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Abstract.—We present a population dynamics model based on the life history of anadromous
Alosa. The model is built around a catch-at-age array to which we have added an additional
dimension to include previous spawning history. The previous spawning history determines
the number of times that a fish is exposed to riverine impacts that contribute to overall
mortality rates. The model is designed to incorporate the kinds of data typically collected
for anadromous Alosa stocks, such as catch-at-age data, spawning escapement counts at fish
ladders, larval and juvenile abundance indices, and turbine mortality estimates. We show
how the model can be adapted to individual stocks and management questions and how
the model parameter estimates can be obtained using maximum likelihood. We demonstrate
this approach with examples for two alewife Alosa pseudoharengus populations in Nova Scotia.

Introduction

The biology, fisheries, and data for anadromous
Alosa populations differ from those of marine fish.
Consequentially, traditional fisheries models that
are designed for marine species are often not ap-
propriate for Alosa and do not fully utilize the avail-
able data. For example, riverine fisheries target only
mature fish whose availability to the fishery de-
pends not only on recruitment and mortality rates
but also on variable maturity schedules. Addition-
ally, anadromous fish are often affected by other
anthropogenic activities such as hydroelectric gen-
eration and barriers (Rulifson 1994), and survivor-
ship differs depending upon whether or not a fish
is sexually mature and how many times it has pre-
vious spawned. A fish’s previous spawning history
is available from its scales (Marcy 1969). This in-
formation can therefore be included in the model
and used to separate marine sources of mortality
(a function of age), from riverine sources of mor-
tality (a function of previous spawning history).
Auxiliary data such as escapement counts at fish

ladders, larval abundance indices, and counts of
seaward migrating juveniles are often available and
can also be incorporated into an assessment model.

Fournier and Archibald (1982) and Deriso et
al. (1985) developed the general theory for statisti-
cal catch-at-age models for stock assessment that
allow auxiliary data to be incorporated into the
model. With the development of software that al-
lows complex, nonlinear models to be fitted rap-
idly, these techniques are being used more fre-
quently for stock assessment. Here, we present an
age-structured, life history model for anadromous
Alosa and show how it can be linked to the kinds
of data typically collected for Alosa stocks. This
approach provides a flexible, dynamic framework
for Alosa stock assessment and can be used to ad-
dress critical management issues.

The Model

The following model is based on the life cycles of
the three species of anadromous Alosa that are in-
digenous to eastern North America: American shad
A. sapidissima, blueback herring A. aestivalis, and
alewife A. pseudoharengus. Although differences
exist among species and among populations of the
same species, the life cycles of anadromous Alosa
have several shared characteristics. Adults of these
species ascend rivers during the spring and spawn
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in lakes, pools, or still waters within the watershed.
Young of the year remain in freshwater until mid-
summer to late fall when they emigrate to the sea.
Fish mature at 2–7 years of age, and maturity
schedules vary among populations and among
years. Most populations are iteroparous. Stocks are
often fished during the spawning migration, al-
though intercept fisheries exist in some regions.
Leggett and Carscadden (1978) describe the life
history of American shad in greater detail, while
Loesch (1987) provides an overview of the life his-
tories of blueback herring and alewife. We model
this life history as explained below.

Of primary interest is the number of fish of
sex s (indexed “m” for male or “f” for female),  age
a, that have spawned p times previously and are
returning to the river in year t, which we denote as
Nt,s,a,p. Assuming a nonselective fishery, the num-
ber of eggs produced in year t (Qt) is a function of
the number of females in year t (Nt,f,a,p), the exploi-
tation rate in that year (ut), and an age and previ-
ous spawning-specific fecundity (fa,p) and is given
by

Density-dependent natural mortality within
the spawning and nursery areas is thought to regu-
late Alosa population size (e.g., Crecco and Savoy
1987). This is to say that the rate of larval natural
mortality (Mt

larval) varies among years as a density-
dependent function of Qt . We write this as Mt

larval

= g(Qt), where g is the function that describes the
nature of the density dependence. The effects of
environmental variability (εt) can be incorporated
into the model as deviates around the density-de-
pendent relationship. Given the sex ratio (vs), the
number of offspring of each sex that survive to
migrate seaward in year t (Ot,s) is then

Two equations are used to model the number
of fish in the spawning run in each age, sex, and
previous spawning history category. For fish that
have not previously spawned (p = 0), the number
of fish of sex s and age a entering the river to spawn
(downstream of the fishery) in year t is

Here, Tjuv is the instantaneous rate of turbine mor-
tality for juvenile fish (zero for rivers that are not

developed for hydroelectric generation) and Mjuv is
the instantaneous natural mortality rate for imma-
ture fish at sea. The maturity schedule (mt–a,s,a) is
the probability that a fish of sex s that is alive at
age a will mature at age a. The maturity schedule
may vary among cohorts, where the cohort year is
given by t – a. For fish that have spawned previ-
ously, the number of fish of sex s and age a that
spawned p times previously entering the river
(downstream of the fishery) in year t is

where F is the instantaneous rate of fishing mor-
tality, Tadult is the instantaneous rate of turbine mor-
tality for adult fish, and adult

,s aM  is the sex- and age-
specific instantaneous rate of natural mortality for
adults (the relationship between F and the annual
exploitation rate u is Ft = –loge[1 – ut]). Female
spawner biomass (SSB) can be used as a proxy for
the number of eggs if fecundity is directly propor-
tional to weight:

Overcompensation does not appear to be char-
acteristic of Alosa populations (Gibson and Myers
2003, this volume), and we therefore assume a
Beverton–Holt relationship between SSBt and Ot

(Hilborn and Walters 1992). This is a two-param-
eter spawner–recruit model where α is number of
recruits produced annually per unit biomass of
spawners (Myers et al. 1999) and K is the half-satu-
ration constant. The full dynamic model becomes

Two examples of how this model can be
adapted to different populations are given below.
The model is adapted to produce estimates for vari-
ables corresponding to the data that exists for the
population. Model parameters are then estimated
through minimization of the value of an objective
function that relates the model predictions to the
observed age structure, catch, and any auxiliary
information (e.g., larval indices, escapement
counts) that may exist for the population.

We programmed this model using AD Model
Builder (Fournier 1996). AD Model Builder uses the
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C++ auto-differentiation library for rapid fitting of
complex nonlinear models, has Bayesian and pro-
file likelihood capabilities, and is designed specifi-
cally for fitting these types of models.

Example 1: Margaree River, Nova Scotia, Alewife

The Margaree River in Nova Scotia supports an
Alosa fishery that is executed in-river using tip traps
installed along the bank (Chaput et al. 2001). Ale-
wives are the dominant component of the catch.
Exploitation rates are controlled using within-sea-
son closures that were first implemented in 1984
and have been subsequently modified. After 1995
it was evident that the population size had de-
clined, and further closures were therefore intro-
duced in 1996. Here, our objective is to use the
model to determine whether this strategy success-
fully reduced exploitation rates to target levels of
about 33% (Chaput et al. 2001).

The data for the Margaree River alewife fish-
ery consists of the total catch (Ct) for the years 1983–
2000, an estimate of the number of fish captured
in each age and previous spawning history category
(Ct,a,p) for the years 1983–2000, and a larval abun-
dance index (It) for the years 1983–1985 and 1989–
2000. The larval index is based on the number of
yolk sac larvae captured using a plankton net and
is assumed to be measured before compensation
occurs in the population. Based on this assump-
tion, it is used as an index of spawner escapement.
We use only the second half (P > 0) of the full dy-

namics model. The model (Table 1) is set up as a
combined sex model that estimates the number of
virgin fish in each age-class that enter the river in
each year (Nt-p,a-p,0), the exploitation rate in each
year, and a catchability coefficient for larval ale-
wife (q) for a total of 108 estimated parameters.
This approach is similar to traditional statistical
catch-at-age models (Quinn and Deriso 1999) ex-
cept the previous spawning history is incorporated
into the model by adding another dimension to the
catch-at-age array. This increases the number of
observations of total mortality rates in each year.
We assumed a constant value of 0.6 for Madult for
all year- and age-classes. While this value is lower
than that assumed by some other authors (e.g.,
Crecco and Gibson [1990] used Madult = 1.0), we
have estimated nonfishing mortality on rivers
where natural mortality is confounded with tur-
bine mortality and obtained values close to 0.6. We
assumed the larval index in year t was linearly re-
lated to spawning escapement in year t through a
catchability coefficient (also assumed constant
across years). We used a lognormal error structure
for the catch (Ct

obs and Ct
pred are the observed and

predicted catches in year t) and the larval index
(It

obs and It
pred are the observed and predicted larval

indices in year t). We used a multinomial error struc-
ture for the number of fish in each year, age, and
previous spawning category ( obs

, ,t a pπ  is the number
of fish of age a that have spawned p times previ-
ously within a sample collected in year t, and pred

, ,t a pp

Table 1.—The equations used for the Margaree River alewife model.
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Dynamics

Log-likelihoods (non-constant portions)
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is the predicted proportion of fish in each age and
previous spawning category in that year). We fit
the model by minimizing the value of an objective
function that is the sum of the negative log-likeli-
hoods for the catch, larval index, and number of
fish in each year–age–previous spawning category.
The relative contribution of each likelihood to the
objective function was controlled by a set of weight-
ing values (λ i) selected to keep any one part of the
objective function from dominating the fit. Because
of difficulties interpreting juvenile (Jessop 1994) and
larval abundance indices, we weighted the larval
index so that its contribution was about one half
that of the other components.

The core of the model is shown in Figure 1.
The catch is partitioned by cohort and age at ma-
turity, and the abundance of fish in each category
is projected through time. As shown in Figure 1,
cohort sizes and the proportions maturing at each
age vary among year-classes. Exploitation rates and
the number of virgin fish in each age category are
estimated in the model, and predicted catches and
spawning escapements (Figure 2) are calculated
from model output. The fit to the larval index is
not as good as the fit to the catch or composition
data because of the smaller weighting factor used
for these data. The increased within-season closures
have reduced exploitation rates from an average
of 0.79 (1991–1995 time period) to 0.39 (1996–
2000). Spawning escapement has increased as a
result of these closures.

Example 2: The Gaspereau River, Nova Scotia,
Alewife Fishery
The Gaspereau River, also in Nova Scotia, supports
an alewife population that shows the characteris-
tics of a heavily impacted stock (Gibson and Myers
2001). The stock is fished commercially as fish as-
cend the river to spawn, and the watershed has
been extensively modified for hydroelectric genera-
tion. Water management policies are being devel-
oped to reduce impacts on this population, includ-
ing improvements to fish passage facilities. Here,
our objective was to use the life history model to
determine the biomass of fish that need to reach
the spawning areas to produce maximum sustain-
able yield (SSBMSY) in the fishery.

Data for the Gaspereau River alewife stock and
fishery are limited. The data consist of the catches
for the years 1964–2000 (we use 1979–2000 in this
model because of uncertainty in the process that
resulted in large catches in the mid-1970s); spawn-
ing escapement counts (Et) at a fish ladder just

upriver from the fishery for the years 1982–1984,
1995, and 1997–2000; and the sex, age, and spawn-
ing history composition for all years when counts
were conducted except 1995 (Gibson and Myers
2001). We set up the model (Table 2) to estimate
the log of the mean asymptotic recruitment (R0) and
a recruitment deviate (εt) for each year around the
spawner–recruit relationship. Mean asymptotic
recruitment can be interpreted as the median car-
rying capacity of the nursery areas rescaled by sur-
vival to the age at recruitment, selected here as age
3. As such, all factors affecting survival from the
egg to age 3 are incorporated into the spawner–
recruit relationship. We used a logarithmic form of
the Beverton–Holt model, parameterized in terms
of R0, using the substitution K = R0/α.  The loga-
rithmic form constrains recruitment to be positive
during the estimation process and results in a mul-
tiplicative error structure for recruitment.

The SSBMSY can be estimated from the
spawner–recruit relationship. For semelparous spe-
cies, given a spawner–recruit function R = f(S), the
spawning escapement at the maximum sustainable
yield (MSY) occurs where f ′(S) = 1 (Quinn and
Deriso 1999). For an iteroparous species, if fishing
occurs just before spawning, natural mortality dur-
ing the fishing season is negligible, the fishery is
nonselective, and fish are fully grown when enter-
ing the fishery, the situation is analogous. The
SSBMSY occurs at the point where the first deriva-
tive of the spawner–recruit relationship equals the
inverse of the rate at which recruits produce re-
placement spawners in the absence of fishing mor-
tality, denoted as SPRF = 0 (Gibson and Myers 2003):

When fishing occurs on fish that are not fully
grown, this relationship underestimates the true
SSBMSY (Deriso 1980). For the Beverton–Holt
spawner–recruit model,

Thus,

Because the data for this population are very
limited, a number of restrictive assumptions are
made. Foremost, we treat the exploitation rate as
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Figure 1.—Part of the observed (×) and predicted (lines) catch-at-age arrays for the Margaree River, Nova Scotia, alewife
population. Catches are partitioned by cohort year (right column) and age at maturity (top labels). The year (bottom labels)
is the year of capture.
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Figure 2.—Observed (×) and predicted (solid lines) total catches and larval indices
and predicted exploitation rates and spawning escapements for the Margaree River,
Nova Scotia, alewife population. The dashed lines show 95% confidence intervals for
the estimated values based on normal approximations.

)

Table 2.—The equations used for the Gaspereau River alewife model.
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known. For years where the catch and spawning
escapement are known, the exploitation rate can be
calculated directly. We use the mean exploitation rate
for years that lack escapement counts. We also treat
the maturity schedule as fixed across cohorts. While
this assumption is not realistic, the data are insuffi-
cient to estimate a maturity schedule for each co-
hort (we only have age data for 7 of the 21 years).
We fixed α = 60.7 (at low spawner abundance, 1 kg
of spawners can produce 60.7 age-3 recruits annu-
ally). This value was taken from a meta-analysis of
five other populations (Gibson and Myers 2001). As
in the previous example, we fit the model to the data
by minimizing an objective function value that is
the weighted sum of the nonconstant portions of
the negative log-likelihoods of the catches, escape-
ment counts, and sex–age–previous spawning com-
positions of the spawning run.

While the estimated recruitment deviates for
each year have wide standard errors (Table 3), the
mean asymptotic recruitment and the spawning
biomass at MSY are well determined by the model.
These reference points are consistent with those
produced by a meta-analysis of alewife populations
(Gibson and Myers 2001). As weighted, the model
tracks the count very closely (Figure 3) and fits the
catch reasonably well except during the 1984–1988
time period. We believe the large residuals in this
time period may be due to annual variability in the
maturity schedules and the possibility that the
mean exploitation rate may not be indicative of the
exploitation rates in these years. However, we sim-
ply do not have the data to investigate these hy-
potheses; only the catch is known during this time
period. The estimated SSBMSY implies that MSY oc-
curs with an equilibrium spawner abundance of
about 400,000 fish. Current spawner abundance
is typically 10–40% of this level. The mean asymp-
totic recruitment for this population is about 1.7
million fish. The estimated recruitment is lower than
this value in 14 of the 19 years that were included
in the model.

Discussion

In this paper, we have presented a general, life-
history-based model for the population dynamics
of anadromous Alosa and shown how the model
can be used for stock assessment by adapting it to
the data collected for individual populations. This
approach has several advantages, the foremost be-
ing that the life history of interest is specifically
modeled. For Alosa, data such as spawning escape-

ment counts at fish ladders, larval and juvenile
abundance indices, counts of emigrating juveniles,
previous spawning history, indices of the number
of postspawning fish (Olney and Hoenig 2001), and
information about other sources of mortality can
be incorporated into the assessment process.

One of the most useful pieces of information
often collected for Alosa that is not typically avail-
able for marine species is the number of times that
a fish has previously spawned (available from a
fish’s scales). Riverine impacts such as fishing or
turbine passage do not affect immature fish at sea.
When the number of times a fish has previously
spawned is known, this variable can be used to
determine the number of times that the fish has
been exposed to riverine impacts by adding an ex-
tra dimension to the catch-at-age array. Addition-
ally, when data are partitioned by sex and age at
maturity as well as age, the number of observa-
tions of a cohort each year increases (from one to
eight for a population that matures over 4 years).
Assuming an adequate sample size, this increase

Table 3.—Parameter estimates for the Gaspereau River ale-
wife population obtained from the statistical life history
model.  While the standard errors for the recruitment devi-
ates are large relative to their estimates, the mean asymp-
totic recruitment (R0 ; number of fish) and spawning biom-
ass (SSBMSY; kg) at maximum sustainable yield are compara-
tively well estimated.

Year and Recruitment Standard
variable deviate error

1979 -0.81 1.49
1980 -0.81 1.51
1981 -0.81 1.51
1982 -0.38 0.99
1983 0.93 0.61
1984 -0.81 2.12
1985 1.49 0.01
1986 0.29 0.93
1987 -1.43 0.16
1988 1.45 0.08
1989 -0.04 2.09
1990 -1.09 1.16
1991 0.43 0.60
1992 0.88 0.83
1993 0.56 1.17
1994 0.60 2.46
1995 1.07 1.36
1996 -0.82 1.04
1997 -0.35 1.50
1998 0.12 0.59
1999 0.32 1.50
2000 -0.81 0.59
R0 1,647,800 602,330
SSBMSY 91,939 33,607
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improves the researcher’s ability to estimate mor-
tality rates or other parameters that are held con-
stant across these categories.

While not specific to Alosa populations, statis-
tical methods of fitting stock assessment models
have a major advantage over virtual population
analyses: models can be fit to intermittent data sets.
For many smaller fisheries, such as the Gaspereau
River example presented here, assessment data are
not collected each year. Virtual population analy-
sis-based methods use a backward summation for
which estimates of the numbers at age are required
for each year (Hilborn and Walters 1992). While
fitting through long periods when age data were
not collected requires that additional constraints
be placed on the model, statistical methods can be
used to estimate abundance when all that is known
is the size of the catch.

Our life history model can be further general-
ized where appropriate for some populations. As
presented, we have treated Alosa fisheries as non-
selective. When selective fishing gear such as gill
nets are used, selectivity models (e.g., Millar and
Holst 1997) can be incorporated into our frame-
work, allowing the error in the selectivity param-
eter estimation to be carried forward through the
assessment. Similarly, when catchability varies with
fish abundance (e.g., Harley et al. 2001), these re-
lationships can also be included in the model.

Meta-analytic approaches to stock assessment
and fisheries biology are becoming more common
(e.g., Myers et al. 1999; Gibson and Myers 2003).
In order for these approaches to be successful, some
standardization among data sets (e.g., a standard
definition of recruitment for spawner–recruit meta-
analysis) is required. When a general life history
model is used for the assessments, a basis for these
kinds of standardizations is provided.

At present, we have not generalized our com-
puter code so that it can be applied to a generic
stock. The modeling framework is intended to be
flexible and to be adapted to the data and biology
of specific populations. Thus far, we have fit the
model to four alewife populations, each with dif-
ferent kinds of data. The computer code, and as-
sistance with adapting it to other populations, is
available from the authors.
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Figure 3.—Observed (×) and predicted (lines) total catches and spawner escapement
counts and the exploitation rates (assumed known) and predicted number of age-3
recruits for the Gaspereau River, Nova Scotia, alewife population. The dashed lines
show the number of spawners at maximum sustainable yield (upper right panel) and
the median asymptotic recruitment (lower right panel) for this population. The gray
shaded areas are 90% confidence intervals for these reference points.
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