split evenly between the two 

species), larval production would be double the current levels, which would have 

dramatically reduced the egg mortality I used in the model.  

The poor estimation of larval production (total number of larvae produced) in 

2015 for both species could be due to increased predation on eggs that was not 

represented in the model. During 2015, adult populations of river herring increased 183% 

from the 10-year average of collected fish (Chapter 1), resulting in significantly more 

eggs produced than previous years. Additionally, the diversity and abundance of other 

species in the system also increased (Jones and De Mutsert 2016). While the exact 

variables that increased our catch of different species within the system are unknown at 

the time of this study, many species that increased in abundance consume eggs and YOY 

river herring, such as White Perch Morone americana and Striped Bass M. saxatillis 

(Jones and De Mutsert 2016; Manooch III 1973).  
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The model utilized site-specific mortality rates but could not relate those mortality 

rates to environmental variables, such as water flow, turbidity, and precipitation (water 

flow timing). Other studies have documented that recruitment of clupeids correlates to 

the timing of flow rates and optimal temperatures rather than to the size of adult 

spawning populations (Crecco and Savoy 1984; Kosa and Mather 2001; Tommasi et al. 

2015). Habitat suitability indices (HSIs) developed by Pardue (1983) and Carline et al. 

(1994) also use water flow as an environmental metric to determine suitable habitats for 

river herring at various life stages; however, those HSIs report on the optimal velocity 

range for spawning adults and for juveniles, but do not take timing of the flows into 

consideration. Tommasi et al. (2015) found that Blueback Herring recruitment in the 

Potomac River was based on an optimal flow of 430 m3s-1 in May, while Alewife 

recruitment in the Potomac River was only based on temperature. Additionally, neither 

the HSI scores, nor Tommasi et al. (2015) relate these optimal ranges directly to 

mortality. More research is needed to relate these flow rates to mortality and to better 

understand how the timing of these events benefits YOY river herring.  

Many assumptions were made for the model that must be addressed in future 

model development. To simplify the models, the nursery was assumed to be closed until 

juveniles emigrated out of the system, with no YOY migrating into the system from other 

nearby nurseries. However, Potomac River tributaries are not closed systems but the 

extent to which migration between nurseries occurs is unknown at this time. Another 

assumption was that spawning did not occur below the location where adults were 

sampled. The exact location of spawning has not been determined within individual 
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tributaries, so determining the soundness of this assumption is difficult at the time of this 

study.  

In conclusion, the designed models indicate that the surviving juveniles only 

replace adults in 2014 for Alewife, while Blueback Herring only had increased 

populations in 2013 and 2014 if lower juvenile mortality rates were used. However, 

larval approximations were based on larvae identified to species, which resulted in 

underestimating survival. The model design was a good fit for YOY Alewife, where 

more information was available about how temperature directly impacts development of 

the eggs and larvae; however, the model poorly fit Blueback Herring larvae abundance, 

with the caveat that egg and larval development has not been as well studied, and the 

assumption was made that Blueback Herring development was impacted in the same way 

as Alewife. More research into the effects of temperature on the development of egg and 

larval Blueback Herring is needed to create a better fitting model. Additionally, juvenile 

mortality rates varied from year to year, which can be implemented into the model with 

knowledge of the year class strength. To better develop the predictive capabilities of the 

model for both species, more information is needed to understand the effects of other 

environmental variables, such as water flow, turbidity, and seasonal precipitation (water 

flow timing). Additionally, gear that is more selective for smaller juveniles is needed in 

the tributaries to better determine juvenile mortality rates and to more accurately calibrate 

the model. Completing a longer time series with this model is also needed to determine if 

good year class success occurs more often than not for both species.  With additional 

information on environmental impacts to YOY river herring, this model could be better 
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developed into a tool to assess the health of nursery habitats. Current methods for 

estimating adult and YOY abundances cannot be compared directly since they are 

captured by different means. For example, I utilized passive hoop nets to capture adults 

and active otter trawls to capture juveniles. The abundance of individuals captured in the 

two gears were not comparable due to the different capturing natures. Many management 

organizations employ similar methods (i.e. Maryland Department of Natural Resources 

capture adults in fyke nets and juveniles in seine nets). However, all gear types estimate 

some proportion of the abundance. By modeling the entire population throughout all life 

history strategies, the observed proportions of abundance can be compared to the total 

abundance. Thus allowing managers and scientists to examine all stages of development 

at the same level and examine how many juveniles replace spawning adults. 

Understanding the replacement of adults by juveniles can lead to better understanding by 

managers of the drivers behind year class success, and better determination of which 

nurseries should be priorities for rehabilitation.  
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CHAPTER 4: VARIATIONS IN ADULT RIVER HERRING AGE, GROWTH, 
AND MATURITY AMONG CHESAPEAKE BAY RIVERS 

Abstract 
Spawning runs of anadromous river herring have declined in the Chesapeake Bay, along 

with individual traits, such as length, length-at-age, and percent composition of repeat 

spawners. In stock assessment many of these life history traits can be used in different 

ways to understand the health, habitat use, or reproductive potential of a population. Each 

river is monitored independently and a regional comparison of the diverse data on 

spawning adults in the Chesapeake Bay has yet to be documented. The purpose of this 

study was to compare the populations spawning in various Chesapeake Bay rivers to 

determine if sex ratios, length, age, length-at-age, and spawning frequencies differ among 

rivers. Also, life history traits before and after the moratoria, established in 2012, were 

tested within the Potomac and Nanticoke rivers to determine if the moratoria are having 

an effect on the distinct populations. Five organizations, the Potomac Environmental 

Research and Education Center, the Smithsonian Environmental Research Center, 

Maryland Department of Natural Resources, Virginia Department of Game and Inland 

Fisheries, and the Virginia Marine Resources Commission, provided data for river 

herring in seven rivers. Significant differences were found between the life history traits 

for populations in many of the rivers, even after accounting for differences in sampling 

gear. The ratio of males to females was significantly different between most rivers 

(p<0.0001 Alewife and p=0.046 Blueback Herring). The population surveyed in the 
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Susquehanna River had the smallest median length for both populations of river herring, 

while populations in the Nanticoke River had the highest median age. Populations in the 

Potomac River had larger median lengths after the moratoria; however more years of 

monitoring are needed before conclusions about the effectiveness of the moratoria can be 

made. Populations in the Nanticoke River had smaller median length and younger median 

age after the moratoria but more information is needed to determine whether enough time 

has passed for the moratoria to be effective. The differences between rivers give evidence 

to natal homing, which requires monitoring and management of the species at a local 

level, but also indicate restoration priorities could differ between rivers. Coordinated 

sampling and analysis with consistent aging methods is needed for a stronger comparison 

of population dynamics among rivers. 

 

Introduction 
River herring, Alewife Alosa pseudoharengus and Blueback Herring A. aestivalis, 

have historically used Chesapeake Bay tributaries as spawning areas (ASMFC 2012; 

Murdy and Musick 2013). Returning every spring to spawn in freshwater tributaries 

along the Atlantic Coast of the US and Canada (Hildebrand 1963; Winters et al. 1973), 

river herring spawn for the first time between the ages of 2 and 6 (Chapter 1). River 

herring utilize a variety of spawning habitats, from shallow streams and ponds to deep 

rivers (Fay et al. 1983; Havey 1973; Kissil 1974; Loesch and Lund 1977). Juveniles will 

utilize the tributaries until the fall/winter, and then migrate out to sea (Burbidge 1974; 

Kissil 1974; Richkus 1975; Warinner et al. 1969).  
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The most recent stock assessment of river herring populations concluded that all 

but one stock was depleted or unknown due to lack of data (ASMFC 2012). Most of the 

Chesapeake Bay rivers are considered of unknown status (ASMFC 2012). Depletion of 

river herring populations has been attributed to overfishing and habitat degradation of 

spawning and nursery habitats (ASMFC 2012; Greene et al. 2009; Hightower et al. 1996; 

NMFS 2009; NRDC 2011). Along with the declines in population sizes, declining trends 

have been observed in length, length-at-age, and percent composition of repeat spawners 

(ASMFC 2012). While trends have been analyzed within many rivers when historical 

data were available, few studies have examined the differences between rivers. In 

Massachusetts, populations of river herring were compared in five rivers where sex 

ratios, mean length, growth rates, mortality rates, and age structures were different for 

both species in many of the rivers (Sheppard et al. 2010). American Shad Alosa 

sapidissima, another anadromous species in the same genus as river herring, was 

determined to have different proportions of fish mature in a given age class between three 

Virginia rivers (Tuckey and Olney 2010). Similar analyses have not been completed for 

river herring in the Chesapeake Bay region, which likely make up a substantial fraction 

of the Mid-Atlantic Stock.  

River Herring Management 

The Atlantic States Marine Fisheries Commission (ASMFC), through the Shad 

and River Herring Management Board, manages river herring. The management board is 

comprised of members from the ASMFC, each state jurisdiction, the National Marine 

Fisheries Service (NMFS), and the US Fish and Wildlife Service (USFWS), and has 
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established priorities for research and monitoring to increase restoration throughout the 

region (ASMFC 2012; Tuckey et al. 2009). However, management implementation and 

monitoring occur on a state level, except for the Potomac River, which is jointly managed 

by the Potomac River Fisheries Commission (a Virginia-Maryland bi-state commission; 

PRFC), the District of Columbia Department of the Environment (DDOE), and the 

federal government (ASMFC 2012).  

Management of river herring species throughout the Chesapeake Bay (hereafter, 

Bay) is consistent throughout the different management agencies because of moratoria 

established by the ASMFC (ASMFC 2009). Under Amendment 2 of the Interstate 

Fishery Management Plan for shad and river herring, fisheries for Blueback Herring and 

Alewife must be closed unless the Shad and River Herring Management Board approves 

a sustainable fishery management plan (ASMFC 2009). The amendment was enacted on 

January 1, 2012 and none of the Bay management agencies applied for sustainable 

fisheries plans. Moratoria are enacted and continue throughout the region (ASMFC 

2012). Virginia was the only jurisdiction within the Bay to implement moratoria on river 

herring before the ASMFC regulation date. Moratoria for river herring were established 

for Virginia Rivers that drained into North Carolina on January 1, 2008, and in all 

Virginia waters on June 28, 2011 (ASMFC 2012).  

Project Collaboration 

Various management and research organizations have studied adult river herring 

runs in several Bay rivers, as well as collected scales and otoliths for length-at-age 

analyses and spawning frequency analyses. However, these diverse data sets are collected 
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independently with multiple gear types and varying levels of effort. Additionally, the 

standard aging protocols established by the ASMFC (2014) have been established 

throughout the region, adding further potential bias to some data sets but not others. An 

attempt to determine if the adult life history traits vary between rivers has not been done 

before this study.  

Cooperation between management agencies and other stakeholders (e.g. Potomac 

Environmental Research and Education Center (PEREC), Smithsonian Environmental 

Research Center (SERC), DDOE, Virginia Department of Game and Inland Fisheries, 

Maryland Department of Natural Resources, The Nature Conservancy, US Geological 

Service, National Fish and Wildlife Foundation, Virginia Institute of Marine Science, and 

USFWS) in the region was initiated with the Chesapeake Bay River Herring Workshop 

hosted by SERC. This workshop was initiated in 2013, and is now conducted annually 

with support from the National Fish and Wildlife Foundation (NFWF). The workshop 

aims to share information about research conducted in the region by separate agencies 

and to determine gaps in knowledge about Bay river herring. Workshop outcomes strive 

to align with the goals of the ASMFC, as well as the goals of the Chesapeake Bay 

Program (CBP). The goals of the Chesapeake Bay River Herring Workshop are to 

increase the understanding of ongoing research and monitoring occurring in the region, 

provide a basis for collaboration between agencies for future projects, and to explore 

formation of a Chesapeake Bay River Herring Monitoring Network to further collaborate 

between workshop participants.  
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Gear types are highly selective to a particular size of a fish, based on the size of 

the mesh opening or the susceptibility of the fish to electroshock (Anderson 1995; 

Beamesderfer and Rieman 1988; Myers and Hoenig 1997; Reynolds and Harlan 2012; 

Ricker 1975). MDNR tested several gill nets mesh sizes in the North East River to 

determine the best size for the best river herring size range (G. Lipkey, Maryland 

Department of Natural Resources, personal communication). By including a 2.25” mesh 

gill net in 2015, MDNR was able to catch about four times as many Blueback Herring, 

many smaller in size than in 2014 (G. Lipkey, personal communication). The fyke nets 

used in MDNR’s Nanticoke River sampling were 1.5” with 3” mesh wings.  

Aging methods have not been coordinated among Bay datasets, which could have 

led to aging bias between organization analyzing the samples. The ASMFC convened a 

river herring ageing workshop in 2013 to develop protocols to investigate past ageing 

techniques throughout the US and to standardize protocols specific to these species 

(ASMFC 2014). The previous method outlined by Cating (1953)  was based on using 

transverse grooves to locate freshwater zones and annuli on scales. However, location of 

transverse grooves on scales can differ between specimens in different regions, making 

standard protocols difficult to establish (ASMFC 2014). Additionally, participating labs 

were found to age the same structures differently, creating a systematic bias in the ageing 

data (ASMFC 2014). The workshop attendees recommended for readers to compare 

otoliths and scales when available, for reference samples to be collected for each river 

system, and for bias benchmarks to be established by all readers before data collection 
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(ASMFC 2014). At the time of this study, recommendations for coordinated aging 

strategies had not been established within the Bay agencies.  

Research Objectives 

The purpose of this study was to compare the adult populations throughout the 

Chesapeake Region to determine if life history traits used in stock assessments, such as 

sex ratios, median length, median age, median length-at-age, and spawning frequencies, 

differ between river systems in the region. The comprehensive analysis of these data sets 

will allow for determination of spawning run characteristics within the region. The 

objectives of this study were to compare (1) length distributions of populations, (2) age 

distributions of populations, (3) median length-at-age, (4) spawning frequencies, and (5) 

sex ratios for Alewife and Blueback Herring spawning in different Bay rivers.   

 

Materials and Methods 
Data Collection 

  SERC, Maryland Department of Natural Resources (MDNR), Virginia 

Department of Game and Inland Fisheries (DGIF), and Virginia Marine Resources 

Commission (VMRC; Table 17) provided length and/or length-at-age data of river 

herring collected within Bay rivers. Both Alewife and Blueback Herring were collected 

in the same seven rivers (Figure 32). All data sources were fishery-independent, except 

the Nanticoke River 1984 to 2014 dataset provided by MDNR and data collected by 

VMRC (details follow).   
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Table 17. Age-at-length data provided for the Chesapeake Bay-wide assessment of adult river herring population structure and spawning frequency in 
various rivers. Data sets were provided by the Potomac Environmental Research and Education Center (PEREC), the Smithsonian Environmental 
Research Center (SERC), the Virginia Department of Game and Inland Fisheries (VDGIF), Maryland Department of Natural Resources, (MDNR) and 
Virginia Marine Resources Commission (VMRC). 

River Years Sampling Structure Species Data 
Owner 

Gear Type 

Potomac 2007-2008 Otoliths & Scales Alewife & Blueback PEREC Electrofishing 
Potomac 2007-2008 Otoliths & Scales Alewife PEREC Hoop 
Potomac 2009-2015 Otoliths & Scales Alewife & Blueback PEREC Hoop 
Susquehanna 2014 Otoliths & Scales Alewife & Blueback SERC Electrofishing 
Nanticoke 2013-2014 Otoliths & Scales Alewife & Blueback SERC Electrofishing 
Choptank 2013-2015 Otoliths & Scales Alewife & Blueback SERC Electrofishing 
James 2013-2014 Otoliths Alewife & Blueback DGIF Electrofishing 
Rappahannock 2013-2014 Otoliths Alewife & Blueback DGIF Electrofishing 
Chickahominy 2013-2014 Otoliths Alewife & Blueback DGIF Electrofishing 
Nanticoke 1984-2014 Scales Alewife & Blueback MDNR Fyke Nets 
Potomac 1990-1991 None Alewife VMRC Pound or Gill Nets 
Potomac 1995, 2003 None Alewife VMRC Pound or Gill Nets 
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Figure 32. Rivers within the Chesapeake Bay where adult river herring were collected by Potomac 
Environmental Research and Education Center (PEREC), the Smithsonian Environmental Research Center 
(SERC), the Virginia Department of Game and Inland Fisheries (VDGIF), Maryland Department of Natural 
Resources (MDNR) and Virginia Marine Resources Commission (VMRC) for age-at-length data sets. 
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Field Methods 

Potomac Environmental Research and Education Center 

 Fish were collected in the Potomac River by PEREC from 1988 to 2015; 

however, samples were only kept from 2007 to 2015, so otoliths and scales were not 

available for earlier years. Earlier records were also excluded from analysis much of the 

data from 2004 to 2006 was based on visual counts of the fish, so sex and lengths were 

not available.   From 2007 to 2015, fish were targeted using hoop nets, modified to act as 

fyke nets with 5.1 cm mesh snow fencing attached to reach across the entire tributary in 

Pohick Creek and Accotink Creek, and Cameron Run was added in 2013 (Figure 32). The 

hoop nets with a 1.3 cm mesh were set for 24 hours each week from mid-March to May. 

Because of low catches of Alewife and zero catches of Blueback Herring in 2007 and 

2008, nearby Quantico Creek and Dogue Creek were sampled by electrofishing. Samples 

from 2007 to 2012 that were kept by previous field crew were kept frozen. I kept river 

herring that did not survive capture from 2013 to 2015.  

I dissected all kept samples from 2013 to 2015, for which standard length (SL; 

mm), fork length (FL; mm), total length (TL; mm), and wet weight (g) were recorded. 

Scales and otoliths were extracted, cleaned, and stored dried until read. Two independent 

readers read annuli on otoliths under transmitted light according to the methods provided 

by the ASMFC 2014 aging workshop (ASMFC 2014). Scales were placed between two 

glass slides and examined under a dissecting scope with transmitted light. Annuli and 

spawning markers (annuli eroded during transition into freshwater) were read two 

separate times according to the methods outlines in the ASMFC 2014 aging workshop 
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(ASMFC 2014). If consensus about the age or spawning markers of the sample could not 

be reach, the sample was discarded. 

Smithsonian Environmental Research Center 

The Smithsonian Environmental Research Center collected river herring by 

electrofishing at one station in the Choptank River from 2013 to 2015 and one station in 

the Nanticoke River from 2013 to 2014 (Figure 32). One station in the Susquehanna 

River was sampled by MDNR in 2014 and whole fish (frozen) were sent to SERC for 

analysis (Figure 32). Electrofishing was conducted for 300 seconds. The FL, TL, and sex 

were recorded. Subsamples were kept for otolith and scale extraction. Otoliths were read 

for age by at least three readers under transmitted light on a dissecting scope. Scales were 

pressed between two glass slides and read under a microfiche for spawning marks by two 

readers. Samples were discarded if a consensus about age or spawning marks could not 

be reached.   

Maryland Department of Natural Resources 

 Data collected by MDNR were fishery dependent. Fyke nets and pound nets were 

set in the Nanticoke River between Vienna and Rewastico Creek (Figure 32). The design, 

mesh size, and soak times can vary depending on the fisherman’s preference and 

sampling locations. Many locations were located next to channels in the Nanticoke River, 

so the entire waterway could not be blocked off by gear. Many fishermen aim to set nets 

on Mondays and fish them on Fridays; however, due to weather and/or schedules soak 

times varied from 0.5 to 13 days. Maryland DNR would record total length (mm) and sex 
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then collect scale samples from the river herring catch. Scales were analyzed for age and 

spawning markers.   

Virginia Department of Game and Inland Fisheries 

 The Virginia DGIF collected river herring at five stations in the Chickahominy 

River, six stations in the James River, and nine stations in the Rappahannock River 

(Figure 32). Electrofishing was conducted weekly at most stations; however, two stations 

in the Rappahannock River and one in the Chickahominy River were conducted bi-

weekly, and one station in each river was conducted occasionally. Electrofishing duration 

ranged from 300 to 900 seconds, depending on location and conditions. The TL, sex, and 

WW were recorded. Subsamples were kept for otolith and scale extraction, but the age 

and spawning marker analyses were not completed at the time of this study. Data 

collected by VDGIF were excluded from the spawning frequency, median age, and 

median length-at-age analyses since age and spawning markers were not available at the 

time of this study.  

Virginia Marine Resource Commission 

Data collected by VMRC were fishery dependent. Fishermen used pound or gill 

nets to capture river herring in the Potomac River (Figure 32); however, VMRC 

subsampled catches from the river in a variety of years (Table 17). When a catch was 

subsampled, TL, WW, and sex were collected from up to 30 Alewife in each catch. 

Subsampling Alewife catch was discontinued in 2008. Data provided by the VMRC does 

not include aging information; however fork length (FL), total (TL), weight, sex, and 
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maturity stage were provided, so comparisons between sex ratios and length frequencies 

were completed for the Potomac River analyses.  

Statistical Analyses 

Due to the different time series of data available between agencies, a bay-wide 

comparison was only completed on data collected after the moratorium was established 

(2012-2015). Data from before (1984-2011) and after the moratorium (2012-2015) that 

were collected in the Potomac and Nanticoke rivers were used for additional comparisons 

to determine if life history traits of adult river herring changed between pre-moratorium 

and post-moratorium years since these were the only two rivers with sufficient data 

across both time scales.  

The various agencies evaluated fish length using different methods. For 

consistency in analyses, all measurements were converted to total length (TL) using 

information developed from the Potomac River PEREC dataset (Table 18; Schlick 

unpublished). Total length was chosen in the comparison metric as the majority of the 

data provided by agencies used this approach. 

 

Table 18. The equations to convert between standard length (SL) and total length (TL) and between fork 
length (FL) and total length (TL) in millimeters for Alewife and Blueback Herring, as well as the 
correlation between variables used to determine the equations (R2). Determined from river herring collected 
in the Potomac River from 2007 to 2015. 

Species Converting Equation R2 
Alewife SL to TL TL=1.1522(SL)+17.684 0.926 
Alewife FL to TL TL=1.0808(FL)+11.096 0.968 
    

Blueback SL to TL TL=1.1446(SL)+18.644 0.93 
Blueback FL to TL TL=1.104(FL)+6.02 0.972 
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Traits of the population were compared based on the river collected in and the 

type of gear used for collection to ensure differences were due to the population and not 

differences in methods. Chi-square tests were employed to determine if the frequency of 

females was different than that of males and if the frequency of first-time spawners 

(virgin) was different than that of repeat spawners following Ogle (2015a).  Age, TL, and 

length-at-age were tested for normality using the Shapiro-Wilk test. Since the data were 

not normally distributed, the medians of TL and age were compared using the 

Kolmogorov-Smirnov (K-S) test (Neumann and Allen 2007). The K-S test uses the 

median to test if frequencies differ in location (Ogle 2015a). The assumption of the K-S 

test is that the data were continuous, which was violated by the length data used in this 

study, so a boot-strapped method developed by Ogle in the Fisheries Stock Assessment 

(FSA) R© package specifically to correct for this violation was used (Ogle 2015a). 

Additionally, when more than two populations were tested at the same time, the p.adjust() 

function in FSA R© code  was used to correct for errors with multiple populations(Ogle 

2015a). A Kruskal-Wallis statistic was used to test the median length-at-age between 

each river, which indicates whether a difference exists. To determine where the 

differences occur between rivers, a multiple comparison test after Kruskal-Wallis 

(kruskalmc in R© package pgirmess) was used (Siegel and Castellan 1988).  

Since different gear types were used in different rivers, some data sets had to be 

excluded because differentiating between populations due to gear or location was not 

possible. The results reported reflect analyses where data were already excluded due to 

gear interactions (Table 19; Appendix IV).  
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Table 19. Age-at-length data and statistical analyses utilized to determine life history differences between 
populations of adult river herring collected in different Chesapeake Bay rivers. Data not listed were 
excluded due to test indicating populations were different due to gears used to capture the population. 

Species Testing Analysis 
Data 
Source River  Years 

Alewife Sex Ratios Chi-square DGIF Chickahominy 2013-2014 

   
DGIF James 2013-2014 

   
DGIF Rappahannock 2013-2014 

   
PEREC Potomac 2012-2015 

   
SERC Choptank 2013-2014 

   
SERC Nanticoke 2013-2014 

   
SERC Susquehanna 2014 

 
Spawning 
Frequency 

Chi-square SERC Choptank 2013-2014 

  
SERC Nanticoke 2013-2014 

   
SERC Susquehanna 2014 

 
Median Length Kolmogorov-

Smirnov test 
DGIF Chickahominy 2013-2014 

  
DGIF James 2013-2014 

   
DGIF Rappahannock 2013-2014 

   
SERC Choptank 2013-2014 

   
SERC Nanticoke 2013-2014 

   
SERC Susquehanna 2014 

 
Median Age Kolmogorov-

Smirnov test 
PEREC Potomac 2012-2015 

  
SERC Choptank 2013-2014 

   
SERC Nanticoke 2013-2014 

   
SERC Susquehanna 2014 

 
Median 
Length-at-age 

Kruskal-Wallis PEREC Potomac 2012-2015 

  
SERC Choptank 2013-2014 

   
SERC Nanticoke 2013-2014 

   
SERC Susquehanna 2014 

      

Blueback Sex Ratios Chi-square SERC Choptank 2013-2014 
Herring 

  
SERC Nanticoke 2013-2014 

   
SERC Susquehanna 2014 

 
Spawning 
Frequency 

Chi-square SERC Choptank 2013-2014 

  
SERC Nanticoke 2013-2014 

   
SERC Susquehanna 2014 

 
Median Length Kolmogorov-

Smirnov test 
DGIF Chickahominy 2013-2014 

  
DGIF James 2013-2014 

   
DGIF Rappahannock 2013-2014 

   
SERC Choptank 2013-2014 

   
SERC Nanticoke 2013-2014 

   
SERC Susquehanna 2014 

 
Median Age Kolmogorov-

Smirnov test 
SERC Choptank 2013-2014 

  
SERC Nanticoke 2013-2014 

   
SERC Susquehanna 2014 

 
Median 
Length-at-age 

Kruskal-Wallis SERC Choptank 2013-2014 

  
SERC Nanticoke 2013-2014 

      SERC Susquehanna 2013-2014 
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Results 

Bay-wide Assessment 

Sex Ratios 

The ratios of females to males were different between rivers for Alewife 

(Χ2=94.142, df=6, p<0.0001).  Alewife populations had higher frequencies of males in 

every river, with the most males occurring in the James River (87.8%) and the least in the 

Nanticoke River (55.4%; Figure 33). A post hoc chi-square analysis revealed that most 

populations in each river were different from other populations, with a few exceptions 

(Table 20). The ratios of females to males were marginally different for Blueback 

Herring (Χ2=11.28, df=6, p=0.04606); however, a post hoc chi square test revealed that 

when p-values were adjusted for the number of analyses occurring, none of the sex ratios 

differed between rivers (Table 20). All populations had more males than females with the 

James River having the most at 67.7% and the Chickahominy River having the least at 

56.9%.  
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Table 20. Chi-Square post hoc p-values adjusted for multiple populations, comparing the frequency male 
and female river herring collected in Chesapeake Bay rivers from 2012-2015. River herring collected by 
electrofishing and Alewife collected by hoop nets were utilized in the statistics. River herring collected in 
the Nanticoke River using fyke nets and Blueback Herring collected in the Potomac River using hoop nets 
were excluded due to gear interactions. 

River 1 River 2 
Alewife  

adjusted p-value 
Blueback Herring 
adjusted p-value 

Chickahominy Choptank 0.0027 0.3056 
Chickahominy James 0.0479 0.1517 
Chickahominy Nanticoke 0.0007 0.2810 
Chickahominy Potomac 0.5419 * 
Chickahominy Rappahannock 0.0206 1.0000 
Chickahominy Susquehanna 0.0327 0.7770 
Choptank James 0.0001 0.7770 
Choptank Nanticoke 0.5419 0.9467 
Choptank Potomac 0.0003 * 
Choptank Rappahannock <0.0001 0.2683 
Choptank Susquehanna <0.0001 1.0000 
James Nanticoke 0.0001 0.9467 
James Potomac 0.0096 * 
James Rappahannock 0.5231 0.1017 
James Susquehanna 0.6821 0.9467 
Nanticoke Potomac 0.0001 * 
Nanticoke Rappahannock <0.0001 0.2683 
Nanticoke Susquehanna <0.0001 1.0000 
Potomac Rappahannock <0.0001 * 
Potomac Susquehanna 0.0007 * 
Rappahannock Susquehanna 0.8014 0.7770 
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Figure 33. The average frequency with standard deviation of each sex of Alewife and Blueback Herring collected in Chesapeake Bay rivers from 2012-
2015. Reported p-values represent only utilized data. River herring collected by electrofishing and Alewife collected by hoop nets were utilized in the 
statistics. River herring collected in the Nanticoke River using fyke nets and Blueback Herring collected in the Potomac River using hoop nets were 
excluded due to gear interactions. 
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Virgin Versus Repeat Spawners 

The proportion of virgin spawners versus repeat spawners was not significantly 

different for Alewife (Χ2=5.4254, df=2, p=0.0664) or Blueback Herring (Χ2=5.8892, 

df=2, p=0.5262) populations in the Choptank, Nanticoke, and Susquehanna rivers. There 

was a higher frequency of repeat spawners in all three rivers for both species, except 

Blueback Herring in the Susquehanna River had an equal ratio of virgin to repeat 

spawners (Figure 34). Alewife had the highest proportion of repeat spawners in the 

Choptank River (63.1%) and lowest in the Nanticoke River (53.2%). Blueback Herring 

had the highest in the Nanticoke River (70.5%) and lowest in the Susquehanna River 

(50.0%). 
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Figure 34. The average frequency with standard deviation of first-time (virgin) spawners versus repeat 
spawners of Alewife and Blueback Herring collected in Chesapeake Bay rivers from 2012-2015. Reported 
p-values represent only utilized data. River herring collected by electrofishing were utilized in the statistics.  
River herring collected in the Nanticoke River using fyke nets and in the Potomac River using hoop nets 
were excluded due to gear interactions. 

 

Cumulative Length Frequency Distributions 

The K-S test was used to determine a significant difference between the median 

TL of Alewife (p<0.0001) and Blueback Herring (p<0.0001) collected in different rivers. 

Using the K-S bootstrapped method, I was able to determine that Alewife collected the 

Chickahominy River and the Susquehanna River were significantly different than every 

other river tested (Table 21). Alewife collected in the Chickahominy River had a higher 

cumulative length frequency (longer fish) than any other river while the Susquehanna 
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River population had a lower cumulative length frequency (smaller fish; Figure 35). 

Blueback Herring in Susquehanna River had a significantly lower cumulative length 

frequency (smaller fish) than every other river tested (Table 21; Figure 35). Also, 

Blueback Herring from the Rappahannock River were significantly longer than the 

Choptank River (Table 21; Figure 35). Significant differences in TL were not found 

between any other rivers (Table 21).  

 

Table 21. Kolmogorov-Smirnov p-values adjusted for multiple populations, comparing the median total 
length of river herring collected in Chesapeake Bay rivers from 2012-2015. River herring collected by 
electrofishing and Blueback Herring collected by hoop nets were utilized in the statistics. River herring 
collected in the Nanticoke River using fyke nets and Alewife collected in the Potomac River using hoop 
nets were excluded due to gear interactions. 

River 1 River 2 Alewife p-value Blueback p-value 
Chickahominy Choptank <0.0001 0.4630 
Chickahominy Nanticoke <0.0001 1.0000 
Chickahominy Potomac <0.0001 1.0000 
Chickahominy Rappahannock 0.0002 1.0000 
Chickahominy James 0.0204 1.0000 
Chickahominy Susquehanna <0.0001 0.0039 
Nanticoke Susquehanna <0.0001 0.0008 
Potomac Susquehanna <0.0001 0.0006 
Rappahannock Susquehanna <0.0001 0.0002 
James Susquehanna 0.0315 0.0018 
Choptank Susquehanna 0.0002 0.0026 
Choptank Potomac 0.0073 1.0000 
Choptank Rappahannock 0.1290 0.0291 
Nanticoke Rappahannock 1.0000 1.0000 
Choptank Nanticoke 0.2137 1.0000 
Choptank James 1.0000 1.0000 
James Nanticoke 1.0000 1.0000 
James Potomac 1.0000 1.0000 
James Rappahannock 1.0000 0.7380 
Nanticoke Potomac 1.0000 1.0000 
Potomac Rappahannock 1.0000 0.0722 
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Figure 35. The cumulative frequency of total length for Alewife and Blueback Herring collected in Chesapeake Bay rivers from 2012-2015. River 
herring collected by electrofishing and Blueback Herring collected by hoop nets were utilized in the statistics. River herring collected in the Nanticoke 
River using fyke nets and Alewife collected in the Potomac River using hoop nets were excluded due to gear interactions. 
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Cumulative Age Frequency Distributions 

The median age for Alewife collected in different rivers was determined to be 

significantly different using the K-S test (p<0.0001). Alewife collected in the Nanticoke 

River had a different median age than any other river tested (Table 22). Additionally, 

Alewife collected in the Susquehanna River had different median age than the Choptank 

River but not the Potomac River (Table 22). The cumulative age frequencies were highest 

in the Nanticoke River, indicating older fish, and lowest in the Potomac and Choptank 

Rivers (Figure 36). Blueback Herring populations differed by median age between rivers 

(p<0.0001); however, the K-S test revealed the median age only differed between the 

Choptank and Nanticoke rivers, with the Nanticoke River having a higher age frequency, 

indicating an older population (Table 22, Figure 36).  

 

Table 22. Kolmogorov-Smirnov test p-values adjusted for multiple populations, comparing the median total 
length of Alewife and Blueback Herring collected in Chesapeake Bay rivers from 2012-2015. River herring 
collected by electrofishing and Alewife collected by hoop nets were utilized in the statistics. River herring 
collected in the Nanticoke River using fyke nets and Blueback Herring collected in the Potomac River 
using hoop nets were excluded due to gear interactions. 

River 1 River 2 Alewife p-value Blueback p-value 
Choptank Susquehanna <0.0001 1.0000 
Susquehanna Nanticoke <0.0001 1.0000 
Choptank Nanticoke 0.0165 0.0433 
Potomac Nanticoke <0.0001 * 
Potomac Choptank 0.0955 * 
Potomac Susquehanna 0.0915 * 
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Figure 36. The cumulative frequency of age for Alewife and Blueback Herring collected in Chesapeake Bay rivers from 2012-2015. River herring 
collected by electrofishing and Alewife collected by hoop nets were utilized in the statistics. River herring collected in the Nanticoke River using fyke 
nets and Blueback Herring collected in the Potomac River using hoop nets were excluded due to gear interactions. 
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Median Length-at-age 

The median length-at-age was different between rivers for Alewife (Χ2=50.2, 

df=3, p<0.0001). Alewife populations in the Susquehanna River were significantly 

different from all other rivers tested and the Nanticoke and Potomac River populations 

were also different (Table 23). Alewife in the Nanticoke and Susquehanna rivers had a 

median length-at-age smaller at each age than the Potomac River until age 6 (Figure 37). 

The median length-at-age was not smaller for ages 6, 7, and 8.  

Populations of Blueback Herring in the Susquehanna, Choptank, and Nanticoke 

rivers differed based on median length-at-age (Χ2=10.227, df=2, p=0.006). Using the 

multiple comparison test after Kruskal Wallis, the differences between the three 

populations only occurred between the Choptank and Nanticoke rivers (Table 23). The 

mean length at age was higher for the Choptank River population at ages 2 through 4, but 

was higher for the Nanticoke population at ages 5 through 7 (Figure 37).  

 

Table 23. Kruskal-Wallis p-values, comparing the median length-at-age of river herring surveyed in 
Chesapeake Bay rivers from 2012-2015. River herring collected by electrofishing and Alewife collected by 
hoop nets were utilized in the statistics. River herring collected in the Nanticoke River using fyke nets and 
Blueback Herring collected in the Potomac River using hoop nets were excluded due to gear interactions. 

River 1 River 2 Alewife p-value Blueback p-value 
Choptank Susquehanna <0.05 >0.05 
Susquehanna Nanticoke <0.05 >0.05 
Potomac Susquehanna <0.05 * 
Potomac Nanticoke <0.05 * 
Potomac Choptank >0.05 * 
Choptank Nanticoke >0.05 <0.05 
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Figure 37. The median length-at-age for Alewife and Blueback Herring surveyed in Chesapeake Bay rivers 
from 2012-2015. River herring collected by electrofishing and Alewife collected by hoop nets were utilized 
in the statistics. River herring collected in the Nanticoke River using fyke nets and Blueback Herring 
collected in the Potomac River using hoop nets were excluded due to gear interactions. 

 

Comparing Pre- and Post-Moratorium in Potomac River 

Sex Ratios 

 The frequency of female Alewife significantly decreased from 43.3% of the 

population before the moratorium to 30.2% of the population post-moratorium (Χ2=32.5, 

df=1, p<0.0001; Figure 38). However, four different gear types were used and only hoop 

nets were used after the moratorium. Hoop nets and electrofishing collected Alewife in 
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2007, and sex ratios of Alewife did not differ between the two gears (Χ2= 0.6032, df=1, 

p=0.4374). When Alewife collected by hoop nets and electrofishing were analyzed, sex 

ratios no longer differed before and after the moratorium (Χ2= 1.573, df=1, p=0.2098). 

The frequency of female Blueback Herring significantly increased from 24% to 45.9% 

(Χ2=24.0, df=1, p<0.001; Figure 38); however, the sex ratios also differed between 

individuals collected with hoop nets and electrofishing (Χ2=28.961, df=1, p<0.001). Hoop 

nets collected Blueback Herring one year before the moratorium, but the sex ratios did 

not differ with Blueback Herring collected after the moratorium (Χ2=1.815, df=1, 

p=0.1779). 

 

 
Figure 38. The frequency of each sex of Alewife and Blueback Herring surveyed in the Potomac River 
before the moratorium (Pre: 2007-2011) and after (Post: 2012-2015). River herring utilized in the statistics 
were collected with electrofishing and hoop nets before the moratorium, while post-moratorium river 
herring were collected with only hoop nets. Alewife collected before the moratorium using gill nets and 
pound nets were excluded due to gear interactions. 
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Virgin Versus Repeat Spawners 

The frequency of repeat spawners increased for Alewife from 31.1% to 39.3% but 

was statistically different between time periods (Χ2=3.9, df=1, p=0.049; Figure 39). 

However the frequency of repeat spawners did differ between Alewife collected with 

hoop net or by electrofishing (Χ2=4.45, df=1, p=0.035). When Alewife collected via 

electrofishing were excluded, Alewife before and after the moratorium no longer differed 

(Χ2=2.76, df=1, p=0.097; Figure 39).  The frequency of repeat spawners for Blueback 

Herring increased from 8.5% to 42.9% (Χ2=43.9, df=1, p<0.0001; Figure 39), but the 

frequency also changed with gear type (Χ2=41.9, df=1, p<0.0001). When electrofishing 

was excluded, the frequency of repeat spawners was not longer significant (Χ2=2.23, 

df=1, p=0.1357). 
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Figure 39. The frequency of each first-time (virgin) spawners versus repeat spawners of Alewife and 
Blueback Herring surveyed in the Potomac River before the moratorium (Pre: 2007-2011) and after (Post: 
2012-2015). River herring utilized in the statistics were collected by hoop nets. River herring collected 
before the moratorium using electrofishing were excluded due to gear interactions. 

 

Cumulative Length and Age Frequency Distributions 

The median TL increased across the entire population for both species after the 

moratorium was implemented (p<0.0001 for both; Figure 40). The TL was also 

significantly different based on gear type (p<0.05 both species). The median TL for river 

herring collected only via hoop nets still increased after the moratorium for Alewife 

(p<0.0001) but not for Blueback Herring (p=0.65).  

The median age of Alewife did not differ before or after the moratorium (p=0.93) 

or differ by gear type (p=0.45).  Blueback Herring median age increased after the 

moratorium (p=0.002; Figure 41) but also increased with gear type (p=0.001). When only 
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Blueback Herring collected with hoop nets were analyzed, median age no longer differed 

before and after the moratorium (p=0.76; Figure 41).  

 

 
Figure 40. The cumulative frequency of total length (mm) for Alewife and Blueback Herring surveyed in 
the Potomac River before the moratorium (Pre: 2007-2011) and after (Post: 2012-2015). River herring 
collected via hoop net were utilized for the statistical analysis while river herring collected via 
electrofishing and Alewife collected with gill nets and pounds were excluded due to gear interactions. 
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Figure 41. The cumulative frequency of age (years) for Alewife and Blueback Herring surveyed in the 
Potomac River before the moratorium (Pre: 2007-2011) and after (Post: 2012-2015). River herring 
collected via hoop net were utilized for the statistical analysis while river herring collected via 
electrofishing were excluded due to gear interactions. 

 

Median Length-at-age 

While Alewife median length-at-age seems to increased after the moratorium 

except for age class 7, for which there was limited data, the results were not significant 

between time periods (Χ2=1.68, df=1, p=0.19; Figure 42) or between gear types (Χ2=1.76, 

df=1, p=0.18). Blueback Herring differed between time periods (Χ2=69.8, df=1, 

p<0.0001) with post-moratorium ages having a higher median length-at-age than the pre-

moratorium for ages 2 through 5 but not age 6 (Figure 42). Median length-at-age also 

differed between gear types (Χ2=77.6, df=1, p<0.0001). When Blueback Herring 
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collected with electrofishing was excluded, the median length-at-age no longer differed 

before or after the moratorium (Χ2=1.2, df=1, p=0.28). 

 

 
Figure 42. The median length-at-age for Alewife and Blueback Herring surveyed in the Potomac River 
before the moratorium (Pre: 2007-2011) and after (Post: 2012-2015). Alewife collected via hoop net and 
electrofishing and Blueback Herring collected by hoop nets were utilized for the statistical analysis while 
Blueback Herring collected via electrofishing were excluded due to gear interactions. 

 

Comparing Pre- and Post-Moratorium in Nanticoke River 

Sex Ratios 

In the Nanticoke River, the frequency of female Alewife decreased from 58% 

before the moratorium to 49.3% after the moratorium (Χ2=5.1419, df=1, p=0.02), and 

female Blueback Herring decreased from 49.3% before to 42.4% after (Χ2=10.8, df=1, 
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p=0.001; Figure 43). The frequency of females also differed between the types of gear 

used for Alewife (Χ2=15.7, df=1, p<0.0001) and Blueback Herring (Χ2=13.5, df=1, 

p=0.0002). Electrofishing was added to fyke net capture after the moratoria, which 

collected fewer female Alewife (44.6% electrofishing versus 57.9% using fyke nets) and 

Blueback Herring (33.9% electrofishing versus 48.9% using fyke nets). When only data 

from individuals collected in fyke nets were used to compare before and after the 

moratoria neither Alewife (Χ2=0.08532, df=1, p=0.8) nor Blueback Herring (Χ2=3.0696, 

df=1, p=0.08) had a significantly different sex ratio. 

 

 
Figure 43. The frequency of each sex of Alewife and Blueback Herring surveyed in the Nanticoke River 
before the moratorium (Pre: 1989-2011) and after (Post: 2012-2015). River herring collected via fyke nets 
were utilized for the statistical analysis while river herring collected via electrofishing were excluded due to 
gear interactions. 
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Virgin Versus Repeat Spawners 

Alewife virgin spawners increased significantly from 41.6% to 59.3% (Χ2=90.5, 

df=1, p<0.0001; Figure 44); however, the frequency of virgin Alewife spawners differed 

based on the type of gear as well (Χ2=137.33, df=1, p<0.0001). The frequency of 

Blueback Herring virgin spawners increased significantly from 36.4% before the 

moratorium to 57.5% after (Χ2=102.2, df=1, p<0.0001; Figure 44). The frequency of 

female Blueback Herring also changed depending on the gear type (Χ2=239.7, df=1, 

p<0.0001). When fish collected by electrofishing were excluded, virgin spawners 

collected before and after the moratoria were still significantly different for both species 

(Alewife- Χ2=107.12, df=1, p<0.0001; Blueback Herring- Χ2=155.49, df=1, p<0.0001). 

The population collected by fyke nets was 41.6% virgin Alewife before the moratorium 

and 63.8% virgin Alewife after, while blueback populations were 36.4% virgin spawners 

before and 65.6% virgin spawners after.   

 



 

163 

 
Figure 44. The frequency of each first-time (virgin) spawners versus repeat spawners of Alewife and 
Blueback Herring surveyed in the Nanticoke River before the moratorium (Pre: 1989-2011) and after (Post: 
2012-2015). River herring collected via fyke nets and Alewife collected via electrofishing were utilized for 
the statistical analysis while Blueback Herring collected via electrofishing were excluded due to gear 
interactions. 

 

Cumulative Length and Age Frequency Distributions 

The median TL was significantly larger before the moratorium for Alewife 

(p<0.0001) and Blueback Herring (p<0.0001; Figure 45). However, gear selectivity also 

had a significant difference on median TL (p<0.0001 for both species). When 

electrofishing data were removed from the analyses, the median TL was still significantly 

different (p<0.0001) for both species. One caveat to this analysis was the time before the 

moratorium was much longer (22 years) than after the moratorium (3 years), so the pre-

moratorium was rerun with just the last three years of data. The median TL of Alewife 

and Blueback Herring was still significantly smaller after the moratorium (p<0.0001).    
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The median age was older for Alewife (p=0.04) and Blueback Herring (p<0.0001) 

before the moratorium (Figure 46), but gear selectivity also had a significant difference 

on age (p<0.0001 for both species). The median age did not differ between Alewife 

collected in only fyke nets between the two time periods (p=0.26). However, the median 

age was still significantly different for Blueback Herring with electrofishing excluded 

(p<0.0001). When the data were reexamined with only the last three years of pre-

moratorium (2009-2011), median age did not differ for Alewife (p=0.33) but were 

different between Blueback Herring populations (p=0.03) collected between the two time 

periods.   

 

 
Figure 45. The cumulative frequency of total length for Alewife and Blueback Herring surveyed in the 
Nanticoke River before the moratorium (Pre: 1989-2011) and after (Post: 2012-2015). River herring 
collected via fyke nets were utilized for the statistical analysis while river herring collected via 
electrofishing were excluded due to gear interactions. 
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Figure 46. The cumulative frequency of age for Alewife and Blueback Herring surveyed in the Nanticoke 
River before the moratorium (Pre: 1989-2011) and after (Post: 2012-2015). River herring collected via fyke 
nets were utilized for the statistical analysis while river herring collected via electrofishing were excluded 
due to gear interactions. 

 

Median Length-at-age 

The median length-at-age was significantly higher before the moratorium for 

Alewife (Χ2=43.009, df=1, p<0.0001) and Blueback Herring (Χ2=220.33, df=1, 

p<0.0001). This increased growth rate was detected at every age for Alewife and ages 2 

through 6 for Blueback Herring (Figure 47). In Blueback Herring age classes 7 and 8, 

growth rates were higher before the moratorium (Figure 47). The difference in using 

electrofishing versus fyke nets also had a significant impact on the median length-at-age 

for Alewife (Χ2=98.6, df=1, p<0.0001) and Blueback Herring (Χ2=74.7, df=1, p<0.0001). 

However, when electrofishing data were excluded the median length-at-age was still 
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different for Alewife (Χ2=4.1566, df=1, p=0.04) and Blueback Herring (Χ2=152.86, df=1, 

p<0.0001). 

 

 
Figure 47. The median length-at-age for A) Alewife and B) Blueback Herring surveyed in the Nanticoke 
River before the moratorium (Pre: 1989-2011) and after (Post: 2012-2015). River herring collected via fyke 
nets and Alewife collected via electrofishing were utilized for the statistical analysis while Blueback 
Herring collected via electrofishing were excluded due to gear interactions. 

 

 

Discussion 
River herring populations in different rivers of the Bay differ based on several key 

life history traits: median total length, median age, and sex ratios. Similar to Sheppard et 
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al. (2010), the life history traits that differ between rivers are important for more precise 

modeling of population production rates. Additionally, many life history traits for river 

herring populations in the Potomac and Nanticoke rivers also differed before and after the 

moratorium. Although selectivity of the different gear types used in the present study 

adds uncertainty to the results, many of differences remained between rivers or time 

periods when analyses were conducted on subsets of data with the same sampling gear.  

Chesapeake Bay River Herring Sex Ratios 

All populations of river herring in the Bay had skewed sex ratios with more males 

than females. Similar skewed sex ratios were reported in rivers in Massachusetts (Nelson 

et al. 2011) and in the Mohawk River, New York (159 males: 70 females) between 2004 

and 2012 (Limburg and Ringler 2012). However, balanced sex ratios (1:1) have been 

reported in the St. John’s River, Florida from 2002- 2005 for blueback (Burke and Rohde 

2015) and in the New York commercial catch from 2001 to 2010 for Alewife (Hattala et 

al. 2011). Blueback Herring had a skewed sex ratio toward females (30 males: 60 

females; Burke and Rohde 2015) in the New York commercial catch from 2010 to 2011 

(Hattala et al. 2011).  

Skewed sex ratios with more males can be an indication of overfishing in 

populations when females grow to larger sizes than males (Rowe and Hutchings 2003). 

Females were documented to grow faster and larger than males (Chapter 1; ASMFC 

2012; Fay et al. 1983; Joseph and Davis 1965), thus becoming more susceptible to fishing 

gears (Rowe and Hutchings 2003). In this study, I found that the Nanticoke populations 

sampled with fyke nets, was designed to mimic the traditional Maryland fishery and 
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collected more females. Hilton et al. (2015) mimicked the traditional Virginian river 

herring fishery in 2014 using stake gill nets in Bay rivers, which also caught significantly 

more females than males (males:females, York River 1:6.73, James River 1:10.58, and 

Rappahannock River 1:5.23). By using gear types that allow for smaller individuals to be 

collected, such as electrofishing and hoop nets, more males were collected resulting in a 

sex ratio skewed towards males. Having more males in the population after the 

moratorium has been established indicates the species have not recovered from the effects 

of overfishing (Rowe and Hutchings 2003) or are still experiencing overfishing as 

bycatch in other fisheries (Hasselman et al. 2015).  

Length, Age, and Length-at-Age for Chesapeake Bay Alewife Populations 

The mean TL of Alewife populations in the Bay differed between rivers, similar 

to Sheppard et al. (2010) where Alewife populations in Massachusetts also differed 

between rivers. However, Sheppard et al. (2010) reported that the mean TL differed 

between every river, while only two Bay rivers were different than every other river and 

an additional two rivers differed from each other. Total lengths from the current study are 

comparable to the reported mean TL for Alewife collected along the US east coast, which 

ranged from 250 mm TL to 300 mm TL (Figure 48; ASMFC 2012); Alewife collected in 

this study were on the lower end of the US reported lengths. The Alewife populations 

with the largest mean length were collected in New Hampshire and Maine, where 

sustainable fishery management plans are currently in place (ASMFC 2012).  
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Figure 48. The mean total length of male and female Alewife surveyed in various US Atlantic Coast rivers 
from 1960 to 2010 (Source: ASMFC 2012).  
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While the age could not be statistically compared for the Alewife Chickahominy 

and Potomac populations, the Choptank River population was significantly younger (with 

larger individuals) than the Susquehanna River Alewife population, indicating the 

Choptank River had higher growth rates than the Susquehanna River populations. 

Alewife move offshore as juveniles (Burbidge 1974; Kissil 1974; Limburg 1998; Richkus 

1975), so a difference in growth rates most likely occurs before migration out of the 

nursery. Differences in growth rates could indicate the Choptank River was a more 

productive nursery than the Susquehanna River or that density dependent functions 

within the Choptank River are released from fishing pressure allowing the population to 

grow at maximal potential (Beck et al. 2001; Ricker 1981; Thorpe 2007). When 

overfishing reduces the size of a population, individuals within a population do not have 

to compete for density dependent functions, such as available habitat or prey (Ricker 

1981; Thorpe 2007). As a result, individuals within the population can grow at faster 

rates by taking advantage of the now abundant resources (Ricker 1981; Thorpe 2007). If 

density dependent functions were increasing the growth rates in the Choptank River 

versus the Susquehanna River, this characteristic would indicate that the population in the 

Choptank River is further below the rivers carrying capacity than the Susquehanna River, 

and could need additional remediation. However, given both populations are considered 

depleted (ASMFC 2012), the more compelling hypotheses is that the Choptank River is 

working as a more effective nursery. Examining the juvenile stocks within this system 

would lead to a more comprehensive understanding about this difference. 
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Length, Age, and Length-at-age for Chesapeake Bay Blueback Herring Populations 

The Susquehanna River population of Blueback Herring has the smallest 

individuals (242.9 mm mean TL), but the median age and median length-at-age were not 

different from other systems. Blueback Herring in the Susquehanna River could have 

lower growth rates than the other rivers, since individuals are smaller in length but not 

age. The median length-at-age not differing between rivers, even if growth rates are 

different, could be due to a lack of data. Without information about the stock size of the 

Susquehanna River population compared to other runs, the reason for why individuals 

were smaller is difficult to discern.  

Along the US east coast, the mean TL of Blueback Herring ranges from 240 mm 

to 280 mm in 2010 (Figure 49; ASMFC 2012). The populations with the largest mean TL 

occur in New Hampshire where Blueback Herring have been aged from 3 to 9 years and a 

sustainable fisheries management plan has been implemented for commercial and 

recreational harvests (ASMFC 2012; Patterson et al. 2014). According to the most recent 

stock assessment report, the Nanticoke River Blueback Herring population had the 

smallest mean TL through the region (Figure 40; ASMFC 2012), but the current study 

shows the Susquehanna River population (which was not examined by the ASMFC) had 

a smaller median TL than the Nanticoke River population.  Blueback Herring ranged 

from 2 to 7 years through most of the Chesapeake Bay in the current study.   
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Figure 49. The mean total length of male and female Blueback Herring surveyed in various US Atlantica 
Coast rivers from 1960 to 2010 (Source: ASMFC 2012).  
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Gear Selectivity and Aging Method Concerns 

Gear selectivity was a major concern for this study. Nets can select for larger river 

herring in a population and leave smaller individuals based on the mesh size (G. Lipkey, 

Maryland Department of Natural Resources, personal communication). To better account 

for gear selectivity in the Bay, sampling agencies need to establish an agreed upon 

sampling method or a comparison study between gear types to determine the different 

selectivity in regards to river herring needs to be accomplished.  

An additional challenge in this study other than gear selectivity was the process of 

aging river herring structures such as scales and otoliths. The Nanticoke River 

populations surveyed by MDNR were aged using scales while every other population was 

aged using otoliths. Using scales rather than otoliths for aging resulted in overestimates 

of the age of younger age classes of river herring (Chapter 1). This aging bias would 

skew the entire dataset, setting it apart from other rivers. A national workshop was 

recently completed to attempt to standardize aging techniques and compare bias of 

different labs to one another (ASMFC 2014). The MDNR lab was found to be less 

precise, and found to over-age many sample when compared to other labs (ASMFC 

2014). The PEREC, SERC, and VDGIF were not participants of this workshop, so 

comparisons between their aging techniques have not been completed. Understanding 

how laboratories age specimens differently could lead to better comparison between 

population and potentially correction factors between the organizations. Hypothetically, 

if one organization is found to over-age samples by 1 year when compared to a second 
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organization, analysts can correct for the bias in the first organizations samples, and more 

accurate comparisons between the populations can begin.  

Comparing Potomac River Populations Pre and Post-Moratoria 

Analysis of Potomac River populations of river herring poses a challenge because 

of the various types of gears used, which changed around the time of the moratorium. 

How selectivity differs between hoop nets and electrofishing has not been well 

documented for river herring species, but selectivity is based on size (Beamesderfer and 

Rieman 1988; Myers and Hoenig 1997; Ricker 1975). The median TL increased for both 

species after the moratoria when data from both gear types were analyzed. Total length 

ranged from 219-332 mm before the moratorium to 166-377 mm after for Alewife, and 

211-289 mm before to 222-361 after for Blueback Herring. The wider range after the 

moratorium could indicate that the size selectivity of the gear may not be a major 

contributor to the different sizes collected for spawning river herring. Additionally, the 

2015 catch of river herring was an order of magnitude higher for almost every other year 

on record, with 1004 Alewife and 663 Blueback Herring surveyed. The annual catch for 

pre-moratorium years was 75 Alewife and 30.8 Blueback Herring from 2007 to 2011. 

The large increase in the spawning population could indicate the moratorium was 

effective for population recovery.  However, until the next few years of data are 

collected, a definitive conclusion cannot be made about the effectiveness of the 

moratorium.    
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Comparing Nanticoke River Populations Pre and Post-Moratoria 

The Nanticoke River populations of Alewife and Blueback Herring exhibit a 

significant change in the TL, age, length-at-age, and the frequency of virgin spawners 

between pre- and post- moratoria times periods. While changes in gear type used to 

sample the population also changed over the time period, many of the variables were still 

significant when only one gear type was used, suggesting that changes in the population 

did occur after the moratoria were established. River herring populations became 

younger, smaller in length, and had an increased proportion of virgin spawners, which 

has been documented for a number of years in the Nanticoke River and attributed to 

overfishing of the population (ASMFC 2012). Similar trends in length, age, and repeat 

spawner abundance has been documented up to 2010 for both river herring species along 

the entire US east coast (ASMFC 2012). Enough time since the implementation of the 

moratoria in December 2011 may not have passed for the recovery of the population or 

recovery is not occurring due to additional constraints on the populations, such as bycatch 

and/or habitat degradation. For example, many juveniles, pre-spawning adults, and 

migratory adults were collected as bycatch in off-shore midwater trawl fisheries from 

2000 and 2012 (Bethoney et al. 2014). The median length-at-age was higher for both 

species in age classes 2 and 3, suggesting increased growth rates in individuals hatched 

after the moratoria. The river herring catch for 2015 was low in the Nanticoke due to a 

late ice sheet over the sampling grounds, reducing sampling efforts, the catch and catch 

per unit effort (G. Lipkey, personal communication). Another year or two of sufficient 
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effort could indicate whether the moratoria are helping to recover the species or if other 

factors must be considered for the restoration of these species.  

Future Implications 

Growth rates differed between many rivers, which supports the hypothesis of 

natal homing to individual rivers. Since juveniles mature offshore in similar conditions 

initial conditions controlling juvenile development may dictate growth rates throughout 

their life. Thus individual management should occur for each river. However, 

understanding how populations compare between rivers for highly migratory species is 

needed to determine priorities for research, rehabilitation, or potential recovered systems 

that could be reopened for fishing. For example, differences in life history strategies 

between populations could indicate that populations within each river are responding 

different to the moratoria and/or whether more efforts to protect the population are 

needed in some river than others. However, this study was unable to find conclusive 

evidence in the life history traits of spawning adults to indicate the success or failure of 

the moratoria at this time. Many of the life history traits did not differ in the Potomac 

River before and after the moratorium, indicating the moratoria has not had enough of an 

impact to change the population at this time. The Nanticoke population has continued to 

decline in age, length, and age-at-length, a downward trend that was noted in the last 

ASMFC stock assessment (ASMFC 2012). Judging the success or failure of 3 year 

moratoria for populations mature from 2 to 5 years and live from 6 to 9 years is 

premature without significant changes to the historical trends, which were not 

documented in this study.  
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Differences between populations should also be taking into consideration in stock 

assessments within each river. River herring are documented to mature between 2 to 5 

years of age with consecutive spawning events each year thereafter (Fay et al. 1983; 

Klauda et al. 1991a; Loesch 1987; Rulifson et al. 1982). A younger population may have 

more virgin spawners that may not live long enough to reproduce more than once or 

twice while an older population has more repeat spawners with three or four potential 

years of spawning. Older populations could be further impacted if maturity occurs at 

older ages as well; however, larger female fish traditionally produce exponentially more 

eggs than smaller females of the same species (Helfman et al. 2009). Some populations of 

river herring have been documented to have fecundal senility, where the maximum 

potential for egg production happens at a younger age, and older individuals suffer a 

decline in production of eggs (Klauda et al. 1991a; Loesch and Lund 1977). In this way, a 

6-year-old produces more eggs than a 9-year-old fish, regardless of size. Maximum age 

production for Alewife was documented between 5 and 7 years of age and Blueback 

Herring at age 6 (Klauda et al. 1991a; Loesch and Lund 1977); however, some 

populations of river herring do not exhibit fecundal senility (Jessop 1993). More 

information is needed on this potentially population-specific event. With many life 

history traits impacting recruitment, a better understanding how rivers compare based on 

these traits is needed to determine which rivers are most in need of further restoration.  

While these species are currently under moratorium from active fishing, bycatch 

may still be a crucial issue impacting the populations, particularly fisheries using 

midwater trawls like Atlantic herring Clupea harengus or Atlantic mackerel Scomber 
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scombrus (ASMFC 2012; Bethoney et al. 2013; Cieri et al. 2008). These species have 

overlapping winter ranges across a region (Bethoney et al. 2013). Hasselman et al. (2015) 

reported that bycatch of river herring may be continuing the decline of the species in 

areas with low genetic stocks, such as Blueback Herring in the mid-Atlantic region. More 

Blueback Herring from the mid-Atlantic stock were collected in bycatch samples from 

2008-2011 then from other genetic stocks, increasing the risk of extirpation of these 

populations (Hasselman et al. 2015). The loss of these populations would lead to a loss of 

geographic continuity throughout the river herring range, thus reducing the resiliency of 

all populations (Hasselman et al. 2015; Lynch et al. 2014; Schindler et al. 2010; Tommasi 

et al. 2015). 

In 2015, bycatch of river herring and shad was limited to 312 mt in the Atlantic 

herring fishery and 89 mt in the Atlantic mackerel fishery (NOAA 2016b; NOAA 2016c). 

Reports from these fisheries indicate that bycatch was kept within the limits for both 

fisheries (NOAA 2016b; NOAA 2016c). The Northeast Fishery Science Center is 

currently developing a forecast model to reduce bycatch of river herring in these fisheries 

(Turner et al. 2015). By using habitat preference and ocean forecasts, the model will be 

used to predict the presence or absence of river herring within a region, to direct 

fishermen where to avoid or target their fisheries. While the tool is undergoing further 

testing, initial results report a prediction of observance 66-77% of the time (Turner et al. 

2015).   

In conclusion, several life history traits were different between populations 

monitored in different rivers, but many rivers could not be compared due to gear 
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differences. A standard sampling method is needed to make robust comparisons for life 

history strategies between rivers, but a more realistic approach may be to complete a 

comparison between the gear types to understand their impact on size differences. In 

addition, inconsistent aging methods within the region impacted this study, and the 

adoption of a standardized aging method would more effectively compare age and growth 

rates between rivers. Understanding the differences between life history strategies is 

important to more precisely determine recruitment potential of a system. Once general 

abundance information and recruitment potential are determined, management agencies 

within the Chesapeake Bay can better develop a prioritized scientific strategy to identify 

where restoration efforts have been successful and where additional efforts are needed.  
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CONCLUSIONS 

River herring populations spawning in Potomac River tributaries have been 

increasing over the past few years; however, the status of the population is still unknown. 

I examined the life history traits of Alewife and Blueback Herring collected in Potomac 

River tributaries to answer questions about the population and its recruitment. In addition, 

I compared the life history traits of adults collected in the Potomac River to populations 

surveyed in other rivers of the Chesapeake Bay to determine if these traits differed 

between populations in close geographic proximity.  

In chapter 1, I examined the growth parameters, maturity schedules, and spawning 

frequencies of adult river herring spawning in Potomac River tributaries. By testing eight 

different growth models, I determined the best-fit model was the logistic growth model; 

however, the difference between best and worst fit models was extremely low for both 

species (0.04%). The von Bertalanffy model is the most commonly used growth model 

for fish populations, thus it is the easiest to compare to previous studies. Based on this 

information, the von Bertalanffy growth model was used to examine the growth rates 

between the sexes and females grew faster and larger than males. Interestingly, using a 

multinomial distribution model developed by Maki et al. (2001) revealed that a larger 

proportion of females matured earlier in age than males. This differs from previous 

studies that document that males mature before females (ASMFC 2012; Klauda et al. 

1991a; Speir and Mowerer 1987). At this point, I can only hypothesize the reasons for 

this change in the maturity schedule. I hypothesize females could be taking better 
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advantage of resources that were once controlled by density dependent functions since 

they grow faster and larger than males. After a long period of overfishing, especially with 

the larger females were targeted more than males, the population is low enough that 

density dependent functions are now seemingly abundant. However, there is little 

evidence of females historically maturing after males and then switching to before males 

due to overfishing occurring in any fishery. Another hypothesis is that maturation in 

males was delayed due to exposure to endocrine disrupting chemicals as larvae (EDC). 

Arya (2015) tested water, soils, and fish, including Alewife, in Potomac River tributaries 

and found elevated levels of EDCs. When Wild Roach Rutilus rutilus and Gudgeon 

Gobio gobio in United Kingdom rivers were exposed to EDCs from wastewater treatment 

effluent as YOY, a large portion of males delayed maturation, and induced feminization 

was observed in some. Development of testicular oocytes (feminization) has been 

documented in Smallmouth Bass Micropterus dolomieu in the Potomac River, which has 

been attributed to exposure to EDCs (Blazer et al. 2012).  However, examination of 

gonads of river herring is needed to confirm this hypothesis.  

In chapter 2, I examined the growth and mortality rates of young-of-year river 

herring utilizing Potomac River tributaries as nursery habitats. The same eight growth 

models used in chapter 1 were used for YOY river herring, but independently from adults 

since YOY and adults grow at different rates Lester et al. (2004). The best-fit model for 

YOY river herring was the von Bertalanffy growth model, but again the best and worst fit 

models did not differ much (1.25% for Alewife and 0.7% for Blueback Herring). Using 

the von Bertalanffy growth model, the growth parameters differed between years for both 
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species (p<0.0001) and also between months in each year for Blueback Herring (2013 

p=0.028, 2014 p<0.001, and 2015 p=0.019). Growth rates of biweekly cohorts could not 

be examined due to a lack of data.  

Mortality rates for YOY river herring were difficult to determine since juveniles 

were not fully selected by the otter trawl or beach seine until late in the season, leaving 

only 1 or 2 data points that do not violate the assumptions of a catch curve analysis. 

Additionally, recruitment to the nursery was continual throughout the spring and summer 

months, further violating the assumptions of catch curve analysis. Calculating mortality 

with available data revealed varying daily instantaneous mortality rates between the three 

years for both species, while a mortality rate could not be calculated for Blueback 

Herring in 2015 due to a very large catch on the last day of sampling. Alewife ranged 

from 0.007 d-1 (0.68% d-1) to 0.083 d-1 (7.92% d-1) and Blueback Herring ranged from 

0.091 d-1 (8.73% d-1) to 0.096 d-1 (9.18% d-1). Due to the assumption violations with the 

catch curve analysis, I decided to calculate mortality rates using equations developed by 

Hoenig (1983) and Then et al. (2014) that estimated instantaneous mortality based on the 

maximum age in the population or the von Bertalanffy growth parameters (L∞ and K). 

These mortality rates were less variable than the previously calculated, with mortalities 

ranging from 0.025 (2.5% d-1) to 0.035 d-1 (3.4% d-1) for Alewife and from 0.031 (3.1% 

d-1) to 0.036 d-1 (3.5% d-1) for Blueback Herring. Also, the mortality rates could be 

estimated for the monthly cohorts, which was not an option with the catch curve analysis 

due to the problems with gear selectivity.  
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In chapter 3, I developed a tool to examine the number of juveniles that replace 

spawning adults by creating a stage-based, stochastic, difference model. Current stock 

assessment methods of examining juvenile and adult abundances are not comparable due 

to using different types of gear to sample different life stages. Because of this, a current 

estimate of nursery success is based only on juvenile abundance or juvenile indices. 

When 100 adults are replaced with 100 juveniles, the population is stable; however, when 

50 adults are replaced by 100 juveniles the population will double. Current juvenile 

indices would estimate that the strength of the year class is the same for both populations, 

when the second population is actually a stronger year class. By developing the stage-

based model, I created a way to examine multiple life stages in one environment under 

the same scale, so juveniles can be compared to spawning adults and the success of the 

nursery examined.  The model fit well to the larval abundance data for Alewife in all 

three years. However, the model was not a good fit to the Blueback Herring larval 

abundance. Due to a lack of information about how temperature directly impacts 

Blueback Herring egg and larval development, the model was based on how temperature 

affects Alewife eggs and larvae based on the assumption that the two species were similar 

in life history traits. Additionally, the fecundity of Blueback Herring was based on 

equations for Alewife since Blueback Herring fecundity has not been related to total 

length. However, there is enough difference between the developments of the two species 

that a more detailed study into Blueback Herring development is needed for the model to 

be successful.  
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One concern of the model is that the mortality of the egg stage was overestimated. 

The egg mortality rate was calibrated in the model so larval production matched the 

estimated larval production rates observed in the system; however, larval production rates 

were based on the larvae identified to species. Of the clupeids identified in the sample, 

20% were river herring species and another 40% were identified as clupeids but could not 

be identified to species due to damage or lack of pigmentation that occurs during 

collection and/ or preservation of the sample. If only half of the unidentified clupeids 

were river herring species, the larval production rates would be double current estimation. 

This would drastically change the egg mortality rate expressed in the model and the 

number of juveniles surviving in the model. 

The model was successful in fitting to the juvenile abundance of both species in 

all three years. Based on the model output, Alewife populations only increased in 2014 

(130.4% replacement of adults) while Blueback Herring populations only increased when 

mortality rates were lowered to match other Virginia rivers in 2013 and 2014 (309% and 

118.1% replacement of adults). In 2015, both populations had a high number of juvenile 

survivors compared to other years, but they also had a large number of adult spawners. 

The population was consider declining since the number of surviving juveniles only 

replaced 6.5% of spawning adult Alewife and 0.4% of spawning adult Blueback Herring. 

Another concern is that the mortality rates used in the model for the larval and juvenile 

stages may be incorrect. Due to the constant recruitment of YOY to Potomac River 

tributaries throughout the sampling season and to the problems with YOY not being fully 

selected for the gear until late in the season, mortality within the tributaries was difficult 
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to determine. Populations were not fully selected for until just before and/or during 

emigration, which left a few data points for mortality estimation and individuals 

emigrating from the system would have been seen as mortalities by the analysis. Better 

mortality estimations are needed for the model to be more accurate. Additionally, relating 

these mortalities to environmental variables in the system is also needed to create a more 

dynamic and useful model.  

In chapter 4, I broadened the spatial scope of the research by examining how adult 

life history traits compared between rivers draining into the Chesapeake Bay.  Many life 

history traits, such as median total length, median age, and sex ratios differed between the 

populations surveyed in different Chesapeake Bay rivers. All of the populations 

examined, except Blueback Herring collected in the Potomac River, had a higher 

male:female ratio, with the James River having the highest proportion of males for both 

species. Even though all systems had more males than females, the proportions between 

rivers did statistically differ. The proportion of repeat spawners also differed between 

rivers, with the Choptank River having the most repeat spawners for both species, while 

the Potomac River had the least repeat Alewife spawners and the Nanticoke had the least 

repeat Blueback Herring spawners. River herring surveyed in the Susquehanna River had 

the smallest median length, while Alewife collected in the Chickahominy River and 

Blueback Herring collected in the Nanticoke River had the largest. Populations in the 

Nanticoke River of both species had an older median age, while the Potomac River 

Blueback Herring population and Alewife Susquehanna River population were the 

youngest. Alewife collected in the Potomac River had the highest median length-at-age 
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(growth rate) than populations in the Choptank, Nanticoke, and Susquehanna rivers. The 

median length-at-age for Blueback Herring only differed between the Choptank and 

Nanticoke rivers, with populations in the Choptank River being higher for ages 2 through 

4 while the Nanticoke was higher in the older age classes.  

The differences that occur support the hypothesis that river herring return to natal 

rivers to spawn, so managers should continue to monitor and manage these species at a 

riverine level. However, these differences also indicate that research and restoration 

priorities should be different for each system. Additionally, these differences must 

incorporated in stock assessments of the populations, since these life history traits are the 

basis of stock assessment strategies. For example, most of the examined populations 

contain more males than females. Current methods only use the female population to 

estimate recruitment. If a 1:1 sex ratio is assumed, the abundance of females able to 

reproduce would be overestimated in the recruitment models, thus the recruitment 

potential for the system would also be overestimated. Additionally, many estimates of 

recruitment use an average fecundity. Larger females produce exponentially more eggs 

than smaller females. When the size of females are assumed to be the same between 

different populations, then fecundity would be overestimated for the smaller individuals 

like those found in the Susquehanna River and/or underestimated for the larger 

individuals like those found in the Chickahominy and Nanticoke rivers.   

Life history traits also differed before and after the establishment of the moratoria 

in the Potomac and Nanticoke rivers. The length and length-at-age increased in the 

Potomac River between the two time periods, but decreased in the Nanticoke River. The 
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length increase and large population size increase in the Potomac River could indicate the 

moratoria are responsible for a population rebound; however, one strong spawning run is 

not enough to conclusively decide the moratoria are successful. Additional years of adult 

collections are needed. The decrease in length, age, and length-at-age in the Nanticoke 

River could indicate the moratoria are not yielding results, potentially due to habitat 

degradation impacting the population, or offshore bycatch still being too high for the 

population to recover. However, three years post moratoria implementation may not have 

been enough time for the population to begin recovery in the Nanticoke River. Again, 

more years of adult monitoring are needed.  

Major concerns of this dissertation revolved around the sampling and aging 

strategies employed for this research. After my research began, the Atlantic States Marine 

Fishery Commission conducted collaborative collaboration workshops between states 

with river herring populations on age validation techniques (ASMFC 2014) and 

procedures for data standardization (ASMFC 2016). Standardized sampling protocols for 

adult river herring have not been implemented in the Chesapeake Bay, so it was not 

possible to determine whether difference between populations were actual populations 

difference or due to gear selectivity within each population. Additionally, aging 

techniques established by the ASMFC had not been implemented throughout the region 

at the time of this study. Scales and otoliths were read based on the protocols outlined by 

ASMFC (2014); however, I have only compared my otolith and scale reading ability to 

other trained readers at SERC. The only reference samples for river herring ageing 

structures I could use were the pictures provided in the protocols. Additionally, 
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geographical reference samples for the Potomac River have yet to be established and 

used by multiple readers.  

This dissertation was aimed to fill in some of the missing life history information 

for river herring that utilize the Potomac River tributaries as nursery and spawning 

habitats. My model did not directly support my hypothesis that populations within the 

Potomac River were healthy and increasing; however, the increase in the spawning 

population observed during my research could be an indication that the population was 

increasing. River herring are documented to spawn in natal rivers, but some migration 

between rivers has also been documented. Whether the populations in Potomac River 

tributaries are increasing because the system supports a healthy nursery or due to adult 

migrating from other systems is still unknown. I hypothesize that some tributaries of the 

Potomac River, like Gunston Cove, are healthy nurseries that produce strong year classes 

that have helped increased the population. However, some tributaries in the Potomac 

River, like Hunting Creek, may not be healthy enough to serve as productive nurseries. 

Research needs to be conducted to determine how often good year classes occur. If a 

good year class was produced every three years, the model prediction that 376.4% of 

adults were replaced by juveniles in the one year class would be sufficient for a 

population to increase over time.  

Altered life history strategies observed in the adults may be hindering the 

recovery of the population, regardless of the health of the nursery. We need a better 

understanding of why females are maturing faster than males. If endocrine disrupting 

chemicals are impacting the maturation of males, this could impact recruitment through a 
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shortage of reproducing males. Additionally, if EDC’s are impacting maturation, could 

they be causing other developmental changes to larvae and juveniles that reduce survival 

of the YOY?  More research is needed to determine the reasons females are spawning 

before males and what this population change means for future recruitment.    

Major concerns of this dissertation revolved around the sampling and aging 

strategies employed for this research. After my research began, the Atlantic States Marine 

Fishery Commission conducted collaborative collaboration workshops between states 

with river herring populations on age validation techniques (ASMFC 2014) and 

procedures for data standardization (ASMFC 2016). Standardized sampling protocols for 

adult river herring have not been implemented in the Chesapeake bay, so it was not 

possible to determine whether difference between populations were actual populations 

difference or due to gear selectivity within each population. Additionally, aging 

techniques established by the ASMFC had not been implemented throughout the region 

at the time of this study; however, aging techniques were employed to the best of my 

ability for aging adults in the Potomac River. Scales and otoliths were read based on the 

protocols outlined by ASMFC (2014); however, I have only compared my otolith and 

scale reading ability to other trained readers at SERC. The only reference samples for 

river herring ageing structures I could use were the pictures provided in the protocols. 

Additionally, geographical reference samples for the Potomac River have yet to be 

established and used by multiple readers.  

This dissertation was aimed to fill in some of the missing life history information 

for river herring that utilize the Potomac River tributaries as nursery and spawning 
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habitats. My model did not directly support my hypothesis that populations within the 

Potomac River were healthy and increasing; however, the increase in the population 

observed during my research could be an indication that the population was increasing. 

River herring are documented to spawn in natal rivers, but some migration between rivers 

has also been documented. Whether the populations in Potomac River tributaries are 

increasing because the system supports a healthy nursery or due to adult migrating from 

other systems is still unknown. I hypothesize that some tributaries of the Potomac River, 

like Gunston Cove, are healthy nurseries that produce strong year classes that have 

helped increased the population. However, some tributaries in the Potomac River, like 

Hunting Creek, may not be healthy enough to serve as productive nurseries. Research 

needs to be conducted to determine how often good year classes occur. If a good year 

class was produced every three years, the model prediction that 376.4% of adults were 

replaced by juveniles in the one year class would be sufficient for a population to 

increase over time.  

The information developed in this dissertation provides a better understanding of 

the river herring populations utilizing Potomac River tributaries and can be used to 

inform management about the health of the tributaries as nursery habitats. River herring 

YOY are most vulnerable to changes in the juvenile mortality rate, thus understanding 

how environmental variables effect juvenile mortality should provide details about the 

health of nurseries. Increased abundances of river herring in all of the studied Potomac 

River tributaries revealed that cleaning up urban waterways could allow populations to 

reestablish once abandoned tributaries. Additionally, this dissertation stresses the need for 
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collaboration throughout the Chesapeake Bay to develop standard protocols for capture 

and sampling river herring to address potential differences in life history traits between 

populations, that could give insight into the areas where additional research and 

restoration efforts need to be focused for population recovery.   
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APPENDIX I 

This appendix contains the parameters for all of the growth models determined for adult 

river herring spawning in Potomac River tributaries.  

Alewife  

Model Equation Θ Parameter Values for Alewife 
Cerrato !! = !! + (!! − !!)

1 − !!!!!
1 − !!!!!! 

l1  196.2 mm 
l2 232.3 mm 
ρ 0.836  

  τ1 2 yr 
  τ2 7 yr 
Francis 
 

!! = !! +
!!!!!
!!!! [1 −

!!(!!!!)/(!!!!!) 
! = (!! − !!)/(!! − !!) 

l1  196.2 mm 
l2 232.3 mm 
lm 218.2 mm 

 τ1 2 yr 
 τ2 7 yr 
Gompertz 
 !! = !!!!

!
!!

!!(!!!!) L∞ 253.0 mm 
K 0.216 mm/yr 
t0 -11.40 yr 

Laird-
Gompertz 
 

!! = !!!! !!!!"  
k=A0/a 

L0  171.0  mm 
k 0.392   
a 0.22  mm/yr 

Logistic  !! = !! 1 + !!! !!!! !!
 

 
L∞ 249.8 mm 
K 0.254 mm/yr 
t0 -3.114 yr 

Ratkowsky !! = !! + (!! − !!)
1 − !!!!
1 − !!!!  

where ! = 1 + (! − 1) !!!!
!!!!!

 

            ! = !
!!!!!
!!!  

l1  196.2 mm 
l2 232.3 mm 
ρ 0.836  

 τ1 2  
 τ2 7  
Richards !! = !! 1 − !!!! !!!!

!
! 

!! ≠ 0 
 

L∞ 243.7  mm 
K 0.747  mm/yr 
t0 1.70 yr 
δ -14.27  

von 
Bertalanffy 
 

!! = !![1 − !!! !!!! ] L∞  257.2  mm 
K 0.179  mm/yr 
t0 -6.04  yr 
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Blueback Herring 

Model Equation Θ 
Parameter Values for 
Blueback Herring 

Cerrato !! = !! + (!! − !!)
1 − !!!!!
1 − !!!!!! 

l1  188.5 mm 
l2 216.4 mm 
ρ 0.592  

 τ1 2 yr 
 τ2 6 yr 
Francis 
 

!! =
!! +

!!!!!
!!!! [1 − !

!(!!!!)/(!!!!!) 
! = (!! − !!)/(!! − !!) 

l1  188.5 mm 
l2 216.4 mm 
lm 209.1 mm 

 τ1 2 yr 
 τ2 6 yr 
Gompertz 
 !! = !!!!

!
!!

!!(!!!!) L∞ 219.7 mm 
K 0.570 mm/yr 
t0 -2.28 yr 

Laird-
Gompertz 
 

!! = !!!! !!!!"  
k=A0/a 

L0  136.1 mm 
k 0.479   
a 0.57 mm/yr 

Logistic  !! = !! 1 + !!! !!!! !!
 

 
L∞ 219.2 mm 
K 0.615 mm/yr 
t0 -0.952 yr 

Ratkowsky !! = !! + (!! − !!)
1 − !!!!
1 − !!!!  

where ! = 1 + (! − 1) !!!!
!!!!!

 

            ! = !
!!!!!
!!!  

l1  188.5 mm 
l2 216.4 mm 
ρ 0.592  

 τ1 2  
 τ2 6  
Richards !! = !! 1 − !!!! !!!!

!
! 

!! ≠ 0 
 

L∞ 216.9 mm 
K 0.903 mm/yr 
t0 0.43 yr 
δ -7.21  

von 
Bertalanffy 
 

!! = !![1 − !!! !!!! ] L∞  220.3 mm 
K 0.525 mm/yr 
t0 -1.69  yr 
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APPENDIX II 

This appendix contains the maturity schedules for river herring populations in the 

Choptank, Nanticoke, and Susquehanna rivers determined by multinomial distribution 

models and maximum likelihood methods, as described by Maki et al. 2001. River 

herring were collected by SERC while electrofishing from 2013 to 2015. The staff at 

SERC aged the river herring using otoliths and collected spawning information from 

spawning markers on scales.  

 

Choptank River Alewife 
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Choptank River Blueback Herring 

 

Nanticoke River Alewife 
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Nanticoke River Blueback Herring 

 

Susquehanna River Alewife 
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Susquehanna River Blueback Herring 
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APPENDIX III 

This appendix contains the parameters for all of the growth models determined for 

young-of-year river herring in Potomac River nurseries.  

Alewife  

Model Equation Θ Parameter Values for Alewife 
Cerrato !! = !! + (!! − !!)

1 − !!!!!
1 − !!!!!! 

l1  3.2 mm 
l2 66.45 mm 
ρ 0.99  

  τ1 1 d 
  τ2 161 d 
Francis 
 

!! = !! +
!!!!!
!!!! [1 −

!!(!!!!)/(!!!!!) 
! = (!! − !!)/(!! − !!) 

l1  3.2 mm 
l2 66.45 mm 
lm 44.87 mm 

 τ1 1 d 
 τ2 161 d 
Gompertz 
 !! = !!!!

!
!!

!!(!!!!) L∞ 65.3 mm 
K 0.024 mm/d 
t0 -119.34 d 

Laird-
Gompertz 
 

!! = !!!! !!!!"  
k=A0/a 

L0  5.8 mm 
k 2.415   
a 0.02 mm/d 

Logistic  !! = !! 1 + !!! !!!! !!
 

 
L∞ 60.4 mm 
K 0.0.39 mm/d 
t0 48.83 d 

Ratkowsky !! = !! + (!! − !!)
1 − !!!!
1 − !!!!  

where ! = 1 + (! − 1) !!!!
!!!!!

 

            ! = !
!!!!!
!!!  

l1  3.2 mm 
l2 66.45 mm 
ρ 0.992  

 τ1 1  
 τ2 161  
Richards !! = !! 1 − !!!! !!!!

!
! 

!! ≠ 0 
 

L∞ 93.7 mm 
K 0.007 mm/d 
t0 -9.88 d 
δ 1.05  

von 
Bertalanffy 
 

!! = !![1 − !!! !!!! ] L∞  89.7 mm 
K 0.008 mm/d 
t0 -3.42  d 
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Blueback Herring 

Model Equation Θ 
Parameter Values for 
Blueback Herring 

Cerrato !! = !! + (!! − !!)
1 − !!!!!
1 − !!!!!! 

l1  2.9 mm 
l2 47.213 mm 
ρ 0.98  

 τ1 1 d 
 τ2 132 d 
Gompertz 
 !! = !!!!

!
!!

!!(!!!!) L∞ 46.6 mm 
K 0.034 mm/d 
t0 -76.17 d 

Francis 
 

!! =
!! +

!!!!!
!!!! [1 − !

!(!!!!)/(!!!!!) 
! = (!! − !!)/(!! − !!) 

l1  2.9 mm 
l2 47.213 mm 
lm 36.35 mm 

 τ1 1 d 
Laird-
Gompertz 
 

!! = !!!! !!!!"  
k=A0/a 

L0  4.9 mm 
k 2.243  
a 0.03 mm/d 

  τ2 132 d 
Logistic  !! = !! 1 + !!! !!!! !!

 
 

L∞ 44.7 mm 

Ratkowsky !! = !! + (!! − !!)
1 − !!!!
1 − !!!!  

where ! = 1 + (! − 1) !!!!
!!!!!

 

            ! = !
!!!!!
!!!  

l1  2.9 mm 

Richards !! = !! 1 − !!!! !!!!
!
! 

!! ≠ 0 
 

L∞ 56.4 mm 
K 0.013 mm/d 
t0 -19.78 d 
δ 1.28  

     
von 
Bertalanffy 
 

!! = !![1 − !!! !!!! ] l2 47.213 mm 
ρ 0.983  
τ1 1  

  τ2 132  
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APPENDIX IV 

This appendix contains the statistics from the Bay-Wide comparison with all of 

the data available and the statistics for gear interactions to explain why some data sets 

were excluded.  

 

Sex Ratios 

The ratios of females to males were different between rivers for Alewife 

(Χ2=230.8, df=6, p<0.0001) and Blueback Herring (Χ2=20.9, df=6, p=0.0019). Three 

different gear types were used to capture river herring: hoop nets in the Potomac River, 

fyke nets in the Nanticoke River, and electrofishing was conducted in the Nanticoke 

River and remaining rivers. The catches of females to males were significantly different 

between the gear types for Alewife (Χ2=155.97, df=2, p<0.0001). After fyke nets were 

excluded, the sex ratios were no longer different based on gear type (Χ2=0.19703, df=1, 

p=0.6571). 

Blueback Herring populations had higher frequencies of males in every river and 

between gear types (Χ2=16.032, df=2, p=0.0003). To remove the interaction of gear type 

for Blueback Herring data catches, fyke nets and hoop nets were excluded from analysis. 
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Virgin Versus Repeat Spawners 

The proportion of virgin spawners versus repeat spawners was also significantly 

different for Alewife (Χ2=57.4, df=2, p<0.0001) and Blueback Herring (Χ2=31.2, df=3, 

p<0.0001). Three different gear types were used and the frequency of virgin versus repeat 

spawners was different for Alewife (Χ2=69.43, df=2, p<0.0001) and Blueback Herring 

(Χ2=82.8, df=2, p<0.0001), so river herring collected by hoop nets and fyke nets had to 

be excluded.  

Cumulative Length Frequency Distributions 

The K-S test was used to determine a significant difference between the median 

TL of Alewife (p<0.0001) and Blueback Herring (p<0.0001). The median TL also 

differed based on the three gear types used for both species (p<0.0001). Alewife collected 

by hoop nets and fyke nets had to be exclude, but only Blueback Herring collected by 

fyke nets were excluded.  

Cumulative Age Frequency Distributions 

The median age was determined to be significantly different for Alewife using the 

K-S test (p<0.0001). However, since the median age of Alewife collected by fyke nets 

was different (p<0.0001) but did not differ between hoop nets or electrofishing 

(p=0.052), data provided by MDNR for the Nanticoke River was not used for this 

analysis. Blueback Herring populations differed by median age between rivers 

(p<0.0001) and gear (p<0.0001). All three gear types differed, so data collected by fyke 

nets and hoop nets were excluded because these were only used in the Nanticoke and 

Potomac rivers, respectively. 
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Median Length-at-age 

The median length-at-age differed between rivers for Alewife (Χ2=295.97, df=2, 

p<0.0001) and Blueback Herring (Χ2=132.23, df=2, p<0.0001). There was a difference 

between the median length-at-age for Alewife (Χ2=320.6, df=2, p<0.0001) and Blueback 

Herring (Χ2=131.83, df=2, p<0.0001) collected by fyke nets, so these data were excluded 

from the analyses. The Blueback Herring population collected with hoop nets was 

different from populations collected by electrofishing (Χ2=18.218, df=3, p<0.0001), so 

data from hoop net catches were excluded, eliminating the Potomac River from analysis. 

 

 

 

 

!
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