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Summary

This report summarizes stock assessment and equilibrium calculations on American shad of the Hudson 
River based on the method described in Deriso et al. (1995). Research reported here is directed towards 
addressing two subjects: (1) a statistical estimation of abundance, fishing mortality, and certain critical 
life-history parameters of shad during the last roughly twenty years, (2) Equilibrium calculations of 
commercial yield of the shad fishery and of abundance of one-year-olds based on results from the 
estimation phase of the research and from results of application of the long-term model of Walters (1994).

Results show that the total fishing mortality on older shad have averaged around 0.25 (sd = 0.11) between 
1974-1997. Median abundance of one-year-olds is estimated at 1.3 (sd = 0.61) million fish during that 
time period. The sum of natural mortality rate plus unreported fishing mortality rate for adult females 
(males) is estimated at 0.54 (0.81) annually. A cycle of low-high-low-medium abundance of adults is 
estimated for the period 1974-1997. While less precise than earlier years, the mid-1990s indicate an 
increase in abundance from the low point around 1990. Our result reported in 1995 that the 1989 and 
1990 year-classes appear to be somewhat above average has proven to be the case. Those year-classes
were followed by even strong year-classes in 1992-1994. Preliminary indications from the juvenile
indices are that the 1995-1997 year-classes could be below average and warrant some concern for the 
near-term future of the stock. 

Equilibrium calculations were made for each of three hypotheses regarding (S-R) spawner-recruit
relationships. Those three hypotheses are based on assumptions of low, moderate, and high density-
dependent mortality in the S-R relationship, as measured by a parameter b described in the paper. High 
density-dependence is indicated by fitting a Beverton-Holt S-R model to recent (1974-1994) estimates. 
Moderate to low density-dependence is indicated by the long-term model of Walters (1994). Equilibrium 
calculations show that the shad stock is fully-exploited to over-exploited unless one assumes high
density-dependence.

Results updated for the Appendix I show that an alternative hypothesis can be made based on a high 
reliance on age composition and repeat spawning information. With heavy reliance on those data, we 
would conclude the stock has not shown any recovery in the recent years and that both entrainment and 
fishing mortality rates need to be decreased. The driving force behind this alternative hypothesis are high 
adult mortality rates that can be inferred from age composition and repeat spawning information.
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Estimation Methods

Maximum likelihood estimates of abundance were obtained by fitting an age-specific and sex-specific
population model to several types of data. The model treats separately four groups of shad: immature 
females, mature females, immature males, and mature males. Age-specific time-dependent dynamics are 
modeled for each of the four groups along with transition rates to describe the shift from one state 
(immature) to another (mature). The transition is assumed to be permanent so that once an individual
becomes sexually mature then that fish would continue to spawn each year until death. The time sequence 
of events during any given year is assumed to be the following:

1. Annual rate of transition from immature state to mature state occurs.
2. Coastal harvesting occurs.
3. In-river commercial fishing occurs on mature fish.
4. Haul seine survey samples are taken from the escapement, which are the spawning fish.
5. Natural mortality is applied for the calendar year.

Equations to describe the dynamics are similar for males and females. Let y represent the abundance of 
immature females, then annual mortality and loss of immatures to the mature state are accounted for in 
the dynamics by the following equation, 

y a t p a y a t e M Focean a t( , ) [ ( )] ( , ) ( , )1 1 1

for which Focean(a,t) is the age-specific fishing mortality rate in the coastal ocean fishery, which is 
assumed to be 0 for ages younger than three years of age and a constant for those fish age three and older. 
The quantity p(a) is the proportion of age a immature fish that become mature in year t.  The p(a)
estimates for the model are obtained by including in the model estimation of a generalized logistic 
maturity function, given by 

p a e arate a amid apower( ) [ ]( )1

in which sex-specific sets of the parameters arate, amid, apower are fitted as part of the likelihood. Two 
additional assumptions are made about the maturity ogives: female shad age 9 and older are assumed to 
be 100% mature; secondly, male shad age 8 and older are assumed to be 100% mature.

Abundance of mature fish, denoted by symbol x, are described by a model that contains recruitment from 
the immature state and losses due to gill-net and coastal ocean fishing.  The abundance equations for 
mature fish, evaluated prior to a current year coastal ocean fishing, are given by

x a t afirst p a y a t afirst( , , ) ( ) ( , , )     for newly mature

x a t afirst x a t afirst e M Fgill a t Focean a t( , , ) ( , , ) ( , ) ( , )1 1

for those who were mature previously at age afirst. The equations above generate a matrix of abundance 
by sex for each given age and given age of first maturity. 
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The gill-net fishery modeled above operates within the Hudson River. Size-specific gill-net fishing
mortality is modeled as a separable function of the sex-specific median length of fish and year, as follows:

Fgill a t l a lbar ls Fg t( , ) exp{ . [( ( ) ) / ] } ( )5 2

where lbar and ls are selectivity shape parameters estimated, where l(a) are the median sex-specific
lengths by age given in Table 3, and where Fg(t) is the fully vulnerable gill-net fishing mortality for year 
t, which is a parameter estimated by the model. 

Predicted catch by the Hudson River fishery is obtained by summing abundance of the mature fish 
weighted by their body weight and by gill-net fishing exploitation:

Cgi l l t w a t x a t a f e e
s e x a a f t

F o c e a n a t Fgi l l a t( ) ( , ) ( , , ) [ ]
, ,

( , ) ( , )1

Likewise, coastal landings are predicted by 

C o c e a n t w a t y a t x a t afirst e
s e x a af i r s t

F o c e a n a t( ) ( , )[ ( , ) ( , , )][ ]
, ,

( , )1

where care is taken not to double -count the newly mature fish. 

Repeat spawning data collected from the Hudson River fishery and from NYSDEC haul seines provide 
estimates of age composition. The Hudson River fishery samples represent fish that escaped that year’s 
coastal fishery. The predicted proportion, pgill, of a given sex of fish of given age a with first spawning 
age afirst is written as

),,,(/),,,(),,,( tcgillafirstsextacgillafirstsextapgill

where cgill ( ) denotes predicted number of fish caught with attributes listed in the parentheses. A similar 
calculation can be made for samples collected by the haul seines. Age-specific fishing within the Hudson 
differs by age so that in-river mortality must be included in the equation to describe the predicted
proportion, phaul, of, say females in the haul seines, as follows:

phaul a t afirst x a t afirst e x j t jfirst eFgill a t Fgill j t( , , ) ( , , ) /[ ( , , ) ]( , ) ( , )

where the denominator is simply total escapement of mature fish from the gill-net fishery. 

We found it unnecessary to formally model the length distributions by age and sex of catches. This 
improvement over the 1995 model was made possible by improvements in the amount of age composition 
data now available for shad.
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Equilibrium Calculation Methods

Recruitment is assumed to be given by a S-R function in order to calculate equilibrium. The Beverton-
Holt S-R function with the parameterization given in Walters 1994 was used. In this parameterization, 
recruitment, defined here as abundance of one-year-olds (given by the immatures) is given by

y(1,t+1)=Et (1-et)R0(1+b)/[bE0+Et(1-pet)]

where e is the entrainment-impingement loss rate, p is the proportion of entrainment-impingement
occurring before compensation (assumed p=0.5), R0 is the unfished recruitment rate (millions of age 1 
fish), E0 is the unfished egg production, and b is the compensation parameter. The compensation
parameter b is mathematically the fraction of virgin egg production needed to produce one-half the 
maximum, asymptotic recruitment. As a measure of density-dependence, low values of b correspond to 
high density-dependent mortality (that is recruitment would stay high even with a large reduction in egg 
production).

Based on the parameters listed in Table 3, life-time egg production of a single recruit can be calculated 
for any given schedule of fishing mortality. In particular, we can calculate a schedule of fishing mortality
by multiplying both the age/sex specific rates of gill-net and coastal ocean fishing mortality listed in 
Table 3 by a multiplier f. A value f=1 corresponds to the average fishing mortality rates estimated for the 
1974-1997 time period. Denote the life-time egg production of a single recruit by the notation rv, which 
stands for reproductive value of a recruit; note that rv is as a function of f. At equilibrium we equate egg 
production with the product of recruitment and reproductive value to get

E=rv E (1-e)R0(1+b)/[bE0+E(1-pe)]
and solve for E to find

E=[rv (1-e)R0(1+b)-bE0]/(1-pe).

Equilibrium egg production is projected through the S-R function to project equilibrium recruits, which 
are in turn projected through the abundance dynamic equations and catch prediction equations listed in 
the previous section. The projected catches and abundance are all equilibrium calculations as a function of 
the fishing mortality multiplier f and assumed entrainment-impingement rate e.

Materials

Data listed in Tables 1 and 2 were used in the estimation. Table 1 lists sample age composition data 
collected from the Hudson River commercial fishery and from the NYSDEC haul seine samples. That 
information is stratified by year, sex of fish, current age, and age of first spawning. Commercial aged 
fishery samples were available from 1980 to 1995. Haul seine aged samples were available from 1983 to 
1997 excluding 1996.

Indices of abundance are listed in Table 2. They include PYSL index of post-sac larvae sampling from 
1974 – 1996. The juvenile JASG index is available from 1980 through 1997. The catch-per-unit-effort
indices were calculated by year as the cumulative of weekly estimates for fixed gill net fishing in the 
Hudson River. Landings data are also fitted by the model and the coastal component of the catch was 



October 20, 2000 Comments on the DEIS American Shad Analysis

5 ESSA Technologies Ltd.

revised upward from ASFMC estimates to provide NYSDEC “best” estimates. We use the “best” 
estimates in our fitting of the population model. 

Likelihood Function

The model was fitted to the data by maximum likelihood. The likelihood for the assessment model has 
several components:

1. log-normal PYSL assumption ,
2. log-normal juvenile JASG assumption,
3. log-normal landings assumption,
4. log-normal gill-net CPUE indices for sex-specific catches of fish, and
5. multinomial repeat spawning samples for each sex of fish for each of the two gear types.

Components (1)-(4) have log-normal error assumptions, similar to those assumed in our 1995 paper. The 
multinomial assumption in (5) gives a way to assign relative weighting of the various repeat spawning 
data. However, one weakness of the multinomial assumption is that it can over-weight the influence of the 
age or length data if sampling of the Hudson River stock does not occur strictly on a random sampling 
basis.  We have chosen to assign a weighting factor to each component so that they can be adjusted to 
adjust the influence of each component on the likelihood estimates. 

The log-likelihood for this problem can be written as 

ii
i

btabta SSQpcCL )ln(ln ,,,,0

up to a constant C and a constant proportionality factor. The weighting coefficients theoretically represent 
a ratio of variances for the log-normal data. Let component (1) be the standard then j is the ratio, 
Var(index 1)/ Var(index j). The multinomial component has the 0 equal to 2Var(index 1). The notation 
SSQ indicates residual sum of squares. The first group of  “c”  data are the observed repeat sample data 
and the first group of p quantities are the corresponding predicted proportions of fish with attributes of 
age a and first spawning age b. Initial fitting of the model indicates indices have variances of roughly 0.5 
or larger. Thus a straight multinomial weighting would assign o to be above 1.0.  The base case 
weighting was chosen to have all s for the indices set to 1.0 and  for the landings set to 10.0 (to ensure 
the model fits closely observed landings), and 0 set to 0.5 to ensure the age and length data are not over-
weighted.

The base runs of the estimation routine fit 1105 data points with 95 parameters. The parameters fitted are
the following: year-class strengths from 1971-1995 [we assume that year-class strength in 1996 and 1997 
equal 1995 due to a lack of data], the parameters governing gill-net selectivity and sex-specific maturity, 
full-recruitment fishing mortality rates for ocean and gill-net fishing for 1970-1997, initial conditions for 
abundance in 1970, and natural mortality rate of mature females and males. The computer program
internally computes scaling factors for the PYSL and JUV JASG indices.  Initial conditions for the 
modeled abundances were determined by adding a parameter for total initial annual mortality and
assuming stationarity of the initial age composition with respect to that mortality and the initial 1970
year-class strength parameter. Natural mortality rate was assumed to be 0.3 annually for the sexually 
immature fish, in accordance with our previous paper.

Assessments were made with the full model, which includes everything listed in the likelihood equation 
above. Predicted and observed indices for juveniles and adults are shown in Figures 1 and 2, respectively.
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Estimation Results 

Estimated abundance by sex and year are shown in Tables 4 and 5. Fishing mortality rates given in Table 
5 are lower than in our 1995 paper due to the larger estimate of natural mortality found for older shad. 
Results indicate M=.53 (sd=.06) for mature female shad and M=0.80 (sd=.04) for mature males. Those 
natural mortality rates are likely biased high because of unreported catches, which would be attributed in 
the model to natural mortality. Abundance estimates of mature shad in the Hudson River are shown in 
Figure 6. Those estimates compare favorably with estimates obtained from tagging studies (Hattala et al.
1998), although the tagging results indicate a considerable range in the abundance estimates.

This report supports the overall conclusion in our 1995 report and in Walters (1994) that by 1990 the 
stock was substantially lower in abundance than present in 1930. With more data we now conclude that in 
recent years a partial recovery of the stock has taken place.

Equilibrium Results

Equilibrium calculations of fishery yield and abundance of one-year-olds were made for several
combinations of fishing mortality, entrainment rates, and levels of density-dependence of recruitment
survival. Different levels of overall fishing mortality were calculated by scaling the age and sex-specific
rates listed in Table 3 by multiplying them by a fixed scalar, defined to be the Fishing Mortality
Multiplier. A Multiplier value of 1.0 corresponds to the average level of fishing mortality for 1974-1997,
as calculated from the full assessment model. For reference, the total fishing mortality of females at age 
of full-vulnerability is 0.25 in the Table 5. Levels of density dependence correspond to those discussed in 
our 1995 paper for which b=0.01, 0.20, and 0.50 correspond to high, moderate, and low levels of density 
dependence.

Figures 4 and 5 show equilibrium yield and abundance of one-year-olds, respectively, for varying levels 
of fishing mortality in each panel. Several panels are given in each Figure to show the consequences of 
changes in overall entrainment-impingement mortality rates. As seen in Figure 4, equilibrium yield is 
maximized at from 50% to 100% of average fishing mortality levels under the hypotheses that density-
dependence is low-to-moderate and entrainment-impingement is above 0.16 annually. With high density-
dependence one would conclude that further increases in yield are possible, however as seen in Figures 3 
and 5, the level of high density-dependence assumed with b=0.01 implies that recruitment would barely 
decline under even a tripling of the average fishing mortality. Maximum yield levels are adversely
impacted by entrainment-impingement mortality in all cases with the decline in maximum yield most 
severe under the low density-dependence hypothesis. For example maximum sustainable yield would 
increase from about 500,000 pounds to over 1,000,000 pounds if entrainment-impingement were
decreased from a mortality level of 0.33 to 0.0, under the moderate density-dependence hypothesis.
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Table 1a: Commercial gill net age composition samples.

Repeat spawn matrix for American shad caught in the Hudson River commercial gill net fishery

1=male
2=female repeat spawn marks

Year Sex Age 0 1 2 3 4 5 6 7 8

1980 1 4 9
1980 1 5 11 15
1980 1 6 3 15 10 1
1980 1 7 2 18 8
1980 1 8 2 6 2
1981 1 4 11 1
1981 1 5 17 5 1
1981 1 6 3 22 19 1
1981 1 7 37 19 1
1981 1 8 4 14 5
1981 1 9 1
1982 1 3 1
1982 1 4 11
1982 1 5 14 10
1982 1 6 5 12 11 1
1982 1 7 1 15 17
1982 1 8 13 7
1982 1 9 1 12 4
1982 1 10 2 1
1983 1 4 9
1983 1 5 21 14 2
1983 1 6 5 8 10
1983 1 7 11 4 1
1983 1 8 10 9
1983 1 9 2 5 2
1983 1 10 4 1
1983 1 11 2
1984 1 4 1
1984 1 5 14 12 2
1984 1 6 6 7 9 2
1984 1 7 1 2 7 1
1984 1 8 1 7 8
1984 1 9 1 1 4
1984 1 10 2 1
1984 1 11 1
1985 1 4 4 1
1985 1 5 13 4 3
1985 1 6 9 7 11
1985 1 7 5 14 2
1985 1 8 1 1 8
1985 1 9 3 1
1985 1 10 2
1986 1 4 4 3
1986 1 5 5 16 7
1986 1 6 6 6 12 1
1986 1 7 1 1 6 9 1
1986 1 8 1 3 6
1986 1 9 1 1 2
1986 1 10 1
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1=male
2=female repeat spawn marks

Year Sex Age 0 1 2 3 4 5 6 7 8

1986 1 11 1 1
1987 1 5 1 3
1987 1 6 1 9 6
1987 1 7 1 7 3
1987 1 8 2 3 7
1987 1 9 6 4
1987 1 10 1 1
1987 1 11 3
1988 1 3 1
1988 1 4 3
1988 1 5 12 7
1988 1 6 1 15 28
1988 1 7 2 11 12
1988 1 8 6 6
1988 1 9 6 1
1988 1 10 3
1989 1 4 1
1989 1 5 14 6 1
1989 1 6 9 20 35
1989 1 7 20 23
1989 1 8 21 17
1989 1 9 2 5 4
1989 1 10 2
1990 1 4 1
1990 1 5 7 1
1990 1 6 1 3 4
1990 1 7 1 1 4
1990 1 8 2 3
1990 1 9 1
1991 1 3 2
1991 1 4 2
1991 1 5 1
1991 1 6 2 3
1991 1 7 1 7 1
1991 1 8 2 4
1992 1 3 2
1992 1 4 20
1992 1 5 18 10
1992 1 6 2 26 12
1992 1 7 1 24 6
1992 1 8 10
1992 1 9 1
1993 1 4 3
1993 1 5 1 2
1993 1 6 3 10
1993 1 7 1 1 6 3
1993 1 8 2
1994 1 5 1 1
1994 1 6 3 3
1994 1 7 3 2
1994 1 9 1
1995 1 4 4
1995 1 5 13 9
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1=male
2=female repeat spawn marks

Year Sex Age 0 1 2 3 4 5 6 7 8

1995 1 6 8 15 21
1995 1 7 1 1 13 11
1995 1 8 2 6 1
1995 1 9 1
1980 2 4 5 1
1980 2 5 81 19
1980 2 6 36 58 7
1980 2 7 7 5 21 3
1980 2 8 7 4
1980 2 9 3
1981 2 4 7
1981 2 5 88 16
1981 2 6 71 78 11
1981 2 7 9 22 46 10
1981 2 8 1 22 26 7
1981 2 9 5 7
1981 2 10 4
1982 2 4 11
1982 2 5 86 15
1982 2 6 43 51 11
1982 2 7 5 27 43 4
1982 2 8 2 14 24 8
1982 2 9 4 12 1
1982 2 10 3 5
1982 2 11 1
1983 2 3 1
1983 2 4 9
1983 2 5 95 9
1983 2 6 66 24 7
1983 2 7 4 10 12 5
1983 2 8 1 12 14 1
1983 2 9 7 6 1
1983 2 10 2 7 7
1983 2 11 1
1984 2 4 5 1
1984 2 5 48 9
1984 2 6 56 28 15
1984 2 7 18 8 15 7
1984 2 8 5 12 3
1984 2 9 1 2 13 7
1984 2 10 6 3
1985 2 4 18
1985 2 5 72 19
1985 2 6 52 49 6
1985 2 7 10 16 32 10
1985 2 8 8 10 8
1985 2 9 2 3 11 4
1985 2 10 5 6
1985 2 11 3 3
1985 2 12 1 1
1986 2 4 7 1
1986 2 5 70 15 2
1986 2 6 34 32 24 1



October 20, 2000 Comments on the DEIS American Shad Analysis

11 ESSA Technologies Ltd.

1=male
2=female repeat spawn marks

Year Sex Age 0 1 2 3 4 5 6 7 8

1986 2 7 7 9 24 8 1
1986 2 8 6 13 8
1986 2 9 4 7 5
1986 2 10 2 4
1986 2 11 1
1986 2 12 2
1987 2 4 1 1
1987 2 5 52 11
1987 2 6 40 53 11
1987 2 7 5 31 27 11
1987 2 8 1 13 23 9
1987 2 9 20 7
1987 2 10 10 18 2
1987 2 11 3 9
1987 2 12 3
1987 2 13 1 1
1988 2 3 1
1988 2 4 7
1988 2 5 46 6
1988 2 6 14 43 17
1988 2 7 14 39 7
1988 2 8 3 22 7
1988 2 9 11 2
1988 2 10 1 3
1989 2 4 2
1989 2 5 67 2
1989 2 6 57 33 23
1989 2 7 2 8 54 16 2
1989 2 8 5 27 4
1989 2 9 1 5 1
1989 2 10 2 1
1990 2 4 3
1990 2 5 41 1
1990 2 6 19 31 11
1990 2 7 2 7 18 21
1990 2 8 21 7
1990 2 9 1 8
1990 2 10 1 3
1990 2 11 1
1990 2 12 1
1991 2 4 13 4
1991 2 5 45 12 2
1991 2 6 30 16 11 4 1
1991 2 7 6 7 20 11 1
1991 2 8 1 2 2 7
1991 2 9 7 1
1991 2 10 1
1991 2 11 1
1992 2 4 11
1992 2 5 149 10
1992 2 6 43 78 5
1992 2 7 19 32 5
1992 2 8 4 12 1
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1=male
2=female repeat spawn marks

Year Sex Age 0 1 2 3 4 5 6 7 8

1992 2 9 2 4
1992 2 10 1 1
1993 2 4 5
1993 2 5 14 2
1993 2 6 3 13 7
1993 2 7 2 9 1
1993 2 8 2 4 1
1993 2 9 1
1994 2 5 24 4
1994 2 6 20 17 9
1994 2 7 4 20
1994 2 8 1 3 1
1994 2 9 2
1995 2 4 3
1995 2 5 45 8
1995 2 6 26 22 6
1995 2 7 2 7 13 1
1995 2 8 1 3
1995 2 9 2
1995 2 10 1
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Table 1b: Haul Seine age composition samples.

Repeat spawn matrix - American shad caught in HR spawning stock survey

1=male
2=female repeat spawn marks

Year Sex Age 0 1 2 3 4 5 6 7

1983 1 3 1
1983 1 4 4
1983 1 5 5 3
1983 1 6 3 2
1983 1 7 1 4
1983 1 8 3
1983 1 9 2
1983 1 10 1
1984 1 3 3
1984 1 4 18
1984 1 5 14 9
1984 1 6 2 8 12
1984 1 7 1 4 4
1984 1 8 6 1
1984 1 9 1
1984 1 10 1
1985 1 3 13
1985 1 4 45 9
1985 1 5 36 14 3
1985 1 6 5 8 10 1
1985 1 7 2 2 8
1985 1 8 2 2 3 1
1985 1 9 1 1
1985 1 10 1
1986 1 3 9
1986 1 4 66 11
1986 1 5 49 17 6
1986 1 6 11 10 16 2
1986 1 7 3 3 8 1
1986 1 8 6
1986 1 9 3
1986 1 11 1
1987 1 3 8
1987 1 4 55 1 1
1987 1 5 42 18 2
1987 1 6 3 19 13 1
1987 1 7 1 13 8
1987 1 8 5 4
1987 1 9 5 2
1987 1 10 2
1987 1 11 2
1988 1 3 2
1988 1 4 42
1988 1 5 78 18 1
1988 1 6 6 20 16
1988 1 7 2 13 11
1988 1 8 3 4
1988 1 9 3 1
1988 1 10 1 1
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1=male
2=female repeat spawn marks

Year Sex Age 0 1 2 3 4 5 6 7

1989 1 3 2
1989 1 4 32 1
1989 1 5 36 10
1989 1 6 8 18 10
1989 1 7 2 8 13
1989 1 8 6 11
1989 1 9 4 1
1989 1 10 1
1990 1 4 13
1990 1 5 22 3
1990 1 6 2 2 4
1990 1 7 1 1 3 1 1
1990 1 8 1
1991 1 3 12
1991 1 4 44 4
1991 1 5 25 8
1991 1 6 9 5 2
1991 1 7 1 2 1
1991 1 8 1
1992 1 3 13
1992 1 4 165 7
1992 1 5 186 44 2
1992 1 6 22 29 17
1992 1 7 4 3
1992 1 8 1
1992 1 9 1 1
1993 1 3 5
1993 1 4 86 6
1993 1 5 108 44 4
1993 1 6 17 19 11
1993 1 7 1 3 8 5
1993 1 8 2
1994 1 3 2
1994 1 4 30 2
1994 1 5 22 10 4
1994 1 6 1 6
1994 1 7 2 1
1995 1 3 23
1995 1 4 88 8
1995 1 5 50 27 5
1995 1 6 2 13 16
1995 1 7 1 4 4
1997 1 3 4
1997 1 4 24
1997 1 5 20 10
1997 1 6 6 3 1
1997 1 7 1
1997 1 10 1
1983 2 4 7
1983 2 5 12 5
1983 2 6 7 3 2
1983 2 7 2 5 1
1983 2 8 2 3
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1=male
2=female repeat spawn marks

Year Sex Age 0 1 2 3 4 5 6 7

1983 2 9 2 1
1983 2 10 1
1984 2 4 1
1984 2 5 6 1
1984 2 6 7 6 1 1
1984 2 7 3 3 7 1
1984 2 8 4 4
1984 2 9 4 1
1984 2 10 1 2
1984 2 11 1
1985 2 3 1
1985 2 4 10
1985 2 5 12 4
1985 2 6 7 16 4
1985 2 7 2 4 9 2
1985 2 8 2 6 3
1985 2 9 3 1 1
1985 2 10 1 3
1985 2 11 3
1986 2 4 14 3
1986 2 5 42 13 1
1986 2 6 40 19 6
1986 2 7 6 5 10 5
1986 2 8 2 2 1 4 8
1986 2 9 2 5 3
1986 2 10 1 1
1986 2 11 2 1 1
1987 2 4 15
1987 2 5 66 5
1987 2 6 26 22 2
1987 2 7 2 11 11 3
1987 2 8 1 6 14
1987 2 9 6 9
1987 2 10 3 5
1987 2 11 1
1987 2 12 1 1
1987 2 13 1
1988 2 4 16
1988 2 5 86 4
1988 2 6 24 64 16
1988 2 7 1 17 28 10
1988 2 8 1 12 1
1988 2 9 1 4 5 1
1988 2 10 4 2
1988 2 11 1 2 2
1988 2 12 2
1989 2 4 8
1989 2 5 53 4
1989 2 6 36 12 4
1989 2 7 10 26 9
1989 2 8 1 3 14 1
1989 2 9 1 2 2 2
1989 2 10 3 2 1
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1=male
2=female repeat spawn marks

Year Sex Age 0 1 2 3 4 5 6 7

1989 2 11 1 2
1990 2 4 3
1990 2 5 23
1990 2 6 11 4
1990 2 7 4 10
1990 2 8 1 5
1990 2 9 1
1990 2 10 1
1991 2 3 1
1991 2 4 10
1991 2 5 29 4
1991 2 6 24 9 1 1
1991 2 7 6 2 5 1
1991 2 8 2 1
1991 2 9 1
1991 2 10 1
1992 2 4 21
1992 2 5 150 19
1992 2 6 87 65 9
1992 2 7 10 34 21 2
1992 2 8 5 2 1
1992 2 9 2 3 1
1992 2 10 1 1
1993 2 4 9
1993 2 5 49 10
1993 2 6 31 16 6
1993 2 7 8 10
1993 2 8 1 2 6
1994 2 5 36 11 2
1994 2 6 8 7 4
1994 2 7 2 1 2 2
1994 2 8 1 1
1995 2 3 3
1995 2 4 64
1995 2 5 156 58 1
1995 2 6 51 49 31 1
1995 2 7 10 6 14 4
1995 2 8 1 2
1997 2 4 12 1
1997 2 5 31 1
1997 2 6 4 7 2
1997 2 7 2 2 2
1997 2 8 1 3 1
1997 2 9 1 3 2
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Table 2: Data used in fitting of the model. CPUE indices are fixed gill-net CPUE.

LANDINGS (lbs.) ABUNDANCE INDICES

Year Hudson River ASMFC coastal “Best" Estimate PYSL JUV jasg Male CPUE Female CPUE

1970 241400 32411 46875
1971 173900 19408 28228
1972 311800 31183 45123
1973 255000 24039 34987
1974 231900 31949 46722 0.17
1975 233600 54648 79937 0.28
1976 214900 67100 98032 0.16
1977 185400 121289 177387 0.17
1978 419400 112435 162981 0.09
1979 498200 108009 157507 0.49
1980 1420800 163233 240395 0.48 23.87 4.28 19.11
1981 673600 247657 371193 0.78 19.12 6.17 14.47
1982 452200 443140 671039 0.59 12.17 3.04 8.02
1983 520600 300929 434873 0.57 18.24 5.65 9.16
1984 678300 325447 507325 0.38 7.79 3.42 9.49
1985 827264 312166 465989 0.67 26.65 10.66 26.65
1986 849168 298616 456895 1.05 46.32 24.54 52.09
1987 682182 340944 538170 0.18 20.2 13 47.34
1988 786132 420129 665172 0.73 27.59 19.4 42.22
1989 483300 516972 803320 1.04 47.3 9.3 33.79
1990 449338 684391 1024042 1.17 41.24 3.53 16.61
1991 345328 664237 1018571 0.32 24.05 2.32 18.31
1992 284564 436147 677094 0.62 35.17 1.32 14.61
1993 142898 453635 688948 0.23 11.64 0.91 13.02
1994 194110 315943 454485 0.37 26.09 0.86 24.35
1995 258440 336426 496960 0.20 5.74 1.4 11.49
1996 183910 343499 514076 0.26 30.89 2.19 20.25
1997 140306 343499 514076 9.51 0.91 7.11
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Table 4: Abundance by Age and Year.

Males
Age

Year 3 4 5 6 7 8 9 10

1974 242425 54871 43343 26849 15406 8818 6154 5576
1975 618790 174064 32160 19655 11023 6008 3304 2245
1976 1274470 443471 101673 14309 7668 3949 2012 1058
1977 1347540 919140 260699 45579 5636 2780 1341 654
1978 1271943 969994 540396 119324 19119 2275 1090 515
1979 892259 918430 571986 247675 49970 7680 885 415
1980 1027288 644581 542083 263609 105274 20575 3088 350
1981 1193949 738677 377964 243437 104974 38961 7187 1038
1982 957473 852307 430736 171750 101590 42247 15254 2763
1983 879925 671808 488732 193412 71542 41247 16832 6001
1984 894822 624871 389847 221806 81229 29210 16490 6636
1985 760725 631853 360418 175172 91498 32303 11297 6260
1986 584738 537324 364362 161049 71080 35383 12035 4105
1987 385630 411509 308647 161801 64633 27048 12918 4274
1988 404159 267117 232707 135219 64338 24479 9865 4594
1989 472841 272485 146880 98139 50710 22490 8096 3144
1990 552787 308363 145001 60246 36155 17599 7449 2599
1991 483956 347057 157822 56639 20717 11467 5235 2123
1992 529622 301556 176330 61346 19475 6603 3442 1510
1993 546294 348356 161845 72936 22785 6812 2204 1113
1994 443846 360740 187965 68275 28447 8631 2525 805
1995 736263 303409 201457 81882 27377 11027 3261 938
1996 642523 505169 170028 87845 32699 10513 4110 1191
1997 794985 442516 284317 74882 35838 12983 4091 1578

Females

Age

Year 3 4 5 6 7 8 9 10

1974 242425 55749 52832 42739 30548 21989 16938 15306
1975 618790 176848 39154 30778 20880 14178 10163 7940
1976 1274470 450558 123522 21767 13386 8372 5645 4144
1977 1347540 933830 316761 69346 9612 5454 3388 2338
1978 1271943 985509 658459 188443 35556 4729 2675 1679
1979 892259 933119 696811 390984 95755 17305 2294 1312
1980 1027288 654892 660809 419654 205615 48639 8767 1172
1981 1193949 750484 459521 374287 190513 87010 20460 3764
1982 957473 865941 524917 271892 191691 93824 42720 10144
1983 879925 682557 596016 309668 141837 97099 47423 21737
1984 894822 634868 475343 354528 161991 71903 49109 24163
1985 760725 641960 439217 277892 179159 78764 34856 24042
1986 584738 545917 443690 252839 135058 82943 36321 16287
1987 385630 418089 375722 252768 120368 60962 37275 16564
1988 404159 271389 283361 212003 120315 54529 27506 17044
1989 472841 276841 178607 151128 91216 48355 21789 11208
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1990 552787 313294 176439 93494 65253 37110 19575 8967
1991 483956 352604 191785 86417 36148 23339 13184 7114
1992 529622 306376 214342 93888 33762 13115 8414 4855
1993 546294 353926 196931 113128 40856 13837 5348 3488
1994 443846 366511 229171 108830 54898 19185 6482 2524
1995 736263 308263 245547 130207 53760 26154 9114 3107
1996 642523 513250 207166 139004 63386 25123 12183 4291
1997 794985 449595 346694 119713 70808 31312 12382 6047

Table 5: Population estimates for various quantities. Ocean Fs apply equally to all ages 3+. Gill-net
Fs correspond to rates for fully-vulnerable age groups (see Table 3 for gill-net age-specific
selectivities).

Female Male Total F F

Year Eggs

(10^6)

YOY

abundance

Gill

CPUE/Q

Hudson

Abundance

YOY

abundance

Gill

CPUE/Q

Hudson

Abundance

Hudson

Abundance

Ocean Hudson

1974 74088 3314413 0 214889 3314413 0 152695 367584 0.01 0.21

1975 42849 3128475 0 158520 3128475 0 185381 343901 0.02 0.36

1976 44546 2194604 0 216134 2194604 0 390387 606521 0.01 0.35

1977 90682 2526720 0 445482 2526720 0 792351 1237833 0.01 0.16

1978 170588 2936640 0 818177 2936640 0 1154606 1972783 0.01 0.17

1979 249650 2355004 0 1098496 2355004 0 1305302 2403799 0.01 0.13

1980 253875 2164267 2196010 1201108 2164267 2196010 1230089 2431197 0.01 0.31

1981 262768 2200908 1662808 1066430 2200908 1662808 1128986 2195416 0.02 0.15

1982 270325 1871081 921612 1049503 1871081 921612 1141294 2190797 0.04 0.10

1983 281738 1438224 1052614 1091948 1438224 1052614 1113417 2205364 0.03 0.11

1984 269282 948496 1090535 1048808 948496 1090535 1024800 2073608 0.03 0.15

1985 241714 994070 3062463 968266 994070 3062463 960175 1928441 0.03 0.20

1986 217249 1163001 5985879 885971 1163001 5985879 876427 1762397 0.03 0.22

1987 193078 1359636 5440037 771666 1359636 5440037 734436 1506102 0.05 0.20

1988 147207 1190339 4851676 620519 1190339 4851676 555854 1176373 0.08 0.30

1989 109562 1302661 3882950 441811 1302661 3882950 422310 864121 0.11 0.25

1990 77600 1343666 1908724 343128 1343666 1908724 372431 715560 0.15 0.34

1991 65798 1091685 2104078 302071 1091685 2104078 369223 671294 0.16 0.32

1992 69194 1810915 1678896 313585 1810915 1678896 382860 696445 0.10 0.25

1993 79264 1580353 1496182 329877 1580353 1496182 405901 735778 0.10 0.12

1994 89801 1955348 2798160 377560 1955348 2798160 446910 824470 0.06 0.14

1995 97178 531841 1320364 409188 531841 1320364 459763 868951 0.06 0.16

1996 106980 531841 2327012 435273 531841 2327012 535582 970856 0.06 0.11

1997 129354 531841 817040 516846 531841 817040 608570 1125416 0.05 0.07

Avg. 151432 1686084 1858210 630219 1686084 1858210 697906 1328125 0.05 0.20
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Figure 1: Fits of the model to indices on young shad.

Figure 2: Fits of the model to indices on adult shad.
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Figure 3: Beverton-Holt S-R model fitted to 1974-1994 data (assuming b=.01) is shown along with 
(b=0.2) and (b=0.5) curves found in the long-term assessments. Results are given for in 
terms of female recruits (one-year-olds) and the sex-ratio is 1-1 for the age ones.
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Figure 4: Several panels show the consequence of changes in entrainment impingement loss rates to 
equilibrium yield. Graphs are drawn as a function of one of the three S-R hypotheses (given 
by b value) and as a function of the fractional multiple of fishing mortality to the average 
rates shown in Table 5.
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Figure 5: Several panels show the consequence of changes in entrainment-impingement loss rates to 
recruitment. Graphs are drawn as a function of one of the three S-R hypotheses (given by b
value) and as a function of the fractional multiple of fishing mortality to the average rates 
shown in Table 5. 
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Figure 6: Abundance of American shad in the Hudson River. Median and quartile estimates are 
shown.
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Appendix:  Sensitivity Analysis

A sensitivity analysis is presented of several alternative assessment scenarios:

1. We include 1998 data for the various indices and for the landings. Age composition estimates
were not updated.

2. An alternative assumption was made about what the PYSL (post yolk-sac larval index) 
measures. Our assumption has been that PYSL is a measure of egg production of the 
population. However, the highly significant correlation (at p=.001) between the PYSL index 
and the JUV (juvenile) index [ R= 0.73] provide evidence that those indices are measuring 
the same population feature. Both of those indices are now related to abundance during the 
first year of life. For example, for the PYSL index we assume that 

ln(pysl) =[scale parameter] + 0.5*[ ln(egg production) + ln(age 1 abundance) ] + error

3. We increased the weighting given age composition and repeat spawning information. Our 
assumption has been that the weighting coefficient, gamma, was set equal to 0.5, which is 
lower than the theoretically correct value for a multinomial distribution. We made that
assumption to ensure that the age composition data were not over-weighted. Alternative 
scenarios now include one where gamma = 1.25 (roughly the theoretically correct value) and 
one where gamma =10.0 which over-weights the age composition data in order to ensure 
mortality rates based only on such information are carried into the assessment model.

We developed a simple estimator of total mortality rate solely from our repeat spawning information for 
purposes of comparison to assessment model results. We digress a moment to derive the estimator 
primarily because we are not aware of a similar use of repeat spawning information and because we hope
our work will motivate someone to improve upon our results. Our estimator is based on the following 
assumptions: (a) recruitment into the population is constant, (b) mature fish experience the same annual 
mortality rate ,and (c) sampling of the haul seined catch (where repeat spawners are sampled) is a random 
sampling scheme. The sampling assumption (c) allows us to assume a multinomial distribution for the 
age/spawn check data obtained within a given year. Assumptions (a) and (b) allow us construct a simple
estimate of annual survival (S) from samples collected during any given year as:

S = (catch of age “i+1” fish that first spawned in year “j”) / (catch of age “i” fish that first spawned in year 
“j”).

The survival estimate takes advantage that we can track a cohort of mature fish that have experienced 
common survival risks by utilizing spawn check information. A pooled estimate was obtained for each 
pair of age groups by pooling catches across spawn check groups. In essence that produces an estimate of 
survival, given as:

Si = (catch of age “i+1” fish that have spawned at least once prior to current year) / (catch of all age “i” 
fish).

A further pooling was made to combine the survival estimates for each pair of age groups together in 
order to form a single estimate for each year and sex group. This pooled estimate is weighted according to 
a quantity roughly proportional to the inverse of its variance, as calculated from a delta approximation for 
a ratio of multinomial proportions (Seber 1973, pg. 9). The resulting estimator a survival can be written as 
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for which the weights are given by

where the number of fish in the catch term in the numerator of Si is labelled ni+1 and the number of fish in 
the catch term in the denominator of Si is labelled ni. Estimates of annual mortality rate are obtained from 
the equation Z = -ln(S).

Table A1 shows some estimates of population abundance of shad in the Hudson River from our
sensitivity analysis. As seen in the Table, the primary sensitivity to abundance estimates is based on the 
amount of weighting assigned to the age composition and repeat spawning information. If one has reason 
to doubt the validity of the various indices of abundance (the adult gill-net catch rates, the juvenile index, 
and the PYSL index) then more confidence should be placed on results that emphasize the age
composition.

Table A2 shows that natural mortality rate estimates for females and males are similar for all the 
assessment scenarios. Note that those mortality rates include mortality from unreported catches and 
discards.

Figure A1 shows a comparison of mortality rate estimates from our simple method based solely on repeat 
spawning samples with those of various assessment scenarios. As expected assigning a high weight 
(gamma = 10.0) to the age composition and repeat spawning information causes the integrated assessment 
model to produce mortality rates similar to those based solely on the repeat spawning information. Rates 
from under weighting and average weighting of age composition and repeat spawning produces similar 
estimates of mortality rates, but ones which do not show the increased rates in recent years implied from 
age composition estimates.

We caution there is a potentially dangerously low status of the stock implied from the scenario with a 
high weighting to age composition and repeat spawning. At present we have no scientific basis to choose 
this dangerous scenario from the others. From a precautionary point of view, results discussed below are 
cause for concern about the sustainability of the fishery and perhaps the population itself.

Figure A2 shows an equilibrium plot similar to Figure 4, but valid for the assessment scenario with high 
weighting of age composition and repeat spawning information. With a low level of density-dependence,
sustainability of the population is in question unless both entrainment and fishing mortality are reduced. 
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Table A1: Estimates of adult shad abundance in the Hudson River for various assessment scenarios.

Year Table 5 values 

from main text

of paper

Update input 

data to include 

1998 data

Alternative PYSL 

assumption

Average weighting 

of age composition 

and new PYSL 

assumption

High weighting of 

age composition 

and new PYSL 

assumption

1974 367584 369535 364555 269392 280727
1975 343901 348927 339170 304459 352377
1976 606521 618801 606200 659588 817149
1977 1237833 1261104 1257368 1412070 1753901
1978 1972783 2006731 2006301 2244949 2758308
1979 2403799 2441599 2436557 2710303 3308214
1980 2431197 2466335 2459991 2717126 3297343
1981 2195416 2225531 2215605 2436563 2968420
1982 2190797 2217639 2200934 2386415 2887448
1983 2205364 2229065 2208697 2349723 2799606
1984 2073608 2093439 2073641 2164611 2552420
1985 1928441 1945526 1926721 1978364 2330076
1986 1762397 1777376 1759687 1783364 2115464
1987 1506102 1518540 1502354 1508584 1844381
1988 1176373 1185921 1171573 1163127 1457284
1989 864121 871283 857768 834114 1025674
1990 715560 721714 707917 663636 745737
1991 671294 677571 662329 585735 519309
1992 696445 702873 689034 578561 483354
1993 735778 741193 735657 581605 446824
1994 824470 828072 837191 623701 418387
1995 868951 865467 895296 623549 374319
1996 970856 946641 1018173 658098 359680
1997 1125416 1084299 1193473 724253 350188
1998 1191979 1293656 709796 323691
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Table A2: Estimates of adult, annual natural mortality rate for various assessment scenarios. Note that 
the estimate includes mortality from unreported catches and discards.

Sex of 

fish

Values from 

main text of 

paper

Updated input 

data to include 

1998 data.

Alternative

PYSL

assumption

Average weighting of 

age composition and 

new PYSL assumption

High weighting of 

age composition 

and new PYSL 

assumption

Females 0.54 0.54 0.54 0.56 0.59
Males 0.84 0.81 0.80 0.82 0.84

Figure A1: Comparison of annual mortality rate estimates from methods described in text.
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Figure A2: Several panels show the consequence of changes in entrainment-impingement loss rates to 
equilibrium yield when assessment scenario with high weighting is given to age
composition and repeat spawning information. See Figure 4 for more details.
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