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and the solid line shows equilibrium values obtained by fishing at the decision theoretic
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stract

The objective of this thesis is to conduct basic research about the population
dynamics of anadromous alewife and use the results to develop assessment and
management models this species. This objective is met through the development of a
population dynamics model based on the life history of anadromous Alosa. The two
underlying themes throughout the thesis are the adaptation of the model to individual
stocks and management questions, and parameter estimation for the model. I used the
model to estimate fishing and natural mortality rates, maturity schedules and spawner-
recruit (SR) time series that I used to derive fisheries reference points for alewife
populations in the Maritime Provinces, Canada.

The effects of turbine mortality at hydroelectric generating stations on fishery
yields and reference points were examined using the model. Based on experiments at the
Annapolis Tidal Generating Station, I tested whether a modification to methods used to
estimate turbine mortality could improve the resulting estimates and whether modelling
of the process governing the rate of fish passage at hydroelectric generating stations
could improve assessment of fish diversion systems.

Spawner-recruit relationships for alewife are poorly determined when estimated
using population-specific data. I therefore carried out a meta-analysis of the dynamics of
eight alewife populations to derive species-level probability distributions for the
maximum lifetime reproductive rate and carrying capacity for alewife. I used the
resulting distributions as Bayesian priors when estimating fishery reference points.

I evaluated methods of estimating fishery reference points from noisy SR data
using simulated data. When the maximum likelihood estimates of the SR parameters are
used to estimate the fishing mortality rate that produces maximum sustainable yield, the
resulting estimates may lead to substantial under- or over-exploitation of the population.
In contrast, the method of maximizing the expectation of the yield is less variable,
produces larger yields and substantially reduces the risk of over-exploitation.
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CHAPTER 1. INTRODUCTION

A fundamental challenge of fisheries science is to develop an understanding of the
population dynamics of the species of interest and how human activities influence these
dynamics. For many species of fish, human activities that influence population dynamics
extend beyond fisheries. In the case of diadromous species, activities such as
hydroelectric development, pollution, water withdrawals for agricultural or industrial
applications and pollution from point or non-point sources can affect population
dynamics either directly, by changing mortality, or indirectly by altering or restricting
access to habitat. These activities may affect life stages differently depending on the
location and timing of the activities and the requirements of organisms at the particular
life stage. Given that the overall purpose of fisheries management is to ensure sustainable
production from fish stocks over time, stock assessments and management should include
all activities that may affect population size or productivity.

Alewife Alosa pseudoharengus is an anadromous species of fish whose dynamics
are influenced by many human activities. It supports both directed and by-catch
commercial fisheries during coastal migrations, and is fished both recreationally and
commercially as they ascend natal rivers to spawn during the spring. Dams, hydroelectric
development, and sewage and industrial outfalls are known to be responsible for declines

in alewife population size (Rulifson 1994).

1.1 Objectives

The overall objective of this thesis is to provide a better understanding of the
population dynamics of anadromous alewife, how human activities affect alewife
populations, how their dynamics change in response to human activities and how this
information can be used to manage these alewife populations. This objective is met

through the development and parameterization of a population dynamics model for



alewife that includes several human activities that may influence their dynamics. In turn,

this objective is met through the following series of projects:

@

the development of a population dynamics model for anadromous Alosa to
provide a basis for stock assessment and testing hypotheses about alewife
life history (Chapter 2)

parameter estimation for the model, including natural, fishing and turbine
mortality rates, maturity schedules, reproductive rates and habitat carrying
capacity (Chapters 2, 4 and 5)

the development of decision theoretic methods for deriving fishery
reference points and the evaluation of the methods by testing whether
yield and conservation benefits can be improved simultaneously if the
methods are used (Chapter 6)

the comparison of several fishery reference points using life history based
simulation models (Chapter 7)

the development of methods for assessing the effects of hydroelectric

development on alewife populations and fisheries (Chapters 3, 4 and 7).

1.2 Thesis Overview

I develop a life-history based, age-structured population dynamics model for

anadromous Alosa in Chapter 2. The model is built around a four dimensional array that

contains the number of adult fish within a population in each year, by sex, age and the

number of previous spawnings. The previous spawning history determines the number of

times that a fish has previously been 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, spawning escapement counts at fish

ladders, larval and juvenile abundance indices, and turbine mortality estimates. Fournier

and Archibald (1982) and Deriso et al. (1985) developed the general theory for statistical



catch-at-age models for stock assessment that allow auxiliary data to be incorporated into
the model. Following their approach, I show how the model can be adapted to individual
stocks and management questions, and how the model parameter estimates can be
obtained by maximum likelihood using four alewife fisheries in the Maritime Provinces
as examples. This approach is particularly useful when data for the population is sparse,
as illustrated with the Gaspereau River data. In the last part of the chapter, I estimate
fishing and natural mortality rates, maturity schedules and spawner-recruit time series for
four alewife populations is the Maritime Provinces. These are analysed in detail later in
the thesis.

Hydroelectric development has the potential to impact upon Alosa populations (or
any migratory fish population) by limiting access to spawning areas upstream of dams,
through mortality of fish passing through turbines when migrating downstream and by
changes in habitat quality and quantity as a result of the changes in flow regimes
associated with water management. In chapters 3 and 4, I describe experiments conducted
at the Annapolis Tidal Generating Station, Nova Scotia, Canada, to assess survival of fish
passing through the turbine at the station and to test the effectiveness of a behavioural
fish guidance system installed at the station to reduce the incidence of fish passage
through the turbine.

High-frequency sound has been demonstrated to elicit avoidance responses in
anadromous Alosa (Dunning et al. 1992, Nestler et al. 1992, Mann et al. 1997), research
that has lead to the development of fish deterrent and fish guidance systems that have
subsequently tested at several electric generating stations with varying degrees of success
(e.g. Nestler et al. 1992, Ross et al. 1996, Popper 1999, Ross 1999). In chapter 3, I
describe an experiment to test the effectiveness of a high-frequency sound fish diversion
system at the Annapolis Tidal Generating Station. The effectiveness of the diversion
system was tested by comparing the rates of fish passage through the turbine and
fishways with the diversion system turned on and off. Fish behaviour and rates of passage

at hydroelectric stations vary considerably in response to environmental variables



(O'Leary and Kynard 1986, Jessop 1990b, Gibson 1996). In addition to testing the
effectiveness of the fish diversion system, I examine the hypotheses that erroneous
estimates of diversion effectiveness may arise if environmental variables are ignored and
that the statistical significance of the effectiveness estimates may be overestimated 1f
inappropriate statistical distributions are assumed.

In chapter 4, I present a method that allows separation of fish mortality caused by
handling and capture techniques from that caused by passage through a turbine, an issue
that may have confounded many turbine mortality studies (Mathur et al. 1994). By
simply varying the duration of the deployment of nets used to capture fish downstream of
the turbine, survival can be modelled as a function of the duration of the net deployment.
The model is then used to predict the survival of fish that have not spent time in the net.
In this chapter, I develop the methods and demonstrate the approach using data for 12
species captured at the Annapolis Tidal Generating Station. Hypotheses about the
functional form of the relationship between time in the net and mortality are tested during
the model development.

Spawner-recruit models are a widely accepted tool for analyzing population
dynamics (Moussalli and Hilborn 1985; Myers et al. 1999), providing biological
reference points for management (Myers et al. 1994) and a basis for the estimation of the
long-term consequences of mortality caused by pollution, dams or other human activities
(Barnhouse et al. 1988, Hayes et al. 1996). In Chapter 5, I provide a detailed analysis of
the population dynamics of anadromous alewife using data for eight alewife populations
in eastern North America. I modelled the datasets in two ways: fitting models to each
dataset individually, and using meta-analytic methods to simultaneously estimate model
parameters for the eight populations. The later method reduces among population
variability, provides biologically realistic estimates and is used to derive probability
distributions for the maximum reproductive rate at low population size and the habitat
carrying capacity for alewife at the species level. These distributions are used as Bayesian

priors in Chapter 6.



Biological reference points are indices based on the biological characteristics of a
fish stock and the characteristics of its fishery. They play a central role in the
implementation of management strategies by providing the link between stock
assessment and management strategies (Caddy and McGarvey 1996), a basis for risk
assessment (Punt and Hilborn 1997) and a gauge to determine whether management
actions are being achieved (Caddy and Mahon 1995). Reference points are the topics of
Chapters 6 and 7.

Biological reference points derived from alewife spawner-recruit relationships are
typically not well determined. In Chapter 6, I review and evaluate methods of estimating
reference fishing mortality rates from spawner-recruit data, including maximum
likelihood, Bayesian and decision-theoretic methods. I use Monte Carlo simulations to
examine the hypothesis that fishery and conservation objective can be better met using
decision theoretic methods. I find that although the maximum likelihood method is the
least biased of the methods of estimating F,,, it is also the most variable. At times, the
estimated F,, exceeded the fishing mortality rate that would drive the population to
extinction. In contrast, the method of maximizing the expectation of the yield (a decision-
theoretic approach) is biased but much less variable. On average, it produced yields that
are higher than the other methods while substantially reducing the risk of over-exploiting
the population. In this chapter, I also demonstrate how these methods can be extended to
include information from other populations using the priors developed in Chapter 5. The
priors may be used to assess the plausibility of parameter estimates obtained for a single
population, or combined with the data for the population of interest. Data from two
alewife populations are used to demonstrate these methods.

Reference points used to manage alewife fisheries in the Gulf of St. Lawrence
presently differ from reference points used for alewife fisheries in the Bay of Fundy. In
Chapter 7, I evaluate whether life history differences between populations in these
regions are sufficient to warrant different management targets. Using data from two

alewife populations in the Gulf of St. Lawrence and two populations in the Bay of Fundy,



I calculate several fishery reference points for each population and evaluate reference
point performance using population simulations. In this chapter, I also evaluate whether
variability in age-at-maturity, which can have a marked influence on annual spawning
run size, also affects reference fishing mortality rates. Additionally, I develop
relationships between turbine mortality, fishery yields and reference points that can be
applied to alewife fisheries on rivers developed for hydroelectric generation.

Key findings in this research are summarized in the final chapter of thesis.

1.3 About Alewife

Alewife is one of four species in the genus Alosa that are found on the eastern
Coast of North America, together with American shad Alosa sapidissima, blueback
herring Alosa aestivalis and hickory shad Alosa mediocris (Waldman 2003). The genus
Alosa contains 10 other species found in the Gulf of Mexico, Europe, the Caspian Sea
and Black Sea. These species in turn are members of the subfamily Alosinae. This
subfamily, loosely referred to as shads, includes 7 genera and about 30 species (Waldman
2003). Together, these species support some of the world's most important fisheries.

Alewife is a diadromous fish species. Adults spawn in rivers during the spring and
young-of-the-year alewife move downstream in the late summer and early fall to winter
at sea. The fish mature at three to six years of age at which time they return to the rivers
to spawn. Fidelity to their natal river has not been demonstrated fbr alewife, although a
high degree of homing to the river of first spawning has been demonstrated for alewife
(Jessop 1994) as well as the closely related American shad (Melvin et al. 1986).
Additionally, meristic and morphometric differences exist among river populations of
American shad (Carscadden and Leggett 1975, Melvin 1984) that are evidence of homing
to natal rivers. Alewife are iteroparous and in non-impacted populations may spawn up to
four to six times throughout their lives.

Alewives are sympatric with blueback herring throughout much of their range

(Loesch 1987). Although their spawning periods overlap, alewives may begin to spawn 3



to 4 weeks earlier than bluebacks. In Bay of Fundy rivers, alewives typically begin to
spawn in late April and may continue to do so over two months (Scott and Scott 1988),
utilizing ponds, lakes or slow-flowing portions of streams and rivers as spawning habitat.
In areas were spawning seasons overlap, the two species are isolated by the use of
different spawning sites (Loesch and Lund 1977), with blueback herring spawning in
areas with faster moving water (Loesch 1987).

Alewife juvenile ecology appears highly variable. When spawned in moving
water, the eggs and larvae of both species are transported downstream. In Lake Ainslie,
N.S., a non-tidal freshwater lake, juvenile alewives and small numbers of blueback
herring are present in the lake until late August when they begin to move downstream to
the estuary (O'Neill 1980). Young-of-the-year alewives and blueback herring are present
in the non-tidal freshwater of the Mactaquac Dam headpond during July through
September and at least to late October (Jessop and Anderson 1989). Migration from this
headpond probably begins in late August, and increases rapidly through early September
(Jessop 1990b). In the Chesapeake Bay area, juveniles are distributed throughout tidal
fresh water during spring and early summer, and may move upstream in the summer with
the encroachment of saline water (Warinner et al., in Loesch 1987). In the Annapolis
River, NS, a river without lakes or impoundments, alewife are present in the estuary at
salinities of about 30 in July (Gibson 1996).

Rulifson (1994) surveyed fisheries biologists to determine the distribution and
status of anadromous Alosa in eastern North America. Within the Maritime Provinces,
141 of 145 rivers identified in the survey contained alewife. The majority of these
populations (121 of 141) were thought to be in decline. Only one was listed as increasing,
although few data exist about most of these populations. Causes of the declines were
identified for 30 rivers, and included dams (29 rivers), chemical factors (2 rivers) and
sewage (1 river). Over-fishing was not identified as a cause for the decline in the survey.

In-river alewife fisheries are of local economic value. Landings are typically

reported for river herring, and include both alewife and blueback herring. Reported



Jandings for river herring in the Maritime Provinces (since 1960) peaked in 1980 at just
less than 11,600 t, and averaged 6,231 t between 1997 and 1999 (DFO 2001). Several
stocks in this region exhibit characteristics of over-exploited stocks (Robichaud-LeBlanc
and Amiro 2001). Landings one hundred years ago were more or less similar: between
1892 and 1900 inclusively (Anon. 1892 - 1901), landing in the New Brunswick and Nova
Scotia averaged roughly 5,050 t (minimum: 3,586 t ; maximum: 6,550 t)l. The Saint John
and Miramichi Rivers in New Brunswick produce the largest river herring yields in North
America (Schmidt et al. 2003).

Ecologically, alewife is a prey species at sea and in fresh water, and is an
important predator that can alter zooplankton community composition within lakes (Mills
et al. 1992, Gibson and Daborn 1998). They can also serve as a vector for nutrient
transport from the oceans to inland waters (Durbin et al. 1979, Garman 1992, Garman
and Macko 1998). As a result, human activities such as fishing and the construction of
dams that impact upon alewife population size may indirectly alter the productivity and

community structure within their natal watersheds (Freeman et al. 2003).

1.4 Publications Resulting from this Thesis
Some of the research undertaken as part of this thesis has been published prior to

appearing here, resulting in the following list of articles and reports:

Gibson, A.J.F., and R.A. Myers. in press. Estimating reference fishing mortality rates

from noisy spawner-recruit data. Canadian Journal of Fisheries and Aquatic Sciences.

Gibson, A.J.F., and R.A. Myers. 2003. A statistical, age-structured, life history based,

stock assessment model for anadromous Alosa. p. 275-283. In K. E. Limburg, and J.R.

! Landings were reported in barrels. I assumed a barrel contained 500 fish and an average weight 0f 0.25 kg

per fish for this comparison.



Waldman [ed.] Biodiversity, Status, and Conservation of the Worrld’s Shads. American

Fisheries Society Symposium 35. American Fisheries Society, Bethesda, MD.

Gibson, A.J.F., and Myers, R.A. 2003. A meta-analysis of the habitat carrying capacity
and the maximum lifetime reproductive rate of anadromous alewife in eastern North
America. p. 211-221. In K. E. Limburg, and J.R. Waldman [ed.] Biodiversity, Status, and
Conservation of the World’s Shads. American Fisheries Society Symposium 35.

American Fisheries Society, Bethesda, MD.

Gibson, A.J.F., and R.A. Myers. 2002. Effectiveness of a high-frequency sound fish
diversion system at the Annapolis Tidal Gererating Station, Nova Scotia. North American

Journal of Fisheries Management 22: 770-784.

Gibson, A.JF., and R.A. Myers. 2002. A logistic regression model for estimating turbine
mortality at hydroelectric generating stations. Transactions of the American Fisheries

Society 131: 623-633.

Gibson, A.J.F., and R.A. Myers. 2002. Meek’s halfbeak (Hyporhamphus meeki) and
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Canadian Field-Naturalist 116: 134-135.
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CHAPTER 2. A STATISTICAL, AGE-STRUCTURED, LIFE HISTORY BASED,
STOCK ASSESSMENT MODEL FOR ANADROMOUS ALOSA

2.1 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 (e.g. virtual population analyses and biomass dynamic models that assume
known catch-at-age or catch) are often not appropriate for Alosa, and do not fully utilize
the available data. For example, riverine fisheries for Alosa target mature fish whose
availability to the fishery depends not only with recruitment and mortality rates, but also
with variable maturity schedules. Additionally, anadromous fish are often affected by
other anthropogenic activities such as hydroelectric generation and barriers (Rulifson
1994), and survivorship differs depending upon whether or not a fish is sexually mature,
and how many times it has previously spawned. A fishes' previous spawning history may
be determined from its scales (Marcy 1969). This information can therefore also be
included in a model and used to separate marine sources of mortality (a function of age),
from riverine sources of mortality (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 statistical catch-at-age models for stock assessment that allow auxiliary data to
be incorporated into the model. With the development of software that allows complex,
nonlinear models to be fitted rapidly, these techniques are being used more frequently for
stock assessment. Here, I 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
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stocks. This approach provides a flexible, dynamic method for Alosa stock assessment
and can be used to address critical management issues. In the first example, I show how
the model can be used to determine whether increased in-season closures have reduced
fishing mortality rates to target levels for the Margaree River, NS, alewife fishery. In the
second example, I show how spawner biomass reference points can be estimated using
the limited data available for the Gaspereau River, NS, alewife fishery. In the last part of
this chapter, I use the approach to estimate spawner-recruit time series, maturity
schedules, and natural mortality for the Margaree River, Gaspereau River, Miramichi
River, NB, and Mactaquac Headpond, NB alewife populations. The output from these
analyses are used in a meta-analysis of the population dynamics of alewife (Chapter 5), in
the estimation of reference points for alewife fisheries (Chapter 6 and 7) and in Monte

Carlo simulations of alewife fisheries (Chapter 7).

2.2 The Model

The following model is based on the life cycles of the three species of
anadromous Alosa that are indigenous to eastern North America: the American shad
(Alosa sapidissima), blueback herring (4losa aestivalis) and alewife (dlosa
pseudoharengus). Although differences exist between species and between 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 in lakes, pools or
stillwaters within the watershed. Young-of-the-year remain in fresh water until mid-
summer to late fall when they emigrate to the sea. Fish mature at 2 to 7 years of age, and
maturity schedules vary between populations and between years. Most populations are
iteroparous. Stocks are often fished during the spawning migration, although 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

histories of blueback herring and alewife. I model this life history as follows:



Of primary interest is the number of fish returning to the river in year 7, of sex s
(indexed m or f), age a, that have spawned p times previously, denoted N, qp. Assuming
a non-selective fishery, the number of eggs produced in year t, O, is a function of the
number of females in year ¢, N ¢, ,, the exploitation rate in that year, u, and an age and

previous spawning specific fecundity, f; ,, and is given by:

0,=> Ny;,,0-u)f,,. (2.1)

Density-dependent natural mortality within the spawning/nursery areas is thought

1o regulate Alosa population size (e.g. Crecco and Savoy 1988). This is to say that the
rate of larval natural mortality, M ™™ varies between years: i.e., M, = g(Q,), where

g is a function of O, that describes the nature of the density dependence. The effects of

environmental variability, &,, can be incorporated into the model as deviates around the

density dependent relationship. Given the sex ratio (vy), the number of offspring of each
sex that survive to migrate seaward in year ¢ (O;;) is then:

O’"v = Qtewg(Qz e, Us . (22)

Two equations are used to model the number of fish in the spawning run in each
age, sex and previous spawning history category. In-river alewife fishing seasons are
typically relatively short (about a month) with the majority of the catch being taken
during a couple weeks. As a result, the effects of natural and fishing mortality occurring
concurrently can be ignored. For fish that have not previously spawned (p=0), the number
of fish entering the river to spawn (downstream of the fishery) in year £, of sex s and age

a.

J=a-1

ey M
Nt,s,a,O = Ot—a,se mt—a,s,ae ¢ H (1 - mt~a,s,_/) . (23)
j=0

Here, 7" is the instantaneous rate of turbine mortality for juvenile fish (zero for rivers
that are not developed for hydroelectric generation) and M"™ is the instantaneous natural

mortality rate for immature fish at sea. The maturity schedule, 7, 4, is the probability
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that an immature fish of sex s that is alive at age a will mature at age a. The maturity
schedule may vary between cohorts, where the cohort year is given by ¢-a. For fish that
have spawned previously, the number of fish of sex s, age a, that spawned p times

previously entering the river (downstream of the fishery) in year 7 is:

,( ipk +Tadullp+M§fglllp)

N..  =N,_ (2.4)

t.5,a,p p,S,[I-—p,Oe

where F is the instantaneous rate of fishing mortality, 7°%I {5 the instantaneous rate of

turbine mortality for adult fish, and M S“f‘” is the sex and age specific instantaneous rate

rate of natural mortality for adults (the relationship between F and the annual exploitation

rate u is: F, = —log(1—u,) ). Female spawner biomass (SSB) can be used as a proxy for

the number of eggs if fecundity is directly proportional to weight:
SSB, = Z raoWeran® (2.5)

As will be shown in Chapter 5, overcompensation does not appear to be
characteristic of Alosa populations. I therefore used a Beverton-Holt relationship between
SSB, and O, (Hilborn and Walters 1992). This is a two-parameter spawner-recruit model
where o is number of recruits produced annually per unit biomass of spawners (Myers et

al. 1999) and K is the half-saturation constant. The full dynamical model becomes:

aSSB,_ g e imat | \
i—g e v m 1— m, i 0
(1+SSBf—ﬂ/K) l‘(isa H( —asl P
Nt,s,a,p = . ‘ (26)
_( ZFk+Tadtllcp+M??;u(p) v

Frer if p>0

N

z-p,s,a—p,Oe
Two examples of how this model can be adapted to different populations are
given below. The model is adapted to produce estimates for variables 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
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the observed age structure and catch, and any auxiliary information (e.g. larval indices,
escapement counts) that may exist for the population.

I programmed this model using AD Model Builder (Fournier 1996). AD Model
builder uses the C++ auto-differentiation library for rapid fitting of complex non-linear
models, has Bayesian and profile likelihood capabilities, and is designed specifically for

fitting these types of models.

2.3 Example 1. Margaree River, NS Alewife

The Margaree River in Nova Scotia supports an 4losa fishery that is executed in-
river using tip-traps installed along the bank (Chaput et al. 2001). Alewife make up the
predominant component of the catch. Exploitation rates are controlled using within
season closures that were first implemented in 1984, and have been subsequently
modified. After 1995 it was evident that the population size had declined, and further
closures were therefore introduced in 1996. Here, my objective was to use the model to
determine whether this strategy successfully reduced exploitation rates to target levels of
about 33 percent (Chaput et al. 2001).

The data for the Margaree River alewife fishery consists of the total catch (C,) for
the years 1983 to 2000, an estimate of the number of fish captured in each age and
previous spawning history category (C,,,) for the years 1983 to 2000 and a larval
abundance index (/) for the years 1983 to 1985, and 1989 to 2000. The larval index 1s
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 assumption, it
is used as an index of spawner escapement. I used only the second half (p>0) of the full
dynamical model (equation 2.6). The model (Table 2.1) 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, N,4.q.0, the exploitation rate in each year, u,, and a catchability coefficient for
larval alewife, ¢, for a total of 108 estimated parameters. This approach is similar to

traditional statistical catch-at-age models (Quinn and Deriso 1999), with the exception
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that 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. I assumed a constant value of 0.6 for M for all year and
age classes. This value is within the range used by some other authors. For example,
Crecco and Gibson (1990) used M= 1.0 in an analysis of reference points for alewife
fisheries, while Chaput and Alexander (1989) estimated the instantaneous natural
mortality rate to be 0.44 between the first and second spawnings for alewife in the South
River, NB. I assumed the larval index in year ¢, [, was linearly related to spawning

escapement in year ¢ through a catchability coefficient, g, (also assumed constant across

years). I used a lognormal error structure for the catch (C* and C”™ are the observed

and predicted catches in year ¢) and the larval index (/ % and 17 are the observed and

predicted larval indices in year ). I used a multinomial error structure for the number of

obs

fish in each year, age and previous spawning category (7, ,

is the number of fish of age

pred
ta,p

a that have spawned p times previously within a sample collected in year ¢, and p/”) is
the predicted proportion of fish in each age and previous spawning category in that year).
I fit the model by minimizing the value of an objective function (0.B.V.) that is the sum
of the non-constant portions of the negative log likelihoods for the catch, larval index and
number of fish in each year-age-previous spawning category. The relative contribution of
cach likelihood to the objective function was controlled by a set of weighting values, 4;,
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, I
weighted the larval index so that its contribution was about one half that of the other
components.

The observed and predicted catch are shown in Figure 2.1. The catch is
partitioned by cohort and age at maturity and the abundance of fish in each category is

projected through time. As shown in this figure, cohort sizes and the proportions
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maturing at each age vary between 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 2.2) are calculated from model output. The fit to the larval
index is not as good as 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 to 1995 time period) to 0.39 (1996 to 2000).

Spawning escapement has increased as a result of these closures.



Table 2.1. The equations used for the Margaree River alewife model.

Dynamics:
I
ﬂ( ZF/;'*‘MMHRP)
— k=t—pal
Nt,a,p - !~p,a~—p,0€
Cf,a P Nt a p

Ct = Z Z (N[,[l,put)
L =¢Y 3 W, ,0-u))

Log Likelihoods (non-constant portions):

Z (hl Cabs In Cpred)

catch

obs pred
composttwn - Z Z Z ﬂ't a,p In pt,a,p

Z (lnlabs ln]pred)

larval

Objective Function:

OBV = _(%ecomposiﬁon + ﬂ‘?_gcatch + &Elarval)

Estimated Parameters:

N, ., (90 parameters)

u, (17 parameters)
g (1 parameter)
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Figure 2.1. Part of the observed (x's) and predicted (lines) catch-at-age arrays for
the Margaree River alewife population. Catches are partitioned by cohort year
(right column) and age at maturity (labels at the top). The year (bottom labels) is
the year of capture.
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Figure 2.2. Observed (x's) and predicted (solid lines) total catches and larval
indices, and predicted exploitation rates and spawning escapements for the
Margaree River alewife population. The dashed lines show 95% confidence
intervals for the estimated values based on normal approximations.
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2.4 Example 2. The Gaspereau River, NS, Alewife Fishery

The Gaspereau River, also in Nova Scotia, supports an alewife population that
shows the characteristics of a heavily impacted stock (Gibson and Myers 2001). The
stock is fished commercially as fish ascend the river to spawn, and the watershed has
been extensively modified for hydroelectric generation. Water management policies are
being developed to reduce impacts on this population, including improvements to fish
passage facilities. Here, my objective was to use the life history model to determine the
biomass of fish that need to reach the spawning areas to produce maximum sustainable
yield (SSByy) 1n the fishery.

Data for the Gaspereau River alewife stock and fishery are limited. The data
consist of the caiches for the years 1964 to 2000, spawning escapement counts (£;) at a
fish ladder just upriver from the fishery for the years 1982 to 1984, 1995, and 1997 -
2000, and the sex, age and spawning history composition for all years when counts were
conducted except 1995 (Gibson and Myers 2001). I used data from 1979 to 2000 in this
model because it is unclear whether or not some large catches in the mid-1970's were the
result of the construction of a causeway on a nearby river. I set up the model (Table 2.2)
to estimate the log of the mean asymptotic recruitment, Ry, and a recruitment deviate &
for each year around the spawner-recruit relationship. Recruitment deviates were
constained to have a mean of zero. Ry can be interpreted as the median carrying capacity
of the nursery areas rescaled by survival 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. I used a logarithmic form of the Beverton-Holt model,

parameterized in terms of Ro by using the substitution K =R,/ . The logarithmic form

constrains recruitment to be positive during the estimation process and results in a
multiplicative error structure for recruitment.
SSB,,sy can be estimated from the spawner-recruit relationship. For semelparous

species, given a spawner-recruit function R=f(S), the spawning escapement at MSY



occurs where /(S)=1 (Quinn and Deriso 1999). For an iteroparous species, if fishing
occurs just before spawning, natural mortality during the fishing season is negligible, the
fishery is non-selective and fish are fully grown when entering the fishery, the situation is
analogous. SSB,;, occurs at the point where the first derivative of the spawner-recruit
relationship equals the inverse of the rate at which recruits produce replacement spawners
in the absence of fishing mortality (denoted SPRy=¢):

1
SPR,_,

J1(8)= @7

When fishing occurs on fish that are not fully grown, this relationship underestimates the

true SSBysy (Deriso 1980). For the Beverton-Holt spawner-recruit model,

. _ o
S8)= (1+8SB,, /K} 28

msy

Thus,

SSB,., =K [SPR, .0 K . (2.9)

Because the data for this population are very limited, a number of restrictive
assumptions are made. Foremost, I treat the exploitation rate as known. For years where
the catch and spawning escapement are known, the exploitation rate can be calculated
directly. I use the mean exploitation rate for years that lack escapement counts. I also
treat the maturity schedule as fixed across cohorts. While this assumption is not realistic,
the data are insufficient to estimate a maturity schedule for each cohort (age data are only
available for 7 of the 21 years). I fixed o = 60.7 (at low spawner abundance, one
kilogram of spawners can produce 60.7 age-3 recruits annually), a value taken from a
meta-analysis of 5 other populations (Gibson and Myers 2001). As in the previous
example, I fit the model to the data by minimizing an objective function value that is the
sum of the non-constant portions of the negative log-likelihoods of the catches,

escapement counts, and sex/age/previous spawning compositions of the spawning run.



Table 2.2. The equations used for the Gaspereau River alewife model.

Dynamics:

logR =log(ar)+1log(SSB,_,) —log(l+ ((_};_SA_S‘_/BL_)
0

J=a-1

— -M (a-3)
Nt,s,a,O - Rt~a+3Us’ns «€ H(l
Ct,s,a,p = Nt,s,a,puf
Cf = Z Z Z (Nt,s,a,put)

s a p
Et,s,ap {sap(l u)

. __Muduh

Nt+],s,a+1,p+l - Et,s,a,pe

SSB, = > > (E,, 0 Wisan)
5 a P

Reference Point:
$8B,,, =K SPR,_,o - K

Log Likelihoods (non-constant portions):

mtch

obs pred
composztm/z - Z Z Z Zzt S,d,p ln pt,s,a,p

? Z (InE™ —InE"™)’

escape, mem‘

Z (11] Cobs n Cpred)

Objective Function:

OB V = —‘(/116 composition + 2’2 f catch + /13£ escapemenr)

48,
I
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While the estimated recruitment deviates for each year have wide standard errors
(Table 2.3), 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 (Chapter 5). As weighted, the model tracks the
count very closely (Figure 2.3), and fits the catch reasonably well except during the 1984
to 1988 time period. I 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, I simply do not
have the data to investigate these hypotheses; only the catch is known during this time
period. The estimated SSB,,, implies that MSY occurs with an equilibrium spawner
abundance of about 400,000 fish. Current spawner abundance is typically 10 to 40% of
this level. The mean asymptotic 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.

2.5 Estimation of SR Time Series, Maturity Schedules and Mortality Rates

The population dynamics of anadromous alewife are analysed in the following chapters.
Information about the reproductive rates (characterized by spawner-recruit models fit to
SR time series), natural and anthropogenic mortality rates and maturity schedules are
required for these analyses. In this section, I adapt the model to estimate SR time series,
mortality rates and maturity schedules for four populations in the Maritime Provinces.
Analyses have been presented for two of these populations; the others are the alewife
native to the Mactaquac Headpond, NB and the Miramichi River, NB. The data available
for each population are listed in Table 2.4. Details of the models, described below, are

provided in Table 2.5.
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Table 2.3. Parameter estimates for the Gaspereau River alewife population
obtained from the statistical life history model. While the standard errors for the
recruitment deviates are large relative to their estimates, the mean asymptotic
recruitment and spawning biomass at maximum sustainable yield are
comparatively well estimated.

Recruitment Standard
Year 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 5.9
1999 0.32 1.50
2000 -0.81 0.59
Rg 1,647,800 fish 602,330

SSBumsy 91,939 kg 33,607
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Figure 2.3. Observed (x's) and predicted (lines) total catches and spawner
escapement counts, the exploitation rates (assumed known) and predicted number
of age-3 recruits for the Gaspereau River alewife population. The dashed lines
show the number of spawners at MSY (upper right panel) and the median
asymptotic recruitment (lower right panel) for this population. The grey shaded
areas are 90% confidence intervals for these reference points.



Table 2.4. Datasets used to estimate spawner-recruit time series, mortality rates
and maturity schedules for the spawning run reconstructions of four alewife
populations in the Maritime Provinces.

Population
Gaspereau Margaree River Miramichi Mactaquac
Data Type River River Headpond
Catch 1982 to 2001 1983 to 2000 1982 t0 2000 1973 to 1999
Escapement 1982 to 1984 not available not available 1973 to 1999
Counts 1995
1997 to 2001
Sex, Ageand 1982 to 1984 1983 to 2000 1982 to 2000 1973 to 1999
Previous 1997 to 2001 (age and p.s. (age and p.s.
Spawning only) only)

Larval Index

not available

1983 to 1985
1989 to 1991
1993 to 2000

not available

not gvailable




28

Slighily different model formulations were used for the Gaspereau River and
Margaree River populations than those presented in the previous sections. In the case of
the Gaspereau River population, the primary difference is that the number of age-3
recruits in each cohort is estimated (the SR model is removed) so that the subsequent
analyses of the SR relationship would not be influenced by an assumed SR relationship
when estimating the SR time series. The two restrictive assumptions used in the previous
analysis are retained for this model formulation: the exploitation rate was assumed known
and maturity schedules were assumed constant from year to year. As in the previous
eXample, I calculated the annual exploitation rate directly by dividing the catch by the
sum of the catch and the escapement count. For years when no data other than the catch is
available, I used the mean of the calculated exploitation rates (the fishery has been
conducted in a similar manner throughout this time period). I set up the model to estimate
the number of age-3 recruits in each year and a maturity schedule for each sex for ages
ranging from 3 to 6. The instantaneous natural mortality rate was also estimated within
the model.

For the Margaree River population, the model is identical to the model previously
presented with the exception that the larval index was removed from the model.
Comparison of the model output with and without the larval index indicated that
estimated exploitation rates were slightly higher when the larval index was removed and
that a retrospective pattern evident when the larval index was included was much less
evident when the larval index was not included. Merritt and Quinn (2000) suggest that
conservatism and the biological plausibility of parameter estimates are two criteria that
can be used to select between alternative models and to assess auxiliary data.
Additionally, the Margaree River population was the only population for which a larval
index was available, so its exclusion contributed to the consistency of the modelling

approaches among populations. I removed the larval index from the model for these
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reasons. After its removal, the models for the Margaree River and Miramichi River
populations are identical.

The data for the Mactaquac Headpond population consists of estimates of the
catch and spawning escapement in each year, and estimates of the spawning run
composition by sex, age and previous spawning history (Table 2.4). The model is similar
to the Margaree and Miramichi populations, with the exceptions that I used a two-sex

model, and added third log likelihood to the objective function to fit to the observed
spawning escapements ( £”” and E, are the observed and predicted spawning

escapements respectively). T used a lognormal error structure for the escapement data.
The model output fit the observed data reasonably for all populations with the
exception of the Mactaquac Headpond. For this population, the observed data shows
increasing abundance through time for some sub-cohorts, particularly between the first
and second spawnings (Figure 2.4). This pattern could arise if all the first-time spawning
fish did not ascend the river to the base of the dam. This pattern is less evident in more
recent years (only part of the escapement-at-age array is shown in Figure 2.4). During the
mid 1970's and early 1980's the estimated spawning escapement is higher than the
observed escapement count as a result (Figure 2.5), and the observed harvest fraction
(calculated as the catch divided by the sum of the catch and the escapement count) is
higher than the estimated exploitation rates during this period. This pattern is not evident
in late 1980's and 1990's suggesting some non-stationarity in the process generating these
data. The increase in the observed abundance within a sub-cohort through time was not
evident in data for the Margaree, Gaspereau or the Miramichi rivers. These fisheries are
executed much closer to the river mouths than the fishery for the Mactaquac Headpond
population. This SR time series derived from this analysis differs from that derived by
other authors from the same data. For example, Jessop (1990a) used the observed
escapement count as a measure of spawner abundance and calculated the number of age-

3 recruits from the observed number of first time spawners in each sub-cohort.
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Figure 2.4. Part of the observed (x's) and predicted (lines) spawning escapement
arrays for the Mactaquac Headpond alewife population (females only).
Escapements are partitioned by cohort year (right column) and age at maturity
(labels at the top). The year (bottom labels) is the year of capture.
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2.5.1 Spawner-Recruit Time Series

The resulting spawner-recruit time series are shown in Figure 2.6. Recruitment
tracked the spawner biomass for the Gaspereau River more closely than it did for the
other three populations. A clear pattern is not evident for these other populations. These

series will be analysed more fully in the following chapters.

2.5.2 Instantaneous Natural Mortality

Estimates of the instantaneous rate of natural mortality for adult fish ranged
betWeen 0.25 for the Mactaquac Headpond to 0.53 for the Gaspereau River (Table 2.6).
The low estimate for the Mactaquac Headpond may be inaccurate due to the issues of
increasing abundance within a sub-cohort that is not completely addressed within the
assessment model. The estimates for the Gaspereau River and Mactaquac Headpond are
further confounded because these rivers are modified for hydroelectric generation and
estimates of turbine mortality are not available for these rivers. The standard errors
(based on the assumption of asymptotic normality) for the Gaspereau River, Margaree
River and Mactaquac Headpond suggest that these parameters are well estimated for
these rivers. However, the profile likelihood for M** for the Margaree River (not
shown) indicates that the asymptotic approximation is not very good for this river and
that the lower bound for M“““" is not well determined. This is probably due to the
confounding effects of simultaneously estimating u, and M** without auxiliary data.
However, the estimates of M*™" for both the Margaree and Miramichi River are similar
to that obtained by Chaput and Alexander (1989) of 0.44 between the first and second
spawnings for alewife in the South River. The standard errors obtained by asymptotic
approximations closely matched the profile likelihoods for M for the Gaspereau River
and Mactaquac Headpond (auxiliary data is available in the form of escapement counts

for these populations).
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Figure 2.6. Times series of spawning biomass (solid line) and recruitment (dashed
line) for four alewife populations in the Maritime Provinces. Recruitment is
indexed by the cohort year resulting in zero lag between spawning and
recruitment in these graphs.
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Table 2.6. Estimates of instantaneous natural mortality rates (M“*") and maturity
schedules for four alewife populations in the Maritime Provinces. The maturity
schedule gives the proportion of immature fish (m,) that are alive at age a that
mature at age a, for ages 2 to 6. The numbers in brackets are standard errors.

Population

Gaspereau Margaree Miramichi Mactaquac
Parameter River River River Headpond
ME 0.53 (0.05) 0.44 (0.01) 0.49 (1.02) 0.25 (0.08)

) <0.01 <0.01 <0.01 <0.01

m;3 <0.01 0.52 0.37 0.06

My 0.53 0.97 0.91 0.49

ms 0.98 0.94 0.83 0.93

Mg 1.00 1.00 1.00 1.00
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2.5.3 Maturity Schedules

Maturity schedules differ between alewife populations in the Gulf of St. Lawrence
and the Bay of Fundy. Most alewife in the Gulf region mature at ages 3 or 4 (Table 2.6),
and the majority of variability in age at maturity occurs at age-3 (Figure 2.9). Most
alewife in the Bay of Fundy populations mature at ages 4 and 5 (Table 2.6), and most of
the variability for the Mactaquac population occurs at age-4 (Figure 2.7). With the
exception of the age-4 category for the Mactaquac Headpond population, age at maturity
does not appear to be a function of cohort size (Figure 2.7). The Gaspereau River data is

not sufficient to estimate a separate maturity schedule for each cohort.

2.6 Discussion

In this chapter, I 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, foremost being that the life history of interest is specifically
modelled. For Alosa, data such as spawning escapement counts at fish ladders, larval and
juvenile abundance indices, counts of emigrating juveniles, previous spawning history,
indices of the number of post-spawning 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 available for marine species, is the number of times that a fish has previously
spawned (available from a fishes' scales). Riverine impacts such as fishing or turbine
passage do not affect immature fish at sea. When the number of previous spawnings 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 extra dimension to the caich-at-age array.
Additionally, when data are partitioned by sex and age-at-maturity as well as age, the

number of observations of a cohort each year increases (from one to eight for a
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Figure 2.7. Variability in the age at maturity for the Margaree River, Miramichi
River and Mactaguac Headpond alewife populations. Each point (or circle)
represents the proportion of fish within a cohort that were alive at a given age and
matured at that age. The size of the circle is proportional to the number of
immature fish in the cohort at that age. Points are jittered slightly to facilitate
display.
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population that matures over four years). Assuming an adequate sample size, this increase
improves the researcher's ability to estimate mortality rates or other parameters that are
held constant across these categories.

While not specific to Alosa populations, statistical methods of fitting stock
assessment models have a major advantage over virtual population analyses (VPA):
models can be fit to intermittent datasets. For many smaller fisheries, such as the
Gaspereau River example presented here, assessment data are not collected each year.
VPA based methods use a backwards 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 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.

The life history model presented here can be further generalized if appropriate for
some populations. As presented, I treated 4losa fisheries as non-selective. When selective
fishing gear such as gillnets are used, selectivity models (e.g., Millar and Holst 1997) can
be incorporated into the model, allowing the error in the selectivity parameter estimation
to be carried forward through the assessment. Similarly, when catchability varies with
fish abundance (e.g. Harley et al. 2001), these relationships 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, Chapter 5 of this thesis). In order for these
approaches to be successful, some standardization between datasets (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.

Also within this chapter, I used the model to estimate spawner-recruit time series,
maturity schedules and mortality rates for four alewife populations in the Maritime

Provinces. Some differences between these populations are evident from these analyses,
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most notably the differences in age at maturity between populations in Gulf of St.
Lawrence and the Bay of Fundy. The effects of these differences on population dynamics

and on the reference points for management will be evaluated later in this thesis.



CHAPTER 3. EFFECTIVENESS OF A HIGH-FREQUENCY SOUND FISH
DIVERSION SYSTEM AT THE ANNAPOLIS TIDAL HYDROELECTRIC
GENERATING STATION, NOVA SCOTIA

3.1 Introduction

During the last decade, behavioral guidance systems have come to the forefront of
fish passage research (Popper and Carlson 1998). Stimuli such as light, sound and electric
shock are used to elicit avoidance responses from fish that repel them away from
structures such as the intake pipes at cooling water plants or turbine intakes at
hydroelectric generating stations. Of these technologies, high-frequency sound, or
ultrasound has been demonstrated to elicit avoidance responses in alewives Alosa
pseudoharengus (e.g. Dunning et al. 1992), blueback herring Alosa aestivalis (e.g.
Nestler et al. 1992) and American shad Alosa sapidissima (e.g. Mann et al. 1997) in tanks
and enclosures. Results of these experiments have led to the development of fish
deterrent and fish guidance systems that have subsequently been tested at several electric
generating stations with varying degrees of success (e.g. Nestler et al. 1992, Ross et al.
1993, Ross et al. 1996, Popper 1999, Ross 1999).

Fish abundance, behaviour and rates of passage at hydroelectric stations vary
considerably in response to environmental variables (O'Leary and Kynard 1986,
Stokesbury and Dadswell 1989, Jessop 1990b, Gibson 1996), and failure to incorporate
important covariates into the analysis may have confounded some previous assessments
of fish guidance systems (Ross et al. 1993). Changes in the rate of fish passage in
response to environmental conditions has the potential to lead to an under or
overestimation of the effectiveness of a diversion system if these variables are not
included in the analysis.

In this chapter, I describe an experiment to test the feasibility of using ultrasound
to deter fish from passing through the turbine at the Annapolis Tidal Generating Station.

Age-0 fish of three species of anadromous 4/osa that utilize the Annapolis River and

40
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Estuary as spawning and nursery habitat (American shad, blueback herring and alewife)
were the target species for this study. The sound barrier was designed specifically for
these species. Due to the uncertainty of the range of hearing of many species of fish, I did
not know if any of the other species present in the Annapolis Estuary would respond to
this signal. The diversity of the Annapolis Estuary fish community provided the
opportunity to test whether the selected signal would produce a measurable response in
several other species, albeit without anticipation of success for some of these.

My objectives were to evaluate the extent to which the diversion system reduced fish
passage through the turbine, and to determine if deterred fish then moved seaward
through the fishways. I also wanted to determine how environmental variability affected
the precision and accuracy of the effectiveness estimates. Specifically, I wanted to
evaluate whether a model of the process that determines the rate of fish passage
(environmental conditions and diversion system status) would result in diversion
effectiveness estimates that were more accurate and had smaller standard errors if the

confounding effects of the environmental variables were removed.

3.2 Methods

3.2.1 Study Area

The Annapolis River Estuary is a macrotidal estuary in southwestern Nova Scotia.
In 1960, a tidal dam was built across the estuary near Annapolis Royal. This dam
transformed the estuary upriver of the dam from a vertically homogenous estuary with a
tidal range of about 10 m, to a highly stratified salt wedge estuary with a tidal range of
about 0.5 m (Daborn et al. 1979). The Annapolis Tidal Generating Station was
constructed at this dam and has been in operation since 1984 (Dadswell et al. 1986).
Operation of the generating station increased the flow of tidal water past the dam, thereby
increasing the tidal range on the upstream side of the dam to between 0.5 m and 1.0 m. At
least 35 species of fish are present in the vicinity of the tidal generating station at some

time during the year.
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The Annapolis Tidal Generating Station was designed as a prototype to test the
StraFlo ™ turbine for proposed, large-scale hydroelectric development in the upper Bay
of Fundy (Douma and Stewart 1981). This unit is a low-head propellor turbine (7.6 m
runner diameter) that rotates at 50 rpm, and generates only on the ebb tide (normal
operating head range: 1.4 - 6.8 m). Output at a head of 5.5 m is 17.8 MW, with a
corresponding discharge of 408 m”/s. During an average tidal cycle the unit generates for
5.5 hours. During low neap tides it may spin freely when the turbine tube is opened to
allow the headpond to fill more quickly, but otherwise is at a standstill for the remainder
of the 12.5 hr tidal cycle. During most tidal cycles, the headpond is filled only through
the 3 sluice gates located within the dam just south of the turbine (Figure 3.1). Two
fishways have been constructed to augment fish passage at the dam (Stokesbury 1987).
The “old fishway” is an open slot, 4 m wide, located beside the sluice gates about 300 m
from the turbine forebay. The “new fishway” runs between the turbine forebay and the
tailrace, 1s 3 m wide and is located about 12 m from the turbine intake. Water depth in
both fishways varies between 1.5 m and 3 m depending on the stage of the tide.
Discharges through the fishways are 42.7 m’/s and 10.1 m’/s for the old and new
fishways respectively, for a 0.3 m head (Stokesbury and Dadswell 1991). The intake to
the turbine is 40 m wide and 15.1 m in height. Water velocity at the entrance to this tube

is 0.68 m/s at a flow of 408 m/s.

3.2.2 The Fish Diversion System

The fish diversion system tested during this assessment was a band-limited
random noise signal projected into the turbine forebay by 4 International Transducer
Corporation Model 3406 transducers mounted across the top of the turbine intake (Figure
3.2). Transducers were angled downward at 15 degrees, and sideways at 30 degrees of
the centerline. The signal pulse was presented at a 33% duty cycle (0.5 seconds on,

followed by 1 second off) with most energy focused between 122 and 128kHz (Figure
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Figure 3.1. A map of the Annapolis Tidal Generating Station, Nova Scotia,
showing the location of the two fishways, sluice gates and sampling locations

used during an assessment of an ultrasound fish diversion study during September
and October 1999.
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Figure 3.2. A map of the turbine intake at the Annapolis Tidal Generating Station,
Nova Scotia, showing the location of the sound field, the location of the new
fishway relative to the turbine intake and the location of the sound pressure level
measurements taken on September 8, 1999 (adapted from Birmann 1999).
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3.3). The sound pressure level one meter from the transducers was 181 dBre 1 uPa
(Birmann 1999). Hydrophone measurements were made across the intake canal at depths
of 1.6, 3.2 and 4.8 m to verify the acoustic output of the transducer array (Figure 3.2).
The measurements show a variation in sound pressure level of between 155 dB
and 160 dB (Table 3.1). Based on these measurements, the sound pressure levels dropped
below the 160 dB threshold (above which avoidance responses by Alosa are known to

occur) at a distance of about 10 to 12 m from the intake face (Birmann 1999).

3.3.3 Experimental Design

Migratory species deterred from passing through the turbine have the option of
moving seaward through either of the two fishways. Resident species also have the option
of remaining on the landward side of the dam. The requirements for fish diversion
therefore differ among species: deterrence from turbine passage is sufficient for resident
species, whereas redirection (diversion) to the fishways is a necessary requirement for
migratory species. I designed the experiment to evaluate the effectiveness of the system
for both deterrence and diversion.

I conducted the evaluation by monitoring fish passage with nets deployed in the
two fishways and at two locations in the tailrace below the turbine (Figure 3.1). An
experiment was designed in which the diversion system was turned either on or off for
the full generating period. While this decision limited the sample size, the alternative, to
activate and deactivate the diversion system a number of times during a generation cycle,
was rejected due to uncertainty about the independence of the samples and the difficuity
of interpreting this type of experiment in the context of the actual operation of the plant.
Additionally, migratory species tend to move past the turbine at the beginning of the
generating cycle (Gibson 1996), so choosing this alternative would have substantially
increased the complexity of the statistical model. I chose the catch of each species at each
sampling location per generating cycle as my experimental unit. I did not weight the data

by the volume of water filtered by a net or discharged through the turbine, because this
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Figure 3.3. Voltage spectrum of the signal applied to the transducers at the
Annapolis Tidal Generating Station, Nova Scotia, during September and October
1999, measured using a bandwidth of 60 Hz (adapted from Birmann 1999).
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Table 3.1. Sound pressure levels measured in the turbine forebay at the Annapolis
Tidal Generating Station, Nova Scotia, on September 8, 1999 (from Birmann
1999). Measurement locations are shown in Figure 3.3.

Hydrophone depth Sound pressure level
Location (m) dBreluPa
P1 32 155.2
P2 1.6 158.1
P2 32 157.0
P2 4.8 155.3
P3 3.2 157.5
P4 32 155.8
P5 32 157.9
P6 3.2 1595
P7 32 156.3
P8 3.2 155.0
P9 3.2 158.0
P10 3.2 156.0
P12 1.6 160.0
P12 3.2 160.7
P12 4.8 161.3
P13 1.6 155.1
P13 32 163.1
P13 4.8 164.7

P14 3.2 167.4
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standardization would only be applicable if the rate of passage was proportional to the
volume of water. This assumption would not be suitable for species that stage between
generation periods and then migrate early in the generation cycle. Additionally, the
duration of generation and the discharge volume during each tidal cycle are relatively
consistent because the volume of water available for generation is controlled as the
headpond is filled.

Fish passage was monitored between September 7, 1999 and October 22, 1999. 1
used a stratified random sampling design to more or less evenly distribute the sampling
effort throughout the study period while retaining randomization. I divided the generation
cycles between these dates into consecutive pairs, and randomly chose one cycle from
each pair to be sampled. I then took the series of generation cycles to be sampled, divided
this series into consecutive pairs, and randomly chose to turn the diversion on during one
cycle in each pair, and off during the other.

Based on previous studies of fish passage at the Annapolis causeway (Stokesbury
and Dadswell 1989, Gibson 1996), I anticipated that environmental conditions (water
temperature, salinity, tidal range and proportion of the generating pericd occurring at
night) and seasonal migratory patterns would markedly influence the number of fish
moving past the generating station during any given generation cycle. If the
randomization procedure (through time) did not achieve complete randomization across
the set of environmental variables that determine the rate of fish passage, the resulting
estimates of the diversion effectiveness could be inaccurate. The experimental design
allowed the detection of such errors by comparing the direction of the response between
sampling locations. For example, with the diversion system activated, an increase in the
rate of passage through a fishway that was accompanied by an increase in the rate of
passage through the turbine would not be attributed to the diversion system, but rather to
incomplete randomization across environmental variables that determine the rate of fish

passage.
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3.2.4 Field Methods

Nets used to monitor fish passage in the tailrace were 1.0 m in diameter and
consisted of three sections: a 2.0 m long section, cylindrical in shape, made of 1 cm mesh
nylon netting; a middle section made of 2 mm Nitex net, 3 m in length, tapering from 1 m
to 0.18 m during the final meter, and the collector. The collectors were 1.75 m long, and
were constructed with Spandex cloth fitted over 0.5 m diameter, aluminum cylinders
(0.75 m in length). Entrances to the collectors were funnel-shaped to keep fish from
escaping out of the collector. The tail ends of the collectors were designed so that they
could be opened and closed with drawstrings. Nets deployed in the fishways were of
similar design, but were 0.75 m in diameter. Nets in the tailrace were deployed for the
full generation period (about 5.5 hr), while the fishway nets were deployed for the period
of seaward flow (about 8 hr).

Temperature and salinity were measured at the start of each generating period
using an YSI model 1000 SCT meter. The proportion of darkness during each sampling
period was calculated using the time of sunrise and sunset predicted using
ASTRONOMY LAB 1.13.Tide range was predicted using the computer program TIDES
3.05 using harmonic constants for Digby, Nova Scotia, at the mouth of the Annapolis
Estuary.

3.2.5 Data Analysis

I defined the effectiveness of the sound barrier, £, for deterring fish from passing
through the turbine as the mean proportion of fish deterred, and used the number of fish
captured at each site in the tailrace during each generation cycle as a measure of the rate
of passage through the turbine during that cycle. The effectiveness of the sound barrier

was therefore defined as:
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where C_, is the mean number of fish of a given species captured in the turbine tailrace

with the diversion activated, and C,, is the mean number of fish of that species captured

in the turbine tailrace with the diversion deactivated. This is the definition used by
Popper (1999), although some other researchers have worked with totals rather than
means.

To assess whether deterred fish then moved seaward through the fishways, I
defined a “fishway factor”, F), as the ratio of the mean rate of fish passage through a
fishway p with the diversion activated to the rate of fish passage with the diversion
deactivated. This factor was defined as:

Fo=lom (3.2)

p
Cp,off

where C, _ is the mean number of fish of a given species captured in passage p with the

p.on
diversion activated, and C o 18 the mean number of fish of that species captured in

passage p with the diversion deactivated.

For each species, the effectiveness of the diversion £, and the fishway factor F,
are therefore transformations of similar quantities for each passage: the ratios of the mean
number of fish captured in a passage with the diversion activated to the mean number
captured with the diversion deactivated. I discuss two models that were used to estimate
these ratios: one that includes environmental variables, and a base model where these
variables are not included.

For the base model, I assumed that the number of fish of each species captured in
passage p during generation period ¢ (C,, ), was a random variable that is a function of
the passage p, and the on/off status of the diversion system during generation period ¢
(D). T expected the catches at the two tailrace sites would be different, although I
expected the diversion effectiveness to be the same at both these sites. I accounted for

differences in catchability among sites by including site as a factor in the model. I
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assumed the effects of the diversion system and other factors that influence the rate of
fish passage would act multiplicatively, and used log-linear models for this reason. In the

base model, the expectation of the catch E(C,, ) of each species at site i, on generation

cycle ¢, given diversion status d was modelled as:
o /LH’:B:' +ﬂp A Dt
E(C,, ,)=¢e (3.3)

Here, p is the grand mean of the natural logarithm of the catch of the given
species, f; is the coefficient for site 7, and 8, , is the coefficient for the diversion status
d at passage p.

To examine the influence of environmental variability on the resulting estimates, 1
developed a model to simultaneously estimate the effects of a set of environmental
variables together with the effectiveness of the diversion system. This second model is an
extension of the base model that includes the environmental variables: temperature (X7),
salinity (S,), tidal range (R,), and the proportion of the sampling period occurring at night
(L,). I postulated that an optimal value for fish passage existed for each species for each
environmental variable, and that the rate of passage would decrease as the value deviated
from the optimal. I therefore included quadratic terms for each of these variables in the

model. The fitted model was therefore:

b+pB; +ﬂ,4Rt+ﬁ;.2R,2+[)’1L,+ﬂ,2L[2+/3ﬂX, +ﬂx2Xr2+ﬂy1Sz+ﬁyer2+ﬁp,,1 D,

E(Ca)=¢ 34
where: 8's not included in the base model correspond to the matching environmental

variables.

In both models, the quantity (,[)’Lon - ﬂwﬁc) is an estimate of the difference in the

natural logarithms of the mean catch in the tailrace (subscript t) with the diversion
activated and deactivated. From this quantity, the ratio of the number of fish captured
with the diversion turned on to the number captured with the diversion turned off can be

calculated directly and transformed to provide estimates of the effectiveness of the
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diversion system. Similarly, an estimate of the fishway factor for the new fishway
(subscript n) follows directly from the quantity (ﬂn"m ~Boow )

I fit both models to the observed data using two methods within a generalized
linear modelling context (McCullagh and Nelder 1989). First, I assumed a Poisson error
structure, which is often used for count data and is appropriate when the passage of
individual fish is independent of the passage of other fish. If fish passage is not
independent, the precision of the resulting estimates will be under or overestimated using
this distribution. I therefore also fit the models using quasi-likelihood, which allows
estimation of a dispersion parameter, 4, simultaneously with the model coefficients.
Overdispersion (¢ >1) is a common characteristic of fish catches due a variety of factors
that affect their distribution such as schooling behaviour, habitat preferences and deil
variability and leads to an overestimation of statistical significance if a Poisson error
structure is assumed. The dispersion parameter is used to rescale the variance of C,, from
the Poisson model. This quasi-likelihood approach does not change the parameter
estimates, but results in more realistic estimates of their associated error than would be
obtained under an assumption of a Poisson error distribution, which occurs if the estimate
of ¢=1. Here, I present standard errors estimated under the assumptions of Poisson and
extra-Poisson errors to illustrate that the former can lead to substantial overestimates of
statistical significance if the independence assumption is violated.

I tested the statistical significance of the model coefficients under the assumption
of asymptotic normality of the response on the link scale (McCullagh and Nelder 1989).
Model coefficients were considered statistically different than zero if the interval
Bxz,_,,5,, where s, is the standard error of the coefficient and z,_,, is the critical
value of a standard normal distribution for a given confidence level, did not include zero.

Significance tests for the diversion effectiveness and fishway factor were carried out

similarly using one-sided t-tests.
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I used likelihood ratio tests (Venables and Ripley 1999) to compare the fits of the
base model and the model with the environmental variables, Here, the difference in the
residual deviances of the base model Dy, and the model with the environmental
variables D,y is assumed to be approximately chi-squared distributed. This difference is
rescaled by the dispersion parameter to correct for overdispersion (Venables and Ripley
1999):

D 5

D
base¢ eHY NZE; (35)

where 8 is the number of degrees of freedom associated with the environmental

component of the model.

3.2.6 Alternative models

To assess the robustness of my conclusions with respect to the models selected,
several other models were fit to both the data and subsets of the data. First, I compared
the means of the ratio of the tailrace catch to the new fishway catch with the diversion
activated to that with the diversion deactivated using a Mann-Whitney U test. This
approach standardizes the tailrace catch against the new fishway catch and can be used to
test for the existence of a significant deterrent effect. The approach has the advantages
that the environmental component of the model is not required (the fishway catch is used
as an index of the rate of fish passage), and a statistical distribution is not assumed. The
disadvantages are that when the data are standardized in this way, the magnitude of the
diversion effect cannot be estimated because the deterrent and diversion characteristics of
the diversion system cannot be separated. Additionally, zeros in the new fishway data are
problematic because division by zero is not defined. I used a similar approach where I
modelled the catch in the tailrace as a function of the catch in the new fishway and the
status of the diversion system using log-linear models and quasi-likelihood. This
approach allows zeros in the new fishway data to be included in the analysis, but

otherwise has the same advantages and disadvantages as the approach above.
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Other models that were fit to the data are modifications of the base model and the
environmental models. I fit both models to the data for each sampling site individually to
determine whether the environmental effects at any one site were substantially
influencing the fit of the model. I also fit both models to the data after removing periods
at the beginning and end of the time series if the species under investigation was not
present throughout the study to determine if these zero catches were influencing the
results. I also estimated the effectiveness of the diversion system after removing seasonal
trends in abundance by including “generation cycle number” as a third order polynomial
in the model, again using both the full data set and subgroups based on sampling site.
Finally, for species present in adequate abundance, I fit the models after trimming subsets
of the largest catches from the data, to determine if the effectiveness of the diversion

changed as abundance increased.

3.3 Results

Sampling was conducted at the four locations during 48 generation cycles. Net
failures (typically due to fouling with seaweed or other debris) reduced the number of
valid samples to 47 for the north side of the tailrace, 45 for the south side of the tailrace,
45 for the new fishway, and 44 for the old fishway. Storm conditions and a diversion
equipment malfunction near the end of the project resulted in the diversion being turned
off during more periods (N=28) than it was on (N=20).

Over 53,000 fish representing 27 taxa were captured during this study (Table 3.2).
Of these, Atlantic silversides Menedia menedia were by far the most abundant. I present
the results for the 11 species that were captured during more than 20 generation cycles
{Table 3.2). While some species (e.g. sea lamprey Petromyzon marinus) were captured in
greater abundance than some of the species for which results are presented, a preliminary
analysis for these species produced results that were sensitive to the model formulation

and had very wide standard errors, and therefore could not be considered reliable. 1
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present a detailed analysis of the clupeid data and a summary of the results for the
remaining 7 species.

The relative abundance of the clupeids varied throughout the study and between
sampling sites. Blueback herring were captured most frequently in the tailrace (north
side) and new fishway (Figure 3.4), and were most abundant at all four locations during
the last week of September. Most alewives and American shad were captured in the new
fishway, with peak abundances during the last week of September and mid-October. Very
few clupeids were caught in the old fishway, regardiess of whether or not the diversion
was activated (Figure 3.4). Additionally, no significant diversion effect was detected for
any species at the old fishway (clupeids: Table 3.3), although standard errors for the
parameters estimates are very large. Consequentially, the data provide little indication
about the effectiveness of the diversion at this site, other than it does not appear to be an
important passage for most species either with or without the diversion system. I focus
the remaining analysis on the rates of passage through the turbine and the new fishway
for this reason.

When the catches in the tailrace are modelled as a function of the catches in the
new fishway and the on/off status of the diversion system, significant deterrent effects
were detected for American shad (p = 0.03; d.f. = 40) and alewife (p = 0.06; d.f. = 40),
but not for the other species. No significant deterrent effects were detected using the
Mann-Whitney U test.

With one exception, the other alternative modelling approaches resulted in only
minor differences in the coefficient estimates and did not change the interpretation of the
effectiveness of the diversion system from that described below. For blueback herring,
the estimates for both the diversion effectiveness and the fishway factor changed when
the largest catches were trimmed from the data. I have included an analysis of the
blueback herring data with the three largest catches removed under the label “blueback

herring trimmed”, as well as the analysis for the full set of data for blueback herring.
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Environmental variables affected the rate of fish passage at the Annapolis Tidal
Generating Station. For 4losa, daylight (proportion of darkness) had the greatest
influence of the environmental variables (Table 3.3), the largest catches occurring at
night. Catches of all clupeid species except alewife increased with tidal range. Within the
clupeids, salinity was a significant variable only for Atlantic herring Clupea harengus
harengus (Table 3.3). Temperature was a significant variable for alewives and blueback
herring. Comparison of the deviances for the base model with the model including
environmental variables shows that the environmental component of the model was
highly significant for all species (Table 3.4). The percentage of the null deviance
explained by the base model ranged between 3.9% for windowpane Scophialmus aquosus
to 44.6% for American eels Anguilla rostraia, and was less than 30% for 8 of the 11
species. The percentage of the null deviance explained by the model with the
environmental variables ranged from 36.6% for windowpane to 97.5% for Atlantic
herring, and was greater than 50% for 8 of the 11 species.

Estimates of the effectiveness of the diversion system differed between the base
model and the model including the environmental variables for all species (Figure 3.5).
When estimated with the base model, a limited deterrent effect was detected for 8 of the
11 species (Figure 3.5). Fish passage in the new fishway increased with the diversion
activated for all Alosa, Atlantic silverside, and blackspotted stickleback Gasterosteus
wheatlandi. However, for the later two species, the rate of passage through the turbine
also increased with the diversion activated (Figure 3.5), indicating that some factor other
than the on/off status of the diversion was influencing their rate of passage. Similarly, the
decreased rates of passage through the turbine with the diversion activated was
accompanied by decreased rates of passage through the new fishway for Atlantic herring,
American eels, pipefish Syngnathus fuscus, windowpane, hake Urophycis spp. and
butterfish Peprilus tricanthus (Figure 3.5). These results also indicate that some factor

other than the on/off status fish diversion system was influencing the rate of fish passage
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Figure 3.4. The location, time and magnitude of clupeid catches at the Annapolis

Tidal Generating Station, Nova Scotia, while evaluating the effectiveness of an

ultrasound fish diversion system during September and October 1999. Generation

periods sampled when fish were not captured are marked with “0”. Note scale

differences between axes.
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for these species. Hence, comparisons of the base model results for tailrace and new
fishway indicate that the limited effectiveness implied from the examination of the results
from a single sampling location may be erroneous for all non-A4losa species.

When the environmental variables were included in the model, the diversion
effectiveness estimates for non-Alosa species were shifted closer to zero (Figure 3.5), and
there was better consistency between the results for the new fishway and tailrace. This
improved consistency, together with the highly significant improvement in the model fit,
indicate that the model with the environmental variables provides better estimates of the
effectiveness of the diversion system.

 Dispersion parameters were greater than one for all species except winter flounder
(Table 3.4), indicating that for a given species, the passage of fish at the generating
station is not independent of other fish of the same species. As a result of this, the
standard errors obtained from the quasi-likelihood model were larger than those obtained
from the Poisson model for all species (Figure 3.6). Atlantic silverside catches had the
highest dispersion parameter, which resulted from 54.8% percent of their catch occurring
during four generation periods (even though Atlantic silversides were captures during all
generation periods). This migratory pattern results in very wide standard errors for the
effectiveness coefficient for Atlantic silversides when estimated using quasi-likelihood
(Figure 3.6).

‘While the use of quasi-likelihood increased the standard errors of the
effectiveness coefficients, the inclusion of the environmental variables in the model
decreased these standard errors for 10 of the 11 species. When estimated using quasi-
likelihood, the standard errors for the effectiveness coefficients for the environmental
model ranged from 58.5% the size of those from the base model for Atlantic silverside to

115.7% for butterfish.
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Figure 3.5. A comparison of two estimates of the effectiveness of an ultrasound
fish diversion system at the Annapolis Tidal Generating Station, Nova Scotia,
during September and October 1999. The dark bars show the estimates obtained
from a model that includes environmental variables and the light bars show the
estimates from a model without the environmental variables. The left panel
(tailrace) shows estimates of the deterrent effect based on changes in the rates of
fish passage through the turbine tube, while the right panel (new fishway) shows
the changes in the rates of passage of fish through a fishway that bypasses the
turbine.
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Of these modelling approaches, the model with the environmental variables
provided the best fit to the data, smaller standard errors for the effectiveness coefficients,
the best consistency between sampling locations and is sensible because factors other
than the status of the diversion system contribute to the rates of fish passage at this
generating station. From this model, the results for the tailrace suggest an effectiveness of
42% for American shad and 48% for alewife (Figure 3.6), although these estimates are
not significantly different from zero when the standard errors are calculated using quasi-
likelihood (Table 3.3). However, the increases in the catch of these species in the new
fishway with the diversion activated (3.3 and 2.5 times for American shad and alewife
respectively) that are statistically significant are consistent with these estimates and
enhance their credibility. For blueback herring, the catch did not decrease with the
diversion activated when the model was fit to the full blueback herring dataset. However
the system diverted about 49% for blueback herring after the generation cycles with the
three largest catches were removed from the data (Figure 3.6). These findings are again
consistent with the new fishway results: no increase in catch with the diversion activated
using the full blueback herring dataset and an increase in catch of about 1.5 times when

estimated using the trimmed blueback herring dataset (Figure 3.6).
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3.4 Discussion

In this chapter, I have provided the first evaluation of an ultrasonic fish diversion
system at a tidal hydroelectric generating station, and have used a modelling approach
that allows separation of the effects of environmental variables on the rate of fish passage
from those of the diversion system. On the whole, these results indicate that the ultrasonic
barrier was partially effective for Alosa, but not for the other species.

Comparisons of the results of the base model with the model including the
environmental variables show that varying environmental conditions can affect both the
accuracy and precision of the diversion effectiveness estimates. This problem may have
confounded some other studies (Ross et al. 1993). By monitoring fish passage at two
locations where the response to an effective diversion stimulus should be in opposite
directions (decreased rates of passage through the turbine accompanied by increased rates
of passage through the fishways), [ was able to detect such errors by comparison of the
consistency of the estimates at the two locations. When I included environmental
variables in the model, the overall model fit was considerably improved, the resulting
effectiveness estimates had smaller standard errors and the estimates were more
consistent between the new fishway and tailrace sampling locations. This result shows
that both the accuracy and precision of the effectiveness estimates can be improved if the
diversion effectiveness is evaluated within a model of the process that determines the rate
of fish passage.

The influence of environmental variables on the rate of passage or impingement 1s
consistent with other studies at generating stations. For example, Ross et al. (1993) found
that wind direction, temperature and time of day affected the rate of impingement at the
James A. Fitzpatrick Nuclear Power plant cooling water intake. Nestler et al. (1992)
found that the response of blueback herring to uitrasound varied between day and night at
the Richard B. Russell dam. While not quantified during my study, environmental
variables may also influence a fish’s response to a stimulus, and hence the effectiveness

of a diversion system. Additionally, the “motivational state” of fish has been shown to
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vary throughout the year, as discussed by Popper and Carlson (1998). The timing of this
study was appropriate for age-0 Alosa, the target species in this study, because they are
only present at the Annapolis Tidal Generating Station during the fall. The response of
other species that are present at this location at other times of the year and under different
environmental conditions, as well as adult Alosa that are present in the late spring and
summer, remains to be examined at this station.

When the movement of fish past generation stations is not independent of other
fish (due to schooling behaviour or some other reason), estimates with a reasonable level
of precision may be difficult to obtain. This problem is well illustrated in this study where
the catches of all 11 species were overdispersed. As recognized by Popper (1999), the use
of a Poisson error structure can lead to overestimation of statistical significance if fish
passage is not random. The quasi-likelihood approach used herein corrects for this
problem by rescaling the standard errors by the dispersion parameter. If fish catches are
highly overdispersed, the resulting standard errors may be large relative to the parameter
estimates, greatly reducing statistical significance. In this study, the distribution of the
catch (characterized by the dispersion parameter) had a greater effect on the precision of
the diversion coefficient estimates than did the number of fish captured. Atlantic
silversides were by far the most abundant fish in this study, but had the second largest
standard errors for the diversion coefficients at the tailrace site when the effects of
overdispersion were included in the model. The catches of some the species for which I
have not presented results were also clumped: sea lamprey were captured only during a
six day period, a pattern is similar to that observed during other studies at this station
(Gibson 1996), and 86.7% of mummichog were captured on 5 tides. When fish
migrations occur during relatively short time periods, obtaining reliable diversion
estimates may be problematic.

Comparisons of the results when the blueback herring data are modelied as a
whole, and when the generation cycles with the three largest catches are trimmed from

the data, suggest that the effectiveness of the diversion system may be partially dependent
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on the abundance of target species. This pattern was observed at both the tailrace and the
new fishway. While the reason for this observation at the Annapolis Tidal Generating
Station is unknown, crowding may limit the ability of fish to respond to a signal.
Alternatively, the increased abundance under favourable environmental conditions may
be a result of increased motivation to move seaward.

The estimates of the diversion effectiveness at Annapolis are similar to those
reported by some authors, but are lower than those reported by others. Popper (1999)
reported the results of a comprehensive project to divert fish away from the cooling water
intake at the Salem Nuclear Power Plant. As part of that project, a composite sound
signal that included an ultrasound component was found to reduce impingement of
blueback herring (11.6 - 33.2%), alewife (9.2 - 14.7%), bay anchovy (33.1 - 35.7%) and
Atlantic silversides (23.5 - 24.7%). Their estimates and statistical significance also varied
depending on their modelling approach. For 4/osa, these estimates are similar to my
results at the Annapolis station. Another similarity between these studies was the
apparent increase in impingement or turbine passage of some species when the diversion
was activated. Both studies suggest that randomization of the on/off status of the
diversion through time does not ensure randomization across the set of variables that
determine abundance or the rate of fish passage. In my study, the better model fit, smaller
standard errors and better compatibility between the tailrace and new fishway results
when environmental variables were included in the model, demonstrate that this problem
can at least partially be alleviated by evaluating the effectiveness of the diversion system
in a model of the process that determines the rate of fish passage.

Other authors have reported better success when attempting to divert fish with
ultrasound. Ross et al. (1993) reported that ultrasound reduced impingement of alewives
by as much as 87% at James A. Fitzpatrick (JAF) Nuclear Power Plant cooling water
intake, but also found that environmental variables affected the rate of impingement and
the effectiveness estimates. Ross et al. (1996) conducted a follow-up study that utilized

an improved deterrent system, and concluded that the system should be 87% effective in
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most years. However, comparisons of the effectiveness of the ultrasound at Annapolis
with the effectiveness at the JAF may not be appropriate, given the differences between
the locations. Diversion at a cooling water intake requires only that fish are deterred from
the vicinity of the intake. Fish do not need to be directed towards a fishway, as is the case
of migratory species at the Annapolis generating station.

Ross (1999) reported good success when testing the use of ultrasound to divert
blueback herring at the Vischer Ferry and Crescent hydroelectric stations. At the Vischer
Ferry site, over 90% of blueback herring used the by- pass. At the Crescent site, the
system was effective for age-0 blueback herring, but was ineffective for adults. Ross
(1999) suggested the effectiveness for adult blueback herring could be increased by
moving the sound field. Hydrology, time of day and condition of the fish were found to
influence both the abundance of fish and the effectiveness of the ultrasonic barrier at part
of his study.

This study, as well as others, shows that ultrasound can be used to reduce power
plant impacts on Alosa populations, although the extent of the achieved reduction varies
between studies. Undoubtedly, the effectiveness of a diversion system depends on many
site and system specific variables, and had I tested a different system (range of
frequencies, signal strength, number and orientation of transducers) I probably would
have obtained a different result. However, the effectiveness of a behavioural guidance
systems also depends on the time of year, time of day, fish age, flow field, environmental
conditions and "motivational state" of the fish (see review: Popper and Carlson 1998),
and the signal tested in this study may simply have been less effective under the
conditions present at the Annapolis station during the fall. The Annapolis Tidal
Generating Station and the Salem Nuclear Generating Station cooling water intake are
both estuarine facilities. Comparison of the results at the Annapolis station with those
obtained at the Salem plant may therefore be more valid than comparisons with riverine
hydroelectric systems or cooling water intakes in the Great Lakes. However, the partial

effectiveness of the diversion system for A/osa at Annapolis does imply a response by
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these fish to the ultrasound signal under the conditions at Annapolis. Therefore, the
effectiveness of the diversion could possibly be enhanced through the redeployment or
the addition of transducers, or an increase in signal strength. Additionally, the system
may be most effective when used in conjunction with other strategies. At Annapolis,
migratory species tend to move just after the start of generation (Gibson 1996). Providing
an alternate passage before the start of generation, by keeping an extra sluice gate open
prior to the onset of generation, might reduce the number of fish upstream of the turbine

at the start of generation, leading to an overall reduction of turbine passage.



CHAPTER 4. A LOGISTIC REGRESSION MODEL FOR ESTIMATING
TURBINE MORTALITY AT HYDROELECTRIC GENERATING STATIONS.

4.1 Introduction

Accurate estimates of turbine mortality at hydroelectric generating stations are
fundamental for assessments of fish-related impacts of these facilities. While turbine
mortality studies at hydroelectric stations are numerous, the results of these studies are
often conflicting (Mathur et al. 1994), making it difficult to generalize about species or
make comparisons between locations. When estimating turbine mortality, separation of
mortality resulting from turbine passage from that resulting from capture and handling is
a fundamental problem that may have lead to the overstatement of turbine mortality in
some studies (Mathur et al. 1994).

Turbine mortality studies can be loosely divided into two groups: those that use
fish released into the turbine intake (e.g. Hogans 1987; DuBois and Gloss 1993; Mathur
et al. 1994) and those that use naturally entrained fish captured in nets in the turbine
tailrace (e.g. Stokesbury and Dadswell 1991; Navarro et al. 1996). When naturally
entrained fish are used to estimate turbine mortality, capture and handling mortality is a
confounding issue because mortality increases with time in the net (Stokesbury and
Dadswell 1991). Determination of an appropriate duration for the control experiments is
problematic because the length of time the entrained fish are in the net is unknown
(Gibson 1996).

Here, I suggest that the problem of control experiment duration can be overcome
with a slight modification to the methods used in many studies. By varying the daration
of net deployment, the probability that a captured fish is alive can be modelled as a
function of the duration of the net deployment. The intercept of the resulting model can
be interpreted as an estimate of the survival of fish that have not spent time in a net, 1.¢.
turbine mortality. To demonstrate this method, I present preliminary estimates of turbine

mortality for several species of fish passing through the STRAFLO turbine at the
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Annapolis Tidal Generation Station, Annapolis Royal, Nova Scotia, and suggest a
modification to the model to include a correction for handling mortality resulting from

other components of the capture process.

4.2 The Study Area

This study was carried concurrently with the assessment of the effectiveness of a
fish diversion at the Annapolis Tidal Generating Station, presented in Chapter 3. Readers
are referred to that chapter for a description of the site. Previous fish mortality studies at
this site suggest that 21.3 % £ 19.8 % (95 % C.1.) of adult, post-spawning American shad
Alosa sapidissima do not survive passage through the turbine Hogans (1987) and that
age-0 clupeid turbine mortality is 46.3% (Stokesbury and Dadswell 1991). While
accuracy of these estimates has been debated (Dadswell and Rulifson 1994; Gibson
1996), no studies exist that conclusively support or disprove these estimates. Survival of

other species through this turbine has not been studied.

4.3 Methods

When naturally entrained fish are used to estimate turbine mortality, selection of
an appropriate duration for control experiments is problematic because the length of time
that a captured fish is in the net is unknown and varies between fish within a net
deployment and between net deployments. As the duration of the net deployment
increases, this variability and uncertainty also increase. In the limiting case, that of a
deployment duration of zero length, the duration of the net deployment and length of time
that a fish is in the net are the same. While a net cannot be deployed for a time period of
zero, survival at this limit can be estimated by varying the duration of the net deployment

and using the statistical methods described below.
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4.3.1 Field Methods

Sampling for this study was integrated into an assessment of the effectiveness of
an ultrasound fish diversion system at the Annapolis Tidal Generating Station during the
fall of 1999 (Chapter 3). As such, fish that were captured in the tailrace during the
assessment of the fish diversion system were used as test specimens for modelling
mortality.

I captured naturally entrained fish using modified ichthyoplankton nets at two
locations in the turbine tailrace (Figure 3.1). These nets were 1.0 m in diameter and
consisted of three sections: a cylindrical section, 2.0 m long, made of 1 cm mesh nylon
netting; a middle section made of 2 mm Nitex net 3 m in length, tapering from 1 mto 0.2
m during the final meter; and the collector. The collectors were 1.75 m long, and were
constructed with Spandex cloth fitted over 0.5 m diameter, aluminum cylinders, 0.75 m
in length. Entrances to the collectors were funnel-shaped to keep fish from escaping from
the net and the tail ends of the collectors designed so that they could be opened and
closed with drawstrings. Nets were fished for the full generation period (about 5.5 h), but
the catch was removed from the nets and placed in buckets at pre-determined intervals
ranging from 0.25 h to 5 h throughout the generation period. The catch was identified,
enumerated and the live/dead status of each fish recorded about 10 minutes after
removing the fish from the net. The resulting data set was used to estimate acute
mortality (dead at the time of removal from the net) for each species for which sufficient
numbers were captured.

Sampling was conducted during 48 randomly chosen generating cycles between
September 7™ and October 22", 1999, covering over 50% the generating time between
these dates. The time of day or night varied with the precession of the tides. The interval
at which nets were emptied was held constant throughout a generating cycle, in order to
evenly distribute the number of fish captured over the time intervals. Nets were deployed

a total of 447 times during this period.
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Fish that were in very poor condition (e.g. not swimming and bleeding badly)
were counted as dead. While an element of subjectivity is introduced by this decision, the
effect of any resulting bias would be to increase the mortality estimate providing a more

precautionary estimate as a result.

4.3.2 Statistical Analysis

I assumed that fish captured that were dead, either at the time of capture, or
shortly thereafter, died either as a result of turbine passage, capture in the net, or some
interaction of these variables. For each species, I treated the live/dead status of each fish
() as a binomial response (0 = alive, 1 = dead), and used the logistic model (Collett

1991):

E(Y)= exp(B, + B:d) (4.1)
L+exp(f, + fd)

to model E(Y), the expectation of the probability that a captured fish is dead as a function

of d, the duration of the net deployment. Within this model, £, and S, are the linear

regression coefficients on a logistic scale, and an estimate of the probability that a fish

that has not spent time in a net is dead (M) can be calculated as:

= _exp(By) 42)
1+ exp(5,)

This approach to estimating turbine mortality requires extrapolation outside the
range of observed data, which is potentially hazardous with binary data if the model
formulation is inappropriate (McCullagh and Nelder 1989). I examined the robustness of
my estimates in relation to model selection in two ways: by adding a power parameter
that controls the degree of nonlinearity in the model, and by examining two other

transformations as outlined below.
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An assumption of the model (equation 4.1) is that mortality is linearly related to
the duration of the net deployment on the logistic scale. Equation 4.1 is the specific case,
A=1, of the general model:

i
Ey=-02Uth) (4.3)
L+exp(f, + fid”)

I examined the linearity assumption by using maximum likelihood to fit equation 4.3 to

the acute mortality dataset for A ranging from 0.01 to 3, and using profile log likelihoods

as a guide for selecting an appropriate A. The log likelihood for A, fjand f, is given by:

/e(z,ﬂo,ﬁl)=2{yilog( xp(fo + Ard)) }L(l—yf)log(l-—[ exp(f, +£,4) m (4.4)

1+exp(f, + B,d.) 1+exp(B, + 5,d")
and the log profile likelihood for A (£,(4)) is:
¢,(4) = max UA, By, ) (4.5)
The maximum likelihood estimate of & occurs where £ (1) achieves its maximum

value, and the plausibility of other possible values of A was evaluated by comparing
their log likelihoods with the maximized log likelihood. A likelihood ratio based 95%

confidence interval for A is calculated as:
(a2 (-1, ()] 12095 (4.6)
where A™* is the maximum likelihood estimate of & (Kalbfleisch 1985). The profile log

likelihoods suggested that A=1 was appropriate (see results), and I therefore retained
equation 4.1 as the model.
The logistic model (equation 1) has the advantage it can be fit as a generalized
linear model (McCullagh and Nelder 1989) with the components:
random component: Y is a binomial random variable with
EX)=u 4.7)

and
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var(Y)=u(l—u). (4.8)
systematic component: g(u)=g(E(Y |d))= f,+ Bd (4.9)
: . o 3 EX)
link function: g(E(¥))=logit(E(¥Y)) = iog(——————-l - E(Y)] (4.10)

This model also has the advantage that the model parameters can be interpreted directly
as the log odds-ratio, so that the mortality estimate can be easily calculated from the
parameter estimates. However, to ensure its suitability as the link function and for
extrapolation to the intercept, I also modelled the data using two other link functions

(McCullagh and Nelder 1989): the probit or inverse Normal function:

g(E(Y) =D (E(y)) (4.11)
and the complementary log-log function:
g(E(Y)) =log(-log(1-E(Y))). (4.12)

Maximized log likelihoods (Collett 1991) were used as a guide to choose between these
models (higher values imply better fits). The logistic model provided a slightly better fit
(see results), and was therefore retained as the model.

The generalized linear models have the advantage that it is easy to calculate
confidence intervals based on the assumption of asymptotic normality. These intervals
were used for the turbine mortality estimates. Confidence limits were calculated on the

logistic scale as B, £z, .5, where s is the standard error of S, and z,_,,, is the critical

value of a standard normal distribution for a given confidence level. Estimates of f,

were considered statistically different from O if their confidence interval did not include
zero. Confidence limits for f, were transformed using the inverse of the link function
(equation 2) to obtain confidence intervals for the rate of turbine mortality (My-o). I
compared these confidence intervals to likelihood ratio based intervals. When not
corrected for overdispersion (see below), the intervals based on the normal approximation

for f, were slightly larger than the likelihood ratio based intervals.
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If the survival of a fish within a net is not independent of other fish in the net,
there would be greater variability in survival than predicted by binomial sampling error. I
therefore also modelled the data grouped by net deployment, and looked for systematic
deviations in the relationship between the expectation and variance of the mortality
probability that would occur if the data were under or overdispersed. I calculated a
dispersion parameter (¢) as the sum of the squared Pearson residuals divided by the
residual degrees of freedom (McCullagh and Nelder 1989). A dispersion parameter much
greater than one indicates that either the data is overdispersed or that the model fit is not
good for some data points. For most species ¢ was near one (see results). Examination of
residual plots (e.g. deviance residuals versus fitted values, normal quantile plots of the
Pearson residuals) suggested the fits were reasonable. I therefore rescaled the standard

error of 3, by ¢, and used the rescaled values for confidence interval calculations. This

approach does not affect the turbine mortality estimate, but provides a more realistic
estimates of the variance than would be obtained by under the assumption that mortality
was independent for all fish. Overall, of the three methods used to produce confidence
intervals, this method produced the widest intervals. I choose to report these intervals
because, as the widest intervals, they provide the most precautionary estimate of the

precision of the turbine mortality estimates.

4.4 Results

In total, 2,784 fish, belonging to 21 species, were captured during these
experiments (Table 4.1). Atlantic silversides, Menidia menidia, were the most abundant
species (1160 captured). Of the 21 species, the catches of 12 species were sufficiently
large to warrant detailed analysis. |

The choice of the link function had only minor effects on the resulting mortality
estimates. The estimates from the complementary log-log model were slightly higher than

those of the logistic and probit models (Table 4.2). With the exception of Atlantic
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herring, Clupea harengus, maximized log likelihoods were similar between the three
models. Overall, the fit of the logistic model was slightly better than the probit and
complementary log-log models, a difference that was not statistically significant except
for Atlantic herring. For Atlantic herring, the mortality estimate from the complementary
log-log model was 5% higher, but the fit of the model was significantly worse. 1
concluded that the logistic model was the most suitable choice for modelling these data.

When A is included in the model (equation 3), the turbine mortality estimate
(M=) is sensitive to the choice of A (Figure 4.1). As 1 approaches 0, the estimate of Mg
also approaches 0. As 1 increases, Mo approaches the proportion of dead fish within the
sample. The log likelihood was maximized at A ~1 for most species (Figure 4.2), with
the exceptions being species with small sample sizes (American shad and alewife, Alosa
pseudoharengus) and species where very few dead fish were captured (sea lamprey,
Petromyzon marinus, blackspotted stickleback, Gasterosteus wheatlandi, winter flounder,
Pseudopleuronectes americanus, and windowpane, Scophthalmus aquosus). For these
exceptions, the profile log likelihood is almost flat or ramped, showing that there is little
or no information about A in these datasets. For species where A could be estimated, 4
was not statistically different from 1. I concluded that the specific case, A=1, was
reasonable for most species and used this model for the remaining analysis.

The probability that a captured fish was dead increased rapidly with net
deployment duration for clupeids, but more slowly for other species such as Atlantic
silverside, pipefish, Syngnathus fuscus, and blackspotted stickleback (Figure 4.2). This
increase was statistically significant at a = 0.05 for all species except American shad,
winter flounder, windowpane and sea lamprey (Table 4.3). For the latter three species,
very few dead fish were captured at any deployment duration (Figure 4.3). Figure 4.2
also shows that if turbine mortality was estimated using fixed duration net deployments,
the resulting estimates would be very sensitive to the length of time that the net was

deployed. For example, alewife mortality was about 18% for a one hour net deployment
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Table 4.1. The total number of specimens and number of live specimens of each
species captured in 447 net sets during 48 randomly selected generation periods
between September 7, 1999 and October 22, 1999 at the Annapolis Tidal
Generating Station, Nova Scotia. Data for species in boldface was considered
sufficient for analysis.

Mortality Experiments:
Species total number number alive
sea lamprey (Pefromyzon marinys) 20 20
American eel {(Anguilla rostrata) 10 9
age-0 blueback herring (4losa aestivalis) 206 144
age-0 alewife (4losa pseudoharengus) 33 20
age-0 American shad (Alosa sapidissima) 39 22
age-0 Atlantic herring (Clupea harengus) 840 441
rainbow smelt (Osmerus mordax) 5 3
hake spp. (Urophycis spp.) 88 69
Atlantic silverside (Menidia menidia) 1160 1054
blackspotted stickleback {Gasterosteus wheatlandi) 63 65
pipefish (Syngnathus fuscus) 202 175
cunner (Tautogolabrus adspersus) 3 3
butterfish (Peprilus triacanthus) 32 22
longhorn sculpin (Myoxocephalus scorpioides) 1 1
tumpfish (Cyclopterus lumpus) 1 1
smooth flounder (Liopsetta putnami) 1 i
winter flounder {Pseudopleuronectes americanus) 31 28
windowpane (Scophthalmus aguosus) 28 24
mummichog (Fundulus heteroclitus) 6 6
Atlantic mackerel (Scomber scombrus) 9 4
fourbeard rockling (Enchelyopus cimbrius) 1 1

TOTAL 2784 2092
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Table 4.2. A comparison of mortality estimates and log likelihoods for logit,
probit and complementary log-log link functions for 12 species of fish at the
Annapolis Tidal Generating Station, Nova Scotia.

Acute Mortality Estimate Log Likelihood

Species logit probit  c. log-log logit probit c. log-log
Atlantic herring  15.7 15.9 21.6 -500.6  -501.4 -505.6
alewife 7.7 6.6 11.6 -17.2 -17.1 -17.3
blueback herring 8.0 7.4 11.1 -108.2  -1084 -109.2
American shad 23.4 22.8 24.1 -25.5 -25.5 -25.5
Atlantic silverside 2.2 1.7 2.4 -312.7 3124 -313.1
bs. stickleback <0.1 <0.1 <0.1 -8.2 -8.1 -8.3
sea lamprey  <0.1 <0.1 <0.1 -0.0 -0.0 -0.0
hake (spp.) 8.7 8.1 9.6 -41.6 -41.6 -41.6
butterfish 8.7 7.7 10.2 -16.1 -16.0 -16.0
pipefish 2.2 1.7 2.8 -64.3 -64.3 -65.0
winter flounder 5.8 5.8 5.8 -9.4 -9.4 -9.4
windowpane 8.8 8.1 9.1 -11.3 -11.3 -11.3

totals: -11156 -1116.0 -1122.8
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Profile Log Likelihood

Figure 4.1. The relationship (solid line) between the mortality estimate (M=) and
lambda, a power parameter that determines the functional form of the relationship
between mortality and net deployment duration for 12 species of fish at the

Annapolis Tidal Generation Station, Nova Scotia. The dashed line shows the

profile log likelihood for lambda, standardized by subtracting the maximum log
likelihood from each estimate. The intersections between the dotted line and the

dashed line show the 95% confidence interval for lambda.



Mortality

00 02 04 08 08 1.0

00 62 04 06 08 10

00 02 04 06 08 10

82

e Y ICIE Re) 24 S ®® o & F @ @@
21 American shag 21 sealamprey 21 pipefish
=] @« @
1 =Y =7 °
<4 ~ ~
< =3 o
o} ~ o~
(=3 E=] L=
S1, ®oo % 9w oo 21 — 2 s °
o 1 2 3 4 5 o t 2 3 4 5 o 1 2 3 4 &
oo e  © SR SRS 00 DD e v ®  ® o 2 5o )
. © . ', . oy © ,
alewife <1 Atlantic silverside s1 hake spp. <1 winter flounder
© @] ]
(=3 (=3 o
s = | <
(=] < i=1
N o N
=1 < =]
Bow_ 90 a4 Dup| 2 ORI B o o] &
6 + 2z 3 4 8 o 1 2 3 4 35 o 1 2 3 4 5 -0 1 2 3 4 5
% e 6B 0 ® 0% 2 2 e N | o4 CRCI
. @ © . = .
blueback herring = =1 butterfish <1 windowpane
@ © « |
© <« (=]
st < <
o < =]
o o o
o ot S
SR @0 O © 2 Sllamows o o 2
o 1 2 3 4 5 6 1 2 3 4 5

Duration of Net Deployment (h)

Figure 4.2. Mortality (solid line) as a function of the duration of net deployment
for 12 species of fish at the Annapolis Tidal Generating Station, Nova Scotia.
Each point represents a fish that was either alive (0), or dead (1). Points are
slightly jittered to facilitate display. The y-intercept is an estimate of acute
mortality in the absence of any time in the net, interpreted as an estimate of acute
turbine mortality. Error bars are 95% confidence intervals.
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and about 62% for a three hour net deployment. Regressing to a net deployment of zero
length provides an estimate of 7.7%. Estimates of the rates of mortality ranged from 0.0%

for sea lamprey to 23.4% for American shad (Table 4.3).

4.5 Discussion

In this chapter, I've demonstrated that with a slight change in the methods used in
many studies, estimates of turbine mortality obtained using naturally entrained fish can
be improved by modelling the probability that a captured fish is dead as a function of the
duration of the net deployment. When net deployments of fixed duration are used to
estimate turbine mortality, the resulting estimate is not only a function of the rate of
turbine mortality, but also the duration of the net deployment (Stokesbury and Dadswell
1991, their Figure 2; my Figure 3). The duration of control experiments to correct for
handling mortality cannot be chosen without knowledge of the length of time that fish are
in the net, which varies both between deployments and within individual net
deployments. By varying the duration of the net deployments, regression methods can be
used to estimate the mortality for a net deployment of zero duration, providing a method
to estimate the mortality attributable to turbine passage or passage via other structures.

A number of methods have been developed to estimate turbine mortality. These
methods can be divided into two categories: those that use naturally entrained fish (e.g.
Stokesbury and Dadswell 1991; Navarro et al. 1996) and those that use fish released mto
the turbine intake (e.g. Hogans 1987; Mathur et al. 1994). In the first case, fish are
captured using nets in the turbine tailrace, and turbine mortality is estimated using either
live/dead criteria {(e.g. Navarro et al. 1996) or by conducting autopsies on dead fish (e.g.
Stokesbury and Dadswell 1991; Sorenson et al. 1998). In the second case, fish released
into the turbine tube may be recaptured in nets in the turbine tailrace (e.g. Ruggles et al.

1990 in part; Dubois and Gloss 1993), followed via radio tags (e.g. Hogans 1987),
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Table 4.3. Logistic regression coefficients and estimates of turbine mortality for
12 species of fish at the Annapolis Tidal Generating Station. Numbers in brackets
are standard errors. Estimates where the increase in mortality with increasing net
deployment duration ( 3,) is significantly different from 0 at a 95% confidence

level after correcting for dispersion are marked with asterisks. Confidence
intervals for mortality are calculated using normal approximations on the link
scale and are corrected for over-dispersion.

Regression Coefficients Mortality (%)
Species B, Ji ) mean  95% C.L
age-0 American shad -1.18 (0.73) 0.45 (0.32) 1.17 234 6.1-588
age-0 blueback herring -2.43 (0.35) 0.74 (0.14)*  1.59 8.1 35-172
age-0 alewife -2.48 (0.88) 1.07 (0.42)*  0.96 7.7 1.5-314
age-0 Atlantic herring -1.67 (0.16) 0.77 (0.07)*  1.80 15.7 10.8-22.1
sea lamprey n/a n/a n/a 0.0 n/a
blackspotted stickleback ~ -9.99 (5.73) 161 (1.11y*  0.40 <0.1 <0.1-56
Atlantic silverside -3.78 (0.21) 0.62 (0.07)*  2.23 2.2 1.1-4.1
pipefish -3.77 (0.50) 0.73 (0.14)*  1.23 2.2 0.7-6.4
butterfish -2.34 (0.81) 0.79 (0.34)*  1.15 87 1.7-345
winter flounder -2.78 (0.91) 0.34 (0.36) 1.24 58 0.8-312
windowpane -2.32 (1.29) 0.26 (0.56) 1.14 88 <0.1-594
hake (spp.) -2.34 (0.49) 0.55 (0.19)* 1.10 8.7 03-209
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detected downstream via PIT-tags (e.g. Skalski et al. 1998) or recaptured using some
other method (e.g. Heisey ef al. 1992). Estimates are reported either corrected for
handling and capture mortality (e.g. Stokesbury and Dadswell 1991; Mathur et al. 1994)
or not (Navarro et al. 1996). The resulting mortality estimates from both methods are
often reported as acute (or immediate or short term: the proportion dead at or near the
time of capture) or delayed (or long term: the proportion dead after holding the fish for
some time period, typically 12, 24 or 48 h).

Each of these methods has its relative strengths and disadvantages, based on both
scientific and practical considerations. When fish are abundant, estimation of acute
mortality using naturally entrained fish captured with nets in the tailrace is a relatively
easy and cost effective method of obtaining data. Handling of fish is reduced and the
method can be applied in situations where test fish are not readily available (e.g. flatfish
in this study). Estimates can be obtained for several species simultaneously without an
increase in the required effort (e.g. Navarro et al. 1996, this study). The method can be
easily integrated into sampling for other purposes (e.g. Stokesbury and Dadswell 1991,
Navarro et al. 1996; this study). However, if controls are used to correct for capture and
handling mortality, determination of an appropriate duration for the control experiments
is difficult because the length of time the entrained fish are in the net is unknown (Gibson
1996). The regression methods presented herein provide a possible solution to this
problem by estimating turbine mortality for a net deployment duration of zero length,

Releasing fish into the turbine tube provides better experimental control than the
use of naturally entrained fish, but increases the stress to the fish associated with
handling. Where the effects of stress are cumulative and culminate in increased mortality,
the individual effects of handling, turbine passage and recapture can be difficult to
distinguish (Ruggles et al. 1990). Improved handling and recapture methods, such as the
HI-Z Turb’N tag-recapture technique (Heisey et al. 1992), have substantially reduced
handling mortality, leading to improved mortality estimates over studies where handling

mortality was high (Mathur et al. 1994). The experimental and statistical methods
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described herein provide a tool that can be used to detect and reduce biases in turbine
mortality estimates, although as discussed below, they do not completely alleviate
problems when handling mortality is high.

Two aspects of turbine mortality not considered here are delayed mortality and
mortality resulting from capture and handling other than time in the net. If delayed
mortality is high, acute mortality may not be a sufficient measure of the overall effect of
a turbine on a fish stock (Kostecki et al. 1987; Dubois and Gloss 1993). The importance
of delayed mortality has varied between studies and locations. Dubois and Gloss (1993)
reported differences in acute and 24-hour turbine mortality of up to 45% for striped bass
(Morone saxatilis) passed through Ossberger crossflow turbines, although delayed
mortality may have been overestimated because of high control mortality. Mathur et al.
(1996) reported differences in acute and 48-hour turbine survival estimates of less than
one percent for chinook salmon smolts (Oncorhynchus tshawytscha) at a dam on the
Columbia River. The approach of modelling the mortality process can be used to estimate
delayed mortality if fish are held in pens for a period of time prior to evaluating their
live/dead status. The regression methods can be applied directly to the resulting dataset.
However, holding facilities and handling protocols must not be a significant source of
mortality if delayed mortality is to be reliably estimated (Ruggles et al 1990; Dubois and
Gloss 1993; Mathur et al. 1994).

The second aspect, mortality resulting from capture and handling other than time
in the net, can lead to an overestimate of turbine mortality. Mortality that is the result of
the capture process can be separated into three components: the proportion of fish that die
while entering the net (e.g. fish that are impinged or abraded against the net), the
proportion of fish that die as a result of time in the net (e.g. due to crowding or
suffication), and proportion of fish that die while being removed from the net (e.g. as a
result of handling). The regression model (equation 1) estimates M-, where the
mortality that is a result of time in the net is zero. If My is interpreted as turbine

mortality without estimation of the other components, the resulting turbine mortality
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estimate will be biased high. In instances where the resulting estimate of M- 1s small
(and its confidence interval is small), these other components must also be small (less
than M,-o), and hence the effect of their bias on the estimate must be small. If My is low
enough that mitigation or remediation is not required, mortality can reasonably be
attributed to the turbine without quantification of this bias, because correction for this
bias would not alter management decisions. Where the resulting mortality estimate is
high relative to the compensatory capacity of the stock, the estimate should not be
interpreted as turbine mortality without quantification of mortality from other
components of the capture process.

My approach can be extended to incorporate mortality from these other
components of the capture process. Controls for handling mortality typically involve
placing marked fish that have not passed through the turbine into the net for some period
of time (e.g. Stokesbury and Dadswell 1991). If this type of control experiment 1s to be
incorporated into the regression model, the duration of these experiments should also be
varied to allow extrapolation to zero time in the net. The results of the control
experiments can then be modelled simultaneously with those from the naturally entrained

fish. A logistic model incorporating the results of the control experiments 1s

E(Y)= exp(Po + B.d) . exp(B, + B/d") / (4.13)
1+exp(f, + fid)  1+exp(fy+ fid") '

where f,, B, andd are the terms for the naturally entrained fish, S, f# andd’ are the

terms for the control fish, and ¢ and ¢’ are factors with two levels, either zero or one, that
state whether or not a fish passed through the turbine. Turbine mortality can be calculated

from /3, and B, by combining equation 4.2 and the model of Bumham et al. (1987) based

on competing risk theory:

o1 [eBee-£) 1
w0 exp(B) expl-£o) |
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The standard error of M- can be calculated from the standard errors of S, and 4 using

the rules for calculating the standard errors of functions of random variables (Kendall et
al. 1983). This model structure has the advantage that it can be fit as a generalized linear
model. Therefore, it can be easily modified to test assumptions about the functional form
of the model by changing the link function. However, the calculation of confidence
intervals for M - requires the assumption of normality for Mz and as such can produce
intervals that include values less than 0% or greater than 100%. An alternative approach,
outside the generalized linear models family, is estimate M- directly within the model
using maximum likelihood (the functional form of the model is obtained by solving

equation 4.14 for S, and substituting the result in equation 4.13). This method has the

advantage that confidence intervals that do not require the normality assumption can be
derived from the profile likelihood.

The regression methods described in this chapter require extrapolation beyond the
range of the data. The success of this extrapolation depends heavily on the correctness of
the assumed model (McCullagh and Nelder 1989). With these data, | found that the
logistic model provided a slightly better fit than the probit or complementary log-log
models and that the resulting estimates were not very sensitive to the choice of the link
function. The estimates were sensitive to the degree of non-linearity (A ) in the model,
although the linear, logistic form was most appropriate. The best model could potentially
vary between locations, and I recommend that researchers that employ these methods
perform similar diagnostics to ensure the selected model 1s appropriate.

The estimates of the dispersion parameter ranged between 0.40 for blackspotted
sticklebacks (most sticklebacks were captured alive) and 2.23 for Atlantic silversides, and
were greater than one for all but two species. These results suggest that survival of
individual fish within a net deployment was not independent of other fish captured at the
same time. This situation could arise, for example, if mortality rates varied with operating

efficiency (which varies with the stage of the tide) or if crowding with the net affected
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survival. The dispersion parameter is used to rescale the standard errors of parameter
estimates (on the logistic scale) and can therefore significantly change estimates of
statistical significance and confidence intervals. Where possible, the binomial assumption
should be tested to ensure that the precision of the resulting estimates is not overstated.

As discussed, the use of naturally entrained fish to estimate turbine mortality
entails a loss of experimental control relative to the use of experimentally released fish.
When regression methods are used, designing an experiment to achieve a specified
confidence interval width requires consideration of a number of factors, including prior
knowledge (or guesses) of capture rates and the slope and intercept of the regression
equation, and the dispersion parameter. Small perturbations in the parameter estimates
can markedly affect experimental design efficiency (Chaloner and Larntz 1989).
Confidence intervals for the turbine mortality should be smallest when all sampling effort
is at very short or very long durations (Sebastiani and Settimi 1997), although given this
type of design, the researcher is not able to test the functional form of the model (i.e.
determine whether the linear logistic model is appropriate). Selection of an appropriate
design requires balancing the relative costs and benefits of these requirements. In this
study, the relationship between net deployment duration and mortality varied
substantially among species. If a pilot study showed that mortality does not increase with
the length of the net deployment below some duration, these results could be used to
select appropriate deployment durations for fixed duration experiments, substantially
simplifying the experimental design.

Turbine mortality of clupeids has been previously studied at the Annapolis Tidal
Generating Station. Stokesbury and Dadswell (1991) estimated that 46.3% of age-0
clupeids do not survive turbine passage. The estimates reported here of acute turbine
mortality for American shad (23.4%), Atlantic herring (15.7%), alewife (7.7%) and
blueback herring (8.1%) are all lower than 46.3%, differences that are statistically
significant at a 95% confidence level with the exception of American shad. Two possible

explanations exist for these discrepancies. The duration of the control experiments used
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by Stokesbury and Dadswell (1991) was short relative to the length of the net
deployments and the expected length of time that fish would have been in the nets
(Gibson 1996). Turbine mortality could therefore have been overestimated in their study.
Alternatively, the majority of turbine induced injuries reported by Stokesbury and
Dadswell (1991) were pressure induced, such as eye haemorrhage or gas bladder damage
(Dadswell and Rulifson 1994). If mortality resulting from pressure-induced injuries is not
acute, it would not have been detected in my study. The results of these studies are
therefore not directly comparable without further information about the timing of
pressure-induced mortality. Estimates of acute turbine mortality for other species in my
study ranged from 0.0% for sea lamprey to 8.8% for windowpane, and are the first
turbine mortality estimates for these species.

While considerable effort has been focused on the estimation of turbine mortality,
the interpretation of mortality estimates has received less attention. A turbine mortality
estimate should be interpreted as the probability of an individual fish surviving turbine
passage. As such, it affects the life expectancy of a fish and its lifetime fecundity. When
fish are removed from a population, their removal may elicit a compensatory response
such as increased growth and survival of other members of the population. The effect at
the population level is the combined effects from all fish and will vary depending on
factors such as the proportion of fish passing through the turbine, when turbine passage
occurs relative to reproduction, when it occurs relative to compensatory processes and the
life history characteristics of the species. A species with a short life span, high fecundity
and that reproduces prior to passing through the turbine could potentially withstand a
comparatively high turbine mortality rate with little impact at the population level.
Conversely, for a species that has a long life span, low fecundity, reproduces late in life
and passes through the turbine several times prior to reproducing, a comparatively low
turbine mortality rate could mean extinction. With increasing interest in the development
of tidal hydroelectric generation, an increasing number of species are being exposed to

turbines. Models should be developed that allows not only estimation of turbine mortality
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for a given species based on turbine design, but to allow prediction of the population
response based on the general biology of the fish. Turbine mortality studies have
traditionally focused on commercially important groups such the salmons and shads.
Development of these models requires estimates for a wide range of species and turbine

designs.



CHAPTER 5. A META-ANALYSIS OF THE HABITAT CARRYING CAPACITY
AND MAXIMUM REPRODUCTIVE RATE OF ANADROMOUS ALEWIFE IN
EASTERN NORTH AMERICA

5.1 Introduction

Spawner-recruit models are a widely accepted tool for analyzing population
dynamics (Moussalli and Hilborn 1985; Myers et al. 1999), providing biological
reference points for management (Myers et al. 1994) and a basis for the estimation of the
long-term consequences of mortality caused by pollution, dams or other human activities
(Barnhouse et al. 1988, Hayes et al. 1996). In this paper, I provide a detailed analysis of
the population dynamics of anadromous alewife, Alosa psuedoharengus, using a two-
parameter spawner-recruit model. One of these parameters, the maximum reproductive
rate at low population size, is fundamental for determining the intrinsic growth rate 7.y
{Cole 1954), for the calculation of many biological reference points for management
(Mace 1994), for population viability analyses (Lande et al. 1997) and is the biological
limit to overfishing and other sources of anthropogenic mortality (Crecco and Gibson
1990, Myers and Mertz 1998a). The other parameter, the habitat carrying capacity, is
needed to determine the potential long-term yield for a fishery, the target spawning
escapement for management (Mousalli and Hilborn 1985), the size of fish passage
facilities (Clay 1995) and can be used to compare habitat quality (Hayes et al. 1996).
Together, the two parameters provide a basis for evaluating the status of a population,
and assessing the changes to the population resulting from habitat alterations or other
human activities.

Traditionally, fisheries biologists have relied upon data only from the population
of interest to assess the effects of pollution, fishing and other activities. Unfortunately,
the long and detailed time series that are required to arrive at firm conclusions simply do
not exist for the majority of fish populations (Myers and Mertz 1998b). Fortunately,

many populations of the same species (or closely related species) share similar life

92
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history strategies. For this reason, parameter estimates from several populations can be
combined, providing a probability distribution for the parameter estimates at some higher
organizational level, such as the species (Myers et al. 1999, Myers et al. 2001). The
resulting probability distributions can be combined with comparatively limited
population-specific data to make inferences at the level of the specific population. In this
way, the uncertainty of biological parameters used in fisheries management is reduced
{(Myers and Mertz 1998b). This approach, known as meta-analysis, allows conclusions to
be reached by drawing upon data from many populations.

I therefore approached my analysis of alewife population dynamics in two ways: [
modelled the datasets for each population individually, and used meta-analytic methods
to simultaneously estimate model parameters for the eight populations. In so doing, I was
were able to determine how well spawner-recruit parameters are determined for
individual populations, and were also able provide estimates of the reproductive rate and
habitat carrying capacity for alewife at the species level.

I primarily used compensatory spawner-recruit models for this analysis. Implicit
in their use is the assumption that per capita survival from the egg to the age of
recruitment is a decreasing monotonic function of the number of eggs, and that the
maximum reproductive rate occurs at the origin. If there exists a spawner abundance
threshold, below which survival is an increasing function of the number of eggs, these
models would overestimate the limits of exploitation. I therefore also examined the data

for evidence of this phenomenon, which is known as depensation (Clark 1976).

5.2 Methods

I adapted the methods of Myers et al. (2001) and Barrowman (2000) for this
meta-analysis. As discussed below, I began by standardizing the data so that estimates of
spawner-recruit parameters among populations are comparable. After standardizing the
data, I fit spawner-recruit models to the data for each population individually, and

assessed how well the parameter estimates are determined for each population. I then fit
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the model to all datasets simultaneously using a mixed effects model. This model
provided parameter estimates for each population that is weighted by the information
contained in the data for other populations, and a probability distribution for the

parameter estimates for alewife at the species level.

5.2.1 The Data

1 used spawner-recruit time series for 8 alewife populations in eastern North
America (Table 5.1). A statistical, age-structured, life history model designed specifically
for Alosa (Chapter 2) was used construct the spawner-recruit time series for four of these
populations. This model was adapted to the data available for each population (catch at
age and previous spawning data for each population, larval indices for the Margaree
River population, and escapement counts for the Mactaquac Headpond and Gaspereau
River populations). Existing spawner-recruit series were used for the other four

populations.

5.2.2 Model Assumptions
Some assumptions about population regulation in alewife are necessary for the following
analyses. I assumed that year class strength of anadromous alewives is regulated
primarily hropgh intra-specific competition occurring during the pre-migratory larval and
juvenile life stages. As such, the carrying capacity of freshwater nursery habitat is the
factor that ultimately limits the size of an alewife population. This assumption consistent
with the concentration hypothesis (Beverton 1995), which implies that density dependent
processes should be greatest during life stages that are most concentrated in space, and
with population regulation in American shad, Alosa sapidissima (Savoy and Crecco
1988). The carrying capacity of the nursery habitat may fluctuate from year to year about
its median, as environmental conditions within the nursery areas vary, contributing to the
variability about the spawner—reéruit relationship. While it is the carrying capacity of

nursery habitat that ultimately limits the size of an alewife stock, I report the carrying



Table 5.1. Spawner-recruit time series used for estimating random effects
distributions for the maximum reproductive rate and the carrying capacity for
alewife. Details of the life history modelling are provided in Chapter 2.

Spawning Time
River Area Series Data Source
(km®)
Annaquatucket River RI 1.0 1945 - 1989 Crecco and Gibson
1990
Long Pond ME 3.9 1950 -1955 Havey 1961
Damariscotta River ME 18.1 1977 -1984 Crecco and Gibson
1990
Lamprey River NH 0.2 1972 - 1985 Crecco and Gibson
1990
Saint John River NB 87.3 1968 - 1994 life history model
Margaree River NB 57.4 1983 - 1995 life history model
Miramichi River NB 75.0 1982 -1995 life history model
Gaspereau River NS 22.9 1981 - 1997 life history model
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capacity as the size of the spawning run that would result at high spawner abundance in
the absence of anthropogenic mortality. This makes the results directly comparable with
stock assessments that provide estimates of year class size or estimates of the size of the
spawning run for populations that are exploited or impacted by other human activities.
Additionally, the majority of the available data is about the adult portion of the
population.

I modelled the population dynamics of alewives using two equations, a spawner-
recruit relationship that expresses recruitment as a density dependent function of spawner
biomass, and the replacement line, the slope of which is the inverse of the rate at which
recruits produce replacement spawners. Here, an implicit assumption is made that all
density-dependent processes occur between spawning and recruitment. I therefore choose
the age of recruitment to be 3 (the earliest age of maturity for most stocks and the latest

age that could reasonably be chosen), and defined recruitment for year class ¢, R,, as:
& M 3
R =3 (N, /e"m). (5.1)
a=3

Here, Ny+q, is the number of fish of age g, in year ¢+a, that are returning to the river to
spawn for the first time, and Mj,, is the instantaneous natural mortality rate of immature
alewife while at sea. I assumed Mj,, = 0.4 for all populations in my analysis, based on the
empirical relationship between natural mortality and longevity (maximum age of 11

years) derived by Hoenig (1983).

5.2.3 The Spawner-Recruit Relationship

The Beverton-Holt and Ricker models are the most commonly used two
parameter spawner-recruit models (Hilborn and Walters 1992). These models differ
fundamentally in their assumptions of the underlying biology, the later showing a decline
in recruitment at higher spawner abundance, a phenomenon known as overcompensation.
While this does not appear to be a characteristic of alewife populations (see Figure 5.1), 1

used a formal model selection criterion, the Akaike information criterion (Quinn and
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Deriso 1999), to choose between these models. The Beverton-Holt model provided the
better fit for all eight populations (Table 5.2). I therefore choose a Beverton-Holt
spawner-recruit function for the remaining analysis, and modelled the relationship

between the spawning biomass in year ¢, Sy, and R, as:

aS

Z

R=—
14 (@S,R,) G.2)

Here, o is the slope at the origin, and in the deterministic model is the maximum
annual reproductive rate which occurs at low population sizes (Myers et al. 1999) and Ry
is the asymptotic recruitment level, which is the carrying capacity expressed as the

number of fish that survive to age-3.

5.2.4 The Recruit-Spawner Relationship

I modelled the rate at which recruits produce spawners (the inverse of the
replacement line) using a spawning biomass per reémit (SPR =) calculation (Mace 1994)
that I have adapted for alewife life history:

SPR,., = Z S8 w.

Grec

where 8§, is given by:

S8, =p,
8S, =SS, + (1—my)e " m,
S8, = 8S,e™ +(1—m)1-m,)e """ m, (5.3)

88, = 886 4 (1—my)(1-m)1—my)e” " m,

S8, =88, 1€ + (1= p L= po)(l=p,, e T

hax Dinax
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Table 5.2. Comparison of the fit of the Beverton-Holt and Ricker spawner-recruit
for eight alewife populations. The models are Beverton-Holt: R =aS/(1+S5/K)

and Ricker: R =aS exp(—BS), where § is the spawner biomass (kg) and R is the
number of age-3 recruits. Parameter estimates were obtained using maximum

likelihood assuming a lognormal error distribution. Fits are evaluated by

comparison of the log likelihoods.

Beverton-Holt Ricker
Population o K log like. o B log like.
Annaquatucket River 835.7 257.5  -589.8 62.3 5.85e-5 -597.5
Damariscotta River 52.4 56,603.8 -509.8 43.7 7.31e-6 -510.3
Lamprey River 56.1 1,0664  -146.2 364 1.89¢-4 -150.1
Mactaquac Headpond 357 62,562.0  -300.6 133 1.47e-6 -302.4
Gaspereau River 9.1 16,271.2  -1583 46.8 1.17e-5 -159.2
Long Pond >10e4 <1.0 -64.9 68.1 2.39¢-4 -67.8
Margaree River 73.9 93,6023  -210.1 35.8 4.91e-5 -210.5
Miramichi River >10e4 <1.0  -232.5 30.2 1.30e-6 -232.6
sum= -2212.6 sum= -2230.8
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Here, a is the age of the fish, M, and M, are the instantaneous mortality rates for
immature and mature fish, m, is the probability that an immature fish that is alive at age a
will mature at that age, and w, is the age-specific weight. Note that this model can be
used to calculate SPR-based reference points (Mace and Sissenwine 1993) by changing
the mortality rates to include fishing mortality. Values used in this calculation of SPRz
are shown in Table 5.3, and are calculated from the life history model output (Chapter 2)
for the Margaree River, Miramichi River, Gaspereau River and Mactaquac Headpond. In
the absence of fishing mortality, one age-3 recruit in the Gaspereau River population can
produce 0.360 kg of spawner biomass throughout its life. This value is similar to the
value for the Mactaquac Headpond population (0.353 kg), but lower than the SPRy
values for the Gulf of St. Lawrence populations (Margaree River: 0.652 kg; Miramichi
River: 0.584 kg). I used the mean of the Gaspereau River and Mactaquac Headpond

SPRy=q values for the other four stocks on the basis of geographic proximity.

5.2.5 Data Standardizations

The eight spawner-recruit time series are not directly comparable for two reasons.
First, the sizes of the spawning and nursery areas, and hence the quantity of habitat, differ
between the eight populations. I therefore standardized both the spawner and recruit time
series for each population by dividing by the amount of the nursery habitat in each
watershed. This standardization allows the productivity of different populations to be
compared on a per unit area basis. Second, the rate at which recruits produce spawners
differs among populations, which implies that the size the spawning run that would result

from identical numbers of age-3 recruits also differs among populations. A second
standardization corrects for this problem. I defined E[ as the spawner biomass per unit
area of nursery habitat that is produced by members of year class ¢ throughout their lives
in the absence of anthropogenic mortality, calculated as R, = R, - SPR,_, . After this

standardization, the slope of the replacement line is one for all populations, all
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Table 5.3. Values used for calculation of SPRz—¢. The weights-at-age are taken
from the Margaree River population. Maturity probabilities (#,) are calculated

from the life history model output for the Margaree River, Gaspereau River,
Miramichi River, and Mactaquac Headpond.

Age (yr)

3 4 5 6 7 8 o+

Weight (g): 213 267 312 351 394 415 441
Margaree River m,: 0.52 097 0.94 1 1 1 1
Miramichi River my: 037 091 0.83 1 1 1 1
Mactaquac Headpond m,: 0.06  0.49 0.93 1 1 1 1
Gaspereau River m,: 0.01  0.53 0.98 1 1 1 1
Mjuv 0.4 0.4 0.4 0.4 - - -

Magun 1.0 1.0 1.0 1.0 1.0 1.0 1.0
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differences in the population dynamics are in the spawner-recruit portion of the model,

and data and parameter estimates are directly comparable among populations.
In the spawner-recruit model, I denote the standardized parameters as & and ﬁo ;

& is now the maximum lifetime reproductive rate (Myers et al. 1999), and is the number
of offspring (that survive to subsequently spawn) produced by a fish throughout its
lifetime at low population sizes in the absence of anthropogenic mortality. As such, it is

the biological limit for fishing and other sources of anthropogenic mortality. IN{O is the

carrying capacity (the size the spawning run in the absence of anthropogenic mortality)

per unit area of nursery habitat.

5.2.6 The Statistical Models
I used this framework to set up the statistical model. Assume data are available

for several alewife populations, and for each population i, there are n; observations of the

form (S, I?,.j ), j=1...n,. These observations are modelled as:
iy &iSi' &
Rii = ———:————J—,:——e v (54)
T 1+aS, /R,

where o, >0, ﬁai >0 and ¢, ~ N (O,Giz). As specified, error variance differs among
populations, and errors are multiplicative. Taking the natural logarithms of both sides
yields:
log R, =log(&,) +log(S;) —1og(1+%) +g. (5.5)
0i
Let logd. =a+5, and logR,; =c+d,; then:

expla+5,)S; ) e

exp(c+d,) (5-6)

logR, =a+b, +log(S;)~log(l +(

I fit this model under two assumptions about a, b;, ¢ and d,. First [ treated a, b;, ¢

and d; as fixed effects. This is the equivalent to fitting to each spawner-recruit series
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individually, and does not take advantage of similarities between model parameters

among populations of a taxonomic group. The second method takes advantage of these
similarities. I assumed that log@, and log ﬁo;‘ are normally distributed random variables
and fit the model treating a and ¢ as fixed, and b; and d; as random effects. Here, a and ¢
are the means of loga, and log ﬁm respectively, and b; and d; are the random deviates

for each population, such that:
b, \iid 0) (o 0
~N ,
d, 0)1l0 o%)|. (5.7)

Note that when estimated using this model, &, and IN{OI. are the median maximum lifetime

reproductive rates and median carrying capacities.

I used a sigmoidal Beverton-Holt model (Thompson 1993) to look for evidence of
depensation:

~ a8 .

. A (5.8)
T o1+as) IRy,

Here, a value of & >1 gives a depensatory model, & =1 is the original Beverton-Holt
model, and & <1 is a model with a sharper bend than the Beverton-Holt. I fit this model
to the data for each stock individually, and to all stocks simultaneously using a mixed
effects model as above.

The mixed effects model is an alternative to the hierarchical Bayes approach that
does not require the specification of a joint prior distribution for the fixed effects and
variance components. Estimates are obtained using maximum likelihood, and are
identical to empirical Bayes estimates, in that the priors are obtained from the data (often
referred to as MLLE priors). As such, they can be used as priors for Bayesian analyses of
population dynamics for stocks where little data exists about the stock under investigation

(see Chapter 6). Here, I obtain estimates for the models using the approximate maximum
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likelihood algorithm of Lindstrom and Bates (1990), using the S-Plus nonlinear mixed
effects library of Pinheirc and Bates (1999).

5.3 Results

Figures 5.1 and 5.2 show two views of the data and fitted models for each
population. The Lamprey River data shows little scatter around the fitted models (Figure
5.1), although the other populations show considerable variability about the model. For
populations such as the Miramichi River, Mactaquac Headpond, and Long Pond, the
slope at the origin for the individual models is very steep (unrealistically), suggesting
almost no relationship between spawner abundance and recruitment (Figure 5.1). The
mixed model provides much lower slopes at the origin for these populations. Figure 5.2 is
similar to Figure 5.1, but shows the data for each population on the same scale. For the
five populations where the maximum observed spawner abundance exceeds 10 t/km’, the
patterns are very similar, and the carrying capacity ranges from 27 to 86 t/km”. Two of
the other populations, the Mactaquac Headpond and Long Pond are distinctly dissimilar
from the other populations, and their maximum observed spawner abundance is very low
in comparison with the others populations. These populations resulted by providing
access to impoundments. The data for Long Pond was collected during the first few years
of re-colonisation, and escapement is controlled at the Mactaguac Headpond. The eighth
population, the Gaspereau River, is impacted by fishing and hydro-electric development
and spawner abundances are low relative to not only to the other populations, but also to
the estimated carrying capacity for that watershed.

Figure 5.3 is a meta-analytic summary of the individual fits for each population
and the mixed model results for alewife at the species level. The raindrop plots
{Barrowman 2000) for each population (light grey shaded region) show the profile
likelihood for each parameter, the width of which can be used to gauge the relative
plausibility of different values. When estimated for each stock individually, the

maximum lifetime reproductive rate was well determined for only two of the eight
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populations. The lower bounds of the confidence intervals are determined for the other
populations, but no upper limit can be determined from the data, as shown by the ramped
profiles. For the Long Pond and Miramichi River populations, the estimates of the
maximum lifetime reproductive rates are essentially infinite. Note that for stocks where
the likelihoods are not approximately normal, the conventional, symmetric 95%
confidence intervals are not adequate approximations of the uncertainty of the estimates.
Overall, the individual datasets contained more information about the habitat carrying
capacity than the maximum lifetime reproductive rate, although carrying capacities
varied widely between populations (Figure 5.3).

I estimated random effects distributions two ways: using the data from all eight
alewife populations and using all data excluding the Mactaquac Headpond. The results
are sensitive to whether or not these data are included. When all data are used, the mixed

model random effects distribution for logd has a mean of 3.03 and a standard deviation
of 0.1, suggesting that at low abundance and in the absence of anthropogenic mortality,
alewives can produce about 20.6 replacement spawners throughout their lives. When the
Mactaquac Headpond data is excluded, the random effects distribution for logdl mean of
2.96 and a standard deviation of 0.1, suggesting a median maximum lifetime reproductive

rate of 19.2 replacement spawners per spawner. When all data are used, the mixed model
random effects distribution for log INIO has a mean of 3.35 and a standard deviation of

1.06. The median habitat carrying capacity for alewife populations (in terms of the
biomass of fish in the spawning run) is therefore 28.5 t/km?, or assuming a mean weight

of 0.23kg/fish, about 124,000 fish/km®. When the Mactaquac Headpond data are
excluded, the random effects distribution for logR, has a mean of 3.94 and standard

deviation of 0.42. These estimates suggest a median carrying capacity of about 51 t/km?
of nursery area.
The estimates of the maximum lifetime reproductive rate for the individual stocks

resulting from the mixed effects model showed considerably less variability than those
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from the individual fits (Figure 5.4). Because the habitat carrying capacities were better
determined by the individual fits than the maximum reproductive, their variability
showed less "shrinkage" when estimated with the mixed model than did the maximum
reproductive rates (Figure 5.4). Median habitat carrying capacity ranged from a low of
3.0 t/km” for the Long Pond population to 86.1 t/km? for Lamprey River.

I did not find evidence of depensation in these datasets at the observed levels of
abundance. Five of the eight data sets contain little or no information about depensation
(Figure 5.5), and for two of the remaining data sets, the depensation parameter was very
close to one. The mixed effects model median (0.66) is not significantly different from

one (Figure 5.5).

5.4 Discussion

This analysis of the population dynamics of anadromous alewife has uncovered a
number of interesting factors about the biology of this species and shows how
information about a single population can be evaluated using meta-analysis. Even if one
ignores the modelling, when the data for several populations are simply standardized and
plotied on the same scale (Figure 5.2), patterns become evident and populations that are
different are easily identified. For example, looking only at the plot for the Mactaquac
Headpond in Figure 5.1, one sees a plot that is similar to many other spawner-recruit
plots for other populations and species: there is scatter around the fitted spawner-recruit
relationship and what looks to be a reasonable range of spawner abundances relative to
the predicted equilibrium abundance. Parameter estimates can be obtained for this stock
based on an individual fit, which exemplifies the traditional approach to spawner-recruit
modelling. However, when the data are standardized and plotted in a way that they can be
compared to other populations (Figure 5.2), it is immediately apparent that either this
population, or its data, is different from the five populations where the range of observed
spawner abundances is larger. For populations such as the Mactaquac Headpond, where

the spawner abundance is low relative to the other populations, carrying capacity is
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Figure 5.1. Spawner-recruit relationships for § alewife populations, plotted on
different scales to show the variability around the fitted models for each

population. The scale on the right is the number of age-3 recruits produced in

each cohort. The scale on the left shows the number of subsequent spawners that
would be produced by these recruits in the absence of anthropogenic mortality.

The solid line is the spawner-recruit relationship obtained for each population
individually, the dashed line is the spawner-recruit relationship for each stock
from the mixed-effects model, and the dotted line is the replacement line.
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Figure 5.3. A meta-analytic summary of the maximum lifetime reproductive rate
(alpha) and the habitat carrying capacity for eight alewife populations. The light
grey shaded regions are individual fits that depict the profile likelihood for each
parameter, truncated to show the 95% confidence interval. The profile is used to
gauge the relative plausibility of different values (wider is more plausible). The
black dot is the maximum likelihood estimate for each parameter. Convergence of
the nonlinear least squares algorithm was not obtained for the Miramichi and
Long Pond stocks. Where convergence was obtained, approximate asymptotic
95% confidence intervals are shown (black line). The dark grey shaded regions
show summaries of the mixed model results. The "mixed model mean" represents
the estimated mean of the logarithm of each parameter with a 95% confidence
interval. The "mixed model estimated random effects distribution” is the normal
distribution for the logarithm of each parameter based on its mean and variance
estimated with the mixed effects model.
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Figure 5.4. A comparison of the estimates of the maximum lifetime reproductive

rate and the habitat carrying capacity obtained from individual regressions on
each alewife population and the empirical Bayes estimates obtained from the

mixed model.
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Figure 5.5. A meta-analytic summary of the depensation parameter for eight
alewife populations (see Figure 5.3 for details). A value of the depensation
parameter greater than one is evidence of depensation, a value equal to one
returns the Beverton-Holt model, whereas a value less than one suggests a model
with a sharper bend than the Beverton-Holt may be appropriate. Data for five of
the populations contain little or no information about depensation when analysed
individually.
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probably being underestimated. This is not evident from an individual graph such as that
shown in Figure 5.1. For these populations, spawner abundance would need to be
increased to confirm whether the range of data is insufficient to accurately estimate
spawner-recruit parameters, or whether the population is indeed different from other
alewife populations. The experimental manipulation of spawner abundance to meet data
requirements for management, has been strongly advocated (Walters 1986), and artificial
reservoirs where spawner escapement is already controlled provide the ideal location for
this kind of experimentation. However, this active approach to fisheries management has
proven difficult to implement in practice (Jessop 1990a).

One of the most interesting factors to come out of this analysis is the relative
constancy of the maximum lifetime reproductive rate of alewife among populations.
When analysed individually, the maximum lifetime reproductive rate was well
determined for only two of the eight populations. The maximum likelihood estimates for
the other six populations were highly variable, had wide confidence intervals, and for the
Long Pond and Miramichi River populations, were biologically unrealistic. When
estimated using the mixed effects model, the variability among populations was greatly
reduced, and realistic estimates were obtained for all populations.

The estimate of the maximum lifetime reproductive rate for alewife (19.3) is near
the upper end of the range observed for other species. In a meta-analysis of 239 fish
populations, Myers et al. (1999) found that the maximum lifetime reproductive rate of a
fish species ranged from about 2 to 25. These results are not directly comparable because
Myers et al. (1999) used a Ricker model for their analysis, which produces estimates of
the maximum reproductive rate that are lower than those of the Beverton-Holt model
(Myers et al. 1999). While the Beverton-Holt model provided a better fit to alewife data
than the Ricker model, these results are not precautionary with respect to model selection
because the estimated maximum reproductive rates are higher from the Beverton-Holt

model. While my estimate of the maximum lifetime reproductive rate may be high
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relative to other species, these results confirm that recruitment is related to spawner
abundance in alewife, and that spawner abundance targets must be met to ensure
adequate recruitment in this species.

When estimated using the mixed effects model, habitat carrying capacity still
varied by a factor of about 25 times. This variability is similar to that determined for
Atlantic cod, Gadus morhua, of more than 20 times (Myers et al. 2001) and coho salmon,
Onchorhynchus kisutch, of about 10 times (Barrowman et al. 2003). However, as
discussed above, I cannot discount the possibility that some of this variability may result
from the carrying capacity being underestimated for some populations.

I did not find evidence of depensation in the data I examined. I was only able to
estimate the depensation parameter for two of the eight populations I examined. These
results, together with those of the mixed effects model, suggest that the use of purely
compensatory models is appropriate for alewife. However, this finding may also reflect
the limits of the data. Given that the slope at the origin is not well determined in several
of the datasets, detection of an inflection point in the spawner-recruit relationship near the
origin is not very feasible for these populations. A precautionary approach to the
application of this result is therefore recommended.

The meta-analysis of the dynamics of fish stocks can be readily extended to the
estimation of biclogical reference points or other management parameters and provides a
basis to evaluate the plausibility of the resulting estimates. Mixed effects models, such as
those used in this analysis provide probability distributions for model parameters that can
be incorporated into the assessment process using Bayesian methods. When information
about a population under study is compared with as many similar populations as possible,
the resulting analysis and conclusions about the population under study are considerably

enhanced.



RATES FROM NOISY

CHAPTER 6. REFERENCE FISHING MORTALITY
SPAWNER-RECRUIT DATA

6.1 Introduction

Biological reference points (BRP's) are indices based on the biological
characteristics of a fish stock and the characteristics of its fishery. They are used to gauge
whether specific management objectives are being achieved and provide both the link
between stock assessment and management objectives (Caddy and Mahon 1995), and a
basis for risk analysis of management actions (Punt and Hilborn 1997). Fishery reference
points play a central role in the implementation of the precautionary approach advocated
in initiatives such as the UN Straddling Fish Stocks and Highly Migratory Fish Stocks
Agreement (Richards and Maguire 1998).

As the use of biological reference points becomes more prevalent in fisheries
management, assessment of the precision of BRP estimates and development of methods
that incorporate uncertainty into BRP estimation become more crucial (Caddy and
McGarvey 1996; Overholtz 1999; Richards and Maguire 1998; Brodziak 2002). When
the uncertainties surrounding the parameters used to calculate BRP's are explicitly
included, "optimal" harvest policies may differ markedly from policies based on the best
point estimates of these parameters (Ludwig and Walters 1982; Thompson 1992; Walters
and Pearse 1996).

The most important source of uncertainty in estimating the long-term productivity
of a fishery is the degree of density-dependence in the spawner-recruit (SR) relationship
(Getz et al. 1987, Myers et al. 1999). However, many SR data sets contain only limited
information about SR parameters for the population of interest (Myers et al. 1999). When
estimated using only data from an individual population, SR parameter estimates are at
times biologically implausible (e.g. estimates of the maximum rate at which spawners
produce recruits that are infinite), or are poorly determined by the data (Barrowman and

Myers 2000, Bradford et al. 2000, this thesis). Despite this uncertainty, the maximum
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likelihood estimates (MLE) of the SR parameters are often taken to be the "best”
estimates and used to calculate the fishing mortality rate that produces maximum
sustainable yield (F)).

Several methods have been proposed to deal with uncertainty in the SR
relationship, including methods that do not require a specification of the functional form
of the SR model, methods that explicitly include uncertainty in the SR parameter
estimates or model choice, and reference points that do not include an SR component. For
example, the reference fishing mortality rate Fy, is the fishing mortality rate that reduces
the spawning biomass per recruit (SPR) to x% its unfished level (Goodyear 1977,
Shepherd 1982, Gabriel et al. 1989, Mace and Sissenwine 1993, Rochet 2002). This
reference point is based on the premise of protecting spawning biomass, but does not
require an SR relationship for its estimation. However, the selection of an appropriate
value of x is problematic, and may be obtained only with reference to the productivity of
a population (the SR relationship) or based on experience (Mace and Sissenwine 1993,
Mace 1994, Clark 2002). Reference points based on yield per recruit (YPR) analyses
(Beverton and Holt 1957) may also require adjustment based on stock productivity.
Experience has shown that 7, the fishing mortality rate that maximizes the yield per
recruit within a cohort, advocated fishing mortality rates that were too high. As a result,
the reference point | (Gulland and Boerema 1973), which is the fishing mortality rate
where the marginal gain in yield per recruit is an arbitrary 10% of that at the origin, is
now more widely used. In conclusion, while reference points that do not explicitly
include the reproductive capacity of the stock exist, most have one thing in common: the
appropriate reference I values are chosen somewhat arbitrarily based on either
experience with the stock or by comparison with Fq,.

Reference points that include the reproductive capacity of a population may be
estimated within specification of a functional SR relationship. Getz and Swartzman
(1981) used a stock- recruitment Markov transition matrix, first described by Walters

(1975), to estimate the fishing effort that maximized yield without specification of the
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functional relationship between spawning biomass and recruitment. Evans and Rice
(1988) compared methods predicting recruitment using both a functional relationship and
algorithms that did not require specification of the relationship and parameter estimation
methods worked best in cases where the true functional form was known, but did not
believe that the exact form of the real SR relationship could be known. Sissenwine and
Shepherd (1987) proposed a reference point, F.,, that is the fishing mortality rate that
produces a replacement line with a slope that equals the average survival ratio (or median
survival ratio, in which case it is referred to asiFmed). It is the level of fishing mortality
where recruitment has been more than sufficient to balance losses to fishing mortality in
half the observed years (Jakobsen 1993). While Fieq does not require estimates of the SR
parameters, it is particularly sensitive to the range of observed spawner abundances, and
is not conservative for a population that has been overexploited throughout the time
period for which data are available (Jakobsen 1993, Quinn and Deriso 1999).

Bayesian and decision theoretic methods have been used to explicitly include
parameter uncertainty in reference point estimation models. Clark (1991) suggested that a
production-based reference fishing mortality rate could be estimated without knowledge
of the true SR model by finding the fishing mortality rate that maximizes the minimum
yield (Fymy) over two SR models and a range of model parameters. Thompson (1992)
provided an analytical solution to the problem of addressing uncertainty for single SR
parameter. [anelli and Heifetz (1995) integrated over the likelihood surface for two SR
parameters to obtain the marginal probability density for the slope at the origin of the SR
relationship while treating the other SR parameter as a nuisance parameter. lanelli and
Heifetz do not directly calculate a reference F from the marginal probability density for
the slope at the origin, although their method does directly incorporate uncertainty in this
parameter into their risk assessment. Chen and Holtby (2002) used the marginal
probability density for the SR slope at the origin to estimate the probability density for
F sy This approach has the advantage that uncertainty in the half saturation constant is

explicitly included and that the marginal probability density for o can be used to assess
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the precision of the resulting reference F. Its disadvantage is that all possible values of
the SR parameters are considered equally favourable. If some points in the SR parameter
space produce equilibrium yields at MSY that are higher than at other points, these points
may be considered more favourable. A decision theoretic approach to estimating a
reference point combines the probability for the model parameters with management
objective criteria such as maximizing yield (Frederick and Peterman 1995). Brodziak
(2002) used a decision theoretic approach to estimate a reference F that maximizes the
expectation of the yield over two SR models (the Ricker and Beverton-Holt) and three
values of the maximum reproductive rate for each model. This reference point, Fraxeyy,
is analogous to Fi,,y with the exception that uncertainty in the SR parameters is included
in its estimation.

A major problem with reference point estimation based on SR analyses is that the
long SR time series spanning a range of stock sizes required for the analyses are simply
unavailable for many populations (Caddy and Mahon 1995, Myers and Mertz 1998a).
Drawing upon the idea that populations of the same species (or closely related species)
share similar life history strategies, meta-analytic methods have been developed that
allow SR parameter estimates from several populations to be combined (Myers and Mertz
1998b, Myers et al. 1999, Myers et al. 2001, Myers et al. 2002). The mixed effects
models used in these analyses are an alternative to a fully Bayesian approach. Estimates
are obtained using maximum likelihood, and are identical to empirical Bayes estimates
(Efron 1996), in that the priors are obtained from the data (often referred to as MLE
priors). The analyses provide probability distributions for the parameter estimates at some
higher organizational level, such as the species. These may be used as priors for Bayesian
analyses (Hilborn and Walters 1992, Carlin and Louis 1996) of population dynamics for
stocks where little or no data exist about the stock under investigation. When these priors
are combined with data for the population of interest, the resulting Bayes posterior
distribution for the population-specific SR parameters include information about the

population under investigation as well as information based on experience with similar
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populations. The posterior distribution can then be used to estimate a reference F, using
either its mode (analogous to the MLE of F,,, from single species data), the marginal
distribution for the slope at the origin, or by finding the fishing mortality rate that
maximizes the expectation of the catch over the posterior distribution for the SR
parameters.

In summary, fisheries biologists have several options for estimating a reference /'
depending upon the available data (Table 6.1). In the absence of sufficient data for a
production model, the researcher may choose to use an alternative reference point (e.g.
Fy), or may use a decision theoretic approach by assuming all parameter values within
some bounds are equally plausible. When the researcher has sufficient population specific
data for a production model, other alternatives are available. The researcher may
calculate F, using either the maximum likelihood estimates of the SR parameters or the
mode of the marginal probability distribution for slope at the origin (I will refer to this
reference point as F, to distinguish it from the MLE-based estimate of F.)
Alternatively, the researcher may use a decision theoretic approach such as finding the
fishing mortality rate that maximizes the expectation of the catch based on the likelihood
surface for the SR parameters. If the researcher does not have population specific SR
data, but has priors for the SR parameters obtained from other populations, reference
fishing mortality rates may be found in similar ways. The researcher may estimate a
reference F using either the mode of the joint prior distribution for the SR parameters, the
mode of the marginal probability distribution for the maximum reproductive rate, or by
finding the fishing mortality rate that maximizes the expectation of the yield given the
joint prior distribution for the SR parameters. Finally, when both population specific data
and data from other populations are available, the joint posterior distributions for the SR
parameters may be obtained and used to estimate a reference F. In the following sections,
I apply these methods, and address the question of which is best for estimating a

reference fishing mortality rate.
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6.2 Estimating Reference Fishing Mortality Rates

In this section, I review and compare three methods of estimating reference F's
when only population specific data is available. I use data from two anadromous alewife,
Alosa pseudoharengus, populations as examples: the Gaspereau River, NS, and
Miramichi River, NB. Both populations are exploited commercially as they ascend their
natal rivers to spawn (DFO 2001). Descriptions of the fisheries and data collection are
provided by Chaput and Atkinson (2001) and Gibson and Myers (2001). The SR time
series, maturity rates and natural mortality rates for these populations were estimated in

Chapter 2.

6.2.1 Estimating Fgy

F sy may be estimated using surplus production models, spawner-recruit models
for semelparous species, delay difference models, and age-structured production models
(Quinn and Deriso 1992). Here, [ estimate F,,, using a production model for alewife
consisting of three parts: a spawner-recruit relationship, a spawning biomass per recruit
model, and a yield per recruit model. In chapter 5, I showed that the Beverton-Holt SR
model provided a consistently better fit to alewife spawner-recruit data than did the
Ricker model. The Beverton-Holt spawner-recruit model gives the number of recruits
(defined here as the number of offspring that survive to age-3) in year t+3, Ri43,as 2
function of the spawning biomass in year ¢, SSB;:

aSSB
=15 (@SSBIRY ¢4
Here, o is the slope at the origin and in the deterministic model is the maximum rate at
which spawners can produce recruits at low population sizes (Myers et al. 1999). Ry is the
asymptotic recruitment level, and is the limit approached by R, as SSB, approaches
infinity (note that the Beverton-Holt model is often written in terms of the half saturation

constant, K, which is related to Ry by: R, = oK ). Parameter estimates may be obtained
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using maximum likelihood assuming a lognormal error structure (Hilborn and Walters
1992, Myers et al. 1995). Denoting the Beverton-Holt spawner-recruit function as
2(SSB)), the log-likelihood is given by:

2
(a,Ry,0)=-nlogo/2r - logR, - 2;2 Zlog[g( ;23 )) (6.2)

where SSB; and R; are the observed spawner biomass and recruitment data, o is the
standard deviation of a normal distribution prior to exponentiation and # is the number of
paired SR observations.

The second model component is the SPR model which gives the rate at which
recruits produce spawners as a function of fishing mortality (Shepherd 1982, Mace and
Sissenwine 1993, Mace 1994). For in-river alewife fisheries, this is:

SPR. = SS,w,e "

Arec

where SS, isgiven by :

88, =m,

SS, = SS3e_(MW+F) +(1-m, ye " m,

58, = 88,e M) 4 (1=my)(1—m, e m, (6.3)

S8, = 88, M 4 (1= m)(1 = m, )1 —mg)e™M " m,

SS = SSamax_le*(M“du/l ) + (1 - m3 )(1 - m4 )- » -(1 - ma"m -1 )e—(amax _3)}‘4”‘”‘/ "

D Fmax

Here, a is the age of the fish, m, is the probability that an immature fish that is alive at
age a will mature at that age, M*™" and M™ are as the instantaneous natural mortality
rates for adult and juvenile alewife respectively and w, is the weight at age. These values
are fixed constants in this analysis, although the decision theoretic methods presented

herein could be extended to include uncertainty in these parameters.
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For a given value of F, the spawning biomass produced by a given number of
recruits in year ¢ (throughout their lives) is SSB = SPR,. - R, . Equilibrium spawning
biomass and recruitment levels (denoted with asterisks) may be found by solving this

equation for R,, and substituting the result in the spawner-recruit model (Quinn and

Deriso 1999):

SSB*  oSSB*
= . (6.4)
&
SPR, |, aSSB
RO
The equilibrium spawning biomass (SSB*) is then:
SSB* = (©SPR, —1)R, (6.5)

a
and the equilibrium number of recruits (R*) is found by substituting SSB* in the spawner-
recruit model:

. oSSB*
R -—~1+&5SB*. (6.6)

RO

In-river alewife fishing seasons are typically relatively short (about a month) with
the majority of the catch being taken during a couple weeks. As a result, the effects of
natural and fishing mortality occurring concurrently can be ignored when estimating the
yield per recruit. The yield per recruit for a given F (YPRy) is thus found analogously to
the spawning biomass per recruit:

Qipax

YPR, = SS,w,(1-¢") . (6.7)
The equilibrium yield (Y*) is then R* multiplied by the yield per recruit for the given
value of F:

Y*=R*.YPR,. (6.8)

For a given o and Ry pair, ¥* can be calculated for each value in a set of /s, and

F sy can be found using a search over the set to find the fishing mortality where ¥* is
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maximized. If the maximum likelihood estimates of o and Ry are used, the maximum
likelihood estimate of F;, is obtained. This is the most common method of estimating
F sy, but does not include uncertainty in the SR parameters in the selection of a reference
F.

The data for both alewife populations show considerable variability about the
fitted SR model (Figure 6.1). For the Gaspereau River population, all observed SSB's are
low relative to the estimated equilibrium unfished spawner biomass, and all but three are

below SSB,.s- The SR parameter estimates (a =96.1, R, =1.6 million, o = 0.42) obtained

from these data appear biologically realistic, although given the limited range of the
observed spawner biomasses, at least the estimate of the asymptotic recruitment level is
questionable. The SSB's for the Miramichi alewife population have a greater range than
for the Gaspereau River, but the data exhibit greater variability about the fitted SR
relationship. The SR parameter estimates for this population

(a > 1billion, R, = 7.4million,o = 0.94) are biologically unrealistic: the estimate of «

exceeds the fecundity of the fish, and the parameter estimates suggest that a spawner
biomass of ten grams can produce half the recruitment of a spawner biomass of a million
kilograms. Estimates of F,gq (the fishing mortality rate that drives the population to
extinction) and F, from the Miramichi data exceed 5.0 suggesting that the population

cannot be overfished and are simply not believable.

6.2.2 Reference Point Uncertainty

These examples illustrate some of the problems that may be encountered when
deriving reference fishing mortality rates from noisy SR data. In the case of the
Miramichi River population, the SR parameter estimates and resulting reference points
are clearly unrealistic. Nonetheless, management advice often has to be provided when
only data of this type is available. Plausible estimates are obtained for the Gaspereau

River population, although they may be questionable given the limited range of the data.
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Figure 6.1. Beverton-Holt spawner-recruit models (solid line) and production
model reference points for the Miramichi River (bottom) and Gaspereau River
(top) alewife populations. The dashed line labelled "SPRF0" is the replacement
line in the absence of fishing mortality. The slope of the SR model at the origin
was essentially infinite for the Miramichi population, and reference points could
not be estimated for that population.
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The plausibility of an individual parameter estimate can be assessed by examining
its log profile likelihood (Davison and Hinkley 1997). The log profile likelihood for o,
¢ (a),1s

L ()= I%)a}yx o, Ry, 0). (6.9)

The maximum likelihood estimate for o occurs where £ (@) achieves its maximum

value. The plausibility of other possible values of o is evaluated by comparing their log
likelihoods with the maximized log likelihcod. A likelihood based 95% confidence
interval for o is:

{2l @)~ (@)]< 12 (0.95)}. (6.10)
The profile likelihood and the associated 95% confidence interval for Ry were found
similarly, and for F, by mapping from the profile likelihood for o to F, using the
production model.

The log profile likelihood for o for the Miramichi population is ramped: the
lower bound of the 95% confidence interval for o is determined, but the maximum
likelihood estimate and its upper bound are essentially infinite (Figure 6.2). For the
Gaspereau River population, the MLE of o and the lower bound of its 95% confidence

interval may be estimated, but /_(«) decreases only very slightly above the MLE. The

asymptotic recruitment level is better determined by the data although the upper and
lower 95% confidence limits differ by a factor of about 5 times. The pattern for F,, 1s
similar to that of o ; only the lower bound is determined by the data. Clearly, for data sets
similar to these, the MLE of the SR parameters and the associated estimates o‘f Frsy are

not good reference points for fishery management.
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Figure 6.2. Profile log likelihoods (solids lines) for (a) the maximum reproductive
rate, (b) the asymptotic recruitment level and (c) the fishing mortality rate at MSY
for the Gaspereau River (top) and Miramichi River (bottom) alewife populations.
The log likelihoods are standardized to a maximum of O by subtracting the
maximum log likelihood from each estimate. The intersections between the dotted
lines and the profile likelihoods show likelihood ratio based 95% confidence
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intervals for each parameter. Upper and lower bounds cannot be determined for
all populations. The contour plots (d) show the joint log likelihood surface for the
maximum reproductive rate and the asymptotic recruitment level. The black
square indicates the point at which the log likelihood is maximized (not available
for the Miramichi population). The contour interval is -1 moving away from this
point. The grey-shaded region shows the likelihood ratio based 95% confidence
region for the parameters.
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The log likelihood surfaces for o and Ry (Figure 6.2) provide a basis for
assessing the plausibility of pairs of parameter values. The surfaces for both the
Gaspereau River and Miramichi populations show an "L"-shaped ridge, along which the
likelihood changes only slightly. This implies that the probability of observing the data is
similar, given either low values of o and high values of Rg, or high values of o and low
values of Ry. One cannot choose between these scenarios on the basis of the data, and

these surfaces again show the considerable uncertainty associated with the MLE of F,,.

6.2.3 Incorporating SR Parameter Uncertainty when Estimating Reference F''s

For both the Miramichi and Gaspereau River alewife populations, there are
plausible values of o (not significantly different from the MLE of o ata 95%
confidence level) for which there is the possibility that the asymptotic recruitment level is
substantially higher than its MLE. The data therefore do not preclude the possibility of
larger recruitments, suggesting that the subsequent catch could potentially increase if the
fishing mortality rate was set below the MLE for F,,. The data also suggest that larger
recruitments are less plausible at the MLE for o than at lower values. An appropriate
reference fishing mortality rate should not preclude the possibility of achieving larger
catches, particularly if the reference rate is not signiﬁéanﬂy different from the MLE of
Fusy. In this section, I demonstrate the two alternative methods of deriving reference
fishing mortality rates that include SR parameter uncertainty: the use of the mode of the
marginal probability density for o to determine /4 and finding the fishing mortality
rate that maximizes the expectation of the catch, Fraxg[y)-

I begin by selecting a parameter space, 2, for the SR model with two

dimensions: a and Ry Any point in this parameter space may be viewed as a separate

hypothesis about the SR relationship for each population. I used a= as the

F=0
lower limit for a for each population. Below this limit, reproduction would not be

sufficient to offset natural mortality and the population would go extinct. I set the upper
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bound for o at 250. I used the 1% and 99" percentiles of the random effects distribution

of Ry derived in Chapter 5 for the bounds on R,. The joint Bayesian posterior distribution

is given by:
LR[S:aR) p@) pRy) g
(e k)| JJHRIS.R0) p(@): p(R.)dadR @10
0 otherwise

where L(R |S,a, R,) is the probability of observing the data for a given pair of parameter
values, and p(a ) and p(Ry) are the prior probabilities that are the probabilities for
alternative values for the parameters, before considering data for the population under
consideration. In this section, I assume uniform priors over the intervals above; more
informative priors are considered in a later section. The marginal probability distribution

for o is calculated from the posterior distribution as:
pla| pla, R,)) = [pla, R,)dR, (6.12)
The mode of the resulting probability density provides an alternative estimate of o that is

used to calculate Fyqr.

For a given F, the expectation of the equilibrium yield is given by:

E[y*(F)]= [[Y*(F,a.R,)p(a, R,)dR,de (6.13)

where Y *(F,a,R,) is the equilibrium yield as a function of the fishing mortality rate, o
and Ry, and p(a, R,) is the posterior density evaluated at oo and Rg. The fishing
mortality rate that maximizes the expectation of the yield is then:
Fracery = argmax E[Yy *(F)]- (6.14)
The estimates of Fuqre and Fraxgpy) are less than the estimates of F,, for both the

Gaspereau and Miramichi River alewife populations (Table 6.2). While the estimate of

F sy for the Miramichi River population was essentially infinite, plausible estimates of
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Farg and Fraxery) could be obtained. For the Gaspereau River population, the exploitation

rate corresponding to Fra, was 7% lower than that corresponding t0 Fy.

6.2.4 Comparison of Fyy, Fuare and Fraxery

Both Fuurg and Fraxgpy) provided estimates of reference fishing mortality rates that
were lower than F,, for Gaspereau River alewife. These reference points could also be
calculated for the Miramichi River population, for which the estimate of £, was
essentially infinite. Additionally, these reference points are intuitively appealing, because
uncertainty in the SR relationship is explicitly included in their estimation. In this section,
I compare the performance of these 3 reference points using a Monte Carlo simulation
model.

The simulation model is based on the production model used to estimate . I
ran simulations for 25 combinations of a (values: 10, 25, 50, 100, 250) and o (0.1, 0.3,
0.5, 0.7, 0.9). A constant K was used for all simulations. For each combination, 1
simulated 500 SR data sets, randomly choosing 20 spawner biomasses between zero and
the unfished equilibrium spawner biomass for each simulation. Recruitments were
assigned to each spawner biomass by randomly selecting a value from a lognormal

distribution with its mean determined by the SR function:

R =—;0§§—]i"—exp g.o*~9—-:— , where g, ~ N(0,1). (6.15)
"S558 T2 ’

The same random numbers were used for each set of 500 simulations to ensure that any
differences detected were not an artefact of the random number generation. The reference
pOints Fsy, Fmarg, and Fyaxgry) were calculated for each dataset as described in the
previous sections.

At low levels of recruitment variability, the three references points performed
similarly (Figure 6.3). However, both £ and Fraxg[y) consistently underestimated the

true F, at higher levels of o, whereas the MLE of F,;, was the least biased estimator of
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the true Fys,. However, the maximum likelihood estimate was the most variable
estimator, at times substantially overestimating or underestimating the true [7,,,. At
higher levels of o and o, Fruugy) had the least variability.

Do the benefits of least biasness outweigh the cost of high variability when
choosing a method of estimating a reference F? I addressed this question by comparing
the equilibrium yield, spawner biomass, yield per recruit and spawning biomass per
recruit that would result if the estimated reference F's were applied to a population with
the dynamics used to simulate the data. Using the case of o =50 and ¢ =0.9 as an
example, about 25% of the populations would be highly overexploited if fished at the
estimated MLE of F,,, and 13.4% of the populations would be fished to extinction at
this rate (Figure 6.4). None of the populations would be highly overexploited when fished
at Farg OF Frmaxgry (Figure 6.4). Differences in mean equilibrium yield, spawner biomass,
yield per recruit and spawning biomass per recruit resulting from the three reference /s
were small at low levels of recruitment variability, but increased as variability increased
(Figure 6.5). On average, F maxepy) produces higher yields than either F, or Fiqe while
maintaining spawner biomasses that are on average higher than F,,, but slightly lower
than Fiua-g (Figure 6.5). In the example of o =50 and o =0.9, the mean equilibrium catch
obtained using Fraxgpy) as a reference F exceeded the mean equilibrium catch obtained
using F, as a reference F by a factor of 1.19, while maintaining spawner biomasses that
were higher by a factor of 1.34. Fr,gpy; typically produced YPR values between those of
Frsy and Fqe, although these differences were small (Figure 6.5). Fiuare, the most

conservative reference point maintained the highest SPR levels.
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Figure 6.3. A summary of the simulation results comparing reference fishing
mortality rates estimated using maximum likelihood estimation (M.L.E.), the
mode of the marginal probability density (M.P.D.) and a decision theoretic model
(D.T.). The box plots show the distributions of the estimated reference fishing
mortality rates for 500 simulated SR datasets for each combination of the alpha
and sigma. The median value is indicated with a point and the grey shaded region
shows the inter-quartile range. The whiskers are drawn to the nearest value within
1.5 times the inter-quartile range. The dotted line gives the true F,,, for the
simulated dynamics.
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6.3 Including Information from Other Populations

The decision theoretic approach of maximizing the expectation of the catch is
easily extended to include information from other populations. I used the random effects
distribution for the log of the maximum lifetime reproductive rate and for the log of the
carrying capacity (this thesis, Chapter 5) to derive priors for the SR for o and Ro. These
priors contain the information about the distribution of these parameters at the species
level obtained by analyzing data from other alewife populations.

The resulting prior probability densities for o and Ry for alewife are shown
together with the likelihood surface for these parameters for Gaspereau River alewife in
Figure 6.6, providing a basis for assessing the plausibility of the estimates of o and Ry
for the Gaspereau River alewife population. The maximum likelihood estimate of o is
high relative to the mode of the prior for o at the species level, whereas the prior for Ro
suggests that I may be underestimating R, using only the population specific data. The
priors also suggest that the potentially very high asymptotic recruitment levels not
precluded by the data are not very plausible given the species level information.

During the estimation of Fiagpy) in the preceding section, uniform bounded priors
were assumed for p(a ) and p(R). The priors distributions for o and R, obtained from
the meta-analysis are more informative alternatives for p(a ) and p(Ry), and enter directly
into the estimation of Figpy) through the calculation of the Bayesian joint posterior

distribution, p(a,R,), shown in equation 13. When the informative priors are used, the

estimates of the exploitation rate corresponding to Fixgyy for Gaspereau River alewife
are reduced from 61% (uniform bounded prior) to 56% (Table 6.2). For the Miramichi
River population, the estimate is reduced from 68% to 53%. For both populations, the
prior for o has the greatest influence on the estimates of the reference F's. As a result the
estimates obtained using only the data from the other populations and using the combined

data are the same (Table 6.2).
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Figure 6.4. A summary of the simulation results for the maximum reproductive
rate of 50 and sigma=0.9. The solid line gives the known equilibrium yield, scaled
to a maximum of one, as a function of the exploitation rate. The box plots show
the distribution of the reference fishing mortality rates estimated from 500
simulated SR datasets using the three methods. For each method, the solid line is
the median value and the grey shaded region shows the inter-quartile range. The
whiskers are drawn to the nearest value within 1.5 times the inter-quartile range.
Points beyond these limits are plotted as points.
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Figure 6.5. The relationship between the mean equilibrium catch, mean spawner
abundance, mean spawning biomass per recruit, and mean yield per recruit for
three methods of estimating reference fishing mortality rates and the variability in
the SR data (sigma), based on 500 simulated SR datasets for each combination of
alpha and sigma. Mean equilibrium values were calculated by applying the
estimated reference fishing mortality rates for each dataset to the known dynamics
used to simulate the data. The dotted line shows equilibrium values that result
when the MLE of the maximum reproductive rate (alpha) is used to estimate F,,,
the dashed line shows the values that result when the mode of the marginal
probability is used to estimate a reference F (Fyuarg) and the solid line shows
equilibrium values obtained by fishing at the decision theoretic reference point

Fnaxg[Y)-
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Figure 6.6. A comparison of the joint log-likelihood surface (a,d) for the slope at
the origin and the asymptotic recruitment level with the random effects
distributions for the slope at the origin (b,e) and the asymptotic recruitment level
(c,f) for 2 alewife (4losa pseudoharengus) populations. The random effects
distributions are derived from a meta-analysis of eight alewife populations and
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depict the distribution of the spawner-recruit parameters for alewife at the species
level, and are scaled by the amount of nursery area available for these
populations. The black square in the log-likelihood surface shows the point where
the log-likelihood is maximized. The contour interval is -1 moving away from this
point. The grey-shaded region shows the likelthood ratio based 95% confidence
region for the parameters.
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Table 6.2. Reference exploitation rates for two alewife populations in the
Maritime Provinces, Canada, estimated using no SR data, population-specific SR
data or data from other populations. Estimates are obtained using either the mode
of joint likelihood or probability distributions (F,.), the marginal likelihood or
probability density for o (Fiag) or by finding the exploitation rate that

maximizes the expectation of the catch (Fraxg[v))-

Reference Point Gaspereau  Miramichi
River River
No Data:
Froaxppyy (uniform bounded probability surface) 0.61 0.63
Population-Specific Data Only:
Fsy (maximum likelihood estimate) 0.63 >(,99
Farg (mode of the marginal likelihood for o) 0.56 0.77
Fmaxepyy (Joint likelihood for o and Rp) 0.61 0.68
Data From Other Populations Only:
Fsy (mode of joint prior distribution for o and R) 0.56 0.53
Fonore (inode of the marginal probability density for 0.56 0.53
o based on the joint prior distribution)
Fraxgpyy (Joint prior distribution for o and Ry) 0.56 0.53
Combined Data:
F sy (mode of joint posterior distribution for o and Rp) 0.56 0.53
Fuare (mode of the marginal probability density for 0.56 0.53
o based on the joint posterior distribution)
Fmaxgry) (joint posterior distribution for oo and Ry) 0.56 0.53
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6.4 Discussion

Despite being embedded in the management objectives of many organizations and
countries (Quinn and Deriso 1999; Mace 2001), the concept of MSY has been the target
of much criticism {e.g., Larkin 1977, Sissenwine 1978; Mace 2001). These criticisms
typically fall into three categories: problems with its implementation, its appropriateness
as a management goal, and problems with its estimation (Punt and Smith 2001).
Implementation problems are not specific to MSY, but apply to any management
objective. In recent years, the role of MSY as a management objective has undergone a
shift as a result of the development of precautionary and ecosystem-based approaches to
fisheries management (Mace 2001). While the difficulty with the estimation of Fi,
remains a valid criticism of MSY, in this chapter I have demonstrated that better
reference fishing rates can be obtained by using the decision theoretic approach of
maximizing of the expected yield and by including data from other populations when
estimating a reference F.

When choosing any model-based reference point, an underlying mathematical
model that reflects the fish population dynamics is also selected. Caddy and Mahon
(1995) suggest that when selecting a reference point, rather than simply choosing the one
with the best theoretical underpinnings, a more appropriate criterion may be picking the
reference point that provides conservative advice under conditions of uncertainty. Francis
(1997) uses a similar appeal to the precautionary principle to accept the paradigm that
recruitment is related to spawner biomass. In my examples, although maximum
likelihood was the least biased of the methods examined here, it provided the highest
estimates for a reference F and lower average yields than the method of maximizing the
expected yield, particularly when the SR data are noisy. The method of maximizing the
expected yield is therefore more precautionary than the maximum likelihood method
from both a conservation perspective (lower fishing mortality rates and higher spawner

biomasses) and from that of maximizing yield.
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In my simulations, the fishing mortality rate that maximized the expectation of the
yield could be reasonably estimated from all datasets and showed much lower variability
than the maximum likelihood estimate of F,,. In the case of the Miramichi River
alewife, the MLE of F,,, was essentially infinite, whereas the exploitation rate that
maximized the expected yield was 0.68. This estimate is slightly higher than the average
exploitation rate at MSY for alewife (0.65) reported by Crecco and Gibson (1990), and is
within the range of values reported here in Chapter 7. However, using a life history based
simulation model, the latter authors found that an exploitation rate of about 0.40 for in
river alewife fisheries produced more than 90% of MSY, and suggested this to be a
reasonable limit given that no allowances were made for factors such as implementation
uncertainty. The inclusion of information from other populations through the use of
informative priors lowered the estimated reference F's to 0.53 for the Miramichi
population, providing a more conservative but reasonable reference F given the above
results. Additionally, I did not obtain infinite estimates of the reference F's obtained from
the mode of the marginal probability density or by maximization of the expected yield in
any of the 12,500 simulated datasets in this study, although the estimates of infinite
slopes at the origin (and the MLE of F,,) were obtained for many of the simulated
datasets. These results illustrate the problems with estimating F,,, using maximum
likelihood, indicate that reasonable reference F's may be obtained by maximizing the
expected yield even when the SR data exhibits considerable variability and shows that
inclusion of information from other populations can also improve the resulting estimates.

While maximization of the yield performed well in my simulations, caution is
warranted when using data with a limited spawner biomass range. For the Miramichi
River population, the exploitation rate that maximized the expectation of the yield from
the population-specific data was higher than when information from other populations
was included. As shown in Figure 6.6, R appears reasonably estimated for this
population, but is low in comparison with other populations. While it is possible that

Miramichi alewife have a higher maximum reproductive rate and lower carrying capacity
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than other alewife populations, a more precautionary explanation is that this result
reflects limitations of the data not overcome by maximizing the expected yield using only
the population specific-data. When SR data have a limited range of spawner biomasses,
R may appear reasonably well estimated when in fact the estimate only reflects the
average recruitment in the data series. This is the case with the Miramichi alewife data as
evidenced by the infinite estimate of the maximum rate that spawners produce recruits. In
these instances, the resulting reference F obtained by maximizing the expected yield may
still be high relative to the true F,,,,. Comparison with parameter estimates from similar
populations (e.g. Figure 6) provides a method to detect this problem. Alternatively, SR
data from several populations can be standardized so that it can be plotted on the same
scale. When this is done, populations with data that are dissimilar to other populations are
immediately evident (Myers et al. 2001; this thesis, Chapter 5). This method can also be
used to detect populations for data is insufficient to estimate R,.

At least in my examples, the method of maximizing the expectation of the yield
clearly outperformed the maximum likelihood method of estimating F,,. This finding
leads to the suggestion that model fitting criteria based on management objectives may
outperform those based solely on statistical criteria such as least biasness. However, in
my examples, reference F's obtained from the mode of the marginal probability for the
SR slope at the origin (F.) also produced higher average yields and spawner biomasses
than reference F's obtained by maximum likelihood even though the F,.. showed the
greatest bias. Also using simulations, Neilson and Lewy (2002) found that a Bayes
estimate of spawning biomass in an age-structured assessment model outperformed the
maximum likelihood estimate. In their example, the Bayes estimate showed less bias, but
was based on the posterior mean rather than the mode. Both these analyses demonstrate
the advantages of obtaining parameter estimates from the marginal probability density as
opposed to maximum likelihood.

One of the most striking outcomes of my analyses is the observation that when

F sy Was estimated from noisy SR data using maximum likelihood, a portion of the
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populations could be fished to extinction if the reference F was implemented. In 13.4% of
the o =50 and o =0.9 simulations, the estimate of /', exceeded the fishing mortality
rate that would drive the population to extinction, and would have serious consequences
for the population if used as a management target. In instances where the estimate of F,
is essentially infinite, the estimate is obviously wrong and would not be used as a basis
for management advice. The more serious problem occurs at low « 's when it may not be
obvious when the MLE of F,,, exceeds the productive capacity of the population. Based
on my simulations, this problem is alleviated by changing the optimization criteria for
estimating the reference F: none of the simulated populations would be fished at a rate
that cause extinction if fished at the rate obtained by maximizing the expectation of the
yield.

Monte Carlo simulations provide a decision theoretic method to evaluate
reference points or management plans (Clark et al. 1985, Francis 1993, Frederick and
Peterman 1995, Hilborn 2001). For example, Clark et al. (1985) showed how decision
theory could be used to choose optimal fishing mortality rates by maximizing the
expectation of the yield given variability about a mean recruitment, and a known slope at
the origin for the SR function. The expectation for a given F was approximated using
Monte Carlo simulation, and the optimal F selected using a grid search over F. Here, SR
parameter uncertainty is included via a probability surface, and I used the equilibrium
yield for each combination of o, Ry and F as a basis for evaluating the expectation of the
catch. Using the equilibrium yield eliminates the need for Monte Carlo simulations to
evaluate the expectation. This approach is useful for estimating BRP's for long term
objectives, but is not applicable for evaluating decisions based on shorter term objectives
such as recovery of an overexploited fishery (Overholtz et al. 1986, Rosenburg and
Brault 1991, Rosenburg and Brault 1993).

The use of meta-analysis is becoming more common in fisheries science (e.g.,
Harley and Myers 2001; Chen and Holtby 2002; Dorn 2002; Millar and Methot 2002).

For many species of fish, probability distributions for the maximum reproductive rate
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have been derived at the species and family levels (Myers et al. 1999), and for categories
based on life history strategies (Myers et al 2002). In this paper, I have shown how these
distributions can be used to evaluate reference points based on stock-specific analyses, to
place bounds on the range of plausible values for the SR parameters (see also Brodziak
2002), and be incorporated directly into reference point estimation. In my analyses, the
priors for o and Ry were much more informative than the data for either population, and
therefore dominated the reference point estimation procedure. In Chapter 5, 1 did not
preclude the possibility that the variance for o was underestimated in the analysis.
Increasing the variance on the prior for o without changing its mean decreases the
resulting reference F obtained by maximizing the expected yield.

The idea that reference points are more conservative when uncertainty is included
in their estimation is not new. Ludwig and Walters (1982) found that in an active
adaptive policy, inclusion of parameter uncertainty lead to higher target spawning
escapements, although lower escapements could also lead to higher long term yields if
they resulted in a reduction in parameter uncertainty. Walters and Pearse (1996)
concluded that uncertainty in stock size estimates would significantly lower allowable
catches as low-risk management policies are adopted. Decision theory provides a method
for incorporating uncertainty into the decision analysis through the use of a loss function.
Finding the fishing mortality rate that maximizes the expected yield provides a decision
theoretic reference point with a risk neutral loss function because the magnitude of the
equilibrium catch is used in its calculation. Risk adverse approaches may also be
implemented without substantial modifications to the method by weighting or
transforming the yield prior to maximizing the expected yield.

Both the Miramichi and Gaspereau River alewife populations have yield per
recruit relationships that are ramped (see Chapter 7). The method of maximizing the
expected yield given uncertainty in the SR parameters is most appropriate for fisheries
similar to the fisheries on these rivers (a non-selective fishery on fish that are relatively

full grown prior to recruiting to the fishery). For populations with a well determined F..x
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(typically a fishery that catches fish over a wider size range), assumptions about the
selectivity pattern, growth and survival will have greater influence on F, than in my
examples. If the uncertainly associated with these parameters is quantified, it can also be
included in when estimating a reference F using the method of maximizing the expected
yield.

In summary, the analyses presented herein indicate that using decision theoretic
methods that evaluate the quantities of interest, i.e. fishing mortality and yield,
outperform more indirect methods, i.e. using maximum likelihood estimates of SR
parameters to derive the fishing mortality rate that produces maximum sustainable yield.
The decision theoretic reference fishing mortality rate was more conservative, produced
higher yields and spawner biomasses a while reducing the probability of under- or over-
exploiting the population in comparison with the maximum likelihood estimate of Fy,.
Additionally, when data from other populations is available, they can be used either to
assess the plausibility of parameter estimates, or incorporated directly into the reference
point estimation process. In these ways, the use of fishery reference points as guide to

fishery management can be improved.



CHAPTER 7. BIOLOGICAL REFERENCE POINTS FOR ANADROMOUS
ALEWIFE (ALOSA PSEUDOHARENGUS) FISHE S IN THE MARITIME
PROVINCES

7.1 Introduction

Management strategies for anadromous alewife currently differ within the
Maritime Provinces. In the absence of stock specific biological and fisheries information,
the management objective is to maintain harvests at about their long-term mean levels
(DFO 2001). Where information is available, populations in the Gulf Fisheries
Management Region are managed on the basis that fishing mortality rates should not
exceed the natural mortality rates, based on a review of several reference points (Chaput
and Atkinson 1997). For the Margaree River, the instantaneous fishing mortality rate (£)
is targeted not to exceed 0.4 (Chaput et al. 2001), whereas on the Miramichi River, the
fishing mortality for alewife is targeted in the range of 0.4 to 0.5 (Chaput and Atkinson
2001). In the Scotia-Fundy Fisheries Management Region, exploitation rates (u) are
targeted not to exceed the average uy,, (0.65, corresponding to /= 1.0) calculated by
Crecco and Gibson (1990) for 9 alewife stocks. Whether the biology of the Gulf and
Scotia-Fundy stocks is sufficiently different to warrant these different management
strategies is unknown.

Here, my purpose is to evaluate reference points for alewife fisheries in the Gulf
and Scotia-Fundy regions through an analysis of the population dynamics of four alewife
populations in the Maritime Provinces. Two of these populations, spawn in watersheds
that flow into the Gulf of St. Lawrence (the Margaree River and Miramichi River
populations), and two spawn in watersheds that flow into the Bay of Fundy (the
Mactaquac Headpond and Gaspereau River populations).

Process variability (variability around the SR relationship and variability in
maturity schedules) can substantially alter the size of in-river spawning migrations from

year to year. In this chapter I use a Monte Carlo simulation model to evaluate the
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relationship between target fishing mortality rates and the performance of the fisheries
when stochastic variability is added to the recruitment process (Hilborn 2001).
Additionally, I compare simulations with stochastic variability in the maturity schedule
with simulations using constant maturity schedules to determine whether failure to

consider variability in age at maturity can lead to over-exploitation of these stocks.

7.2 Methods

7.2.1 Reference Point Estimation

I estimated reference points for the alewife populations using yield per recruit,
spawning biomass per recruit and production models, using the SR time series, maturity
schedules, exploitation rates and natural mortality rates estimated in Chapter 2 as a basis
for the analysis. Parameter values used for reference point estimation are provided in
Table 7.1. Weight-at-age vectors are provided in Table 7.2. Alewife in the Gulf of St.
Lawrence populations are larger at age than alewife in Bay of Fundy populations.

I estimated five reference points using the production model presented in Chapter
6. The equilibium spawning biomass in the absence of fishing, S5B,;, was estimated
directly from the production model. A spawning biomass of 20% SSB,, is sometimes
used as a minimum threshold population size (Beddington and Cooke 1983, Goodyear
1993). SSB;o0, was calculated as 20% the equilibrium spawner abundance in the absence
of fishing. Grid searches were used to find the fishing mortality rate that produces
maximum sustainable yield (F,,) the corresponding spawner biomass that produces
maximum sustainable yield (SSB,,,) and the fishing mortality rate that drives the
population to extinction (F,y). I estimated F,, by calculating C* for each value of 7, and
selecting the value where C* was maximized. S§By,, was the value of §* corresponding

to this fishing mortality rate. The equilibrium fishing mortality rate at which the
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Table 7.1. Parameter estimates obtained from the assessment and SR models that
were used as input parameters for the simulation models and to calculate
reference points.

Population
Gaspereau Margaree Miramichi Mactaquac
Parameter: River River River Headpond
SR Model:
o 96.10 73.88 >10,000' 32.79
Ro 1,563,665 6,915,954 7,400,447 2,296,051
16,217 93,603 <1 36,888
o 0.42 1.26 0.94 0.65
Assessment Model:
M 0.53 0.44 0.49 0.25°
) <0.01 <0.01 <0.01 <0.01
ms3 <0.01 0.52 0.37 0.06
my 0.53 0.97 0.91 0.49
ms 0.98 0.94 0.83 0.93
me 1.00 1.00 1.00 1.00
'73.88 usedin  %0.53 used in
simulations simulations
and BRP

calculations
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Table 7.2. Weight-at-age for 3 alewife populations in the Maritime Provinces.
Weights are the mean weights of alewife sampled between 1997 and 2000 in the
Gaspereau River and between 1970 and 1999 for the Mactaquac Headpond, and
the weights-at-age reported by Chaput et al. 2001 for the Margaree River. The
Miramichi weights-at-age were used for the Miramichi River population.

Weight (g)
Margaree Mactaquac Gaspereau
Age River Headpond River
2 185 - -
3 213 126 193
4 267 190 219
5 312 241 264
6 351 285 304
7 394 326 330
8 415 362 347
9 441 372 356
10 - 405 -
11 - 423 -
12 - 423 -




148

population goes extinct, 7, is determined by the slope of the SR relationship at the

origin o , and is the value of fwhere 1/SPR,_, =«.

Reference points from the spawning biomass per recruit (SPR) and yield per
recruit (YPR) analyses were also found using a grid search across a set of F's. I calculated
YPRy and SPRy for each value of F, and reference points were then estimated by
selecting the fishing mortality rate corresponding to the appropriate reference point
criterion. The yield per recruit reference point, £, was found by selecting the fishing
mortality rate where YPRf takes it largest value, and 7, was found by selecting the
fishing mortality rate where the marginal gain in yield was 10% that at F=0. The Fy9,
reference points were found by selecting the fishing mortality rate where the SPRr was
x% that of SPRr—. I estimated Feq, Frign and £, by calculating the slope of the
replacement line through each point in the SR time series, selecting the 10™, 50™ and 90™
percentiles of these slopes and selecting the fishing mortality rates that produce
replacement lines with these slopes from the SPRy vector. The decision-theoretic
reference point, Frax gy}, Was found using the methods described in Chapter 6. Finally,
reference points were calculated using the simulation model described below. These
reference points include the fishing mortality rates that maximize the mean catch
(Fimax.meany])> Maximize the median catch (Fimax.median[vy)> Obtain 90% the mean catch

(Fo0%meanry)) @nd obtain 90% the median catch (F90y median[y1)-

7.2.2 Effects of Variable Maturity on Reference Points for Alewife

The size of alewife spawning runs, and hence their availability to in river fishing
is a function not only of recruitment and survival, but also of their maturity schedules,
which can vary from year to year. A constant exploitation rate strategy, selected only on
the basis of recruitment and survival, could substantially reduce spawner abundance in
some years if maturity variability is a key determinant of run size. I investigated this

possibility using 2 Monte Carlo simulation model based on the analysis for the Margaree
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River. Random variability was introduced into the model through the recruitment
process, and simulations using constant and variable maturity schedules were compared
to determine whether variability in age at maturity affected the resulting reference points.

The model equations are:

B 2
R, = i“—‘?il—exp[gta - f-l} where & ~ N(0,1) (7.1)

1+ SSB, 2

Juv 1
Nt,a,O = Rt-a+3inae_M (o3 (1 - mj) (72)

=0
Ez,n,p =Nr,a,p(l_u1) (73)
Nr+1,a+1,p+1 = Et,a,pe—M“ : (74)
Ct,a,p = Nr,a,put (75)

C =35 N,,mu) (7.6)

SSB, =" > (E,,,W.) (1.7)

For each population, the parameters o, Ry, & were obtained from the SR model,
M and the mean maturity schedules, m,, from the assessment model. I did not find
evidence of autocorrelation in the residuals of the SR models for any of the populations,
and therefore treated the deviates around the SR relationship as uncorrelated. I mapped
the probability that a fish that is alive at age ¢ matures at age a to the real line using a

logistic transformation:

logit(m,) = log(l M j (7.8)
—m

For each cohort, logit(m,) was calculated for age classes 2 to 5, and the mean and
standard deviations of m, for each age class were calculated to describe the maturity

process. For simulations with variable maturity schedules, a random component was
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introduced on the logistic scale by drawing a random number from a normal distribution
with the mean and standard deviation above. This value was back-transformed to obtain
the random #1,:

_exp(logit(m, ) +¢,)
“ 1+exp(logit(m ) +¢,)

, where &, ~ N(0,var(logit(m,))) . (7.9)

To find the exploitation rate («) that produces maximum sustainable yield, I
carried out simulations for u's ranging from 0 to 0.99 at an increment of 0.01. I assumed
that the management strategy (fixed exploitation rate) was implemented without error.
For each u, I carried out 100 simulations with maturity schedules that were constant and
100 simulations with maturity schedules that were random. The same set of random
numbers was used for each exploitation rate and maturity schedule combination to ensure
that any differences were not an artefact of the random number selection. I started each
simulation at the equilibrium spawner biomass and age composition for the given

exploitation rate and projected the population for 50 years.

7.2.3 Simulation-Based Reference Points

I also used Monte Carlo simulations to examine the relationships between
exploitation rates, catch and spawning escapement for each population, under the
assumption of a fixed maturity schedule. Using the method above, for each simulation, 1
calculated the minimum, maximum, mean, median, standard deviation, and 10 through
90™ percentiles (increment of 10) of the catch and spawning escapement to summarize
the projection. I then used the mean of these summary statistics for each exploitation rate

to evaluate the effect of fishing at that rate on the population size and catch.

7.2.4 Relationship between turbine mortality and fishery reference points
I examined the relationship between juvenile and adult turbine mortality using

small modifications to the production model and input parameters for Gaspereau River
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alewife. I assumed that juvenile turbine mortality occurred after compensation within the
population. Given this assumption, the production of recruits (given by the SR
component of the model) is reduced in direct proportion to the rate of juvenile mortality.
Adult mortality is incorporated into the SPR component of the model after spawning and
before fishing the following year. Using this modified production model, I calculated

reference points of turbine mortality ranging from 0 to 100% at steps of 1%.

7.3 Results

7.3.1 Reference Point Estimation

Reference points for the 4 alewife populations are shown in Table 7.3. The fishing
mortality rate that maximized the yield per recruit, F,,., was greater than 3.0 for all
populations. Fyy; was ranged between 0.61 for the Margaree River population and 0.86
for the Mactaquac Headpond population.

Because of differences in the maturity schedules and weights -at-age, the
spawning biomass per recruit in the absence of fishing for the Gulf populations is almost
twice that of the Scotia-Fundy populations (Figure 7.1). However, the fishing mortality
rates that reduced spawning biomass per recruit to 35% the level without fishing
mortality was similar for all populations (range: 0.47 to 0.54). The reference points Fq,
Fhign and F,,, varied between populations (Table 7.3), potentially as a result of the
different ranges of spawner abundances for each population (Figure 7.2). Fj,, equalled
0.0 for three of the four populations, indicating that recruitment was insufficient for
replacement more than 10% of the time in these populations.

The fishing mortality rate that produces maximum sustainable yield, Fyy,
estimated from the production model using the maximum likelihood estimates (M.L.E.'s)
for a., ranged from 0.68 for the Mactaquac Headpond to >4.0 for the Miramichi River.
The fishing mortality rate that drives the population to extinction, F,,, ranged from 1.82
for the Mactaquac Headpond to >4.0 for the Miramichi River. The spawning biomass that
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Table 7.3. Biological reference points for the Margaree River, Gaspereau River
Miramichi River and Mactaquac Headpond alewife populations. Values in
brackets are the corresponding exploitation rates. Definitions of the reference
points are explained in the text.

Reference Margaree Gaspereau Miramichi Mactaquac
Theoretical Basis Point River River River Headpond
Yield/Recruit Fo, 0.61 (0.50) 0.86 (0.58) 0.76 (0.53) 0.76 (0.54)
Friax >3.0(>099 >3.0(0.99) >3.0(>0.99) >3.0(>0.99)
Spawner/Recruit Fise, 0.47 (0.37) 0.54 (0.42) 0.50 (0.39) 0.51 (0.40)
Fse, 0.67 (0.49) 0.77 (0.54) 0.71 (0.51) 0.72 (0.52)
Frea 0.86 (0.58) 1.12 (0.67) 0.79 (0.54) 0.42 (0.34)
Fhign 1.88 (0.85) 1.98 (0.86) 1.61 (0.80) 1.03 (0.64)
Flow 0.00 (0.00) 0.93 (0.60) 0.00 (0.00) 0.00 (0.00)
Production Model Feol 2.72 (0.93) 2.60(0.92) 4.61(>0.99) 1.82 (0.84)
Fsy 0.98 (0.62) 1.01(0.63)  4.61(>0.99) 0.68(0.41)
SSBsy 62231 85.81 4.1t 123.0t
SSBao% 883.81 10931 865.3 ¢ 112.5¢
Decision Theoretic Fraxey) 0.75 (0.53) 0.82 (0.56) 0.75 (0.53) 0.75 (0.53)
Simulation Based  Fruxmeanyy;  0.78 (0.55) 0.94 (0.61) 0.86 (0.58) 0.53 (041
Fraxmedgianyy  0.71(0.51) 0.91 (0.60) 0.84 (0.57) 0.53 (041)
Fooomeanryy  0.44 (0.36) 0.52 (0.41) 0.47 (0.38) 0.33 (0.28)
Fooymegianry; 037 (0.31) 0.51 (0.40) 0.43 (0.35) 0.31(0.27)
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Figure 7.1. The relationship between the instantaneous rate of fishing mortality
(F) and spawning biomass per recruit for the Margaree River, Miramichi River,
Mactaquac Headpond and Gaspereau River alewife populations.
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produces maximum sustainable yield, SSB,,,, was less than SSB,qy, for all populations
except the Mactaquac Headpond (Table 7.3).

The relationships between the reference points from the production model are
shown together with the SR data in Figure 7.2. The data for all populations show
considerable variability about the fitted SR model. For the Gaspereau River, all spawner
abundances are below S8§Bzy, and all but three observations are below S85,,,. The
pattern is similar on the Margaree River, where all but three spawner abundances are
below SSB,.q.

The production model reference points were calculated using the maximum
likelihood estimates from the SR model, and the resulting reference points are therefore
only as good as the SR parameter estimates. Profile likelihoods (Figure 7.3) show that the
while lower bound for a 95% confidence interval for alpha is determined for all
populations, the upper bound is not determined for all populations except the Mactaquac
Headpond (the profiles are ramped). Similarly, the 95% confidence interval for the
asymptotic recruitment level is very wide for all populations. Profile likelihoods for the
exploitation rate at MSY and SSBy, are shown in Figure 7.4. Lower bounds on the 95%
percent confidence interval for u,,, range from 0.24 (Margaree River and Mactaquac
Headpond) to 0.32 for the Miramichi River. The upper bound for the 95% confidence
interval (0.83) was only determined for the Mactaquac Headpond. Similarly, the lower
bound on 95% confidence interval for $55,,,, could only be determined for the

Mactaquac Headpond population.

7.3.2 Effects of Variable Maturity on Reference Points for Alewife

Comparison of the simulation results with variable and constant maturity
schedules for the Margaree River show that variability in the maturity schedule has little
effect on either the mean catch or spawning escapement (Figure 7.5), and hence little
effect on the reference points. Standard deviations of the catch and spawning escapement

are only slightly higher when stochastic variability in the maturity schedules is included
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model reference points for the Margaree River, Miramichi River, Mactaquac
Headpond and Gaspereau River alewife populations. The dashed line labelled
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in the simulations (Figure 7.5). Comparison of the percentiles of the catch (not shown)
indicates that the distribution of the catch is only slightly more skewed when variability
in the maturity schedule is included. Simulations with a range of o's and o's indicate
that the variability around the SR model together with the high maximum reproductive
rate have a much greater influence on spawning run size than does variability in the

maturity schedule.

7.3.3 Simulation-Based Reference Points

Summaries of the simulation results are shown for the Margaree River (Figure
7.6), Miramichi River (Figure 7.7), Mactaquac Headpond (Figure 7.8) and Gaspereau
River (Figure 7.9). The fishing mortality rate that maximizes the mean catch, Frax.mean[y]s
ranged from 0.53 for the Mactaquac Headpond to 0.94 for the Gaspereau River (Table
7.3). The fishing mortality rate that maximized the median catch, Frax median[y], Tanged
from 0.53 for the Mactaquac Headpond to 0.91 for the Gaspereau River. For all
populations, the median catch curve is relatively flat over the middle part of the curve.
The fishing mortality rates that produce 90% of the maximum of the median catch,

Fo09 median[y]> Fanged between 0.31 for the Mactaquac Headpond to 0.51 for the Gaspereau
River population. These results show that exploitation rates can be reduced by nearly
20% from the rate that maximizes the mean catch with only a 10% reduction in the
average yield of the fishery.

Francis (1993) proposed that a level of harvesting could be considered "safe" if it
maintained the spawning stock biomass above 20% its mean virgin level at least 90% of
the time. The 10" percentile of the simulation results can be used to find this level.
Assuming a mean weight of 0.25 kg/fish, the exploitation rates that match this criterion
are: 0.18 for the Margaree River, 0.42 for the Gaspereau River, 0.41 for the Mactaquac
Headpond, and 0.27 for the Miramichi River. These rates are sensitive to the coefficient
of variation assumed for the SR simulations (the Margaree River had the highest

coefficient of variation, while the Gaspereau River had the lowest).
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asymptotic recruitment level (right column) for the Margaree River, Miramichi River,
Mactaquac Headpond and Gaspereau River alewife populations. The log likelihoods
are standardized to a maximum of 0 by subtracting the maximum log likelihood from
each estimate. The intersections between the dotted lines and the profile likelihoods
show a likelihood ratio based 95% confidence intervals for each parameter. Upper
and lower bounds cannot be determined for some populations
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produces maximum sustainable yield (left column) and the spawning biomass that

produces maximum sustainable yield (right column) for the Margaree River,

Miramichi River, Mactaquac Headpond and Gaspereau River alewife populations.

The log likelihoods are standardized to a maximum of 0 by subtracting the

maximum log likelihood from each estimate. The intersections between the dotted

lines and the profile likelihoods show a likelihood ratio based 95% confidence

intervals for each parameter. Upper and lower bounds cannot be determined for

all populations.
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Figure 7.6. A summary of the simulation results for the Margaree River alewife
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(dashed lines) catch and spawning escapement as a function of . The points are the
exploitation rates corresponding to 1: Foovmaxmed> 2: F35%, 31 Frax B(c), and Frsy. The
bottom left plot shows the relationship between spawning escapement and catch.
Bach point represents the mean of 100 simulations at each exploitation rate (the
uppermost point is # = 0.00, and u increases by 0.01 to a maximum of 0.99 in the
lower left comer). The lower right plot shows the relationship between the standard
deviation of the catch and the catch for each wu.
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Figure 7.8. A summary of the simulation results for the Mactaguac Headpond
alewife population. Line and point symbolism are explained in the caption for
Figure 7.6.
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7.2.4 Relationship Between Turbine Mortality and Fishery Reference Points

Where watersheds are developed for hydroelectric generation, reference points
will vary with the level of turbine mortality (Figure 7.10). Because juvenile turbine
mortality occurs prior to reproduction, equilibrium catches and spawning escapements at
MSY decrease with increasing mortality, and in the case of Gaspereau River alewife, the
population is not sustainable at levels of juvenile turbine mortality that exceed 97%.
Because adult turbine mortality occurs after reproduction, sustainable fisheries may exist
even if all adult fish die during turbine passage. In the case of 100% adult turbine
mortality, equilibrium yield at MSY are reduced to 75.3% from its level in the absence of
turbine mortality, whereas 100% turbine mortality reduces the spawner biomass at MSY

is reduced to 49.0% its level in without turbine mortality.

7.4 Discussion

In this chapter I have estimated biological reference points for alewife fisheries in
four rivers in the Maritime Provinces. The results show that although there are some
differences in the biology of Gulf of St. Lawrence and Bay of Fundy alewife (primarily
age-at-maturity), the differences are not sufficient to warrant different reference fishing
mortality rates between to two regions. Annual variability in the maturity schedules has
little effect on the mean catch and for a species such as alewife (with a high maximum
reproductive rate and variability around the SR model), and does not need to be
considered when selecting a reference F.

The current reference point for the Scotia-Fundy region (exploitation rates
targeted not to exceed 65%) is based on the analysis of Crecco and Gibson (1990), and is
approximately the mean of the MLE of u,,, for eight alewife populations (64%). In my
study, Fsy (and the corresponding u,,) is not well determined for any population, but
was lower than this target for all populations except the Mactaquac Headpond. The
exploitation rate that produces maximum sustainable yield is a function of o . In the

meta-analysis of eight alewife stocks (Chapter 4), the estimates of o were lower for
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Figure 7.10. The relationship between juvenile (left column) and adult (right
column) and fishery reference points for Gaspereau River alewife. F.y, Snsy and
Cunsy are the equilibrium fishing mortality rate, spawner biomass and catch at
MSY. F,,; is the fishing mortality rate that will drive the population to extinction.
Juvenile turbine mortality was assumed to occur after compensatory mortality.
Adult turbine mortality occurs after spawning.
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populations with smaller confidence intervals than for those larger confidence intervals
for o . This suggests that o is potentially overestimated for populations where it is not
well determined. Additionally, time series bias (Walters 1985, Myers and Barrowman
1995) and measurement errors in the spawner abundance time series (Walters and
Ludwig 1981, Ludwig and Walters 1981) can cause a. to be overestimated, although, in
later case, the direction of the bias may actually depend on the range and distribution of
the observed spawner abundances (Kehler 2001). When o is over-estimated, the
exploitation rates that produce maximum sustainable yield or stock collapse are also
over-estimated. Given that o is not well determined for any of the populations in this
study, the resulting MLE of u,,, is probably not a good management target, given that
most biases lead to its over-estimation.

These results show that fishing mortality rates that maximize the expectation of
the catch for these populations are lower than the MLE's for Fiuy. Frax.g[y] 18 therefore
precautionary in the sense that it is less likely to lead to overexploitation of the
populations. The simulation results show that even if the MLE's for o and Rg are the
"true" values, fishing at Fyax gy) instead of at F,,;, will only have a small effect on either
the mean or median catch. Additionally, the simulation results suggest that an
exploitation rate of about 40% will produce 90% the yield of fishing at the rate that
produces the maximum yield {an exploitation rate of about 55 to 60% for populations
other than the Mactaquac Headpond).

The Mactaquac Headpond population has the lowest maximum reproductive rate
of any of the alewife populations for which I have data. The reference points for this
population indicate that it should be fished at a lower rate as a result. However, I do not
know why this population is less productive than others. Juvenile turbine mortality could
potentially reduce recruitment in this population, although I do not have estimates of the
rates of turbine mortality for this population. Alternatively, fish could be straying to other
parts of the St. John River, are not completing the migration as far as the Mactaquac Dam

(as suggested by the analysis in Chapter 2) or are being harvested in the lower river prior
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to reaching the dam (Jessop 1994). Most likely, all factors are acting concurrently, and it
is also likely that fish are straying from downstream into the headpond (it was colonized
from populations downstream). Therefore, while these analyses suggest that the
population dynamics of this population differ substantially from other alewife
populations, the analysis should be not be considered conclusive until these issues are
resolved.

Based on the results of the Monte Carlo simulations, fishing rates targeted at Fsso,
are probably reasonable strategies for alewife in the Maritime Provinces. For all
populations, this rate was less than F,,, but still produced greater than 90% the
maximum median catch. In this sense, it precautionary if o is over-estimated in this
study, but is not overly conservative because it produces a catch close to MSY if the
estimated o 's are close to their true values. This finding is similar to those of Clark
(1991) and Mace and Sissenwine (1993). Clark found that F3s4, would achieve at least
75% of the MSY yield when the SR relationship was unknown. In a meta-analysis of 91
SR datasets, Mace and Sissenwine found that F3gy, was a reasonable threshold reference
point for 80% of the populations included in the analysis, whereas Mace (1994)
suggested that Faoo, be adopted when the SR relationship is unknown. In my study, /35y
ranged between 0.47 (Margaree River) and 0.54 (Gaspereau River), with a corresponding
average exploitation rate of 39.5%.

Moyers et al. (1994) suggested that the stock size corresponding to 50% the
maximum average recruitment (the K parameter in the Beverton-Holt SR model) could be
interpreted as a minimum biomass level at which recruitment to a fish stock is seriously
reduced. For these populations this threshold is well below SSB,, or S§B2y. For
example, for the Gaspereau River population, these values are 16.2t, 85.8t and 109.3t for
K, SSB,sy, and SSBygy, respectively. Myers et al. (1994) warn that for populations with an
estimated slope at the origin that is high, the use of X as a threshold could produce
population sizes that are very low. For the Gaspereau River, only one observed spawner

abundance is below K, although all observed spawner abundances are below 8§8B,,,,, and
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harvest rates at times have exceeded 85%. As discussed earlier, many of the biases in the
estimation of o, lead to its overestimation and hence to an underestimation of XK. In these
instances, biomass thresholds based on a percentage of virgin biomass may be preferable,
although the selection of an appropriate percentage remains problematic (Myers et al.
1994). The alewife populations in this study have been heavily exploited. For the
Gaspereau River, all predicted spawner abundances are below S5B2oy, and all but two
predicted spawner abundances are below SSBjgy, for the Margaree River. The Mactaquac
Headpond appears to be at low levels relative to the carrying capacity of alewife habitat
(this thesis, Chapter 5), and reasonable estimates of K cannot be estimated from the stock
specific data for the Miramichi River. Given these issues, the biomass thresholds
presented herein should be treated as preliminary until further data at higher spawner
abundances is collected for each population. However, the estimated carrying capacities
of habitat for these four populations are lower than the mean of the empirical Bayes prior
distribution for carrying capacity for alewife at the species level, suggesting that I am not
overestimating the biomass thresholds for these populations. If this is true, these
populations have been at or below S5B30y, during the period for which I have data.

Spawner-recruit model selection affects the resulting reference point estimates. In
Chapter 4, I found that the Beverton-Holt model produces better fits to alewife SR data
than the Ricker model, and did find evidence of depensation in alewife SR data. The
Beverton-Holt model generally produces higher estimates of the slope at the origin than
the Ricker model, and is not a precautionary selection as a result (Myers et al. 1999,
Myers et al. 2002). Barrowman and Myers (2000) present an alternative SR model, the
hockey-stick model, based on territoriality in the pre-recruit life stages (applicable for
salmon). This model also produces estimates of the slope at the origin that are lower than
those from the Beverton- Holt model. The hockey stick model can be used for estimating
threshold biomass estimates (Bradford et al. 2000) because one of the parameters, 5, is
the threshold spawner biomass at which recruitment begins to decline. While not

analyzed in detail here (alewife are not territorial), this model produces threshold biomass
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estimates (S*) that slightly higher than K for these populations. 55B8,,;, equates to §*
when estimated using the hockey stick model, producing an estimate 26.1t for S8B,,, (at
4 = 0.85) for the Gaspereau River (in comparison with 85.8t, at u = 0.63, from the
Beverton-Holt model). This example shows that model selection not only has
consequences for limit fishing mortality rates (Barrowman and Myers (2000), but for
biomass thresholds as well.

Currently, a formal definition of risk has not been adopted for alewife in the
Maritime Provinces. Francis (1993) suggested that a level of harvesting could be
considered "safe" if it maintained the spawning stock biomass above 20% its mean virgin
level at least 90% of the time. Fiso, estimated in my analyses corresponds roughly with
this definition for the Gaspereau River and Mactaquac Headpond population simulations,
but did not meet this objective in the Margaree and Miramichi River simulations. When
estimated using a simulation model, the level of harvesting that is considered "safe"
depends largely on the amount of random variability introduced during the simulations. If
the coefficient of variation (CV) estimated for the SR models is greater (due to
measurement error) than the true variability in the SR process, the resulting "safe" level
of fishing will be underestimated. The estimates of a "safe" level of harvesting for the
Margaree and Miramichi Rivers are lower than any of the other reference points for these
populations and their CV is higher than for the Scotia-Fundy populations. Measurement
error is not separated from process error in the models, and it is therefore probable that
the CV is overestimated for the Gulf Region stocks. [ would therefore not recommend
reducing the reference point below Fisy, on the basis of this analysis until accuracy of the
CV estimates is evaluated.

Based on the analyses presented herein, the limit reference points adopted alewife
fisheries in the Scotia-Fundy region exceed the rate that produces MSY, whereas the
limits adopted in the Gulf region are slightly lower than the rate that produces MSY.
However, based on the simulations, the Gulf fisheries limit rates should produce about

90% to 95% the median yield when fishing at F,,, and are therefore not unrealistically
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low. During the 1997 to 2000 time period, the exploitation rates on the Gaspereau River
and Miramichi River (estimated in Chapter 2) are close to the level that threatens
population persistence. Exploitation rates on the Margaree River are close to the rate that
produces MSY. The Mactaquac Headpond population is managed using a constant
escapement strategy, although the exploitation rate on this river also exceeds the rate that
produces MSY. In 2002, the open period for the alewife fishery on the Gaspereau
Riverwas reduced from five days per week to four days per week. As a result of this
reduced fishing time, exploitation rates have been in the range of 60% to 65% during
2002 and 2003 and spawning escapements are two to three times greater than they were
in the 1990's. It remains to be determined whether the increased spawning escapements

will result in more lucrative fisheries on these rivers.



CHAPTER 8. CONCLUSIONS

The overall objective of this thesis was to contribute to our understanding of the
population dynamics of alewife and the effects of human activities on these populations.
This objective was met through a series of projects including the development of a
population dynamics model based on the life-history of anadromous 4losa, estimation of
natural, fishing and turbine mortality rates, maturity schedules, reproductive rates and
habitat carrying capacity, development of methods for estimating turbine mortality and
the effectiveness of fish diversion facilities at hydroelectric generating stations,
development of assessment models and the estimation of fishery reference points. In
Section 8.1, I summarize key findings in this thesis and in Section 8.2, I discuss key

issues and directions for future research resulting from this research.

8.1 Summary

In the second chapter of this thesis I presented a life-history based, age-structured
population dynamics model for anadromous Alosa that is the core of this thesis. The
model structure is very flexible and can be adapted to the dynamics of individual
populations, as well as their data and management issues. A major advantage of this type
of model over virtual population analysis (Quinn and Deriso 1999) is the ability to fit to
intermittent data. For many anadromous populations, data are collected during some
years, and not others, and the kinds of data vary among years depending on the question
under investigation. For example, Gibson and Amiro (2003) and Gibson et al. (2003b)
used a similar approach to estimate abundance of two inner Bay of Fundy Atlantic
salmon populations over a 30 year time period from intermittent data including juvenile
abundance indices (obtained by electrofishing), recreational catch and effort, numbers of
adults observed at counting fences, mark-recapture data, count of adults observed while
diving and counts of redds in the rivers. Many of the individual data series spanned only
a few years. These kinds of data are not readily incorporated in traditional fisheries

models, but can be modelled using the approach used in Chapter 2. Because of its
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flexibility, the approach emphasises basic data analysis by forcing the researcher to focus
on what has been measured in the various data collections and how it relates to the
dynamics of the population.

Also in this Chapter 2, I used the approach to estimate natural mortality rates,
fishing mortality rates and maturity schedules for four alewife populations. When the
number of dimensions in the catch-at-age array is increased (e.g. by adding sex or
previous spawning history) and simplifying assumptions are made (e.g. fishing is not
selective on the basis of sex), the number of data points is increased which may result in
more precise estimates of the model parameters.

Hydroelectric development has the potential to impact upon Alosa populations
both directly via mortality of fish passing through turbines when migrating downstream,
or indirectly by limiting access to spawning areas upstream of dams or through changes
in habitat quality and quantity as a result of the changes in flow regimes associated with
water management. The experiments described in Chapters 3 and 4 provide ways to
estimate survival of fish at hydroelectric generating stations through estimation of the
survival of fish passing through the turbine at the station and by estimating the proportion
of the population diverted fish guidance system installed at the station to reduce the
incidence of fish passage through the turbine. Additionally, using the random effects
distribution for carrying capacity estimated in Chapter 5, changes in equilibrium
population size associated with the construction of impoundments or by providing fish
passage may be evaluated. Finally, when this information is available, it can be
incorporated into fisheries management through appropriate adjustments to management
targets or limits as illustrated in Chapter 7. These models can also be used to assess losses
or gains associated with watershed development as well as to evaluate where the greatest
gains may be achieved if mitigation is to be attempted. For example, the analysis in
Chapter 7 indicates that juvenile turbine mortality will have a greater impact on
population size and viability that adult turbine mortality and therefore should receive

greater attention.
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Several practical and theoretical advancements came out of the evaluation of the
ultrasound fish diversion system at the Annapolis Tidal Generating Station (Chapter 3).
Foremost is the effect that varying environmental conditions can have on effectiveness
estimates. From a practical perspective, errors resulting from varying environmental
conditions can be detected by monitoring fish passage at two locations where the
response to the diversion stimulus should be in opposite directions (e.g. turbine intakes
and fishways) and comparing the consistency of the resulting estimates at the two
locations. When environmental variables were included in the model, the overall model
fit was considerably improved, the resulting effectiveness estimates had smaller standard
errors and the estimates were more consistent between the new fishway and tailrace
sampling locations, demonstrating that both the accuracy and precision of the
effectiveness estimates can be improved if the diversion effectiveness is evaluated within
a model of the process that determines the rate of fish passage. A somewhat disturbing
result is the effect of overdispersion on the precision of the effectiveness estimates. The
quasi-likelihood approach used in Chapter 5 corrects for this problem by rescaling the
standard errors by the dispersion parameter, but when fish catches are highly
overdispersed, the resulting standard errors may be large relative to the parameter
estimates, greatly reducing statistical significance. In this study, the distribution of the
catch (characterized by the dispersion parameter) had a greater effect on the precision of
the diversion coefficient estimates than did the number of fish captured. When fish
migrations occur during relatively short time periods, obtaining reliable diversion
estimates may be problematic.

The meta-analysis of the maximum reproductive rate and carrying capacity for
alewife is informative for several reasons. First, if data from several populations is simply
standardized so it can be plotted on the same scale, populations with data that differs
from others is immediately evident, as was the case with the Mactaquac Headpond
population. Other than a basis for standardization, models are not required for these

comparisons. Second the mixed effects model used to fit the model to all data sets
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simultaneously is similar to an empirical Bayes analysis in the sense that the "information
content" of a dataset is evaluated via the likelihood and the resulting empirical Bayes
point estimate for the parameter is derived from that likelihood and the random effects
distribution (equivalent to the empirical Bayes prior), which contains the "information"
from the other datasets. This is a very useful method for analysis of multiple data sets
because not all data sets are considered equally informative. As another example, Gibson
et al. (2003a) found that when analysing mark-recapture data for small populations
obtained by electrofishing, that the probability of catching a fish appeared highly
variable. However, the variance estimate was substantially reduced when empirical Bayes
methods were used estimate a random effects distribution for the probability of catching a
fish because many of the data sets were essentially uninformative about electrofishing
catchability because the number of marked fish was so few.

One of the most interesting factors to come out of this analysis is the relative
constancy of the maximum lifetime reproductive rate of alewife among populations. The
estimate of the maximum lifetime reproductive rate for alewife (19.3 spawners per
spawner) is near the upper end of the range observed by Myers et al. (1999) for 238 other
species, illustrating the high productivity of alewife populations. Habitat carrying
capacity varied by a factor of about 25 times among populations. This variability is
similar to that for Atlantic cod of more than 20 times (Myers et al. 2001) but higher than
for coho salmon of about 10 times (Barrowman et al. 2003). Although, I did not find
evidence of depensation in the datasets examined, only two of the data sets were
informative about the depensation parameter. While this result suggests that the use of
purely compensatory models is appropriate for alewife, a precautionary approach to the
application of these models is recommended until the issue of depensation is resolved.

The most striking outcome of the comparison of methods of deriving reference
points for fisheries management from spawner-recruit data (Chapter 6) is how poorly
determined reference points can be when the maximum likelihood estimates of the

spawner recruit parameters are used to estimate the reference points. The simulated data
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used to evaluate the methods were relatively long SR time series (20 SR data points),
randomly distributed between zero and carrying capacity, with each point drawn
independently of the others. Even under these conditions, the estimated fishing mortality
rate at MSY exceeded the true fishing mortality rate that would drive the population to
extinction in some datasets. In contrast, the decision theoretic reference fishing mortality
rate was more conservative, produced higher yields and spawner biomasses a while
reducing the probability of under- or over-exploiting the population in comparison with
the maximum likelihood estimate of F,,;,. These results indicate that evaluating the
quantities of interest, i.e. fishing mortality and yield, outperform more indirect methods,
i.e. using maximum likelihood estimates of SR parameters to derive the fishing mortality
rate that produces maximum sustainable yield. In the examples presented, the priors
obtained by meta-analysis were more informative than the SR data from the individual
populations, demonstrating again that biological parameters estimated for fisheries
management can be improved if data from other populations are also take into
consideration.

The comparison of reference points for Gulf of St. Lawrence and Bay of Fundy
alewife populations (Chapter 7) demonstrates that although there are life history
differences between the populations (e.g. age-at-maturity), these differences are not
sufficient to warrant the difference management targets used in the two regions. The
simulations used for the comparisons show relatively flat yield curves such that
exploitation rates of about 40% produce yields that are only about 10% less than those
obtained at the maximum likelihood estimate of F,, (from 55 to 65% in these examples).
For the four populations investigated in this chapter, the fishing mortality rate used as a
management target for the Gulf populations appears reasonable, whereas the rate used for
Bay of Fundy populations is high. The fishing mortality rates estimated for the Miramichi
River and Gaspereau River populations (Chapter 2) are in some years are near the rates
that could threaten the persistence of the populations. Since the start of the 2002 fishing

season, alewife fishing on the Gaspereau River is has been restricted to 4 days a week
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(rather than 5 days), and escapement counts during 2002 and 2003 have been in the range
of 350,000 to 400,000 (in comparison with ¢.80,000 to 180,000 fish from 1997 to 2001).
It remains to be seen if this reduction in exploitation will result in larger yields although
irrespective of that outcome, the risk of over-exploitation has been reduced as a result of
the reduced amount of fishing time. In the case of the Mactaquac Headpond population,
the constant escapement policy in place for that population limits population growth by
keeping the spawning biomass well below the carrying capacity of that headpond based
on the results presented in Chapter 5.

Reference points used to manage alewife fisheries in the Gulf of St. Lawrence
presently differ from reference points used in for fisheries in the Bay of Fundy. In chapter
7, 1 evaluate whether life history differences between populations in these regions are
sufficient to warrant different management targets. Using data from two alewife
populations in the Gulf of St. Lawrence and two populations in the Bay of Fundy, I
calculate several fishery reference points for each population and evaluate reference point
performance using population simulations. In this chapter, I also evaluate whether
variability in age-at-maturity, which can have a marked influence on annual spawning
run size, also affects reference fishing mortality rates. Additionally, I develop
relationships between turbine mortality, fishery yields and reference points that can be

applied to alewife fisheries on rivers developed for hydroeleciric generation.

8.2 Future Research

The life history model presented in Chapter 2 is a useful and flexible tool that can
be adapted to specific situations and questions. The model formulation used in any
specific situation reflects the researcher's beliefs about the dynamics of the population
and how the dynamics are linked to the available data. Model results are sensitive to
model formulation, which remains a key source of uncertainty in the approach. For
example, a Beverton-Holt model was used here as the functional relationship between

spawner biomass and subsequent recruitment. This model provided a better fit to alewife
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data, than did a Ricker model, but as was shown in Chapter 5, the alewife SR data
analysed here are not informative about the shape of the SR relationship near the origin.
Many of the results presented herein are conditional on this assumed form. An alternative
approach to determining whether a critical population size exists below which population
dynamics fundamentally change is discussed later in this section.

Another, key aspect of model formulation is the timing of events. For example, as
presented (equation 2.6) all density dependent processes occur in freshwater during the
first four or five months after hatching. If compensatory, over-compensatory or
depensatory processes occur later in life, the model formulation presented would be
inappropriate. The fundamental question of when and how year class size is determined is
a fundamental question in fisheries biology that spans a time period of nearly 100 years
(e.g. Hjort 1914, Myers and Cadigan 1993) that has key implications not just for this type
of modelling but for most questions in fisheries dynamics. This question can best be
addressed though the meta-analysis of data from multiple populations given the
uncertainty associated with estimates of age specific abundance in data for most
individual populations.

In Chapter 2, I used maximum likelihood to obtain parameter estimates using the
model. In Chapter 6, I found that from a management perspective, decision theoretic
methods of fitting population dynamics models performed better than maximum
likelihood by specifically analysing the activity under investigation together with the
management objectives. Uncertainty in the SR time series, mortality rates and maturity
schedules was not included in models used in Chapter 6. Integration of the assessment
models, dynamics models and management objectives in a decision theoretic context is a
logical next step for improving the utility of these models for management purposes.

As shown in Chapter 3, over-dispersion presents a difficult problem when
evaluating the effectiveness of behavioural fish guidance systems at hydroelectric
generating stations, particularly for statistical inference. This problem is further

exacerbated if the guidance system effectiveness is density dependent. Unlike turbine
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mortality estimation, comparison with similar applications at other locations is not an
alternative if the effectiveness is sensitive to configuration at the specific site. One
approach to reducing over-dispersion could be to distribute the on/off status of the
diversion system over the set of environmental variables that determine the rate of
passage rather than through time (as done in my study). This approach might work for
single species studies but would be less effective for multiple species if responses to the
environmental cues differ among species. Additionally, a better understanding of the
mechanisms that determine when fish migrate would be required to achieve
randomization over these variables, and is an area that requires further research.

The method presented in Chapter 4 provides a simple way of correcting turbine
mortality estimates for mortality associated with capture and handling. It also provides a
method for estimating turbine mortality that is easily integrated into fish passage
monitoring programs at hydroelectric stations. However, the method entails a loss of
experimental control relative to the use of experimentally released fish. Controlled
experiments may be difficult at large facilities or when test fish are difficult to obtain and
tend to be focused on only single species. As the number of turbine mortality studies
increases, models of turbine mortality rates as a function of the design parameters of the
facility (turbine type, head, size and load) as well as the biological characteristics of the
effected species could be developed and used to predict expected levels of turbine
mortality at the facility of interest. These, together with pre-determined management
objectives (acceptable levels of mortality based on analyses like those in Chapter 7) could
be used to determine the rigor required in a turbine mortality study or the extent to which
mitigation is required.

The shape of the spawner-recruit relationship near the origin, i.e. whether or not
the relationship is depensatory, remains a fundamental uncertainty in fisheries biology
and is a key determinant of fisheries reference points. As shown in Chapter 5, alewife
data are not very informative about the shape of the spawner-recruit function near the

origin. Barrowman et al. (2003) did not find evidence of depensation for coho salmon.



180

Myers et al. (1995) did not find evidence of depensation in 125 of 128 spawner-recruit
time series they examined. Liermann and Hilborn (1997) conducted a similar analysis
with a different depensatory model and concluded that depensation may be more
common that suggested by Myers et at. (1995). Populations that undergo large declines
often do not rapidly recover (Hutchings 2000, Hutchings 2001b), possibly indicating that
depensatory population dynamics may be quite common. If so, the use of purely
compensory models, such as was used throughout much of this thesis, would be
inappropriate and would provide an overly optimistic assessment of the impacts of human
activities. Hutchings (2001a) analysed whether or not populations recover as a function
of how far (and fast) a population had declined over the range of the data, and found that
population recovery was correlated with the extent of the decline. Despite the correlation,
population recovery was quite variable. A logical next step might be to analyze similar
data using models such as those used in this thesis to determine how far a population has
declined below carrying capacity (rather than the data range). This approach would
attempt to estimate the location of an inflection point in the SR model based on the
response of populations to low population size, rather than by trying to estimate the shape
of an SR function near the origin using relatively uninformative data (as done here in
Chapter 5).

Data standardizations are often required for meta-analysis and these
standardizations and the resulting model formulations reflect the researchers beliefs about
the characteristics that populations have in common. For example, in the meta-analysis
presented in Chapter 5, the maximum lifetime reproductive rate and carrying capacity for
adults were assumed to be random variables at the species level. For anadromous species,
the carrying capacity of freshwater habitat and the maximum rate at which spawning
biomass produces recruits annually could also be considered random variables resulting
in a different data standardization prior to conducting the meta-analysis (I did this for
alewife and the resulting random effects distributions were very similar to the ones

presented in Chapter 5). If meta-analyses are be effective, appropriate characteristics
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need to choosen, and this area requires further research. An empirical approach to
addressing this question is the comparison of the fits of models based on differing

assumptions for many populations.
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