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Abstract—This study assessed the 
aging techniques and growth rates 
of river herring, the alewife (Alo-
sa pseudoharengus) and blueback 
herring (Alosa aestivalis), in the 
tributaries of the Potomac River in 
northern Virginia. River herring are 
currently under moratoria in the 
Potomac River because of a lack of 
information about their populations. 
Ages determined from the use of oto-
liths and scales collected from river 
herring were compared to quantify 
aging bias and precision. For 2- and 
3-year-old individuals, ages were 
commonly higher when derived from 
scales than when derived from oto-
liths. Length-at-age data were ana-
lyzed by using 9 growth models, and 
the best-fit-model was determined 
by using Akaike’s information cri-
terion (AIC). The outputs from the 
growth models were only slightly 
different, with differences of 10.6% 
and 10.5% in the AIC weights be-
tween best- and worst-fit models 
for alewife and blueback herring, 
respectively. Results from the use 
of a von Bertalanffy growth model 
indicate that alewife grew larger 
and faster than blueback herring 
(P<0.0001) and that females grew 
larger and faster than males for 
both species (P<0.0001). The find-
ings of this study provide needed 
aging and growth information about 
2 species within the Potomac River, 
where information about growth 
rates and population ages is limited.

The alewife (Alosa pseudoharengus) 
and blueback herring (Alosa aestiva-
lis), collectively called river herring, 
were once important target species of 
commercial and recreational fisheries 
along the Atlantic coast of the Unit-
ed States and Canada. Returning 
to freshwater spawning grounds in 
early spring, river herring and other 
similar anadromous species were the 
targets of a thriving fishery after 
harsh winters for much of the north-
ern Atlantic seaboard for centuries 
(Wharton, 1957; Fay et al.1; Jessop, 
1994; Greene et al.2; ASMFC, 2012). 
Commercial landings of river her-
ring declined by 98% in the United 
States from the 1950s (when detailed 
records were first kept) to the 1970s, 
and average landings in the Chesa-
peake Bay plummeted 99% or more 

1 Fay, C. W., R. J. Neves, and G. B. Par-
due. 1983. Species profiles: life histo-
ries and environmental requirements of 
coastal fishes and invertebrates (mid-
Atlantic)—alewife/blueback herring, 25 
p. Div. Biol. Serv., U.S. Fish Wildl. 
Serv., FWS/OBS-82/11.9. U.S. Army 
Corps Eng., TR EL-82-4.

2 Greene, K. E., J. L. Zimmerman, R. W. 
Laney, and J. C. Thomas-Blate. 2009. 
Atlantic coast diadromous fish habitat: 
a review of utilization, threats, recom-
mendations for conservation, and re-
search needs. Atl. States Mar. Fish. 
Comm. Habitat Manage. Ser. 9, 463 p. 
[Available from website.]

from the 1970s to 2010 (NRDC3). De-
clines in populations of river herring 
throughout their geographical region 
have been attributed to overfishing 
and habitat degradation in spawn-
ing habitats; therefore, populations 
are termed depleted rather than 
overfished (Hightower et al., 1996; 
NMFS4; NRDC3). To promote the re-
covery of river herring, the Atlantic 
States Marine Fisheries Commis-
sion (ASMFC) established that com-
mercial and recreational fisheries in 
any jurisdiction may not land river 
herring unless a sustainable fishery 
management plan has been approved 
starting in January 2012 (Greene et 
al.2; ASMFC, 2012).

In the stock assessment complet-
ed in 2017, the status of the alewife 
stock in the Potomac River was list-
ed as stable, but the stock of blue-
back herring was listed as unknown 
(ASMFC, 2017). Data collection and 

3 NRDC (Natural Resource Defense Coun-
cil). 2011. Petition to list alewife 
(Alosa pseudoharengus) and blueback 
herring (Alosa aestivalis) as threatened 
species and to designate critical habitat, 
107 p. Nat. Resour. Defense Counc., 
Washington, D.C.

4 NMFS (National Marine Fisheries Ser-
vice). 2009. Species of concern: river 
herring (alewife and blueback herring) 
Alosa pseudoharengus and A. aestivalis, 
8 p. Natl. Mar. Fish. Serv., Washing-
ton, D.C.
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monitoring are considered top priorities for manage-
ment of river herring, with an emphasis on total catch 
(including bycatch), validation of age determination, 
determination of population sizes, and determination of 
the effectiveness of restoration efforts (ASMFC, 2012, 
2017). Data on the populations of river herring in the 
Potomac River have been limited to indices of juvenile 
abundance and to surveys of adults by using electro-
fishing or push nets (Schlick, 2016; ASMFC, 2017). The 
catch per unit of effort for adults captured in the Po-
tomac River by the District of Columbia Department 
of Energy and Environment has increased since 2012 
for both species; however, the geometric mean of catch 
of juvenile river herring does not have the same clear 
trend in seining data collected by the District of Co-
lumbia Department of Energy and Environment and 
Maryland Department of Natural Resources (ASMFC, 
2017). The Potomac Environmental Research and Edu-
cation Center of George Mason University has reported 
an increase in river herring catch since 1988 in Gun-
ston Cove, a small embayment of the Potomac River 
(Schlick, 2016; Jones et al5).

Whether habitat degradation or overfishing are the 
major contributors to the decline of these populations, 
data on the characteristics of spawning populations of 
river herring are needed to help manage them. Growth 
rates can change over time because of overfishing or 
degradation of spawning habitat and through natural 
variation over time (Heino, 1998; Law, 2000; Heino and 
Godo, 2002; Wang and Höök, 2009). Additionally, these 
characteristics can differ within populations through-
out their geographical range, even in close proximity 
(Sheppard et al.6; Tuckey and Olney, 2010). For exam-
ple, alewife had statistically higher growth rates in the 
Nemasket River, Massachusetts, than in 3 other riv-
ers in Massachusetts (Sheppard et al.6). Fish fecundity 
is directly related to size, with larger individuals in 
a population producing more eggs per spawning event 
(Lake and Schmidt7). Therefore, body size and growth 
rates are important in population analyses. Updating 
growth parameters of the species after severe declines 
in the population is important for current stock assess-
ment strategies.

5 Jones, R. C., K. de Mutsert, and A. Fowler. 2017. An eco-
logical study of Gunston Cove 2016: final report, 181 p. Po-
tomac Environ. Res. Educ. Cent., George Mason Univ., Fair-
fax, VA. [Available from website.]

6 Sheppard, J. J., P. D. Brady, M. P. Armstrong, and G. A. 
Nelson. 2010. Characterizing contemporary and historic 
age structure of alewives (Alosa pseudoharengus) in Mas-
sachusetts spawning runs: final report, 110 p. [Available 
from Mass. Div. Mar. Fish., 30 Emerson Ave., Gloucester, MA 
01983.]

7 Lake, T. R., and R. E. Schmidt. 1998. The relationship be-
tween fecundity of an alewife (Alosa pseudoharengus) spawn-
ing population and egg productivity in Quassaic Creek, a 
Hudson River tributary (HRM 60) in Orange County, New 
York. In Final reports of the Tiber T. Polgar Fellowship 
Program, 1997 (J. R. Waldman and W. C. Nieder,eds.), p. II-
1–24. Hudson River Foundation, NY. [Available from web-
site.]

The von Bertalanffy growth function is the most 
commonly used model to describe the growth (in length 
or weight) of individuals within a fish population; how-
ever, for many species, the von Bertalanffy growth 
model is not the best fit (Quinn and Deriso, 1999; 
Katsanevakis and Maravelias, 2008; Haddon, 2011). 
Katsanevakis and Maravelias (2008) reported that 
the von Bertalanffy growth function was the best-fit 
model in 34.6% of 133 different data sets. A difference 
in the best-fit model between populations could be due 
to the parameters used in the model or the particu-
lar 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; therefore, a useful way to de-
termine the best-fit model is running multiple types 
of growth models (e.g., von Bertalanffy, Gompertz, and 
Richards) and then statistically comparing the growth 
parameters by using the Akaike’s information criterion 
(AIC) (Burnham and Anderson, 2002; Katsanevakis 
and Maravelias, 2008).

Development of growth models is necessary for un-
derstanding population size and growth potential, in-
formation used to properly manage fisheries use, and 
can be achieved by using length-at-age data; how-
ever, length-at-age data for river herring have been 
used with little validation or standardization of ag-
ing techniques between scientists (ASMFC8). Aging of 
river herring has been accomplished through reading 
annuli on whole otoliths or on scales under a dissect-
ing microscope; however, validation with known ages 
of individuals has not been documented for river her-
ring (ASMFC8). Aging by reading scales is a nonlethal 
option but can result in less accurate age estimation 
because periods of minimal growth can result in false 
annuli on scales (Campana and Neilson, 1985; Beamish 
and McFarlane, 1987). Additionally, the methods devel-
oped by Cating (1953) for American shad (A. sapidis-
sima) were the most cited methods for aging river her-
ring by using scales until Duffy et al. (2011) reported 
that the transverse grooves on scales used in aging can 
vary over time and geographical range.

The goal of this study was to examine lengths, ages, 
and growth of adult river herring returning to tribu-
taries of the Potomac River in 2007–2015 to spawn. 
The objectives to obtain this goal were to determine 
1) the relationships between different measurements 
of length, 2) bias between using scales and using oto-
liths to estimate age, 3) the best-fit model by examin-
ing multiple growth models, and 4) growth parameters 
by using the best-fit model. Understanding length, age, 
and growth parameters is crucial for the determination 
of the reproductive capacity, potential restoration time 

8 ASMFC (Atlantic States Marine Fisheries Commission). 
2014. 2013 river herring ageing workshop report, 88 
p. Atl. States Mar. Fish. Comm., Washington, D.C. [Avail-
able from website.]

http://cos.gmu.edu/perec/wp-content/uploads/sites/13/2014/10/GC-Final-Report-2016-Full-Report-2-Sept-2017.pdf
https://www.hudsonriver.org/wp-content/uploads/2017/10/Past-Tibor-T-Polgars-3.pdf
https://www.hudsonriver.org/wp-content/uploads/2017/10/Past-Tibor-T-Polgars-3.pdf
http://www.asmfc.org/uploads/file/53ff889fRiverHerringAgeingWorkshopReport_August2014.pdf


Schlick and de Mutsert: Growth of adult river herring that spawn in tributaries of the Potomac River 61

line, and overall health of river herring popu-
lations, whose current statuses are unknown.

Materials and methods

Study sites

Adult river herring were sampled at 5 loca-
tions: Pohick Creek, Accotink Creek, Dogue 
Creek, Quantico Creek, and Cameron Run, all 
third-order tributaries that run through north-
ern Virginia and drain into the Potomac River 
south of Washington, D.C. (Fig. 1). This stretch 
of the Potomac River is tidally influenced fresh-
water, which continues into the lower portions 
of each creek (Jones et al., 2008). River her-
ring have been documented to spawn in each 
creek below the Virginia fall line (Jones et al.9; 
Schlick, 2016; Jones et al.5).

Field methods

Adults migrating upstream through Accotink 
Creek and Pohick Creek (Fig. 1) were sampled 
by blocking each creek for 24 h by using a hoop 
net with a mesh of 1.3 cm and snow fencing 
with a mesh of 5.1 cm once a week from mid-
March through May from 2007 through 2015. 
Cameron Run was sampled the same way from 
2013 through 2015 (Fig. 1). In 2007 and 2008, 
adult river herring were collected from Quan-
tico Creek and Dogue Creek by electrofishing 
(Fig. 1). All captured adult alewife (n=1707) 
and blueback herring (n=1159) were counted 
and measured, and their sex was determined. 
Adults that did not survive capture (598 ale-
wife and 304 blueback herring) were frozen un-
less dissection occurred within 48 h of capture. 
Adults were measured for wet weight in grams 
and for standard length (SL), fork length (FL), 
and total length (TL) in millimeters. Scales 
were collected, cleaned by using a mild deter-
gent, and dried flat (ASMFC8). Sagittal otoliths 
were collected and stored dry.

Laboratory methods

Sagittal otoliths were cleaned of all fish debris by us-
ing water. Two separate readers viewed otoliths under 
a dissecting microscope on a black background by using 
reflected light following procedures outlined in the re-
port of the ASFMC workshop on aging of river herring 
held in 2013 (ASMFC8). Samples were excluded from 
analysis when an age was not agreed upon. From each 

9 Jones, R. C., K. de Mutsert, and G. D. Foster. 2014. An 
ecological study of Hunting Creek 2013: final report, 113 
p. George Mason Univ., Fairfax, VA. [Available from web-
site.]

fish, 5–6 scales were cleaned with water and a mild de-
tergent; then they were sandwiched between 2 slides, 
examined, photographed by using a camera mounted 
on a dissecting microscope with transmitted light, and 
read for annuli (ASMFC8). Because river herring were 
captured during spawning season, the edges of otoliths 
and scales were counted as a year (Cating, 1953).

Age validation

It was assumed that ages from analysis of otoliths were 
more likely to be accurate than ages from analysis of 
scales because scales contain more false annuli and are 
more susceptible to environmental degradation (Cam-
pana and Neilson, 1985; Beamish and McFarlane, 1987; 
Besler, 1999). Additionally, readers agreed on 858 of 861 

Figure 1
Map of locations where adult river herring, alewife (Alosa pseu-
doharengus) and blueback herring (Alosa aestivalis), were sam-
pled from 2007 through 2015 within small tributaries that lead 
to the Potomac River in northern Virginia. There are 5 locations: 
Quantico Creek, Pohick Creek, Accotink Creek, Dogue Creek, 
and Cameron Run. Map data sources: U.S. Geological Survey, 
1:250,000-scale Hydrologic Units of the United States; Esri, U.S. 
National Atlas Water Feature Lines.

http://cos.gmu.edu/perec/wp-content/uploads/sites/13/2017/11/HC-FullReport-2013-Final.pdf
http://cos.gmu.edu/perec/wp-content/uploads/sites/13/2017/11/HC-FullReport-2013-Final.pdf
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otolith readings but on only 792 of 828 
scale readings. Otolith readings were 
compared with scale readings to verify 
ages of scales by using age bias and 
precision analyses in RStudio10, vers. 
1.0.153 (RStudio, Inc., Boston, MA) and 
the R package FSA, vers. 0.7.3 (Ogle, 
2015). Plots of age bias were created 
by plotting ages agreed upon by otolith 
readers versus ages from scale read-
ings to visually examine data for sys-
tematic bias in aging scales (Campana 
et al., 1995). Ages within the age-bias 
plot were analyzed by using a t-test 
to determine if ages from scales agree 
with ages from otoliths (Campana et 
al., 1995). To statistically test for sym-
metry, McNemar’s test, Evans–Hoenig 
test, and Bowker’s test were used to 
determine the differences around the 
main diagonal of the age-bias plot (Ev-
ans and Hoenig, 1998). Average coef-
ficient of variation (ACV) was used to 
find the variability in ages determined 
by using ages from otoliths versus ages 
from scales (Campana, 2001).

Statistical analyses

Relationships between SL and FL, SL and TL, and 
FL and TL were estimated on the basis of linear re-
gression analyses. Length-at-age data were used to 
determine growth curves in 9 different growth mod-
els: von Bertalanffy (von Bertalanffy, 1938), Gompertz 
(Gompertz, 1825), Laird–Gompertz (Laird, 1964; Zwe-
ifel and Lasker, 1976), Richards (Richards, 1959), lin-
ear (Haddon, 2011), logistic (Ricker, 1975), Ratkowsky 
(Ratkowsky, 1986), Francis (Francis, 1988), and Cer-
rato (Cerrato, 1990). All analyses were conducted in 
Microsoft Excel (vers. 16.7; Microsoft Corp., Redmond, 
WA) by using Solver, an add-in tool available in Excel 
(Haddon, 2011). Growth models were run using SL as 
the measure for length to increase sample size in this 
study because some of the captured river herring 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 
those of past studies, the von Bertalanffy growth func-
tion was run with FL and TL for each species; mean 
asymptotic lengths (L∞) are reported in parentheses in 
the “Discussion” section when applicable for compari-
son with results of other studies.

The best-fit model was determined by using the AIC 
(Akaike, 1974; Hilborn and Mangel, 1997; Burnham 
and Anderson, 2002). The use of the AIC allows non-

10 Mention of trade names or commercial companies is for 
identification purposes only and does not imply endorse-
ment by the National Marine Fisheries Service, NMFS.

nested models to be compared and over-parameteriza-
tion of a model to be taken into context (Hilborn and 
Mangel, 1997). The AIC was then transformed to AIC 
weights to determine which model was furthest from 
the true AIC value (Burnham and Anderson, 2002).

An analysis of residual sum of squares was con-
ducted 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 pa-
rameters are responsible for any differences between 
sexes. The likelihood ratio is a chi-square distribution 
with degrees of freedom (df) that compares the sums of 
squares of the models for each combination of growth 
parameters by estimating each parameter individually 
through the growth model while holding some param-
eters constant and calculating the sums of squares for 
each combination of parameters.

Results

Alewife (n=1707) were captured in tributaries of the Po-
tomac River for 9 consecutive years from 2007 through 
2015, and 598 of these fish were dissected for aging. 
Blueback herring (n=1159) were captured in 2007 and 
2008 and from 2011 through 2015, and 304 of them 
were dissected for aging. In 2015, the catch of both spe-
cies was an order of magnitude higher than the catch 
of any other year during this study (Fig. 2). Methods 
and locations of sampling were consistent from 2009 
through 2015, except that Cameron Run was added 
from 2013 through 2015, resulting in the capture of 
1 alewife, 6 alewife, and 16 alewife in each of those 
3 years, respectively. Therefore, the increased catch of 
alewife in 2015 was not due to increased effort. 

Figure 2
Number of alewife (Alosa pseudoharengus) and blueback herring (Alosa 
aestivalis) captured per day in tributaries of the Potomac River with hoop 
nets from 2007 through 2015 and by electrofishing in 2007 and 2008 by 
the Potomac Environmental Research and Education Center of George 
Mason University. 
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Length–length relationship

Alewife had a mean SL of 210.8 mm (standard devia-
tion [SD] 13.57), mean FL of 231.2 mm (SD 14.25), 
and mean TL of 261.9 mm (SD 15.85). Blueback her-
ring had a mean SL of 202.1 mm (SD 11.80), mean FL 
of 221.0 mm (SD 12.51), and mean TL of 250.0 mm 
(SD 14.00). The relationships between SL, FL, and TL 
were highly significant for alewife and blueback her-
ring (with all proportions of variance, or coefficients of 
multiple determination, >0.85; Table 1).

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 years with a median age of 3 years for both 
females (n=244) and males (n=329). Scales could be 
read for 532 of the 574 dissected alewife. Scale ag-
ing revealed reader bias, particularly in younger 

ages. Fish aged as 2 and 3 years old from scale read-
ings commonly had younger ages that the 2 readers 
agreed upon from their otolith analyses, and fish as-
signed ages of 5, 6, and 7 years from scale analyses 
commonly had older age estimates from otolith read-
ings; however, for fish at ages of 4, 6, and 7 years 
based on scale readings, estimates were not statisti-
cally different from ages based on otolith analyses 
(Table 2). Biases in ages between scale and otolith 
readings were statistically different in the McNe-
mar’s, Evans–Hoenig, and Bowker’s tests: P=0.0032, 
P=0.0089, P=0.0001, respectively. Ages determined 
with the use of scales and otoliths agreed for 83.1% 
of the samples and were within 1 year of each other 
for an additional 15.0% of samples, with an ACV of 
3.8%, indicating that the ages were precise according 
to standards established by Campana (2001).

Blueback herring Blueback herring were sampled from 
2007 through 2015, but none were captured in 2009 
and 2010. Otolith readers agreed on ages for 285 of 

Table 1

The equations used to convert between values of standard length (SL), fork 
length (FL), and total length (TL) in millimeters for alewife (Alosa pseudo-
harengus) and blueback herring (Alosa aestivalis) captured from tributaries 
of the Potomac River in northern Virginia during 2007–2015. Also provided 
are coefficients of multiple determination (R2), or proportions of variance, to 
indicate the correlation between variables used to determine the equations.

Species Conversion Equation n R2

Alewife SL to FL FL=1.0076(SL)+18.832 1056 0.920
Alewife SL to TL TL=1.0922(SL)+31.529 1002 0.873
Alewife FL to TL TL=0.9852(FL)+33.807 1001 0.968
Blueback SL to FL FL=1.0208(SL)+14.675 630 0.928
Blueback SL to TL TL=1.1446(SL)+18.644 630 0.930
Blueback FL to TL TL=1.104(FL)+6.02 630 0.972

Table 2

The number of samples for each comparison of ages between otolith and scale readings for ale-
wife (Alosa pseudoharengus) captured between 2007and 2015 in the Potomac River in northern 
Virginia, with t-test statistics (t) to indicate bias for each age. An asterisk (*) indicates when 
the ages determined by reading scales were significantly different from the age determined 
by reading otoliths.

Scale age

Otolith age 2 3 4 5 6 7 t P

2 16 22 1 1 – – 6.51 <0.0001*
3 – 222 20 2 2 – 4.60 <0.0001*
4 – 10 140 8 – – −0.47 0.6388
5 – – 14 49 2 – −3.21 0.0084*
6 – – 2 2 11 1 −1.58 0.2824
7 – – – 2 1 4 −1.99 0.2824
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287 samples. Ages ranged from 2 to 6 years, with a 
median age of 3 years for both females (n=123) and 
males (n=164). Scales could be read for 260 of 287 
dissected blueback herring, with the ages of 2 and 3 
years commonly overaged by readers and statistical-
ly biased on the basis of McNemar’s, Evans–Hoenig, 
and Bowker’s tests (all tests: P<0.0001; Table 3). Ages 
agreed between scale and otolith readings for 87.3% 
of the samples and were within 1 year of each other 
for an additional 10.8% of the samples. The ACV was 
3.2%, indicating that the aging of samples were precise 
(Campana, 2001).

Growth models

The best-fit model for alewife was the linear growth 
model, and the worst-fit model was the Richards 
growth model (Table 4). The best-fit model for blue-
back herring was the logistic growth model, and the 
worst-fit model was the linear growth model (Table 4). 
However, the AIC weights were only 10.6% and 10.5% 
different between the best-fit and worst-fit models for 
alewife and blueback herring, respectively (Table 4). 
For this reason, the von Bertalanffy growth function, 
the most traditionally used growth model, was used to 

Table 3

The number of samples for each comparison of ages between otolith and scale readings for 
blueback herring (Alosa aestivalis) captured in 2007 and 2008 and between 2011 and 2015 in 
the Potomac River in northern Virginia, with t-test statistics (t) to indicate bias for each age. 
An asterisk (*) indicates when the ages determined by reading scales were significantly dif-
ferent from the age determined by reading otoliths.

Scale age

Otolith age 2 3 4 5 6 t P

2 41 13 – – – 4.10 0.0007*
3 – 143 12 – – 3.63 0.0151*
4 – 1 32 – – −1.00 0.6496
5 – 3 2 8 – −2.55 0.0762
6 – – 1 – 3 −1.00 0.6496

Table 4

Rank of Akaike’s information criterion weights (w) calculated for alewife (Alosa pseudoharengus) and 
blueback herring (Alosa aestivalis) based on sample size (n), number of parameters (k), sums of squares 
(SSQ), and Akaike’s information criterion for model selection (AICi) from each growth model used in this 
study.

Species Growth model n k SSQ AICi w (%) Rank

Alewife Cerrato 559 3 96,589 1702.954 11.432 5
 Francis 559 3 96,589 1702.954 11.432 5
 Gompertz 559 3 96,582 1702.936 11.533 3
 Laird–Gompertz 559 3 96,582 1702.936 11.533 3
 Linear 559 2 97,165 1702.398 15.093 1
 Logistic 559 3 96,576 1702.921 11.621 2
 Ratkowsky 559 3 96,589 1702.954 11.432 5
 Richards 559 4 96,537 1704.823 4.490 9
 von Bertalanffy 559 3 96,589 1,702.954 11.432 5
       
Blueback herring Cerrato 285 3 34,956 828.756 13.170 4
 Francis 285 3 34,956 828.754 4.914 8
 Gompertz 285 3 34,955 828.751 13.170 4
 Laird–Gompertz 285 3 34,955 828.751 13.193 2
 Linear 285 2 36,429 831.863 2.782 9
 Logistic 285 3 34,953 828.744 13.240 1
 Ratkowsky 285 3 34,956 828.754 13.170 4
 Richards 285 4 34,948 830.726 13.193 2
 von Bertalanffy 285 3 34,956 828.754 13.170 4
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examine the difference between sexes. All of 
the models converged, indicating that enough 
data was available for the models to success-
fully run.

The von Bertalanffy growth parameters dif-
fered between alewife and blueback herring 
(P<0.0001). Alewife grew faster and obtained 
larger sizes than blueback herring (Table 5). 
A likelihood ratio test confirmed the difference 
between species was not due to coincidence 
(χ2=39, df=3, P<0.0001); however, no single 
parameter was responsible for this difference.

For alewife, parameters between sexes were 
statistically different when the von Bertalanffy 
growth function was used (P<0.0001). The 
models for both species show females growing 
faster than males and attaining larger values 
of L∞ (Table 5, Fig. 3A). The standardized re-
siduals for the von Bertalanffy growth curve 
were randomly distributed, indicating that the 
model was a good fit (Fig. 3B). A likelihood ra-
tio test confirmed that the difference between 
sexes was not due to coincidence (χ2=229, df=3, 
P<0.0001); however, differences were not sig-
nificant between individual parameters.

For blueback herring, an analysis of residual 
sum of squares revealed that female blueback 
herring grew significantly larger and faster 
than males (P<0.0001; Table 5, Fig. 4A), and 
a likelihood ratio test confirmed the differenc-
es were significant (χ2=138, df=3, P<0.0001). 
Standardized residuals between the von Ber-
talanffy growth function and observed values 
were random (Fig. 4B). Differences between 
sexes were based on the interactions between 
the parameters of L∞ and growth rate coeffi-
cient (K) (χ2=8, df=2, P=0.02) and interactions 
between L∞ and the time (or age) at which the 
average length was zero (t0) (von Bertalanffy: 

Table 5

Parameter estimates from von Bertalanffy growth function for males, females, and sexes combined of ale-
wife (Alosa pseudoharengus) and blueback herring (Alosa aestivalis), with subsequent sums of squares 
(SSQ) from model fitting and sample size. The parameters are mean asymptotic length (L∞), given in stan-
dard length in centimeters, growth rate coefficient (K), and the time (or age) at which the average length 
was zero (t0).

   L∞  K t0  
Species Model Sex (cm) (per year) (per year) SSQ n

Alewife von Bertalanffy Male 233.8 0.218 −5.97 30,131 329
  Female 250.9 0.237 −5.25 34,579 244
  Combined 257.2 0.179 −6.04 96,589 573
       
Blueback herring von Bertalanffy Male 213.7 0.387 −3.27 8,763 162
  Female 219.0 0.837 −0.75 11,522 123
  Combined 220.3 0.525 −1.69 34,956 285

Figure 3
(A) Observed length at age for female (gray dots) and male 
(black plus signs) alewife (Alosa pseudoharengus) captured 
in the Potomac River between 2007 and 2015, with predicted 
length at age from von Bertalanffy growth models (solid lines). 
(B) Standardized residuals versus fitted values for the von Ber-
talanffy growth curves for female (gray dots) and male (black 
plus signs) alewife.
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χ2=5, df=2, P=0.01). When a Bonferroni adjustment 
was used, the critical P-value became 0.007. With this 
new P-value, only testing the whole model for each sex 
was still statistically different, indicating that the dif-
ferences between the sexes were not a coincidence but 
that none of the model parameters explain the differ-
ences by themselves.

Discussion

Females grew faster and larger than males for both 
species of river herring. Similar to the outcome of this 
study, previous studies have documented larger and 
faster-growing females for both species (Marcy, 1969; 
Loesch and Lund, 1977; Loesch, 1987). Additionally, 
alewife grew faster and larger than blueback herring, 
a finding that also has been documented by previous 
studies (Netzel and Stanek, 1966; Messieh, 1977; Jones 
et al., 1978; Fay et al.1; Klauda et al., 1991). In the 
Saint John River in New Brunswick, Canada, female 

alewife grew fastest and largest, followed by 
male alewife, then female blueback herring 
and male blueback herring. However, in the 
Albemarle Sound, North Carolina, female blue-
back herring grew faster and larger than male 
alewife. Fay et al.1 provided average length-at-
age data from multiples studies, information 
that indicates that growth rates of alewife and 
blueback herring were not consistent between 
studies (Fay et al.1). For example, in Georges 
Bank, alewife had a larger average length at 
age than blueback herring for every age, but 
in the Connecticut River larger average length 
varied between these species on the basis of 
age (Netzel and Stanek, 1966; Marcy, 1969; Fay 
et al.1). Why these differences in growth rates 
occurred between these studies is unclear. It 
could be due to differences in geography or 
time, given that both have been documented 
to affect growth of fish populations.

The estimates of L∞ for alewife (273.9 mm 
FL) and for blueback herring (267.0-mm-FL) 
from this study are smaller than previously 
published estimates from other studies. The 
NOAA Northeast Fisheries Science Center 
conducted a bottom-trawl survey from 1973 
through 1987 and used the survey data to es-
timate L∞: 282.6 mm FL for alewife and 267.0 
mm FL for blueback herring (ASMFC, 2012). 
For both sexes, the L∞ also was smaller for 
individuals examined in this study than for 
individuals captured in the Saint John River 
in New Brunswick (male and female alewife: 
292 and 310 mm FL; male and female blue-
back herring: 231 and 260 mm FL; Messieh 
1977) and in New Hampshire rivers (male and 
female alewife: 305 and 322 mm TL; male and 
female blueback herring: 287 and 328 mm TL; 
ASMFC, 2012). The differences between esti-

mates of L∞ were most likely due to a lack of older 
individuals captured in the Potomac River, a situation 
that can lead to a poor estimation of the L∞ (Hilborn 
and Walters, 1992).

Alewife and blueback herring historically have been 
aged up to 14 and 9 years, respectively (ASMFC, 2012), 
but the maximum ages for these species in this study 
were 7 and 6 years. A lack of representation of older 
fish in a data set can result from high adult mortal-
ity rates, gear selectivity, or underaging of fish (Fran-
cis, 1988). High adult mortalities in river herring have 
been linked to increased stress during spawning mi-
grations, historical overfishing practices, and current 
bycatch of adult fish (Hightower et al., 1996; Greene 
et al.2; ASMFC, 2012). This pattern has been seen for 
other adult anadromous fishes as well (Dunton et al., 
2015). The current moratoria for river herring have 
been in effect regionally only for 3 years; therefore, 
older river herring have been protected for a limited 
part of their life span.

The K value was lower for alewife and male blue-

Figure 4
(A) Observed length at age for female (gray dots) and male 
(black plus signs) blueback herring (Alosa aestivalis) captured 
in the Potomac River in 2007 and 2008 and from 2011 through 
2015, with predicted length at age from von Bertalanffy growth 
models (solid lines). (B) Standardized residuals versus fitted val-
ues for the von Bertalanffy growth curves for female (gray dots) 
and male (black plus signs) blueback herring.
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back herring in this study than for those in previous 
studies (Messieh, 1977; ASMFC, 2012), differences that 
could be due to a lack of smaller individuals in the 
previous studies. For this study, alewife ranging in age 
from 2 to 7 years and blueback herring ranging in age 
from 2 to 6 years were used; however, in both previ-
ous studies, river herring ranged from 3 years to more 
than 9 years (Messieh, 1977; ASMFC, 2012). When 
age-2 individuals were removed from the analysis in 
this study, K increased from 0.179 to 0.243 mm/year for 
alewife (both sexes combined) and from 0.525 to 0.697 
mm/year for blueback herring (both sexes combined). 
One hypothesis for why age-2 individuals were avail-
able in this study and not in previous studies is that 
the populations could have spawned at earlier ages 
in this study because of years of overfishing, which 
has been documented in Atlantic cod (Gadus morhua) 
(Trippel, 1995), several Pacific salmon species (Ricker, 
1981), and numerous other fish species (Darimont et 
al., 2009). Fishermen target large individuals within 
a population. With years of fishing pressure, a popula-
tion adapts to spawning as smaller, younger individu-
als because individual fish that can spawn at smaller 
sizes are more likely to successfully spawn than slower 
maturing individuals (Ricker, 1981; Thorpe, 1993). A 
change in maturity schedules is important to document 
for estimating potential recruitment of a population 
and should be examined further.

The lack of ages from 0 to 1 years and ages ≥7 years 
also could have contributed to the similarities between 
the different growth models tested within this study 
because the parameters in each model are correlated to 
each other (Hilborn and Walters, 1992; Campana, 2001; 
Allen and Gwinn, 2013). Missing younger and older 
fish of a population can make model estimation diffi-
cult because these 2 ends of a population can influence 
growth more than the part of a population at median 
ages (Campana, 2001). The younger and older ends of 
a population can also be the most difficult to obtain 
because of increased mortality for older individuals, 
anadromous species being collected during spawning 
runs only (as in this study), or age estimation being 
hardest for these categories (Campana, 2001; ASMFC, 
2012; ASMFC8). Even in this study, when scales were 
used for aging, younger individuals were overaged and 
older individuals were underaged.

The ASMFC River Herring Ageing Workshop found 
that participating state agencies also overaged young-
er fish and underaged older fish when using scales 
(ASMFC8). Many agencies base the methods for using 
scales to age river herring on the methods developed 
by Cating (1953) for American shad. Marcy (1969) de-
veloped transverse groove counts specific to river her-
ring captured in Connecticut based on Cating’s (1953) 
method. However, this method does not take geographi-
cal location into account as a factor on fish growth and 
scale formation (Duffy et al., 2011). The use of trans-
verse grooves, outlined by Cating (1953) and Marcy 
(1969), to determine location of freshwater zones and 
the first 3 years of age resulted in inconsistencies be-

tween ages in different geographical regions within the 
distribution of American shad (Duffy et al., 2011). Age 
validation with known-age river herring needs to be 
completed for each geographical region for the analysis 
of scales to be reliable as an aging technique for river 
herring (ASMFC8). The ASMFC River Herring Ageing 
Workshop has developed protocols to standardize aging 
techniques and has started a reference collection for 
aging structures from different rivers throughout the 
East Coast of the United States (ASMFC8).

Using data sets with biased ages can result in poor 
population modeling and conflicting strategies for pop-
ulation management (Beamish and McFarlane, 1987; 
Bertignac and de Pontual, 2007; Katsanevakis and 
Maravelias, 2008; Tyszko and Pritt, 2017; Porta et al., 
2018). Age biases can influence stock assessment by 
overestimating or underestimating growth or mortality, 
affecting policy decisions about a population (Beamish 
and McFarlane, 1987; Katsanevakis and Maravelias, 
2008). Alewife in this study were more likely to be und-
eraged by the use of scales, increasing the estimates for 
growth and mortality rates (Beamish and McFarlane, 
1987). Management strategies for species that are not 
growing as fast as models indicate can lead to overfish-
ing practices. Conversely, blueback herring were more 
often overaged when scales were used in this study. 
Therefore, growth and mortality predictions could be 
lower than real levels, possibly limiting the ability of 
management agencies to track how reactive a popu-
lation is to fishing changes (Tyszko and Pritt, 2017). 
The ages presented here for this study are considered 
precise between readers on the basis of the ACV, but 
there was no way to determine accuracy without the 
use of known-age individuals. Currently, no known-age 
samples for either species of river herring are available 
for use (ASMFC8).

This study reveals the importance of validating ag-
ing techniques for species of river herring, as well as of 
continuing to monitor the ages and individual growth 
rates of the populations of alewife and blueback her-
ring. Many management agencies are calling for an 
increase in run counts and abundance estimates of 
these populations (ASMFC, 2012, 2017). Documenting 
abundances of river herring is only a small component 
in understanding a population that may have dramati-
cally changed over decades because of overfishing and 
degraded habitats. The additional age and growth es-
timates completed in this study provide information 
needed in the ongoing efforts to restore the once great 
fisheries that targeted these species.
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