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Introduction

This Regional Analysis Document presents the

methods used by EPA for its section 316(b) Phase 11 CONTENTS

benefits analysis and study results. Part A of the

document provides details of the methods used. Parts 1-1 Regional Study Design . ....................... i
B-H present reports for each of seven regions 1-1.1  Coasta Regions ..................... 1-1
evaluated. Finaly, Part | presents national level 1-12  GreatLakesRegion................... 1-2
estimates. The followi ng sections provide an overview 1-1.3 Inland Region ....................... 1-2
of the study design and a summary of the contents of 1-2 T”; t 1A: S“é‘\j);'\lj'aﬁzgd; P ig
each part of the document. 1-22  Economic Bengfits ................... 1-2
EPA defined seven regions for its analysis based on 1-3 Parts B-H: Regional Reports . .................. 1-2

similarities among the affected aguatic species and
characteristics of commercial and recreationa fishing
activitiesin the area. These regions and the water body
types within each region are described below. Maps showing the facilities in each region that are in scope of the Phase Il rule
are provided in the introductory chapter of each regional report (Parts B-H of this document).

1-1 REGIONAL STUDY DESIGN

1-1.1 Coastal Regions

Coastal regions are fisheries regions defined by National Atmospheric and Oceanic Administration (NOAA) Fisheries.

Table 1-1 presents these geographic areas and the number of facilities included in each region. The North Atlantic region
includes al estuary/tidal river and ocean facilities in Maine, New Hampshire, Massachusetts, Connecticut, and Rhode I sland.
The Mid-Atlantic region includes al estuary/tidal river and ocean facilitiesin New Y ork, New Jersey, Pennsylvania,
Maryland, the District of Columbia, Delaware, and Virginia. The South Atlantic region includes all estuary/tidal river and
ocean facilitiesin North Carolina, South Carolina, Georgia, and the east coast of Florida. The Gulf of Mexico region includes
al estuary/tidal river and ocean facilitiesin Texas, Louisiana, Mississippi, and Alabama and the west coast of Florida. The
Cdiforniaregion includes all estuary/tidal river and ocean facilitiesin California.

Table 1-1: Definition of Costal Regions
Region Geoaraohic Area Number of Number of Ocean Total Number of
€9 g orap | EstuarineFacilities|  Facilities |  Fadilities

North Atlantic Maine, New Hampshire, Massachusetts, Rhode

: . 20 : 2 : 22
SOOI .ok iSO SOOI SO SO
Mid-Atlantic : New York, New Jersey, Delaware, Maryland and

N 43 1 44
e O O e eeeeeeeeeeeeesseseeeeeseeessesseeeet bt osseeeee e s seeeet et oo eeee et oot oeseeeet oo s eent s e seseeeeeeeee
South Atlantic : North Carolina, South Carolina, Georgia, East

: . 15 1 16
e O O e
Gulf of Mexico  : West Florida, Alabama, Missouri, Louisiana, Texas: 20 b 3 24 ...
Caifornia  iAll CdiforniaCounties 8 b2 20 ..
Total number of H : :
estuarine and 107 19 126
ocean facilities® : : :

2 In addition, there are 3 ocean facilitiesin Hawaii that are not included in the NOAA Fisheries regions.
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1-1.2 Great Lakes Region

The Great Lakes region includes al facilities located on the shoreline of a Great Lake or on a waterway with open passage to
a Great Lake and within 30 miles of alake in Minnesota, Wisconsin, Illinois, Michigan, Indiana, Ohio, Pennsylvania, and
New York. Thisdefinitionisbased on EPA’s estimate of the extent of the spawning habitat of Great Lakes fish species,
including spawning habitat in rivers and tributaries of the Great Lakes. The distance each species may travel upstream to
spawn varies depending on both the species and the waterway, and is influenced by obstacles such as dams. However, after
consultation with local fisheries experts, EPA determined that inclusion of waters within 30 miles of the Great Lakesislikely
to encompass spawning areas of Great Lakes fishes. EPA used GI S to determine which facilities are on awater body that has
unobstructed passage to the Great Lakes and is within 30 miles of a Great Lake. Datafrom the Lake Huron Project were used
for areas encompassed by that project. For areas not covered by the Lake Huron Project, this was done using the ERF1
streams coverage (available at http://water.usgs.gov/lookup/getspatial ?erf1), the national dams coverage (available at
http://data.geocomm.com/catalog/U S/group?7.html), and a basic US states coverage. No facilities drawing from other lakes or
reservoirs were included among the Great Lake facilities unless the water bodies were connected to the Grest Lakes.

1-1.3 Inland Region

The Inland region includes all facilities located on freshwater rivers or streams and lakes or reservoirs, in al states, with the
exception of facilities located in the Great Lakes region (defined above in section 1-1.2).

1-2 PART A: STUDY METHODS

1-2.1 Evaluation of I&E

Chapter A5 of Part A of this Regional Analysis Document describes the methods used to evaluate facility & E data.

Chapter A6 discusses uncertainties in the analysis. Datafrom atotal of 46 facilities were evaluated. To obtain regional I1&E
estimates, EPA extrapolated loss rates from these facilities to al other in-scope facilities within the same region. These
results were then summed to develop national estimates.

1-2.2 Economic Benefits

Chapters A9-A14 of Part A of this document describe the methods that EPA used for its analysis of the economic benefits of
the Phase Il rule. Asdiscussed in Chapter A9, EPA considered the following benefit categories: recreational fishing benefits,
commercial fishing benefits, and non-use benefits. The analysis of use benefits included benefits from improved commercial
fishery yields and benefits to recreational anglers from improved fishing opportunities. Chapters A10 and A1l provide details
on the methods used for these analyses. Chapter A14 discusses discounting of recreational and commercial benefits. Non-use
benefits included benefits from reduced | & E of forage species, threatened and endangered species, and the non-landed portion
of commercial and recreational species. Non-use methods are described in Chapters A12 and A13.

1-3 PARTs B-H: REGIONAL REPORTS

Parts B-H of this Regional Analysis Document are reports of results for each study region. Chapter 1 of each report provides
background information on the facilities in the region and a map showing facility locations. Chapter 2 provides |&E
estimates. Benefits estimates are presented in Chapters 3, 4, and 5. Chapter 3 presents estimates of commercial fishing
benefits, Chapter 4 presents recreational fishing benefits, and Chapter 5 presents non-use benefits. 1n addition, Chapter B6
presents an analysis of benefits to threatened and endangered species from reducing I& E at California facilities, and Chapter 6
in Parts C, D, and G summarizes results of a habitat-based valuation of baseline |& E losses and the benefits of reducing these
losses under the final option. An appendix to each regional report indicates the life history data and data sources used for the
species evaluated in the region.

1-2
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Chapter Al: Risk Assessment Framework

Chapter Al: Ecological Risk

Assessment Framework

INTRODUCTION

EPA has defined ecological risk assessment as “a process
that evaluates the likelihood that adverse ecological effects
may occur or are occurring as aresult of exposure to one
or more stressors’ (U.S. EPA, 1998a). It isan approach to
impact assessment that involves explicit evaluation of the
data, assumptions, and uncertainties associated with an
impact analysis. Risk assessments range in level of
analysis and data requirements, depending on management
goals, data availability, and stakeholder concerns.

In the context of evaluating the impacts of cooling water
intake structures (CWIS) under section 316(b), the
primary stressors of interest for an ecological risk

assessment are the impingement and entrainment (I&E) of aquatic organisms. The following sections outline the three phases
of ecological risk assessment (problem formulation, analysis, and risk characterization) as they apply to section 316(b) (see

Figure A1-1).

Figure A1-1: EPA's Framework for Ecological Risk Assessment Applied to Section 316(b)

Problem Formulation |_
Source of Stress: CWIS

— Evaluate impacts on
aguatic organisms

Discussions between )
Permittee and EPA Analysis
(Planning) — Characterize exposure
to I&E

¥

Characterize Risk

Y

A

Sunoyiuow pue ‘voneoyLIdA ‘uonisinboe eleq

Adapted from U.S. EPA, 1998a. |I

Al-1
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Al-1 PROBLEM FORMULATION

The problem formulation phase of an ecological risk assessment defines the problem to be evaluated and develops a plan for
analyzing available data and characterizing risk (U.S. EPA, 1998a). Thisinvolves formulating a conceptual model of the

rel ationships between stressors and receptors, selecting assessment and measurement endpoints, and developing a plan for the
analysis of exposure and risk. 1nthe context of section 316(b), the primary stressors associated with CWIS are |& E and the
receptors are the aquatic organisms that are exposed to I& E. Figure A1-2 is a conceptual model indicating the primary and
secondary ecological effects that result from the exposure of agquatic organismsto & E.

An assessment endpoint is any ecological entity of concern to stakeholders (U.S. EPA, 1998a). Ecological entitiesto be
assessed may include one or more entities across a range of levels of biological organization, including individuals,
subpopulations, populations, species, communities, or ecosystems. Measurement endpoints are the attributes of an assessment
endpoint that are evaluated in arisk assessment. Attributes of concern may include individual survival, population
recruitment, species abundance, species diversity, or ecosystem structure and function. Ideally, assessment endpoints should
include all species directly and indirectly affected by a CWIS. However, most facility studies only report direct losses of fish
and shellfish species, and therefore EPA’s analysisis limited to consideration of these species only.

Al-2 ANALYSIS

The analysis phase of an ecological risk assessment focuses on the characterization of (1) exposure to one or more stressors
and (2) the ecological effects that are expected to result from exposure (U.S. EPA, 1998a).

Al1-2.1 Characterization of Exposure of Aquatic Organisms to CWIS

Exposure characterization describes the potential or actual co-occurrence of stressors and receptors (U.S. EPA, 1998a). In
the case of CWIS, characterization of exposure involves description of facility characteristics that influence rates of I&E, and
the physical, chemical, and biological characteristics of the surrounding ecosystem that influence the intensity, time, and
spatial extent of contact of aguatic organisms with afacility’s CWIS.

Exposure of aquatic organisms to |& E depends on factors related to the location, design, construction, capacity, and operation
of thefacility’s CWIS (U.S. EPA, 1976; SAIC, 1994; SAIC, 1995; SAIC, 1996aand b). Table A1-1 listsfacility
characteristics as well as characteristics of species and the surrounding environment that influence when, how, and why
aguatic organisms may become exposed to and experience adverse effects of CWIS. These characteristics are described in
the following sections based on information provided in EPA’s 1976 section 316(b) development document (U.S. EPA, 1976)
and background papers developed for EPA’ s section 316(b) rulemaking activities by Science Applications International
Corporation (SAIC) (SAIC, 1994; SAIC, 1995; SAIC, 1996a and b).

a. Intake location

Two major components of a CWIS s location that influence the relative magnitude of I& E are (1) the type of waterbody from
which a CWISiswithdrawing water, and (2) the placement of the CWIS relative to sensitive biological areas within the
waterbody. Considerationsin siting include intake depth and distance from the shoreline in relation to the physical, chemical,
and biological characteristics of the source waterbody. In general, intakes located in nearshore areas (riparian or littoral
zones) will have greater ecological impacts than intakes located offshore, since nearshore areas are usually more biologically
productive and have higher concentrations of agquatic organisms.

Al-2
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Figure A1-2: Conceptual Model Indicating Some Primary and Secondary Effects of Impingement and
Entrainment by CWIS

§ 316b Ecological Risk Analysis
A Conceptual Model

Source of Stress
Cooling Water Intake Structures (CWIS)

Primary Stressors
Impingement & Entrainment
(I1&E)

Exposur e of Receptors

Primary Effects
Increased Mortality &
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Individual Level Harm

Populations
Communities

Secondary Effects
Ecosystems

) » Decreased Recruitment
» Decreased Fishing Yields
* Reduced Ecosystem Productivity

\_/—
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Table A1-1: Partial List of CWIS Characteristics and Ecosystem and
Species Characteristics Influencing Exposure to I&E
CWIS Characteristics Ecosystem and Species Characteristics

»  Depth of intake {Ecosystem Char acteristics (abiotic environment):
» Distance from shoreline i»  Source waterbody type (marine, estuarine, riverine, lacustring)
»  Proximity of intake withdrawal and discharge i»  Water temperatures
»  Proximity to other industrial discharges or water withdrawals i»  Ambient light conditions
»  Proximity to an area of biological concern i Sdinity levels
»  Type of intake structure (size, shape, configuration, i»  Dissolved oxygen levels

orientation) i»  Tides/currents
»  Through-screen velocity i»  Direction and rate of ambient flows
»  Presence/absence of intake control and fish protection

technologies §SpeC|es Characteristics (physiology, behavior, life history):

a.  Intake screen systems Density in zone of influence of CWIS

b. Passiveintake systems ;» Spatial and tempora distributions (e.g., daily, seasonal, annual

c. Fishdiversion/avoidance systems migrations)
»  Water temperature in cooling system i»  Habitat preferences (e.g., depth, substrate)
»  Temperature change during entrainment i»  Ability to detect and avoid intake currents
»  Duration of entrainment i»  Swimming speeds
» Useof intake biocides and ice removal technologies i» Bodysize
»  Scheduling of timing, duration, frequency, and quantity of i»  Age/developmental stage

water withdrawal i»  Physiological tolerances (e.g., temperature, salinity, dissolved
» Mortdlity of aquatic organisms oxygen)
»  Displacement of aguatic organisms i»  Feeding habits

Destruction of habitat (e.g., burial of eggs deposited in stream i»  Reproductive strategy

beds, increased turbidity of water column) i»  Mode of egg and larval dispersal
»  Typeof withdrawal - once through vs. recycled (cooling water i»  Generation time

volume and volume per unit time) i

Ratio of cooling water intake flow to source water flow

Critical physical and chemical factorsrelated to siting of an intake include the direction and rate of waterbody flow, tidal
influences, currents, salinity, dissolved oxygen levels, thermal stratification, and the presence of pollutants. The withdrawa
of water by an intake can change ambient flows, velocities, and currents within the source waterbody, which may cause
organisms to concentrate in the vicinity of an intake or reduce their ability to escape a current. Effects vary according to the
type of waterbody and species present.

Inlargerivers, withdrawal of water may have little effect on flows because of the strong, unidirectional nature of ambient
currents. In contrast, lakes and reservoirs have small ambient flows and currents, and therefore alarge intake flow can
significantly ater current patterns. Tidal currentsin estuaries or tidally influenced sections of rivers can carry small, passive
organisms past intakes multiple times, thereby increasing their probability of entrainment. If intake withdrawal and discharge
are in close proximity, entrained organisms released in the discharge can become re-entrained.

The magnitude of 1& E in relation to intake |ocation also depends on biological factors such as species’ distributions and the
presence of critical habitats within an intake's zone of influence. Species with planktonic (free-floating) early life stages have
higher rates of entrainment because they are unable to actively avoid being drawn into the intake flow.

b. Intake design

Intake design refersto the design and configuration of various components of the intake structure, including screening
systems (trash racks, pumps, pressure washes); passive intake systems; and fish diversion and avoidance technologies

(U.S. EPA, 1976). After entering the CWIS, water must pass through a screening device before entering the power plant.
The screen is designed, at a minimum, to prevent debris from entering and clogging the condenser tubes. Screen mesh size
and velocity characteristics are two important design features of the screening system that influence the potential for
impingement and entrainment of aquatic organisms that are withdrawn from the waterbody with the cooling water (U.S. EPA,
1976).

Approach velocity has a significant influence on the potential for impingement (Boreman, 1977). Approach velocity isthe
velocity of the current in the area approaching the screen and is measured at the screen upstream of the screen face in feet per
second (fps). Approach velocity is directly related to the area of the screen and the size of the intake structure (U.S. EPA,
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1976). The hiological significance of approach velocity depends on species-specific characteristics such as fish swimming
ability and endurance. These characteristics are afunction of the size of the organism and the temperature and oxygen levels
of water in the area of the intake (U.S. EPA, 1976). The maximum velocity protecting most small fishis 0.5 fps, but lower
velocities will still impinge some fish and entrain eggs and larvae and other small organisms (Boreman, 1977).

Conventional traveling screens have been modified to improve fish survival of screen impingement and spray wash removal
(Taft, 1999). However, areview by SAIC of steam electric utilities indicated that alternative screen technologies are usually
not much more effective at reducing impingement than the conventional vertical traveling screens used by most steam electric
facilities (SAIC, 1994). An exception may be traveling screens modified with fish collection systems (e.g., Ristroph screens).
Studies of improved fish collection baskets at the Salem Generating Station showed increased survival of impinged fish
(Ronafalvy et a., 2000).

Passive intake systems (physical exclusion devices) screen out debris and aguatic organisms with minimal mechanical activity
and low withdrawal velocities (Taft, 1999). The most effective passive intake systems are wedge-wire screens and radial
wells (SAIC, 1994). A new technology, the filter fabric barrier system (known commercially as the Gunderboom) consists of
polyester fiber strands pressed into a water-permeable fabric mat, has shown promise in reducing entrainment of
ichthyoplankton (free-floating fish eggs and larvae) at the Lovett Generating Station on the Hudson River (Taft, 1999).

Fish diversion/avoidance systems (behavioral barriers) take advantage of natural behavioral characteristics of fish to guide
them away from an intake structure or into a bypass system (SAIC, 1994; Taft, 1999). The most effective of these
technologies are velocity caps, which divert fish away from intakes, and underwater strobe lights, which repel some species
(Taft, 1999). Velocity caps are used mostly at offshore facilities and have proven effective in reducing impingement

(e.g., Cdlifornia’ s San Onofre Nuclear Generating Station, SONGS).

Another important design consideration is the orientation of the intake in relation to the source waterbody (U.S. EPA, 1976).
Conventional intake designs include shoreline, offshore, and approach channel intakes. In addition, intake operation can be
modified to reduce the quantity of source water withdrawn or the timing, duration, and frequency of water withdrawal. Thisis
an important way to reduce entrainment. For example, larval entrainment at the San Onofre facility was reduced by 50% by
rescheduling the timing of high volume water withdrawals (SAIC, 1996a).

c. Intake capacity

Intake capacity is a measure of the volume of water withdrawn per unit time. Intake capacity can be expressed as millions of
gallons per day (MGD), or as cubic feet per second (cfs). Capacity can be measured for the facility as awhole, for al of the
intakes used by a single unit, or for the intake structure alone. In defining an intake's capacity it isimportant to distinguish
between the design intake flow (the maximum possible) and the actual operational intake flow.

The quantity of cooling water needed and the type of cooling system are the most important factors determining the quantity
of intake flow (U.S. EPA, 1976). Once-through cooling systems withdraw water from a natural waterbody, circulate the water
through condensers, and then discharge it back to the source waterbody. Closed-cycle cooling systems withdraw water from a
natural waterbody, circulate the water through the condensers, and then send it to a cooling tower or cooling pond before
recirculating it back through the condensers. Because cooling water is recirculated, closed-cycle systems reduce intake water
flow substantially. It isgenerally assumed that thiswill result in a comparable reduction in 1& E (Goodyear, 1977). Systems
with hel per towers reduce water usage much less. Plants with helper towers can operate in once-through or closed-cycle
modes.

Circulating water intakes are used by once-through cooling systems to continuously withdraw water from the cooling water
source. Thetypical circulating water intake is designed to use 1.06-3.53 cfs (500-1500 gallons per minute, gpm) per
megawatt (MW) of electricity generated (U.S. EPA, 1976). Closed cycle systems use makeup water intakes to provide water
lost by evaporation, blowdown, and drift. Although makeup quantities are only afraction of the intake flows of once-through
systems, quantities of water withdrawn can still be significant, especialy by large facilities (U.S. EPA, 1976).

If the quantity of water withdrawn is large relative to the flow of the source waterbody, alarger number of organismsis more
likely to be affected by afacility’s CWIS. Thus, the proportion of the source water flow supplied to a CWIS is often used to
derive a conservative estimate of the potentia for adverse impact (e.g., Goodyear, 1977). For example, withdrawal of 5% of
the source water flow may be expected to result in aloss of 5% of planktonic organisms based on the assumption that
organisms are uniformly distributed in the vicinity of an intake. Although the assumption of uniform distribution may not
always be met, when data on actual distributions are unavailable, simple mathematical models based on this assumption
provide a conservative and easily applied method for predicting potential 1osses (Goodyear, 1977).
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Al1-2.2 Characterization of Ecological Effects

The characterization of ecological effects involves describing the effects resulting from the stressor(s) of interest, linking
effects to assessment endpoints, and measuring endpoints to evaluate how effects change as a function of changesin stressor
levels (U.S. EPA, 1998a). For EPA’s section 316(b) regional studies, measures of ecological effects included measures of
both primary and secondary effects (Figure A1-3). Losses of impinged and entrained organisms are measures of primary
effects and are the most direct measure of the effects of CWIS on aquatic organisms. It is necessary to fully evaluate primary
effectsin order to evaluate the consequences of these losses for fishery yields, ecosystem production, or other measures of
indirect or secondary effects. The measurement endpoints evaluated for the section 316(b) regional studies are discussed in

detail in Chapter A4.

Figure A1-3: Stressor-Effects Pathway
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Al1-2.3 Cumulative Effects
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Impingement and entrainment impacts have cumulative impacts on aguatic ecosystems that are usually not considered in
section 316(b) demonstration studies. Cumulative impacts refer to the temporal and spatial accumulation of changesin
ecosystems that can be additive or interactive. Cumulative impacts can result from the effects of multiple facilities located
within the same waterbody and from individually minor but collectively significant impingement and entrainment impacts
taking place over aperiod or time. In many locations (especially estuary and coastal waters), fish species migrate long
distances and therefore regional stocks of these species are subject to impingement and entrainment from a large number
cooling water intake structures. EPA’s regional analysisis designed to take into consideration such cumul ative impacts.
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Al-3 RIsk CHARACTERIZATION

Thefinal step of an ecological risk assessment is the characterization of risk (U.S. EPA, 1998a). Risk refersto the likelihood
of an undesirable ecological effect resulting from the stressor of concern. Because of the intrinsic variability and inevitable
uncertainty associated with the evaluation of ecological phenomena, ecological impacts cannot be determined exactly, and
thus only the probability (or risk) of an effect can be assessed (Hilborn, 1987; Burgman et al., 1993).

Risk can be defined qualitatively or quantitatively, depending on factors such as the goals of arisk manager and data
availability (U.S. EPA, 1998a). Qualitative assessments usually involve best professional judgment. Quantitative
assessments involve calculation of the change in risk (Ginzburg et al., 1982; Akgakaya and Ginzburg, 1991). The ecological
risk assessments for EPA’ s section 316(b) regional studies used available facility data to quantitatively evaluate impingement
and entrainment risks to aguatic organisms.

Al1-3.1 Cumulative Impacts

Cumulative impacts are usually not considered in 1& E monitoring programs and so it is usually not possible to account for
potential cumulative impacts in characterizing risks to aquatic organisms subject to impingement and entrainment.
Cumulative impacts are the temporal and spatial accumulation of changes in ecosystems, which can be additive or interactive.
Cumulative impacts can result from the combined effects of multiple facilities located within the same waterbody, or from
individually minor but collectively significant | & E impacts taking place over many years. For example, in many locations
(especially estuaries and coastal waters), species migrate over long distances and are subject to 1& E from many cooling water
intake structures.
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Figure A1-4: Examples of Species Directly Affected by CWIS
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* Some species may suffer both primary and secondary CWIS effects.
a U.S. Fish and Wildlife Service, 2003.

b Alaska Department of Fish and Game, 1999.

¢ University of Minnesota, 2003.

d South Carolina Department of Natural Resources, 2001.

¢ Chesapeake Bay Program, 2003.
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Wanted to Know About Fish
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A2-1 FIsH DIVERSITY AND ABUNDANCE

A2-1.1 Biological Diversity

The behavior, physiology, and morphology of fish are very diverse. Fish eat all conceivable plant or animal food items.
Some species form large schools; others have territorial or solitary lifestyles. Fish migrate over short or long distances
looking for food or areasto mate. Extreme examples are some species of Pacific salmon, which swim more than 1,880 miles
(3,000 km) up the Y ukon River to reproduce; or the giant blue tuna, which swims throughout the world’ s oceans seeking
food. Some species can also walk on land or glidein the air.

Most fish are cold-blooded, but some are partially warm-blooded. Most species use gillsto get oxygen, but some supplement
gill breathing by gulping air. A few will drown if they cannot breathe air. Some fish make venom, electricity, sound, or light.
Most fish release sperm and eggs into the water or the bottom with little parental care; others build nests, are live bearers, or
mouth brooders. Most fish have fixed sexual patterns, i.e., they are either male or female for their entire lives. A surprising
number switch sex at some point in their lives. The majority of species reproduce many times over alifetime; some die after
the first mating.
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Fish live from one year to over acentury. Adult fish range from a 0.4 inch (10 mm) marine goby to the giant 39.4 ft (12 m)
whale shark. Fish shapes range from snake-like to ball-like, saucer-like, or torpedo-like, with many formsin-between. Some
species are sleek and graceful; others are ungainly or grotesque. Fins may be missing or are changed for use as sexual organs,
suction cups, pincers, claspers, lures, or to serve other functions. Fish can be highly-colored to drab grey. Finally,
approximately 50 specieslack eyes.

A2-1.2 Distribution and Zoogeography

Fishlivein all possible aquatic habitats on the planet. Most are found in “normal” habitats, such as lakes, rivers, tidal rivers,
estuaries, and oceans. Within those habitats, fish are found at elevations of up to 17,000 ft (5,200 m) in Tibet, and depths of
over 3,300 ft (1,000 m) in Lake Baikal and 23,000 ft (7,000 m) below the ocean surface. Fish livein water ranging from
essentialy pure freshwater with salt levels close to that of distilled water, to hyper-saline lakes with salt levels over three
timesthat found in the sea. Their habitats extend from caves or springs to the entire ocean, from hot soda lakesin Africawith
water temperatures up to 44 °C (111 °F) to deep-sea hydrothermal vents in the eastern Pacific, and the Antarctic ocean where
water temperatures drop to -2 °C (28 °F).

a. Freshwater
Freshwaters support most of the world’s fish species, when one considers the volume of available water. This disparity arises
from greater productivity, and isolation.

» Freshwaters are quite shallow on average. Sunlight, which stimulates photosynthesis and increases algal growth, can
reach arelatively large part of their volume. In contrast, the oceans have a mean depth of 12,100 ft (3,700 m).
Much of the water column istoo deep and dark for photosynthesis and stays unproductive. The shallower
continental margins, which support most marine species, are an exception.

»  Freshwater habitats easily break up into isolated water bodies, creating many distinct “islands’ of water over the
terrestrial landscape. This isolation promotes the formation of new species over time. Droughts, volcanos,
earthquakes, landdlides, glaciation, and river course adjustments break up habitats. In contrast, marine habitats are
unbroken over great distances and volumes. They are less likely to form barriers, except on atrans-oceanic scale.

In North America, from the Arctic to the Mexican Plateau, freshwaters belong to a zoogeographic region called the Nearctic.
This area has approximately 950 known fish species, classified into 14 families. The most species-rich families are the
Cyprinids (minnows and related species), Catostomids (suckers and related species), Ictalurids (catfish and related species),
Percids (darters and related species), and Centrarchids (sunfish and related species).

The Nearctic region in North Americais divided into two subregions, each with many “provinces’:

» TheArctic-Atlantic subregion includes the Mississippi-Missouri drainage basins, the Great Lakes-Saint Lawrence
drainage basin, the riversthat drain the Atlantic seaboard, the Hudson Bay drainage basin, the riversthat drain into
the Arctic Ocean, and the Rio Grande drainage basin.

» The Pacific subregion contains the Pacific drainages from the Y ukon river to Mexico, and the interior drainages west
of the Rocky Mountains.

b. Oceans
The distribution of marine fish in the world' s oceans suggests four major marine regions, two of which are associated with
North America:

» TheWestern Atlantic Region includes the temperate shores of the Atlantic seaboard, the Gulf of Mexico, the tropical
shores of the Caribbean Sea, and the tropical and temperate shores of the Atlantic ocean along South America. Most
of the 1,200 fish speciesin thisregion live in the West Indian coral reefs.

» TheEastern Pacific Region is split from the rest of the Pacific Ocean by the expanse of water between the continent
and the Pacificidands. The fish diversity islessthan that of the Western Atlantic, mainly because this region has
fewer coral reefs. Several speciesin the Eastern Pacific Region are closely related to speciesin the Western Atlantic
Region, since these two regions were once connected until the Isthmus of Panama formed a barrier around 3 million
years ago.
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Most fish specieslivein coral reefs. Speciation dropsin temperate or polar regions, even though the number of individual
fish within a species may be quite high. Many species also have relatively small ranges, resulting in a high degree of
endemism (i.e., confinement to relatively small geographic areas). Global distribution of marine fish is hampered by physical
barriers (e.g., land and mid-ocean barriers). Distribution of freshwater fishislimited by land and salt water barriers.

A2-1.3 Habitat Diversity

Different variables determine where fish can live and reproduce. These variables include dissolved oxygen levels, water
temperature, turbidity, salinity, currents, substrate type, competition, and predation. Lake-dwelling species may prefer deep,
cold, nutrient-poor lakes versus shallow, warmer, nutrient-rich lakes. Species within lakes may seek out open water areas, the
shallow or deep benthic zone, or in-shore areas. A similar pattern exists in streams and rivers. some fish prefer swifter waters,
whereas others seek pools or quiet backwaters. Regional species assemblages differ between the cooler, swifter, and clear
headwaters and warmer, slower, more turbid low-land stretches.

Habitat use changes seasonally or throughout the life of afish: a species may have eggs and larvae that are pelagic, juveniles
that seek inshore nursery habitat, and adults that live in deep, cool, open water. Some fish are flexible enough to thrive in
different habitats: trout, sunfish, minnows, or smallmouth bass are equally successful in lakes and streams, as long as
conditions are acceptable. Others, such as sculpins, are more selective, and only tolerate a relatively narrow range of
conditions.

A2-2 INFLUENCE OF FISH ON AQUATIC SYSTEMS

Fish are anintrinsic part of aguatic food webs due to their numbers and functional diversity, and their effects as competitors,
predators, and prey. Studies show that fish have direct effects on the structure and function of agquatic ecosystems: their
presence causes changes in habitat use, prey population structure, population dynamics, and nutrient flows. Large shifts can
occur when fish are removed or eliminated.

A fish'slifecycle starts as afertilized egg. The egg hatches in days, weeks, or even months, based on the species and on water
temperature. Larvae are called sac fry for the first several days or weeks of their life until they consume all their yolk. In
their first year, they are called yearlings or age O+ fish. The term juvenile is more generic and refersto sexually immature
fish. The age of first reproduction is species-specific: small, shorter-lived species such as minnows mature in one or two
years. Larger or longer-lived species such as sharks, sturgeons, or tarpon can take ten or more years to reproduce.

Each fish plays arole in aguatic food webs based on its size, feeding habits, or habitat needs. The term “game fish” refersto
species wanted by recreational fishers; these fish have high value in a benefits analysis because they are highly valued by
mankind. The term, even though not based on biology, normally refersto fish that are predators near or at the top of aquatic
food chains. Examples of game fish include pike, largemouth bass, salmon, bluefish, snook, or tarpon.

Theterm “forage fish” or “prey fish” isvague because al fish in their younger life stages are eaten by bigger fish and other
organisms. Forage fish often refers mainly to smaller species that feed on plant material or small animals (zooplankton, fish
eggs or sacfry, small crustaceans, etc.) and are themselves eaten, even as adults. Examples of forage fish include anchovies,
rainbow smelt, bluegill sunfish, and numerous minnow species. Their value to humankind in a benefits analysisisless than
that of game fish, but their biological value to the ecosystem is even more important, because without them, there wouldn't be
any game fish.

Many predators eat fish. Invertebrate predators include diving beetles, dragonfly larvae, jellyfish, sea anemones, squids, cone
shells, crabs, and others. Amphibian predators include bullfrogs and other large frog species. Reptilian predators include
water snakes, aquatic lizards, turtles, and crocodiles or aligators. Bird predatorsinclude albatrosses, auks, cormorants,
eagles, egrets, gannets, goldeneye ducks, herons, kingfishers, loons, mergansers, murres, ospreys, pelicans, petrels, penguins,
seagulls, skimmers, spoonbills, storks, terns, and many others. Finally, mammal predatorsinclude dolphins, seals, sealions,
bears, otters, mink, and raccoons, among others.

This great predatory pressure affects fish distribution. Wading birds, for instance, feed in shallows along weedy edges or
quiet backwaters. Small fish measuring less than 1.6 inches (< 4 cm) are safe there, because they can hide among stems,
leaves, rocks, debris, or other structures. In contrast, larger prey fish avoid shallows and seek deeper water out of the reach of
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wading birds. The deeper water is arelatively safe alternative, because the piscivorous fish that live there are usually gape
limited (i.e., limited by the size of prey fish they can swallow because their mouths can open only so wide).

A2-2.1 Responses by Different Aquatic Receptors to Fish

< Aquatic plants

Grazing by fish (and other organisms) affects plants, by altering plant biomass and productivity, changing the species
composition of the vegetation, and causing plants to invest energy in growth instead of reproduction to replace parts lost to
grazing. Lessthan 25 percent of fish species in temperate streams are true herbivores, compared with 25 percent to 100
percent in tropical streams. |n temperate seas, only 5 to 15 percent of species are herbivores, compared with 30 percent to
50 percent in coral reefs.

<+ Zooplankton

Fish predation in lakes, ponds, and reservoirs can affect zooplankton by forcing changesin their daily vertical migrations.
During the day, zooplankters hide at depth, on the bottom, or in dense vegetation, to avoid being eaten by fish. The
zooplankters rise to the surface at night to feed. These migration patterns become less pronounced when the number of
planktivorous fish drops.

< Benthic invertebrates

Benthic invertebrates live on or in the substrate. The population dynamics and behaviors of the benthos can changein
response to fish predators. Studies have shown that these changes are subtler than for the more exposed zooplankton.
Aggressive benthic feeders, such as bluegill sunfish in lakes or creek chubsin streams, can depressloca populations of
benthic invertebrates. More often, the presence of benthic feeders causes behavioral changesin prey to reduce predation. For
example:

» insect larvae move from the surface of rocksto less desirable (but more protective) spots underneath the same rocks,

» crayfish— afavorite bass prey — move less and hide over bottom types that match their colors and make them less
visible when bass are present;

» the amount of benthic invertebrate drift drops when fish predators are present.

A2-2.2 Ecosystems are Complex — Fish Predation and Trophic Cascades

The effects described above show that predators and prey are linked. The next sections show that fish do not livein a
biological vacuum, but interact at different levels with other organisms.

a. Trophic cascades and their effects on biological responses
» A trophic cascade isakind of “ripple effect” that occurs when the numbers of organisms at different levelswithin a
food web change as a result of the addition or deletion of predators or prey. For example, fewer zooplanktivores are
consumed when top predators are removed, and therefore the number of zooplanktivoresrises. In turn, the increased
numbers of zooplanktivores deplete populations of zooplankton, reducing predation on phytoplankton and increasing
algal blooms. The opposite response can occur if top predators are added (for example, by stocking) or
zooplanktivores are removed (for example, by commercial fishing, disease, or I& E).

Such responses have been seen in freshwater systems, as shown by the following experiments:

» A lake contained the trophic cascade of redear sunfish — snails — epiphytes (i.e., algae that grow on submerged
plants) — submerged plants. When the sunfish were removed from test plotsin the lake, the snail population grew
and ate more epiphytes. The absence of epiphytes afforded more light for the plants, which grew better than in areas
of the lake where sunfish were present.

» A similar situation occurred in rivers. Thistrophic cascade included piscivorous fish (large roach and steel head
trout) — predators of benthic invertebrates (damselfly nymphs and fish fry) — herbivorous benthos (midges) —
filamentous algae. The number of nymphs and fish fry increased when roaches and steel head trout were removed
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fromtest plots. The predation rate on midges went up and reduced their population levels. The resulting growth of
the filamentous algae was better than that seen in areas where the roaches and trout remained.

b. Trophic cascades and their effects on physical parameters

Big changesin physical variables can result from the presence or absence of fish predators. Lakes or reservoirs with hard
waters and high pH levels can have “whiting events” in the summer. Lake Michigan is such alake. These events occur when
photosynthesis by phytoplankton is very high in the warm surface layers. This activity removes dissolved CO,, raises the pH
of the water even further and causes cal cium carbonate (CaCO,) to precipitate (the solubility of CaCO, goes down as pH goes
up) and turns water into a milky, white color. Whiting affects zooplankton feeding, decreases primary productivity, and
causes nutrients to sink to the bottom.

In the 1970s, salmonids were stocked in Lake Michigan. By 1983, these fish ate so many zooplanktivorous alewives that
predation pressures on zooplankton fell. The lower pressure increased the number of phytoplankton-eating cladocerans and
led to more grazing on the phytoplankton. Asaresult, photosynthetic activity dropped, the rise in pH during the summer was
lower than normal, little or no CaCO, precipitated out of solution, and no whiting event took place in 1983.

The absence of zooplankton-eating fish can affect temperature regimesin small lakes (< 20 km?). Compared to similar lakes
with piscivorous fish, such lakes have many zooplankton, which keep the phytoplankton in check. The clarity of the water
column increases, light goes deeper, and water temperatures are higher at greater depth. Trophic cascades have been used to
control eutrophication in lakes because they can generate strong biological and physical responses. Piscivorousfish are
stocked to lower the number of zooplanktivores, enhancing the popul ations of herbaceous zooplankters who control the algal
blooms.

A2-2.3 Effects of Fish on the Cycling and Transport of Nutrients

Fish can affect nutrient cycling. Phosphorus (P) is generally the limiting nutrient for plants in lakes and reservoirs. Fish
excrete P as soluble reactive phosphorus (SRP) through their gills or feces. SRP is easily taken up by algae. Studies show
that fish excretion is an important source of SRP to lakes and reservoirs and may have direct impacts on primary productivity
in those systems.

Fish are found in different trophic levels and feeding groups. They are highly mobile organisms that move nutrients among
compartments. In lakes, bottom feeders such as suckers, carp, or catfish stir up sediments while looking for food. Nutrients
are resuspended in the water and support algal growth. Some fish species that live in lakes make daily vertical migrations;
they transport N and P from the deeper, colder layers to the surface, and rel ease these nutrients through excretion and
defecation in areas where most algal growth occurs.

Fish are also mgjor nutrient reservoirs. In certain lakes, up to 90 percent of the Pistied up in bluegill sunfish. Thisvalue
shows the importance of fish to primary productivity, at least in nutrient-deficient waters. nutrients in fish are released to the
water by the gills or feces, or during fish decomposition after death. Studiesin aclear, deep |ake showed that P released by
roaches represented around 30 percent of the P budget of the epilimnion during summer stratification. Fish removal
experimentsin lakes can also lead to dropsin N and P in the water, presumably because the fish increase nutrient levels. Fish
biomass loss from emigration, fishing, or other ways (including |&E) can affect nutrient balances, hence primary productivity.

Fish tie different ecosystems together, particularly species that spend part of their livesin freshwater and part at sea. Such
fish move large amounts of nutrients when they migrate between habitats. Prolific species, such as menhaden or herring, are
prey for larger piscivorous fish in coastal areas and are major sources of nutrients. The gulf menhaden, an abundant species
in Gulf estuaries, isacasein point. The fish spawn off-shore in late winter. Their larvae enter estuariesto feed. Juveniles
grow by afactor of 80 over a nine-month period; they return to the Gulf in late fall to mature. Each year, an estimated 5 to

10 percent of the primary productivity in the salt marshes and estuaries is exported into the Gulf in the form of menhaden. Up
to 50 percent of the total N and P lost annually from these habitats does so in the form of migrating menhaden. Thelossin
one habitat isagain for another, because menhaden are a major source of prey. The carbon in these fish represents 25 to

50 percent of off-shore production in the Gulf. Other fish species with similar lifecycles all along our coastal habitats help
move energy, nutrients, and carbon across aquatic ecosystems.

In conclusion, the links and feedback loops in aquatic food webs make it difficult to predict what effects could result from the
loss of fish from such systems. The examples above remind us that every action leads to a reaction, some of which are
unpredictable but can have large effects. Thus, losses of impinged and entrained organisms from the local population can
have cascading effects throughout the food web.
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A2-3 EXTERIOR FISH ANATOMY

Most people can recognize afish. Itsexternal
shape, the structure and position of its mouth, the
location of fins, or the presence of spines are afew
of the characteristics that vary among species. The
long evolutionary history of fish hasled to many
changes that help fish use al aguatic environment
habitats. Some basic patterns are present in the
exterior anatomy of most fish species. These are
discussed below.

v Figure A2-1: Exterior Fish Anatomy

The external shape of afish reflectsitslifestyle and
habitat use. For example, the lifestyles of tuna and
flounders have changed the “typical” fish body
shape. Tunamigrate and hunt throughout the
world’'s oceans. They have streamlined bodies with
strong muscles and a specially-shaped tail to swim
fast and catch prey. The largest members of this
group, such as the bluefin tuna, are even partially
warm-blooded to raise their endurance and speed.
Flounders, on the other hand, are flat and move less:
they spend much time on the ocean floor buried in A
the sand. They catch molluscs, worms, or fish that
swim by.

Figure A2-1 details afish’'s exterior anatomy and the rest of Section A2-3 describes the major elements of exterior fish
anatomy. The section focuses on those elements that may be important to impingement or entrainment. A basic knowledge of
scales, for example, may help in understanding survival in fish that have lost their scales from I& E.

A2-3.1 Fish Shapes

The“typical” fishislong and cigar-like. Six general body shapes have devel oped around this basic design depending on the
species' lifestyle and habitat preferences:

» Rover-predators are streamlined, with well-spaced fins along the body to provide stability and maneuverability.
These fish are always mobile looking for prey. Examplesinclude bluefin tuna and pelagic sharks.

» Liein-wait predators have long bodies, flattened heads, and large mouths. Their dorsal fins and anal fins are
located far back on the body and their caudal finislarge. The size and place of most of their fins provide quick,
forward thrust needed to catch prey. Their colors and secretive behavior make them blend into their surroundings.
These fish lie in ambush and capture prey by quick-burst swimming. A typical example of alie-in-wait predator is
the pike.

» Surface-oriented fish are smaller, with an upward-pointing mouth, a flattened head, large eyes, and adorsal fin
located toward thetail. Their shape lets them capture small prey living below the water surface. Examples of
surface-oriented fish include mosquito fish and brook silversides.

» Bottom-dwelling fish generally have a small or nonexistent air (e.g., swim) bladder. They spend much time
foraging or resting on the bottom. Examples are rays and skates, which are flattened dorso-ventrally; and flounders,
which lie on their sides.

» Deep-bodied fish are usualy flattened sideways, with a body depth measuring at least one-third of their length.
Their dorsal and anal fins are long and the pectoral fins are placed high on the body, directly above the pelvic fins.
Deep-bodied fish tend to have a protrusible mouth, large eyes, and a short snout. Many have spines that increase
their ability to escape predators, but at the expense of speed. Sunfish are examples of deep-bodied fish.
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» Ed-likefish have long bodies, blunt or wedge-shaped heads, and tapered or rounded tails. Their pelvic finsare
small or missing. Such fish are well adapted to entering small crevices and holes in reefs or rock formations.
Examples include the American eel and the murray eel.

A2-3.2 Skin and Scales

Skin coversthe entire body of afish. It protects against micro-organisms and hel ps regulate water and salt balances. It also
has the pigment cells that give fish their colors. The outer skin layer isthe epidermis: it is thin and lacks blood vessels but is
replaced as it wears off. The dermisistheinner, thicker layer, from which the scales grow. Much mucusisreleased by
mucus glands in the dermis. Mucus covers the fish with a protective layer: it cleans body surfaces, prevents the entry of
pathogens, helps regulate salt balances, and reduces friction.

Most fish are covered with scales. Some fish are scaleless, others are partially covered. Differences may be big evenin
closely-related species. the leather carp is scale-less, the mirror carp is partly covered with scales, and the common carp is
fully covered with scales. Scale-less species generally have atough, leathery skin to compensate.

Scales are thin, calcified plates that grow out of the dermis and protect the skin. They usually overlap like roof shingles and
are known asimbricate scales. Another type of scale, mosaic scales, fit closely together like a mosaic but do not overlap;
adjacent scales may touch, or they may be separated by a small space. The scale structure also varies by fish group: sharks,
skates, and rays are covered with placoid scales (or dermal denticles), which give these fish the rough feel of sandpaper.
Higher, bony fish, such as sunfish or minnows, are covered by smoother leptoid scales. Scale and mucus loss make fish more
vulnerable to infections.

Scales are colorless; color comes from cells called chromatophores found in the dermis. Some of these cells contain pigments
that produce the bright colors seenin fish. Others create various color hues (such as the typical “metallic’ colorationin some
fish species) by scattering or reflecting light.

Mechanical injuries from impingement and entrainment can abrade the epidermis, dermis and scales, removing them. This
causes increased susceptibility to infection and osmotic stress. Freshwater fish will suffer from excessive water uptake, while
saltwater fish will lose water (Rottmann et al., 1992). Abrasion can aso cause areduction in the lethal shear threshold of a
fish, creating a greater susceptibility to injury or mortality from the shear forces created by spatial differencesin the velocity
of moving water (Marcy et al., 1978).

A2-3.3 Fins

Swimming is a challenge because water is not a solid material, but flows upon impact. Deep-bodied fish tend to fall over on
their side, because the water provides no support. The body of afish aso shifts sideways asit swims. Fish have developed
several strategies, including fins, to lend stability and maneuverability for swimming more efficiently through the water.
Fins are bony or cartilaginous rays projecting from the fish’s body, and which are connected by a thin membrane. Some of
those rays are articulated and are called soft rays. Others are stiff and are known as spines. Many fish incorporate soft rays
and spinesin their finsto provide flexibility and protection. Some species also have poison glands attached to the base of
hollow spinesto protect against predators.

Fins have many roles: they are used to swim and maneuver but also serve as rudders, balancers, defensive weapons, feelers,
sexual structures, sucking disks, and prey or mate attractors. They have many shapes, colors, and lengths, and are found in
different locations on the body. Finscomein two varieties: paired fins and vertical (or median) fins.

a. Paired fins

Paired fins include the pectoral fins and pelvic fins, which are ventral fins found at the bottom of the body (compared to
dorsal fins, found on top of the body). Pectoral and pelvic fins resemble the four limbs of the higher vertebrates: the pectoral
fins are the forelimbs and are attached to the shoulders; the pelvic fins represent the hind limbs. Neither fin type plays a
major rolein locomotion; they prevent the body from pitching and rolling and to help to brake forward motion.

< Pectoral fins

Pectoral fins are located behind the gill openings. They provide maneuverability, but also balance the body at low swimming
speeds. Pectorals can have different shapes and functions: flying fish have large pectora finsto help them soar in the air;
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mudskippers have modified pectoral fins for crawling on land; and sea robins use the three front rays of their pectoral fins as
feelers.

< Pelvicfins

Pelvic fins are located on the underside of the body but vary in their placement: they may be found in front of the pectorals
(e.g., in cods, pollock, or winter flounder), below the pectorals (e.g., in largemouth bass, Atlantic croakers, or darter goby), or
in the middle of the body (e.g., in salmon, American shad, herring, or striped mullet). The pelvic finis used to stop, hover,
maneuver, and balance. Pelvic fins can become specialized. Some species have fused pelvic fins, which form a suction disk
for clinging to rocks and coral. In male sharks, the pelvic fins form claspers, which serve as sperm cell conduits.

Either one of these fin types may be absent in fish. Eelslack pelvic fins but have fused dorsal, caudal, and anal fins (see
discussion below). Lampreys lack pectoral fins. Generally, however, pelvic fins are much more likely than pectoral finsto be
absent.

b. Vertical fins
Vertical fins are found along the centerline of the body, at the top, bottom, and back of afish. Dorsal fins, ana fins, and
caudal finsare vertical finsfound on most fish. Their roles include locomotion, protection, and balance.

< Dorsal fins

Dorsal fins are found on top of the body and consist of one or two (and rarely three) separate fins. They help prevent the fish
from turning over in the water. Many species incorporate stiff spinesin their dorsals to protect against predators. The dorsal
fin may be followed by the adipose fin, a fleshy outgrowth with no rays, typically found in salmonids and catfish. Mackerel-
like fish have small, detached finlets consisting of asingle ray behind their dorsal (and anal) fins. Other species have highly
modified dorsal fins: remoras have a sucker disk used for attaching to sharks, seaturtles, and other large marine animals.
Angler fish have amodified dorsal fin ray that bears a fleshy, moving lure used for attracting prey.

< Anal fin

The ana finisfound on the belly of the fish behind the vent, or anus. It isusually asingle fin (rarely two) used in balance.
Many species include stiff, sharp spines to protect against predators. The anal finisabsent in rays and skates, which move
about and feed close to the bottom. (Contrary to rays and skates, which have a depressed body shape, flatfish actually lie on
their sides and have normal anal fins.) Anal fins also serve other purposes; in male mosguitofish, the anterior rays of the ana
fin have joined into a single structure used to transfer sperm to the female.

< Caudal fin

The caudal finisat the back of the fish and serves mainly to aid in locomotion. Swimming behavior shapes the caudal fin.
Some rover-predators, such as tuna and marlin, have a stiff, quartermoon-shaped forked tail attached to a narrow caudal
peduncle. The deeper the fork, the more active the fish. Deep-bodied fish and most surface- and bottom-oriented fish have
rounded, square, or only dlightly-forked tails. A few fish, such as sea horses, lack a caudal fin.

A2-3.4 Mouth and Dentition

The shape, size, and position of the mouth and teeth reflect the fish’s habitat and diet. The mouths of bottom-feeding fish,
such as carps, suckers, or catfish, generally point downward. In extreme cases, the mouth is tucked underneath the fish, asin
rays, skates, and sturgeons. The mouth of surface-oriented fish, such as killifish, mosquitofish, and Atlantic silversides, points
upwards. Most fish, however, have aterminal mouth. Mouths can become highly specialized, with shapes ranging from long,
tube-like, probing structuresto large, parrot-like beaks.

Fish do not chew their food; their teeth grab and hold prey until it can be crushed, torn apart, or positioned to be swallowed.
Predators, such as sharks, barracudas, and piranhas, have rows of highly-developed teeth. Most species have teeth that ook
alike and are packed along the inner rim of the lower and upper jaw. Teeth typically point inward to prevent prey from
fleeing after capture. Some predators, including pikes and pickerels, also have teeth on their tongues, gill arches, throats, and
the roofs of their mouths. Fish that strain the water for plankton or eat plants have few well-developed teeth. Species that
crush cora or clams have fused teeth in the form of a cutting edge, crushing plates, or broad, blunt teeth arranged like
cobblestones. These speciesinclude parrot fish or skates and rays. The number of teeth in fish varies greatly and ranges from
0 to more than 10,000.
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A2-4 TINTERIOR ANATOMY

Section A2-4 discusses various components of the interior anatomy of afish. Termsin this section refer to Figure A2-2 which
diagrams many of the internal organs of the striped bass.

Theinternal anatomy of fish variesless than their external anatomy. All vertebrates share many structures, such as a central
nervous system or an internal skeleton. Other structures are uniqueto fish [e.g., air or swim bladders (Figure A2-2) for
buoyancy control and internal gills for gas exchange and salt regulation]. This section outlines basic features of the internal
anatomy of fish. Rather than in-depth review, this section provides a basic understanding of the structure and function of the
major organ systemsin fish.

This knowledge isimportant because the systems discussed here may play arole during impingement or entrainment. For
example, (1) impinged fish may suffocate if they cannot pass water over their gills due to high water pressures;

(2) anadromous fish adjusting to different salt levelsin the water during migrations may be more vulnerable than resident

species to the stresses of impingement; and (3) the air or swim bladder of larval fish may be damaged when they undergo

rapid pressure changes within the cooling system.

v Figure A2-2: Interior Fish Anatomy

Source: EPA, based on a drawing by Jack J. Kunz, National Geographic Society, 1969. A

1. Olfactory System 4. Muscle Segment (myomere) 7. Circulatory / Cardiovascular
1.a Nasal Capsule System
1.b Olfactory Nerve 5. Digestive System 7.a Ventra Aorta
5.a Mouth 7.b Heart
2. Nervous System 5.b Tongue 7.c Spleen
2.aBrain 5.c Esophagus
2.b Spina Column 5.d Liver 8. Air Bladder
2.c Laterd Line 5.e Gall Bladder
5.f Stomach 9. Reproductive System
3. Skeletal System 5.9 Pyloric Caeca 9.a Ovary
3.a Cranium/Skull 5.h Intestines
3.b Vertebra/Backbone 5i Anus 10. Excretory System
3.c Neura Spines 10.a Kidney
3.d 1* Dorsal Fin Spines & 6. Respiratory System 10.b Bladder
Pterygiophore 6.a Buccal Cavity 10.c Urinary Duct/Urogenital
3.e 2" Dorsa Fin Spines & 6.b Gill Rakers Opening
Pterygiophore 6.c Gill Arches
3.f Anal Fin Spines and Support 6.d Branchia Cavity
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A2-4.1 Skeletal System

Theinternal skeleton holds together and protects the soft, internal organs, helps maintain the proper body shape, and serves as
an attachment or leverage point for striated (i.e., skeletal) muscles.

a. Types of skeletons
Fish belong to three broad groups, based on skeletal differences:

< Agnathans

Agnathans, the jawless fish, are the most primitive of al fish. Most species became extinct 350 million years ago, except for
the eel-like hagfish and lampreys. Hagfish live in the ocean and scavenge dead fish or other vertebrates. Lampreyslive both
in marine and freshwater environments; some species parasitize other fish. Agnathans lack jaws; they also lack atrue
vertebral column, ribs, scales, paired appendages, and other skeletal features typically found in more modern fish. Instead of
true hollow vertebrae (Figure A2-2), hagfish and lampreys have aflexible notochord, along, cartilaginous rod that acts like a
primitive backbone.

< Chondrichthyes

Chondrichthyes, the cartilaginous fish, include sharks, rays, skates, and the less familiar but striking Chimaeras. These fish do
not have true bone; instead, their skeletons are made of cartilage combining hardness and elasticity. Unlike bone, cartilage
usually does not mineralize (there are exceptions), but instead consists of a flexible matrix made of fibers meshed in a protein-
like material. Typical Chondrichthyes are also distinct from bony fish for other reasons, including: (1) lack of aair/swim
bladder; (2) presence of a solid braincase instead of one with many pieces of bone; (3) individual external gill openings
instead of a single combined opening; (4) primitive fin structure; and (5) tooth-like scales.

< Osteichthyes

Osteichthyes, the bony fish, include all other living fish species. The Osteichthyes have a bony skeleton; notable exceptions
include primitive bony fish, such as sturgeons or paddlefish, which have only partly ossified skeletons. Bony fish have gillsin
a common chamber covered by a movable bony operculum (see Figure A2-1), and fins supported by bony rays radiating from
the fin base. They usually have a gas bladder to provide buoyancy. The teleosts are the most successful bony fish; most
aquarium, commercial, and recreational species belong to this group. Teleosts comprise more than 30,000 species and
subspecies.

b. Major components
The mgjor components of the internal skeleton in modern fish include the following:

» The backbone replaces the notochord of the jawless fish and consists of interlocking hollow vertebrae that run from
the back of the skull (Figure A2-2) to thetail. The spinal cord (Figure A2-2), which startsin the brain and runs
through the backbone, is also protected by it. The number of vertebrae range from 16 to more than 400, depending
on the fish species. Each vertebra has an upward-projecting spine called the neural spine (Figure A2-2). The
vertebrae found behind the abdominal cavity may also have one or more downward-pointing spines (the haemal

spines).

» The skull isacomplex structure in the head region. Its major part isthe cranium (Figure A2-2), or braincase, which
protects the brain and several sense organs. The skull is also an attachment point for the lower jaw, the backbone,
and the shoulder and pelvic girdles. In sharks and related fish, the skull does not have sutures. The skull of bony
fish consists of many fused bones.

» Theribsor spines (Figure A2-2) are loosely attached to the vertebrae and surround the fish's abdominal cavity.
They are small projectionsin cartilaginous fish, but are fairly well-developed in bony fish. Unlikein terrestrial
vertebrates, fish ribs play no part in breathing. They instead transmit muscle contractions during swimming and
frame the body. Fish also lack a breastbone to create arigid rib cage.

» Thefin spines (Figure A2-2) are spine-like bones not directly connected to the rest of the skeleton. They anchor
both dorsal and ventral fins into the muscles through connecting structure called pterygiophores that reach toward or
may intertwine with both the neural and haemal spines of the vertebrae.

A2-10
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A2-4.2 Muscle System

Muscles comprise one-third to one-half of the mass of an average fish. The activity of the nervous system has little
consequence except through its action on muscles, which are used both to swim and to aid digestion, nutrition, secretion, and
circulation. Muscles exert their force by contracting. 1f amuscle is attached to different places on the skeleton, the
contraction creates a pull, resulting in movement. Two major types of vertebrate muscle tissue exist:

» Smooth muscle, the simpler of the two, is under involuntary control. Itisfound in thelining of the digestive tract,
where it provides the slow contractions needed to advance food. It isalso found in the ducts of glands connected to
the gut and the bladder, as well asin blood vesseals, genital organs, and other locations (the heart consists of highly
modified smooth muscle). Although it plays amajor role in the well-being of fish, smooth muscleis not involved in
swimming.

» Striated muscle (Figure A2-2), forming the “flesh” of the fish, is under rapid, voluntary control. These muscles are
large, well-formed structures; their main roleisin swimming. Striated muscles are also used to move eyes, jaws,
fins, and gill covers.

The biggest muscle massin fish is the axial musculature, which runs from head to tail on both sides of the body. It isarranged
in repeating, W-shaped, overlapping segments called myomeres. A tough membrane connects each myomere to its neighbor.
An additional membrane, called the horizontal septum, divides the myomeresinto adorsal and ventral half.

The fish creates awave along its flanks by contracting opposite muscle segments (Figure A2-2). The wave gains speed asiit
travels backwards and causes the tail to thrust against the resistance of the water, thereby moving the fish forward. Thereis
little specialization in the axial musculature. One exception are the muscles used for moving the pectoral and pelvic fins.
Each fin has two opposing muscles: one extends the fin, the other depressesiit.

A2-4.3 Major Sense Organs

The sense organs in fish have many uses, including orienting the animals and detecting electrical, mechanical, chemical,
thermal, and electromagnetic signals from their surroundings. The nervous system is split into two main parts: the central
nervous system (CNS) and the peripheral nervous system (PNS). The CNS includesthe brain and spinal cord. The PNS
consists of paired nerves that run outward from the CNS and connect to other areas in the body. One function of the nervous
systemisto tie receptor cells, such asthe eyesor lateral line, to effector cells, such as the skeletal muscles. Receptor cells
detect outside signals; effector cells create aresponse. Another part, the visceral nervous system, serves the gut, circulatory
system, glands, and other internal organs.

This section discusses the structure and function of the organstied to olfaction, taste, equilibrium/hearing, vision, and the
lateral line.

a. Olfaction

Many fish have a keen sense of smell. Certain shark species can detect the odor of blood over great distances in the ocean.
The olfactory epithelium is found at the bottom of specialized holes called nasal pitslocated in the snout. Unlike the noses of
terrestrial vertebrates, the pits do not open into the buccal cavity (Figure A2-2). Each olfactory cell connects to the olfactory
bulb of the brain via nerves. The olfactory cells project rod-like extensions into the nasal pit. These extensions detect the
odor molecules. Little is known about the exact processes that generate the sense of smell in fish.

b. Taste

Thetaste cells are grouped in clusters called taste buds. Each cluster has 30 to 40 taste cells connected to nerve fibers. Taste
buds are usually found in small depressions. Each sensory cell has a hair-like projection, which may extend to the surface of
the epithelium via the taste pore and detect taste. Fish can detect sourness, saltiness, bitterness, and/or sweetness.

All fish do not experience taste in the same way. Most have taste buds in their mouth and pharynx, and can therefore taste to
one degree or another. Some, like the bullhead catfish, also have tastebuds over their entire body surface. Others, such as
sturgeons and carp, have taste buds on oral feelersto facilitate finding food in mud or murky waters. Still others have taste
buds covering their heads.

A2-11
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c. Equilibrium and hearing

Fish do not have the features of hearing found in terrestrial vertebrates (i.e., ear lobes, ear canals, ear drums, ear ossicles).
The basic ear structure in fish and all higher vertebratesisthe inner ear, a paired sensory organ found in the skull. This
structure originally evolved as an organ of equilibrium and is still used as such by all terrestrial and aquatic vertebrates. The
ability to hear evolved later.

Theinner ear in fish consists of sacs and canals that form a closed system containing aliquid called an endolymph. Some of
the internal surfaces of the sacs and canals are lined by atissue called the macula. The sensory cells that make up the macula
resemble the neuromasts found in the lateral line system discussed below. These cells connect to auditory nervesin the brain.
Calcium carbonate crystals are deposited on top of the macula and combine to form ear stones called otoliths. Depending on
the tilt of the head, the acceleration, or the rate of turning, the otoliths contact the sensory cellsin different ways, causing
specific patterns of nervefirings. The CNS interprets these signals and provides data to the fish on its orientation and
movement through space.

The inner ear aso captures sound waves. Sound waves carry farther in water than in air and are therefore a source of
information to fish. Whereas cartilaginous fish (e.g., sharks, ray, skates) respond only to very low vibrations, most bony fish
hear arange of sounds. Fish do not have external hearing structures; sound is believed to pass through the skull into the inner
ear. The vibrations cause the otoliths to shake, generating the effect of hearing.

Sound must generate head vibrations for fish to hear. Some fish have “hearing aids’ to better capture sounds. These aids rely
on the gasin air/swim bladders to amplify the vibrations of sound in water. The swim bladder in herrings has an extension
that reaches forward and carries vibrations directly to the inner ear. Catfish and carp use a different method: bony processes
of the anterior vertebrae form a chain called the Weberian ossicles, which connect the swim bladder to the head region. These
modifications show the importance of sound to fish.

d. Vision

The basic anatomy of fish eyes resembles that of other vertebrates. The corneais the outermost layer, through which light
entersthe eyeball. The corneaisfollowed by alens, which servesto bend and focus the light rays on the retinain the back of
the eye. Muscles attached to the lens allow fish to focus on nearby or far away objects. Ocular fluid fills the interior of the
eye and the space between the corneaand lens. Fish have evolved atapetum to let the eye catch more light. Thisisahighly
reflective tissue that mirrors the light back onto the eye. Unlike terrestrial vertebrates, fish lack a pupil to control the intensity
of the incoming light.

Theretinain fish is composed of rods and cones, which are light-gathering cells containing visual pigments. Rods have more
pigments than cones and are more sensitive to dim light. Coneswork only at higher light levels and are usually missing in fish
that live in low-light habitats, such as the deep sea. Different pigments have distinct molecular structures and are sensitive to
specific wavelengths. When light hits visual pigments, a chemical reaction is started that resultsin nerve impulses. These are
carried by the optic nerve to the brain for processing.

Fish have adapted to deal with the unique optics of water and the different light conditions that exist in aquatic environments.

< Refraction

Refraction refers to the bending of light as it passes from one medium to another, such as from air to water or from water to
tissue. The corneaand ocular fluids of fish do not refract light. Fish lenses are good at bending light, and make images free
of aberrations or distortions by changing the refractive properties of the tissues within the lens. Light passing through the lens
follows curved paths to form sharp images on the retina.

This arrangement is a problem when fish need to focus on nearby or far away objects. Mammals focus by changing the
curvature of thelens. Fish cannot do that. Most fish move the lens toward or away from the retina along the optical axis. As
ageneral rule, freshwater species accommodate |ess than do marine species; useful vision is more limited in the more turbid
waters of lakes and rivers, compared to ocean water.

< Light absorption

Water’s light absorption properties change with depth. Longer wavelengths (reds and greens) are quickly removed at the
surface; only shorter wavel engths (blues) go farther down. Deep water fish have visual pigments sensitive to blue light. A
changein spectral quality with depth affects fish that move between the seas and inland waters. Adult salmon in the ocean,
for example, have rod pigments that best absorb in blue end of the spectrum. Asthe fish migrate into shallower freshwater,
their pigments are gradually replaced by new ones that are more sensitive to the redder end of the spectrum.

A2-12
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«» Color vision
Fish can see colorsif they live in relatively shallow or clear water. Consequently, numerous tropical fish species display
brilliant colors.

e. Lateral line

Most fish have a“lateral line” (Figure A2-2) running along their flanks from head to tail. The lateral line provides spatial and
temporal information. It is so senditive that blinded fish can locate fish or other nearby objects. A fish can also feel the
motion of its own body relative to the surrounding water: as it approaches an object, the pressure waves around the fish’s
body are dightly distorted. The lateral line detects these changes and enables the fish to swerve. Low frequency sound waves
generate pressure waves in the water column, which are also detected by the lateral line.

The lateral line can be single, double, or forked, consisting of thousands of tiny sensory organs that lie on the skin surface
within small pits. These sensory organs connect to the brain. At the bottom of each pit is a neuromast, a small structure that
detects vibrations and water movement around the fish. The neuromast consists of sensory hairs enclosed in a gel-filled
capsule that protrudes into the water. The neuromasts send out electrical impulses to the brain. The enclosed sensory hairs
bend when a pressure wave distorts the gelatinous caps. This movement either increases or decreases the frequency of nerve
impul ses depending on the bending. It is this change in frequency which is sensed by the fish.

A2-4.4 Circulatory System

The circulatory system transports and distributes various substances including oxygen, nutrients, salts, hormones, or vitamins
to cells throughout the body; and removes waste products such as carbon dioxide, nitrogenous wastes, excess salt, or
metabolic water. The circulatory system also maintains proper physiological conditions within the body, fights diseases, heals
wounds, and serves as an accessory to the nervous system through the endocrine (i.e., hormone) system.

The mgjor parts of the circulatory system are the blood and the circulatory vessels.

a. Blood
Blood fills the circulatory system vessels. Blood'sliquid “matrix,” called blood plasma, contains several cell types:

» Red blood cells are packed with hemoglobin, which containsiron atoms to carry oxygen to the cells and carbon
dioxide away from the cells.

» White blood cellsfight infections and other diseases.
» Thrombocytes help the blood to clot.

The life span of blood cells ranges from hours to months, depending on cell type. The body must therefore make new cellsto
replace old ones. Blood-forming tissue in fish is found in one or more of the: spleen (Figure A2-2), kidneys (Figure A2-2),
gonads (sex organs), liver (Figure A2-2), and heart (Figure A2-2 and Figure A2-3). Bone marrow does not form blood cells
in fish.

b. Circulatory vessels
The circulatory system includes the heart, arteries and veins, capillaries, and the lymphatics.

The heart of atypical fish, amodified tube with four sequential chambers, isfound close to the gills. Oxygen-poor blood
enters the sinus venosus, and is pumped through the atrium and ventricle into the bulbous (Figure A2-2) or conus arteriosus.
From there, it is pumped out of the heart, into the ventral aorta. The ventricle does most of the pumping. One-way valves
prevent blood from flowing backward. The ventral aorta runs toward the gills and branches into parallel aortic arches that run
through each gill. After the blood is re-oxygenated, the blood vessels rejoin into one large dorsal aorta, which carries the
blood to the organs.
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v Figure A2-3: Gill and Heart Anatomy
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Arteries carry higher-pressure, oxygen-rich blood. When they reach their target organs, the arteries split into smaller branches
called arterioles. These enter the organ and continue to divide until they become so narrow that red blood cells can pass
through them only single-file. At this point, the blood vessels are called capillaries. The microscopic capillaries are the most
important part of the circulatory system. Whereas blood is simply carried through the arteries and veins, blood in the
capillaries releases oxygen and nourishment to the cells and picks up carbon dioxide and other wastes. The capillariesrejoin
and form larger venules. The venules merge into veins, which carry the oxygen-poor blood out of the organs and back to the
heart. The venous system is at alower pressure than the arterial system because pressureislost as blood passes through the
capillaries.

Bony fish also have alymphatic system, a network of vessels running parallel to the venous system, returning excess fluids
from the tissues to the heart. The lymphatics are not connected to the arterial blood supply, but instead arise from their own
dead-end capillaries within the tissues. The excess fluid is captured as lymph and returned to the venous system.

A2-4.5 Respiratory System

Fish are aerobic, i.e., they must breathe oxygen. Most fish obtain their oxygen from the water. Extracting oxygen from water
isdifficult because (1) water is a thousand times denser and 50 times more viscous (at 68 °F [20 “C]) than air; (2) when
saturated, water contains only 3 percent of the oxygen found in an equal volume of air; and (3) oxygen solubility in water
decreases with increasing temperature. Fish expend much energy moving water over their gills; they have evolved efficient
gills to maximize oxygen uptake while minimizing the cost of breathing.

a. Basic gill anatomy

Gills are similar among groups of fish. The paired gillsare internal and located in the pharyngeal region, specifically the
branchial cavity. They are supported by flexible rods called gill bars. The number of gill bars ranges from four to six. On
the side facing the pharynx, the gill bars carry stiff strainers called gill rakers (Figure A2-2 and Figure A2-3). Though not
used in breathing, some species use gill rakersto strain out food particles. A typica gill bar hastwo large gill filaments
(Figure A2-2 and Figure A2-3), which point outward (i.e., away from the pharynx and into the branchial cavity). Each gill
filament supports many gill lamellae, where the gases are exchanged.

An average of 20 lamellae are found on each mm of gill filament. Lamellae are covered by tissue one cell layer thick to
optimize gas exchange. Those of adjacent gill filaments usually touch or mesh together, which favors contact between the
gillsand water. The gill surface areavaries by afactor of 10 (on a per weight basis) and depends on the animal’ s activity.
Active swimmers like white shark or tuna have larger gill surface areas than do sedentary fish like sunfish or carp. A fish
such as a 44-pound sea bass has a respiratory surface of about 60 ft2.
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b. 6Gas exchange

When the fish opens its mouth to breathe, the branchial cavity is closed by a stiff operculum (in bony fish) or a series of flap-
like gill septa (in cartilaginous fish) to prevent oxygen-depleted water from re-entering the branchial cavity. The operculum

and septa also help keep a negative pressure in the buccal cavity when the mouth opens, forcing water to rush in. Asthe fish
closes its mouth, the buccal cavity becomes smaller and water is forced backward over the gills.

Breathing water has drawbacks, partly dueto itslow oxygen content. Gills increase oxygen uptake using a countercurrent
exchange mechanism. The gill lamellae face the incoming water, which always moves from the buccal cavity to the branchial
cavity. Blood flows through the lamellae in the opposite direction. When blood first enters the lamellag, it encounters water
low in oxygen (the “upstream” gill lamellae have already removed some oxygen). The blood entering the lamellae contains
even less oxygen. This difference lets the small amount of oxygen still present in the water move into the blood. The oxygen
content of blood flowing into the incoming water goes up, but so does that of the ever “fresher” water. A nonstop oxygen
flow in favor of the blood al aong the lamellae results. Oxygen keeps moving into the bloodstream until the blood |eaves the
lamella. Through this process, fish remove up to 80 percent of the oxygen from the water. Carbon dioxide movesin the
opposite direction based on the same principle.

c. Other gill functions
The central role of gillsisto take up oxygen and release carbon dioxide. Gills aso have other functions due to their large
surface area and close contact with water.

< Osmoregulation

Gills, together with kidneys, are used in osmoregulation: the
control of salt and water balances. The internal fluids of
freshwater fish are “saltier” than the surrounding water. When
blood moves through the gills, salt diffuses from the blood into
the water, whereas water tends to move into the body. The
kidneys rel ease the extra water as dilute urine to keep a proper
internal water balance. Freshwater fish also drink little or no
water. Any salt lossis made up by chloride cells located in gill : LAz Sl e
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into the blood to make up for the loss. Mucus coversthe gills,
which protects them from injuries but helpsin osmoregulation.

<% Osmoregulation is a vital physiological need for
fish and other aquatic organisms. Thisis
particularly true for anadromous fish, which move
from the ocean into freshwater habitats to spawn,

and-whose offspring-migrate back-iito-the oceanto
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different-osmaticenvironments—Some Speciesmay—
be less able to survive physical shock or extreme
stress during this transitional period, and could
therefore be more susceptible to mortality from

impingement.

This situation reverses in marine bony fish: their internal fluids
areless “salty” than their surroundings: water in the blood
moves out of the body, but salts movein. These fish drink
freely to make up for water loss. Drinking seawater brings
salts into the body; these salts are excreted by both the gill
chloride cells and the kidneys.

Cartilaginous fish (and some primitive bony fish) also live in salt water but maintain their water balance differently. These
fish keep high levels of ureain their blood, which causes their internal fluids to be saltier than seawater. Some water enters
the gills, and the kidneys produce moderate amounts of urine. These fish need little or no additional water and drink
infrequently.

< Heat exchange

Most fish are cold-blooded: their body temperature equals that of the water. Internal heat created by muscle activity islost to
the environment when the fish’s blood passes through the gills to extract oxygen from water. Pelagic fish, such as certain tuna
and sharks, are exceptions. These fish have countercurrent heat exchangersin their muscles to keep much of the heat inside
and prevent it from being lost through the gills. Their body temperatures can be up to 20-25 °F (-6.7 to -3.9 °C) higher than
that of the surrounding water.

< Excretion

Freshwater and marine bony fish release their nitrogenous wastes through their gills. Blood moves the waste, in the form of
urea, to the gills. There, urea changes into toxic ammonia, which quickly diffusesinto the water. Cartilaginous fish

(i.e., Chondrichthyes) keep high levels of ureain their blood and lose very little of it through their gillsto help in
osmoregulation.
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< Predation

Gills have evolved to catch prey in plankton feeders, which swim with their mouths open. These fish have numerous, fine,
and long gill rakers that strain plankton. Examples include the paddiefish (Polyodon spathula), the gizzard shad, and the
Atlantic herring (Clupea harengus).

A2-4.6 Air/Swim Bladder

Buoyancy isthe tendency of an object to float or rise in water, and depends on the object’ s density versus that of water. An
aquatic organism with a density like water is weightless, neither rising or sinking. Less effort is needed to keep it from
sinking or to move about. Most fish regulate their density to reach neutral buoyancy.

a. Strategies to increase buoyancy

Fat isless dense than water. One way to reduce body density, and increase buoyancy, is to increase body fat. About one-third
of afish's body weight needs to be fat to make the fish weightless in seawater. Several shark species increase buoyancy in this
manner: they have huge livers full of squalene, afatty substance that provides buoyancy, being much less dense than seawater.
Buoyancy is aso attained by storing gases within the body. Many bony fish have an air/swim bladder for this purpose.

The amount of body volume that must be in the form of gas to achieve “weightlessness’ depends on the saltiness of the water.
Freshwater contains less salt than seawater; it is therefore less dense and provides less buoyancy. Swim bladdersin
freshwater fish range from 7 to 11 percent of body volume, while those of marine fish range from 4 to 6 percent of body
volume.

b. Structure and function

Fish would be neutrally buoyant at only one depth, if air/swim bladders had a fixed amount of gas. Water pressure increases
aswater depth increases. When afish swimsto alower depth, the increased pressure compresses the gas in the swim bladder,
lowering its volume and increasing the density of the fish. The fish must swim more actively to compensate for this to prevent
its denser body from sinking further. Water pressure decreases expanding the volume of gasin the swim bladder, when afish
swims toward the surface. Without the ability to change the amount of air in the swim bladder, a fish becomes less dense and
rises to the surface like a cork.

The volume of gasin an air/swim bladder, and hence its pressure, needs adjusting as a fish changes depths. Most fish have an
air/swim bladder that isisolated from the outside of the body and air pressure within the bladder varies when gas moves from
the bladder to nearby blood vessels and back again. In some species, such as carp, a pneumatic duct joins the air/svim
bladder with the esophagus. This connection actsasa* valve” to release extra gas as the fish swims toward the surface, or to
take up gas by gulping air at the surface before swimming toward the bottom.

It is simple to remove gas from an expanding air/swim bladder: the pressure forces the gas into the surrounding blood
capillaries, which carry it away. Filling up abladder is more difficult because it is done against the high pressures aready in
the bladder.

In most bony fish (i.e., Osteichthyes), gas enter the air/swim bladder through the red body. The name comes from a structure
known as the rete mirabile (the “marvelous net”), a dense bundle of capillaries arranged side by side in countercurrent
fashion. Blood leaving the area carries gases at the same pressure found in the air/swim bladder. The gas pressure of blood
coming into the areais much lower, similar to that in the surrounding water. Gases move from the outgoing blood to the
incoming blood, not unlike the gas exchange processin the gills. The red body boosts the process by releasing compounds
that raise the incoming blood’s oxygen level. When the gas pressure in the red body exceeds that within the swim bladder,
gas moves into the latter. Gas uptake and release is not immediate; swim bladders can burst when fish caught at great depth
come to the surface too fast.

c. Effect of entrainment on the swim bladder

Changes in pressure can have a dramatic and often lethal effect on fish with swim bladders. Cooling water systems contain
both positive and negative pressure differentials. A large positive pressure change will cause the swim bladder to implode.
The effects of negative pressure changes appear to be more damaging. Negative pressure changes can cause the swim bladder
to explode if the pressure across the membrane cannot be equalized fast enough. Pressure effects may be the leading cause of
mortality in larvae of bluegill, carp, and gizzard shad. Gas disease may also result from a negative pressure change. Gas
becomes more soluble in a negative pressure system, and following the release of pressure, hemorrhaging of blood vessel
walls may occur around the eyes, gills, fins, and kidneys.
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A2-4.7 Digestive System
The digestive system processes ingested food to meet the energy needs of fish.
The digestive system of fish has four major functions:

» Trangportation: Swallowed food moves through the various gut sections for handling. Solid wastes must be
removed at the end.

» Physical treatment: Food must be reduced in size by muscular action before it can broken down by digestive
chemicals. Fluids are added to turn the food into a soft, pasty pulp.

» Chemical treatment: Food is turned into simpler compounds in the “digestive” phase.

» Absorption: The products of digestion are absorbed through the intestinal wall and either distributed as fuel or
stored for later use.

The digestive system starts at the mouth (Figure A2-2), which captures prey. Food is passed through the buccal cavity into
the muscular pharynx, where it is swallowed into the tube-like esophagus (Figure A2-2). The esophagus uses smooth muscle
to transport food to the stomach (Figure A2-2) [note that some fish such as chimaera, lungfish, and certain teleosts do not
have a stomach; the esophagus connects directly to the intestine (Figure A2-2)]. In many fish, amuscular sphincter exists
where the esophagus meets the stomach. The stomach, when present, can be either a“U”- or “V”-shaped tube or a straight,
cigar-shaped organ. Itsinternal wall is deeply folded and rich with mucus-secreting glands. Other glands rel ease digestive
acids, and enzymes such as pepsin and lipases, to break down protein and fats. At the end of the stomach, many bony fish
have extensions called pyloric caeca (Figure A2-2), which may help digest and absorb food.

The pancreasis amajor source of digestive enzymes, that form an “intestinal juice” to break down fats, proteins, and
carbohydrates into simpler molecules. The intestine has glands which produce more digestive enzymes, or mucus to lubricate
food passage. Intestinal contractions move the food along. The inner lining of the intestine is deeply folded to increase the
surface area for absorption. All Chondrichthyes and some primitive bony fish have an intestinal spiral valve, which looks like
an auger enclosed in atube. Thisvalve increases the surface area of the gut because the food must twist through the intestine
instead of moving straight through. The length of the intestine in bony fish varies. herbivores have long, coiled intestines, but
carnivores have short, straight intestines. After digestion is complete, the wastes pass through the rectum and are excreted via
the anus (Figure A2-2).

Theliver (Figure A2-2) is not directly tied to digestion but is associated with it. This organ produces bile and bile salts,
which help pancreatic enzymes split and absorb fats. Bile collectsin the gall bladder (Figure A2-2) before it enters the
intestine. Theliver isamajor storage organ. Blood leaving the intestines passes through the liver; fats, amino acids (building
blocks for protein), and carbohydrates (ssmple sugars) are removed and stored there. The simple sugars are stored as
glycogen and released to the blood when a burst of energy is needed.
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A3-1 PLANKTON

Plankton includes microscopic organisms, plant or animal, that are suspended in the water column and are neutrally buoyant.
Because of their physical characteristics, most planktonic organisms are incapable of sustained mobility against the flow of
water. Conseguently, plankton drift passively in prevailing currents and have limited ability to avoid CWIS.

A3-1.1 Phytoplankton

Phytoplankton are free-floating plants, usually microscopic algae, which are primary producers in many aguatic environments.
Primary productivity can be reduced by passage of phytoplankton through CWIS, especially during summer. Inwarm
climates, a greater portion of the year may be affected. Some plantsin lower latitudes may decrease primary productivity to
some extent throughout the year.

Losses of phytoplankton rarely occur beyond the immediate vicinity of the CWIS. Possible exceptions include areas where
mixing within non-entrained water is limited or slow, such asin enclosed bays or waters where substantial portions of water
are withdrawn for cooling. In these cases, the effects of entrainment on algal primary productivity and biomass may persist
and be apparent beyond the vicinity of CWIS.

A3-1.2 Zooplankton

Zooplankton are free-floating planktonic animals. Most zooplankton species have relatively short population regeneration
times (from days to weeks), and therefore zooplankton populations are able to recover from entrainment losses relatively
rapidly.
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Source: USGS, 2001a.

A3-1.3 Ichthyoplankton

I chthyoplankton includes egg and larval stages of fish species. When egg and larval stages are pelagic, vulnerability to
entrainment is high. In contrast, eggs that are demersal and attach to plants or sediments are rarely entrained.

A3-2 MACROINVERTEBRATES

Macroinvertebrates are invertebrate organisms that are large enough to be seen with the naked eye. Macroinvertebrates
include many familiar crustaceans, such as lobsters, crayfish, crabs, shrimp, and prawns. Such organisms live in sediments,
the surface of sediments, hard surfaces (e.g., rock pilings), or the water column itself. It is not uncommon for
macroinvertebrate species to use different habitats at different parts of their life cycle. Macroinvertebrates such as shrimps
are quite mobile and capable of moving throughout the water column in large schools, increasing their susceptibility to & E.
On the other hand, crabs and lobsters live on the bottom and typically do not swim in the water column. However, early life
stages of these species are frequently planktonic, and can be susceptible to entrainment.

Comparatively few studies have been devoted to CWI S effects on macroinvertebrates. Available information suggests that
macroinvertebrates with hard exoskeletons (e.g., blue crab) have relatively high survival rates following impingement.
However, molting individuals are often found dead in impingement samples. Sessile adults of species such as clams and
oysters are not typically entrained. However, because such species are often broadcast spawners with planktonic egg and
larval stages, population abundance can be reduced by CWIS. In addition, because many macroinvertebrates serve as
important prey items for many freshwater and marine fishes, declines as aresult of CWIS can adversely affect aquatic food
webs.

Source: NOAA, 2002.
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A3-3 SEA TURTLES AND MARINE MAMMALS

Some CWI S facilities impinge seaturtles, including several speciesthat are currently State- or Federally-listed as threatened
or endangered. Seaturtles, seals, and other large aquatic vertebrates can die if they are impinged and trapped against intake
screens.

Source: NMFS, 2001b.

A3-4 CONCLUSIONS

Although most 1& E studies focus on fish species, it isimportant to bear in mind that many other kinds of aquatic organisms
are vulnerable to I&E, either during early development or throughout their life cycle, depending on factors such as size,
swimming ability, reproductive strategy, and other life history characteristics.

It is also important to note that in addition to direct harm from I& E, most aquatic organisms are al so susceptible to indirect
impacts as aresult of the impingement or entrainment of prey items. Unfortunately, few studies consider how CWIS impacts
may disrupt aquatic food webs. However, an estuarine trophic dynamics model by Summers (1989) indicated that production
of valuable fishery species, such as striped bass (Morone saxatilis), bluefish (Pomatomus salatrix), and weakfish (Cynoscion
regalis), can be significantly reduced if there are high entrainment losses of forage species, including bay anchovy (Anchoa
mitchilli) and Atlantic silversides (Menidia menidia).

Such indirect effects on fish species whose prey are impinged or entrained are generally acknowledged, though rarely
quantified. In addition, there has been little consideration of indirect effects of CWIS on non-fish species. In an effort to
address this knowledge gap, Chapter A4 discusses CWI S effects on bird species.
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Chapter A4: Direct and Indirect
Effects of CWIS on Birds
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crabs and shrimp and aquatic vertebrates such as sea
turtles. In this chapter we discuss potential direct and
indirect effects on birds that prey on impinged and
entrained fish and shellfish species.
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Bird Populations
)

A4-1 DIRrecT EFFECTS ON BIRDS

Although most direct effects of cooling water intake structures (CWIS) are on fish and shellfish, there are occasional cases of
direct harm to birds. For example, the U.S. Fish and Wildlife Service in Green Bay, Wisconsin has recorded direct mortality
of nestling double-crested cormorants (Phalacrocorax auritus) at the Point Beach Nuclear Power Plant (Stromborg, 1993).
During one incident in September and October of 1990, 74 cormorants were impinged at the facility. According to the U.S.
Fish and Wildlife Service, this number represents 3.2 percent of the total potential productivity of the species. It was
concluded that the geographic extent of the impact was much larger than a single colony in Wisconsin because the losses were
nestlings that otherwise would have entered the free-flying population. Another incident of avian impingement occurred at
the Seabrook Stationin 1999. Between February 20 and March 16, twenty-nine white-winged scoters were impinged at the
facility’ s cooling water intake structures. The intake structures are located at a depth of approximately 40 feet below the
surface, and mussel s often attach to the structures. It is believed that after diving down to feed on the mussels on the intake
structures, the scoters were drawn into the cooling system (North Atlantic Energy Service Corporation, 1999).

A4-2 INDIRECT EFFECTS ON FIsH-EATING BIRDS

Although direct mortality of birds can occur, most effects are indirect as aresult of losses of fish and shellfish that provide
food for birds. For some fish-eating birds, such as cormorants, kingfishers, grebes, ospreys, and terns, fish are a necessary
component of the diet. For others, such as gulls, fish are aregular but less essential dietary component. More than 50 bird
species out of the 600 in North Americafall into the former category, and 20 fall into the latter (Tables A4-1 and A4-2). The
birdslisted in Tables A4-1 and A4-2 usually obtain their fish prey from freshwater ecosystems such as lakes, ponds, marshes,
or rivers (e.g., ospreys and kingfishers), or from estuarine or coastal marine environments (e.g., loons and cormorants). Many
species such as grebes and auks spend part of the year (typically the breeding season) in freshwater environments, but winter
on the coast. These birds while in their summer or winter ranges may occupy areas that could be affected by existing or future
CWIS. Some hirds (e.g., shearwaters) depend on fish prey from offshore marine areas. Since these prey are unlikely to be
affected by CWIS located inland or on the coast, these birds are not considered in this chapter. Also, most birds are relatively
flexible and opportunistic in their choice of prey, and some birds may consume fish, but only rarely; these birds (e.g., red-
winged blackbirds) are not included in the tables.

In addition to birds that depend largely on fish for their diet, many species consume aquatic invertebrate prey, such as
crustaceans, annelids, mollusks, etc. Bird speciesthat are at least partially dependent on aquatic invertebrates from freshwater
wetlands or coastal marine and estuarine habitats for at least part of their annual cycles are shown in Table A4-3. These
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White winged scoters (Melanitta fusca) are one of the 15 species of sea ducks found in North America. They spend most of the year in
costal marine waters and migrate inland to nest and raise their young as do most sea ducks. White wings nest on freshwater lakesin the
boreal forests of interior Alaska and western Canada and winter in large bays and estuaries along the Pacific and Atlantic coasts.

Source: Alaska Department of Fish and Game, 1999.

Photo source: Alaska Department of Fish and Game, 1999.

The double-crested cormorant is abird of salt, brackish and fresh waters. It breeds mainly along the coasts, but also around inland
lakes. As soon as they return from their wintering grounds on the U.S. east coast south to the Gulf of Mexico, they appear throughout
the St. Lawrence system. They are particularly fond of islands for nesting. The nest is made of a mass of branches which they build in
atree, on aledge or on aclifftop.

Cormorants are 61-92 cm (2 to 3 ft) long, with thick, generally dark plumage and green eyes. The feet are webbed, and the hill islong
with the upper mandible terminally hooked. Expert swimmers, cormorants pursue fish underwater. The young are born blind, and the
parents feed the nestlings with half-digested food which is dropped into the nests. Later, the young birds poke their heads into the
gullet of the adultsto feed. Cormorants are long-lived; a banded one was observed after 18 years.

Average clutch sizeisthree or four eggs. After being incubated by both parents for 24 to 29 days, the chicks hatch unprotected by any
down. They grow rapidly and fledge when the are five to six weeks old. Cormorants are diving bird and feed mainly on fish caught
close to the bottom. The double crested’ s diet consists of fish such as Capelin, American Sand Lance, gunnels, Atlantic Herring and
sculpins, as well as crustaceans, molluscs and marine worms.

Source: Environment Canada, 2001.

Photo source: Environment Canada, 2001.

species may be vulnerable to the secondary effects of CWIS since the planktonic life stages of their prey may be impacted and
the local adult communities eventually affected. However, they are probably less vulnerable than the piscivorous birds listed
in Tables A4-1 and A4-2 since, unlikefish, it isless likely that most adult invertebrates, which are typically bottom-dwelling,
will be directly affected by intake structures.

While at their breeding, migration, or wintering sites, the birds listed could be close to one or more existing or planned CWIS,
and could be affected by the operation of these facilities. CWIS have the potential to adversely affect these bird populations
indirectly by reducing their available food supply (eggs, larvae, juveniles and/or adult fish and invertebrates) through
impingement and entrainment (I&E).
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Table A4-1: North American Birds that Eat Fish as a Major Dietary Component

Major Dietary Component

Species Distribution®

IRed-throated loon summer: lakes in arctic Canada and Alaska;
swinter: Atlantic and Pecific coasts south to Californiaand Georgia

|Pacific loon summer: lakesin arctic Canada and Alaska;
iwinter: Pacific coast south to California

i summer: lakesin Alaske;
i winter: Pacific coast south to California

i summer: lakesin Canada and northern U.S.;
winter: Atlantic and Pacific coasts south to Texas and Cdifornia

|Horned grebe i summer: freshwater wetlands in Canada and north-western U.S,;
winter: Atlantic and Pacific coasts south to Texas and California
IPi ed-billed grebe resident in freshwater wetlands throughout U.S.
Red-necked grebe summer: freshwater wetlands in Canada and northern Great Lakes;

inter: Atlantic and Pacific coasts south to California and Georgia

Clark’s grebe i summer: freshwater wetlands in western U.S.;
:winter: Pacific coast
Western grebe summer: freshwater wetlands in Canada and western U.S;;
winter: Pacific coast
American white pelican i summer: lakes in Canada and western U.S;;

iwinter: Californiaand Gulf of Mexico coasts

iresident: Pecific and Atlantic coasts from Washington and New Y ork south to California and Gulf of
i Mexico

Anhinga i resident: Atlantic coastal wetlands from South Carolina south to southern Texas
INeotropic cormorant esident: coastal wetlandsin Texas
Great cormorant i summer: maritime east Canada;

i winter: Atlantic coast south to South Carolina

i summer: lakesin Great Lakes, west U.S. and north-east U.S.;
winter: entire Pacific and Atlantic coasts

IBrandt’s cormorant i resident; Pacific coast from Canadato California
Pelagic cormorant summer: Alaskan coast;
winter: Pacific coast from southern Alaskato California
|Least bittern summer: freshwater wetlands from east coast of U.S. to midwest States;

inter: Gulf coast and south Florida

i summer: freshwater wetlands throughout Canadaand U.S;;
: winter: wetlands on both coasts south to California and Texas

Green heron summer: freshwater wetlands from Atlantic coast to midwest States and Oregon and Washington;
:winter: California, gulf of Mexico and Florida coastal wetlands

i resident; Atlantic coastal wetlands from New Y ork south to Florida and Gulf of Mexico

i summer: freshwater wetlands in Gulf of Mexico States;
i resident: coasts of Gulf Coast and Florida north to New Y ork

|Little blue heron

|Reddish egret i resident: coastal wetlandsin Florida and Gulf Coast
Snowy egret summer: freshwater wetlands in western States;
winter: California coast;
i resident: coastal wetlands from Massachusetts south to Gulf Coast States
Great egret summer: freshwater wetlandsin Mississippi Valley States;

resident: Atlantic coastal States from Mid-Atlantic south to Gulf of Mexico;
i winter: California coast

Great blue heron summer: freshwater wetlands in northern U.S. States and Canada;
;wi nter and resident: wetlands in inland southern States and both coasts of Canada and U.S. south to
: California and Gulf of Mexico
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Table A4-1: North American Birds that Eat Fish as a Major Dietary Component
Major Dietary Component

Species Distribution®
\Wood stork resident: coastal wetlands in Florida and Gulf of Mexico
|Roseatespoonbitt ¢ summer and resident: coastal wetlands in Floridaand Gulf of Mexico |
Common merganser  summer: lakesin Canadaand north-west US;

i winter: lakes and riversin interior and coastal U.S. south to Californiaand North Carolina

|Red-breasted merganser summer: lakesin Canada;
:winter: Atlantic and Pecific coasts from Canada south to California and Gulf of Mexico

JHooded merganser Esummer: lakes and riversin Canada and Great Lakes States;
;wi nter: Pacific coast from Canada south to California and from New Y ork south to Gulf of Mexico.
i Also wintersin interior States of south-east U.S.

Osprey summer: inland and coastal wetlands from Canada south to Great Lakes, Pacific Northwest, and
i Floridaand Gulf of Mexico;
i resident: Floridaand Gulf Coast States

|Bald eagle i summer: lakes and riversin Canada, Great Lakes, north-eastern U.S., Pacific Northwest, and some
i western States;
i winter: Midwestern and western States and both coasts south to Mexican border
Sandwich tern Atlantic coastal areas from Mid-Atlantic States south to Gulf of Mexico
IEI egant tern summer:; Southern California coast
Royal tern summer and resident: Atlantic coasts from Mid-Atlantic States south to Gulf of Mexico;
i winter: southern California coast
Caspian tern summer:; Canadian wetlands, Great Lakes, and some western States;
:winter: Floridaand Gulf of Mexico coasts, southern California coast
IRoseate tern summer: coasts of Newfoundland south to New Y ork
Forster's tern i summer: inland wetlands in central Canada and western States of U.S. Also summers on coastal

i marshesin Gulf of Mexico;
i winter: southern California and south Atlantic coasts south to Florida and Gulf of Mexico

Common tern summer: inland lakes of Canada and northern U.S. States and coastal Atlantic from Newfoundland
: south to North Carolina

Arctic tern summer: tundrain Arctic Canada and arctic coasts south to Newfoundland and Maine

|Least tern summer: Atlantic and California coastal dunes south to Florida and Gulf of Mexico. Also riversin

i Mississippi Valley

IBlack skimmer summer: inland and coastal wetlands in southern California;
i resident and winter: Atlantic coast from New Y ork south to Florida and Gulf of Mexico

Black guillemot

Pigeon guillemot

Belted kingfisher summer: lakes and rivers throughout Canada;
i resident and winter: lakes and rivers throughout U.S.

Note: Excluded are species that are rare or have highly restricted distributions, that feed mainly offshore, or that eat fish only very rarely.
& These distributions are approximate. For more detailed representations see, for example, Kaufman, 1996.

Source: Kaufman, 1996.
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Table A4-2: North American Birds that eat Fish as a Frequent Dietary Component

Frequent Dietary Component

Species Distribution®

‘ resident: Atlantic coastal marshes from New England south. Also San Francisco Bay

IKing rail summer: inland marshes from Atlantic coast to midwest;
resident and winter: Coastal marshes from Mid-Atlantic States south to Florida and Gulf of Mexico
\Whooping crane winter: Texas coast

Heerman's gull al year: Oregon and California coasts
Laughing gull resident: Atlantic coasts from New England south to Gulf of Mexico
Franklin's gull i summer: prairie wetlands in central Canada and northern U.S.
Bonaparte's gull i summer: forested wetlands across Canada;
i winter: Atlantic and Pacific coasts from Canada south to Californiaand Gulf of Mexico
IRing-billed gull summer: lakesin central Canada, Great Lakes and Maritime Provinces,
iwinter: Atlantic coast from New England south to Mexico, Pacific coast from Canada south to Baja, and
terior southern States of U.S.
IMew gull i summer: freshwater wetlands in western Canada;
i winter: Pacific coast from Canada south to California
Californiagull summer: lakesin central Canada and western U.S;;

winter: Pacific coast from Washington south to California

summer: inland and coastal |akes across Canada;
inter: Pacific and Atlantic coasts from Canada south to Mexican border

summer: arctic;
winter: Atlantic and Pacific coasts south to Mid-Atlantic States and California

Iceland gull summer: arctic;
winter: Atlantic coast from Canada south to New Y ork

Thayer's gull i summer: arctic;
i winter: Pacific coast from Alaska south to California

resident: Pacific coast from Canada south to Baja

resident: Pacific coast of Canada;
winter: Pacific coast of U.S.

resident and summer: Maritime provinces south to Mid-Atlantic States

|Black tern summer: prairie and forested wetlands across Canada and in Midwestern and western States of U.S.

Ancient murrelet isummer: Alaska
i winter: Pacific coast from Alaska south to California

i resident: rivers throughout western States of U.S.

American dipper
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Chapter A4: CWIS Effects on Birds

Table A4-3: North American Birds that Eat Mainly Aqua'hc Invertebrates

libis

Common eider

King eider

\White-winged
scoter

Common
goldeneye

Barrow’s
goldeneye

Bufflehead

i resident and winter: coastal marshes on Atlantic
i coast from New England south to Texas

{winter: New England coast

i summer: northern Canada;
iwinter: Pacific and Atlantic coasts south to
i Californiaand Texas

i winter: freshwater and coastal wetlands throughout
RS :

i summer: Canadian wetlands;
i winter: freshwater and coastal wetlands throughout
(U.S. :

Species Distribution® Species i Distribution?
|Eared grebe | summer: freshwater wetlandsin western Canada. | Pi ping plover i summer: coast, lake and river beachesin
iand U.S; : : northern Midwest and New England,;
i winter: Pacific coast from Vancouver south to iwinter: Atlantic coastal beaches from New
e S0Uthern California L ENglENd sOUth TO Mexico
Black-crowned summer: inland and coastal wetlands in southern EAmerican resident: Atlantic coastal beaches from New
night-heron i Canada and across whole of U.S;; : oystercatcher : England south to Texas
i winter and resident: coast of Floridaand Gulf of i i
e X D oo eeee ettt eee e
Y ellow- i resident and summer: visitor to interior and coastal : Black oystercatcher : resident: Pacific coastal beaches from
crowned night- | wetlandsin south-eastern States of U.S. ’ i Canada south to California
DO O oot
Whiteibis i resident: south east Atlantic coast from South Black-necked stilt i summer: alkaline marshesin western States;

i Carolinato Texas

i summer: wetlands in northern prairies;
i winter: Atlantic and Pacific coasts from
i Delaware to Texas and California

‘winter: Atlantic coast south of New England

i summer: riversin western Canada and Pacific

{ Northwest;

fwinter: Atlantic and Pecific coasts as far south as
i Californiaand New England

winter: throughout Atlantic and Pacific coasts of Spotted sandpiper
us
{ summer: prairie wetlands in western States; i Long-billed curlew
i winter: wetlands in southern States and Pacific and
i Atlantic coasts from Canada south to Mexico
{winter: New England coast i Marbled godwit

i Ruddy turnstone

iwinter: Atlantic and Pacific coasts from N
: York south to Texas and Vancouver to Baja

{winter: Atlantic and Pacific coastsfrom N
i York south to Texas and Vancouver to Baja

i summer: arctic; i Red knot

i winter: Pacific and Atlantic coasts south to

i Californiaand Texas

i winter: Pacific and Atlantic coasts south to Sanderling

i Californiaand Texas

i summer: northern Canada; Western sandpiper

iwinter: Pacific and Atlantic coasts south to

i Dunlin

iwinter: California, Floridaand Gulf of
i Mexico coasts

i summer: northern Canada;

iwinter: Atlantic coast from New Y ork south
oot eeeeees oo sseeeesseeeessseeeessseeeesseeessseeessseessseebeeseseeeesseeessseeessees o SO MEKICO oo
{ summer: lakes in some western States of U.S;;

i winter: Gulf of Mexico and coastal and interior
i California P H
i summer: wetlands in some western States

i and saltmarshes on Atlantic coast from New
: England south to Mexico;

iwinter: Atlantic coast from New England

i south to Mexico and California coast

i summer: inland wetlands throughout Canad
{and mid and northern U.S. States;
iwinter: Florida and Gulf of Mexico coasts

i summer: northern Canada;
i winter: Atlantic coast from New Y ork south
ito Mexico

Ewi nter: Pacific coast from Canadato
: Cdifornia

iwinter: Atlantic coast from Canada south to
i Mid-Atlantic States

i summer: riversin northern Rocky Mountain Stata
iwinter: Rocky Mountain States

i winter: Atlantic coast from New York to
i Texas and San Francisco Bay

iwinter: Pacific coast from Canada south to
i California

:winter: Atlantic and Pacific coasts from New
i York south to Texas and Vancouver to Baja
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Table A4-3: North American Birds that Eat Mainly Aquatic Invertebrates
Species Distribution® : Species Distribution?
|Limpkin i resident: Florida wetlands i Dowitcher species i winter: Atlantic and Pecific coasts from
H i Northern U.S. south to Baja and Mexico

Black-bellied winter: Pacific and Atlantic coasts south to Mexico i

Snowy plover i summer: alkali lakesin western U.S.;
i resident: coastal wetlandsin Californiaand Gulf

i resident: Atlantic coast wetlands from New York
i south to Gulf Coast

{ summer: arctic; - -
i winter: Pacific and Atlantic coast wetlands from
: Canada south to California and Mexico

# These distributions are approximate. For more detailed representations see, for example, Kaufman, 1996.

Generally, the larger the bird, the larger its prey. Ospreys or bald eagles may take fish that weigh afew pounds. However,
many North American fish- and invertebrate-eating birds typically exploit smaller prey species or the younger age groups of
larger fish. For example, common terns breeding in Massachusetts feed their young the age groups of species such as
sandeels or silversides that are typically less than 6 incheslong (Galbraith et a., 1999). CWIS could potentially reduce the
availability of the birds' fish or invertebrate prey either directly, by reducing the densities of the larval and older organisms
that the birds exploit (through I&E), or indirectly, by reducing the numbers of eggs or larvae to the extent that the density of
the older age groups that larger birds rely on isreduced locally. Also, fewer larger fish or adult invertebrates (i.e., the
breeding stock) could affect the availability of small prey in the next generation. These cause-effect interactions are displayed
in Figure A4-1.

Figure A4-1: Potential CWIS Effects on
Fish-Eating Birds and Their Prey
Potential CWIS
effectson fish
and birds
|
v v
Local reductions ] Local reductions
in numbers of in numbers of
smaller fish larger fish
Reduced prey  |] Reduced prey
for smaller fish- for larger fish-
eating birds eating birds
Effects on smaller Effects on larger
fish-eating birds: fish-eating birds:

e survival e survival
« reproduction « reproduction
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A4-3 UNDERSTANDING THE EFFECTS OF FOOD REDUCTION ON BIRD POPULATIONS

Many scientific studies have confirmed the link between the abundance of available food and the viability of bird populations.
EPA reviewed recent papers published in the peer-reviewed literature that describe effects of food shortages on fish-eating
birds. One of the goals of these studies was to identify linkages between food shortages and adverse impacts on birds,
irrespective of the underlying cause of the shortage." While EPA’sreview of these studies did not reveal any documented
linkages between 1& E and effects on bird populations, the principle remains the same: independent of the stressor, a reduction
in the food supply can adversely affect bird populations. Table A4-4 summarizes a sample of the reviewed studies, and
Boxes A4-1 and A4-2 describe the findings of two studies in greater detail. Several broad conclusions can be drawn from this
body of literature:

» Chicks of fish-eating birds can starve and quickly die (in afew days) if food is scarce or unavailable during a short
window of natal devel opment.

» Theamount of food that is available before and during the birds' breeding seasons can affect courtship and initiation
of breeding, number of eggslaid, chick survival, frequency of renesting, and other important reproductive factors.

» Insufficient amounts of food may force parents to forage farther and wider, resulting in fewer and smaller feeds per
chick per day. This may increase the risk of starvation.

» Food shortages can result in increased food theft, as chicks and adults steal food from each other.

» Food shortages during the breeding season usually affect chicks and fledglings before the adults.

» Inadequate nutrition during devel opment can have significant physiological consequences (e.g., calcium deficiencies
and poor skeletal development).

»  Super-abundant food can lead to increased breeding success.

Table A4-4: Examples of Studies Showing Relationships between Quantity and Quality of Fish Prey and
Survival, Behavior, and Reproductive Success of Fish-Eating Birds
Country Waterbody Target Species Study Description Summary Reference
JUSA Laboratory Belted kingfisher : ! Effect of food supply on Extrafood resulted in earlier Kelly and Van Horne,
i i i reproduction i nesting, heavier chicks, and i1997
: : greater frequency of second
i clutches
JUSA Reservoir Double-crested Identification of factors | Fish availability correlated with : S| mmonds et d., 1997
: i cormorant : associated with densities of cormorant density :
’ i cormorants :
Spain Ebro Delta EAudoum squll EAvaulablllty of trawler Reduced discards led to Oro 1996
: : i discards and iincreased rates of H
i kleptoparasitism i kleptoparasitism
The Inland Black tern Impacts of acidification on Reduced fish stocks led to Beintema, 1997
INetherlands i waters : i fish stocks and chick : calcium deficiencies and :
5 ’ i growth and survival {increased mortality
INorthern Lough Great cormorant Identification of factors | Fish availability correlated with : Warke eta., 1994
Ireland i Neagh : i associated with densities of cormorant density
’ ’ i cormorants i
|France Rhone Little egret Food abundance and Increased food led to increased Hafner etal., 1993
i Delta : i reproductive success : reproductive success and :
’ 5 5  fledgling survival

! Causes of food shortages included spawning failure in fish, shifting weather patterns, effects of pollutants, and other
factors.
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Table A4-4: Examples of Studies Showing Relationships between Quantity and Quality of Fish Prey and
Survival, Behavior, and Reproductive Success of Fish-Eating Birds

Country Waterbodyé Target Species Study Description Summary Reference
INorway/Russia | Barents Sea | Kittiwakes, i Fish availability and { Reductions in fish stocks { Barrett and Krasnov,
’ imurres, puffins i reproduction of birds {impaired breeding success £1996
fusa 'Pacific i Kittiwakes, gulls, | Diets and breeding success : Diet switching led to reduced | Baird, 1990
i Ocean fand puffins  breeding success i
Germany iNorth Sea iCommontern i Food supply and i Reduced food supply caused | Ludwigs, 1998
: : i kleptoparasitism {increased kleptoparasitism :
iCommontern i Food supply and chick | Reduced food caused increased : Becker et ., 1997
’ i survival i chick mortality i
: African penguin, i Prey availability and { Reductionsin anchovy stocks | Crawford and Dyer,
i Ocean i Cape gannet, i breeding success i resulted in reduced breeding {1995
: i Cape cormorant, i success H
i swift tern ' i
Juk {Atlantic i Arctictern { Fish abundance and { Reduced fish stocks lowered | Suddaby and Ratcliffe,
: Ocean : : breeding success :egg volume, clutch size, and ;1997

{ breeding success

Box A4-1: Fish Availability Affects Breeding Successin Arctic Terns.

The arctic tern isasmall, circumpolar, fish-eating bird that typically obtainsits prey in the inshore marine environment. Unlike the
closely related common tern, arctic terns do not generally breed or feed in freshwaters.

In the United Kingdom, the Shetland Islands are one of the strongholds of the species. Large breeding colonies of thousands of
pairs of birds can be found there. Such large breeding colonies require an abundant and predictable food supply. In the Shetlands
the most important food speciesis the sandeel, which occursin vast shoas in the inshore waters. Before the 1980’ s, sandeels were
largely ignored by the UK fishing industry. However, beginning in the late 1970’s, they became an increasingly sought after catch
astheir value as fodder for farm animals was recognized. Thisled to a huge sandeel fishing industry that, since it was largely
unregul ated, resulted in the 1980s in massive depletion of the fish stocks. This study by Monaghan et al. (1989) investigated the
effects of this stock depletion on the breeding biology of arctic terns in the Shetlands (where the sandeels were overfished) and at
Coquet Island in England (where food supplies were not reduced).

Of the interesting differences found in the breeding biology of the terns from the two colonies, many could be ascribed to the
reduction in prey availability at the Shetland colony. The Shetland birds delivered smaller sandeels to their nests than did the
Coquet birds, indicating that the fishing industry had removed the larger (and more nutrient- and energy-rich) fish. Also, because of
this, the chicks in the Shetland colony grew at a slower rate than the Coquet chicks and the majority of the chicks in the colony died
afew days after hatching. The Coquet chicks had more rapid growth rates and far better survival.

The adult birds were a so affected by the reduced sandeel stocks. During the breeding season, the adults in the Shetland colony lost
weight and became lighter than the adults at Coquet, suggesting afood shortage effect.

This study clearly demonstrates the importance of having an adequate and predictable fish food supply for arctic terns during the
breeding season and on their ability to raise chicks.
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Box A4-2: Oceanic Currents, Human Fisheries, Anchovy Abundance, and the Abundance of Peruvian and Chilean Seabird Populations.

Several fish-eating seabirds breed in extremely large colonies on islands off the coasts of Peru and Chile. The breeding populations
of these cormorants and boobies probably number several million in atypical year. These huge populations are made possible by an
extremely rich supply of anchovies, which, in turn, depend on upwelling associated with the Humboldt current bringing nutrient-rich
cold water to the surface close to the nesting islands (Harrison, 1983). In typical years, these birds can easily raise their young by
exploiting the rich fish prey base.

However, every 10 or so years an El Nifio event forces the upwelling south and deprives the seabirds of their anchovy prey. Inthese
years, the birds may have reduced reproductive success or may fail to breed at all. Further, the birds may desert their normal ranges
and spread north and south aong the Pacific coast into areas where they are not normally seen (Murphy, 1952).

In the last few decades a new factor has complicated this pattern. The human anchovy fishery has now reduced the numbers of fish
to the extent that even in good years the numbers of breeding birds and their success may be reduced.

The sensitivity of these seabirds to temporal and spatial disturbances in the dependability of their food supply highlights the critical
relationship between the availability of fish prey and their population status.

This information shows that the responses of fish-eating birds to food shortages can range from behavioral changes

(e.g., greater foraging efforts or increased food theft) to more dramatic responses (e.g., clutch abandonment, chick mortality,
failure to attempt to breed). Itisnot likely that 1& E by CWIS has resulted in such large-scale die-offs and reproductive
failures. Such obvious responses would have been observed and reported. CWIS I&E effects are, therefore, likely to be more
subtle. However, even these types of responses could have longer-term population impacts.

The studies reported in Table A4-4 show that chicksin particular are prone to rapid starvation and increased mortality during
early development. During that period, sufficient amounts of high quality food (i.e., nutritionally and energetically rich) must
be available to ensure successful fledging. The potential effects of 1& E could be magnified if the depletion of alocalized
high quality fish resource forces parents to switch to alower quality food or to forage further afield, resulting in adecrease in
the rate of food delivery to the chicks and an increased starvation risk. Alternatively, | & E effects on local food supplies could
affect bird populations when they are under stress from some other factor (e.g., severe weather or contaminants). Thus, the
potential effects of 1&E on bird populations, though perhaps subtle, cannot be discounted.

Even when enough food is available to allow a“normal” reproductive event, any additional food can increase the survival rate
of nestlings and increase overall breeding success (Hafner et al., 1993; Suddaby and Ratcliffe, 1997). Thisat least partly
rebuts the commonly used argument that surplus fish production has no ecological value and can therefore be removed
without affecting the local ecosystem. It also suggests that even though the I1& E of large numbers of fish might not actually
adversely affect birds, the removal of that extrafood resource could just as easily prevent them from realizing their full
reproductive potential.

Even if abird species can switch to another food source, significant effects are still possible if the replacement food has lower
caloric or nutritional quality (Beintema, 1997). Recently hatched chicks can be particularly vulnerable to changes in food
availability, starving and dying in ashort time. Such risks may be of particular concern if the CWIS removes large numbers
of fish or other aquatic prey in bird foraging areas during the breeding season.

In conclusion, this review of the ornithological literature underscores the link between adequate food supplies and survival
and reproductive success in fish-eating birds. In particular, the low degree of behavioral flexibility combined with severe
food shortages can result in reduced survival or increased reproductive failure. Asthe data shown in Table A4-4 suggest,
localized food shortages caused by 1&E are likely to affect bird populations differently depending on their dietary
requirements. Species that can readily switch to an aternative prey may be less vulnerable, and those others that are entirely
dependent on fish stocks may be more vulnerable. Thisleads to two conclusions: 1) any impacts associated with the removal
of prey fish by I&E are likely to be species-specific, and 2) birds entirely dependent on fish (e.g., ospreys or loons) have a
greater risk of being adversely affected compared to species with more flexible dietary requirements.
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Chapter AS: T&E Methods

Chapter AD: Methods Used to
Evaluate I&E

INTRODUCTION

This chapter describes the methods used by EPA to
evaluate facility impingement and entrainment (1& E)
data. Section A5-1 discusses the main objectives of
EPA’s|&E evaluation. Section A5-2 describes EPA’s
general approach to modeling fishery yield, the primary
focus of its analysis, and the rationale for this approach.
Section A5-3 describes the source datafor EPA’S I&E
evaluations. Section A5-4 presents details of the
biological models used to evaluate I&E. Findly,
section A5-5 discusses methods used to extrapolate | & E
rates from facilities evaluated to other facilitiesin the
same region.

A5-1 OBJECTIVES OF EPA's
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EVALUATION OF I&E DATA

EPA’s evaluation of |1& E data had four main objectives:

to develop anational estimate of the magnitude of 1&E,

to standardize | & E rates using common biological metrics so that rates could be compared across species, years,
facilities, and geographical regions,

to estimate changes in these metrics as aresult of projected reductionsin |& E under the Phase I rule, and

to estimate the national economic benefits of reduced I& E.

Three loss metrics were derived to standardize |& E loss rates of all life stages: (1) foregone age-1 equivalents, (2) foregone
fishery yield, and (3) foregone biomass production. The methods used to cal culate these metrics are described in

section A5-4. Age-1 equivalent estimates were used to quantify losses of individualsin terms of asingle life stage. Losses of
commercia and recreational specieswere expressed as foregone fishery yield. Estimates of production foregone were used to
quantify the contribution of forage speciesto the yield of harvested species. The following section discusses EPA’srationale
for evaluating the impingement and entrainment of harvested species in terms of foregone yield.

AB5-2 RATIONALE FOR EPA's APPROACH TO EVALUATING I&E OF HARVESTED SPECIES

Harvested species were the main focus of EPA’s analysis, primarily because of the availability of economic methods for
valuing these species (see Chapters A9 through A14 for adiscussion of al of the economic methods used by EPA to estimate
benefits of the Phase Il rule). EPA’s approach to estimating changes in harvest assumed that 1& E losses result in areduction
in the number of harvestable adults in years after the time that individual fish are killed by 1& E and that future reductionsin
I1&E will lead to future increases in fish harvest. The approach does not require knowledge of population size or the total
yield of the fishery; it only estimates the incremental yield that is foregone because of the number of deaths dueto I&E.

Asdiscussed in detail in section A5-4.2, EPA’syield analysis employed a specific application of the Thompson Bell model of
fisheriesyield (Ricker, 1975) to assess the effects of & E on net fish harvest. Thismodel isarelatively simple yield-per-
recruit (YPR) model that provides estimates of yield (a.k.a. “harvest” or “landed fish”) that can be expected from a cohort of
fish that is recruited to afishery. The model requires estimates of size-at-age for particular species and stage-specific
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schedules of natural mortality (M) and fishing mortality (F). All of the key parameters used in the yield model, F, M, and
Size-at-age, were assumed to be constant for a given species regardless of changesin I& E rates. Because these parameters are
held static for any particular fish stock, YPR is also a constant value. With this set of parameters fixed, the Thompson Bell
model holds that an estimate of recruitment is directly proportional to an estimate of yield.

EPA recognizes that the assumption that the key parameters are static is an important one that is not met in reality. However,
by focusing on a simple interpretation of each individual 1& E death in terms of foregone yield, EPA concentrated on the
simplest, most direct assessment of the potential economic value of eliminating that death. EPA believes that this approach
was warranted given the (1) scope and objectives of its analysis of harvested species, (2) data available, and (3) difficultiesin
distinguishing the causes of population changes. Each of these factorsis discussed in the following sections.

A5-2.1 Scope and Objectives of EPA’'s Analysis of Harvested Species

The simplicity of EPA’s approach to modeling yield was consistent with the need to examine the dozens of harvested species
that are vulnerable to 1& E throughout the country (see Table A5-1) and the overall objective of developing regional- and
national-scale estimates. This approach is not necessarily the best alternative for studies of single facilities for which site-
specific details on local fish stocks and waterbody conditions might make possible the use of more complex assessment
approaches, including some form of population model.

Table A5-1: Number of Facilities In Scope of Phase II, Facilities Evaluated, and
Species with I&E Data in Each Region

Region E#Faciliti%lnScopeE # Facilities Evaluated | # Specieswith I&E Data
California 20 18 305

& |&E estimates for this region were extrapolated from rates for Mid-Atlantic and Gulf of Mexico.

A5-2.2 Data Availability and Uncertainties

Although EPA’ s approach to modeling yield requires estimates of alarge number of stage-specific growth and mortality
parameters, the use of more complex fish population models would rely on an even larger set of significant data uncertainties
and would require numerous additional and stronger assumptions about the nature of stock dynamics that would be difficult to
defend with available data. Additional data uncertainties of population dynamics models include the relationship between
stock size and recruitment, and how growth and mortality rates may change as a function of stock size and other factors.
Obtaining thisinformation for even one fish stock is time-consuming and resource intensive; obtaining this information for the
many species subject to impingement and entrainment nation-wide was not possible for EPA’s national benefits analysis.

It is aso important to note that information on stock statusis generally only available for harvested species, which represent
lessthan 2% of 1& E losses. Even for harvested species, stock status is often poorly known. For example, only 20 of atotal of
92 distinct species that are impinged and entrained by northern California facilities are harvested species with fishery
management plans, and the stock status for all but one of these is unknown or undefined (Leet et a., 2001). While the number
of species with known status is better in some regions than others, a similar problem existsin al of the regionsincluded in
EPA’s benefitsanalysis. In fact, only 23% of U.S. managed fish stocks have been fully assessed (U.S. Ocean Commission,
2002).

In addition to alack of data, there are numerous issues and difficulties with defining the size and spatia extent of fish stocks.
Asaresult, it is often unclear how | & E losses at particular cooling water intake structures can be related to specific stocks.
For example, arecent study of Atlantic menhaden (Brevoortia tryannus), one of the major fish species subject to impingement
and entrainment along the Atlantic Coast of the U.S.,, indicated that juvenilesin Delaware Bay result from both local and long
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distance recruitment (Light and Able, 2003). Thus, accounting only for influences on local recruitment would be insufficient
for understanding the relationship between recruitment and menhaden stock size.

Another difficulty is that fisheries managers typically define fish stocks by reference to the geographic scope of the fishery
responsible for landings. However, landings data are reported state by state, which is generally not a good way to delineate
the true spatial extent of fish populations.

A5-2.3 Difficulties Distinguishing Causes of Population Changes

Another difficulty in devel oping more complex models of harvested speciesisthat it is fundamentally difficult to demonstrate
that any particular kind of stress causes areduction in fish population size. All fish populations are under a variety of stresses
that are difficult to quantify and that may interact. Fish populations are perpetually in flux for numerous reasons, so
determining a baseline population size, then detecting atrend, and then determining if atrend is a significant deviation from
an existing baseline or is simply an expected fluctuation around a stable equilibrium is problematic. Fish recruitment isa
multidimensional process, and identifying and distinguishing the causes of variance in fish recruitment remains a fundamental
problem in fisheries science, stock management, and impact assessment (Hilborn and Walters, 1992; Quinn and Deriso, 1999;
Boreman, 2000). Thisissue was beyond the scope and objectives of EPA’s section 316(b) benefits analysis.

A5-3 SOURCE DATA

A5-3.1 Facility I&E Monitoring Data

The inputs for EPA’s analyses included the empirical 1& E monitoring expressed as counts reported by facilities and species
life history characteristics such as growth rates, natural mortality rates, and fishing mortality rates. The general approach to
|& E monitoring was similar at most facilities, but investigators used a wide variety of methods that were specific to the
individual studies, e.g., location of sampling stations, sampling gear, sampling frequency, and enumeration techniques.

I mpingement monitoring typically involves sampling impingement screens or catchment areas, counting the impinged fish,
and extrapolating the count to an annual basis. Entrainment monitoring typically involves intercepting a small portion of the
intake flow at a selected location in the facility, collecting fish by sieving the water sample through nets or other collection
devices, counting the collected fish, and extrapolating the counts to an annual basis.

To the extent possible, EPA considered and eval uated facility-specific monitoring and reporting procedures, as described in
EPA’sindividual regional reports (see Parts B-H of this Regional Study Assessment). EPA used life stage-specific annual
losses for assessment of entrainment losses. However, in most cases, the size or life stage of impinged fish were not reported.
The EPA modeling procedure requires the age (or life stage) of the killed fish. Therefore, the age of impinged fish was
assumed to range from the juvenile stage to age 5, so the total impingement losses as reported were divided into age groups
using proportions corresponding to the expected life table dictated by species-specific mortality schedules.

EPA adjusted annualized loss rates at some facilities as needed to reflect the history of technological changes at the facility.
The purpose of the adjustments was to interpret loss records in away that best reflects the current conditions at each facility.
So, for example, if afacility was known to have installed a protective technology subsequent to the time that |& E loss rates
were recorded, EPA reduced the loss rates in an amount corresponding to the presumed effectiveness of the protective
technology.

Loss rates recorded at each facility were expressed as an annual average rate, regardless of the number of years of sampling
data available. All information regarding species, life stage, and loss modality (I or E) was retained just as they were
originally reported, with the exception of some species aggregation that is described below. The annual total among the
facilities evaluated was then the subject of the detailed modeling procedure described in section A5-4. Once this analysis was
completed, estimates of total losses, by region, were generated using the extrapolation procedures described in section A5-5.

A5-3.2 Species 6roups Evaluated

To evaluate | & E, EPA organized species into groups and then conducted detailed analyses of | & E rates for each species
group. Species groups were based on similaritiesin life history characteristics and the groupings used by the National Marine
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Fisheries Service (NMFS) for landings data. An appendix to each regional report in Parts B-H of this document provides
details on the species groups and life history data that were used.

A5-3.3 Species Life History Parameters

The life history parameters used in EPA’s analysis of |& E data included species growth rates, the fraction of each age class
vulnerable to harvest, fishing mortality rates, and natural (nonfishing) mortality rates. Each of these parameters was also
stage-specific. For the purpose of this assessment, EPA uses the terms “age” and “stage” interchangeably. For fish age 1 and
older, a stage corresponds directly to the age of the fish. For fish younger than age one, a stage corresponds to specific early
life developmental stages. Early developmental stages may occur at different ages, and may have different durations for
different species. All of the modeling procedures and parameterization are expressed on a stage-wise basis.

EPA obtained life history parameters from facility reports, the fisheries literature, local fisheries experts, and publicly
available fisheries databases (e.g., FishBase). To the extent feasible, EPA identified region-specific life history parameters,
and al 1&E losses within a region were modeled with asingle set of parameters. Detailed citations are provided in the life
history appendix accompanying each regional report (Parts B-H of the Regional Study Document).

For most species in most regions a reasonable set of life history parameter values was identified. However, in afew cases
where no information on survival rates was available for individual life stages, EPA deduced survival rates for an equilibrium
population based on records of lifetime fecundity using the relationship presented in C.P. Goodyear (1978) and below in
Equation (1):

S, = 2fa (Equation 1)
where:

the probability of survival from egg to the expected age of spawning females
the expected lifetime total egg production

Published fishing mortality rates (F) were assumed to reflect combined mortality due to both commercial and recreational
fishing. Basic fishery science relationships (Ricker, 1975) among mortality and survival rates were assumed, such as:

Z=M+F (Equation 2)
where:

Z = thetota instantaneous mortality rate

M = natura (nonfishing) instantaneous mortality rate

F = fishing instantaneous mortality rate
and
S=e® (Equation 3)
where:

S = thesurvival rate asafraction
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A5-4 Methods for Evaluating I&E

The methods used to express | & E losses in units suitable for economic valuation are outlined in Figure A5-1 and described in
detail

A5-4.1 Modeling Age 1 Equivalents

The Equivalent Adult Model (EAM) isamethod for expressing | & E losses as an equivalent number of individuals at some
other life stage, referred to as the age of equivalency (Horst 1975a; C.P. Goodyear, 1978; Dixon, 1999). The age of
equivalency can be any life stage of interest. The method provides a convenient means of converting losses of fish eggs and
larvae into units of individual fish and provides a standard metric for comparing losses among species, years, and regions.
For the section 316(b) regional case studies, EPA expressed |1& E losses at all life stages as an equivalent number of age 1
individuals.

The EAM calculation requires life-stage-specific impingement and entrainment counts and life-stage-specific mortality rates
from the life stage of impingement or entrainment to the life stage of equivalence. The cumulative survival rate from age at
impingement or entrainment until age 1 isthe product of all stage-specific survival ratesto age 1. For impinged fish that are
older than age 1, age 1 equivalents are calculated by modifying the basic calculation to inflate the loss rates in inverse
proportion to survival rates. In the case of entrainment, the basic calculation is:

» Jmax (Equation 4)
Sj1= Sj_ M S
i=j+1

where:

S;; = cumulative survival from stagej until age 1

S = survivd fraction from stagei to stagei + 1

S, = 2599 = adjusted S

imx = thestageimmediately prior to age 1

Equation 4 defines § ;, which is the expected cumulative survival rate (as a fraction) from the stage at which entrainment
occurs, j, through age 1. The components of Equation 4 represent survival rates during the different life stages between life
stage j, when afish isentrained, and age 1. Survival through the stage at which entrainment occurs, j, istreated as a special
case because the amount of time spent in that stage before entrainment is unknown and therefore the known stage specific
survival rate, §, does not apply because § describes the survival rate through the entire length of time that afishisin stage .
Therefore, to find the expected survival rate from the day that a fish was entrained until the time that it would have passed into
the subsequent stage, an adjustment to § isrequired. The adjusted rate S*; describes the effective survival rate for the group
of fish entrained at stage j, considering the fact that the individual fish were entrained at various specific ages within stage j.

Age-1 equivalents are then calculated as:

AELj =Ly S, (Equation 5) I
where:

AEL, =  thenumber of age-1 equivalentskilled during life stage ] in year k

Lix = thenumber of individualskilled during life stagej in year k

Si1 = thecumulative survival rate for individuals passing from life stage j to age 1 (equation 4)
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The total number of age-1 equivalents derived from losses at all stagesin year k is then given by:

Jmax (Equation 6)
AElk = z AElj,k
= Imin

where:

AE1l, = thetotal number of age-1 equivalents derived from losses at al stagesin year k

A5-4.2 Modeling Foregone Fishery Yield

Foregone fishery yield is a measure of the amount of fish or shellfish (in pounds) that is not harvested because the fish are lost
to I&E. EPA estimated foregone yield using the Thompson-Bell equilibrium yield model (Ricker, 1975). The model
provides a simple method for evaluating a cohort of fish that enters a fishery in terms of their fate as harvested or
not-harvested individuals. EPA’s application of the Thompson-Bell model assumes that 1& E losses result in areduction in
the number of harvestable adults in years after the time that individual fish are killed by & E and that future reductionsin I&E
will lead to future increases in fish harvest.

The Thompson-Bell model is based on the same general principles that are used to estimate the expected yield in any
harvested fish population (Hilborn and Walters, 1992; Quinn and Deriso, 1999). The general procedure involves multiplying
age-specific harvest rates by age-specific weights to calculate an age-specific expected yield (in pounds). Thelifetime
expected yield for a cohort of fish isthen the sum of all age-specific expected yields, thus:

(Equation 7)

Yo = Zi Za ijSjaVVa(Fa/Za)(l_ e—Za)

where:

Y, = foregoneyield (pounds) dueto |&E lossesin year k

Ly - lossesof individua fish of stagej in the year k

S. - cumulative survival fraction from stage j to age a

W, . averageweight (pounds) of fish at age a

F instantaneous annual fishing mortality rate for fish of agea
Z, _ instantaneous annual total mortality rate for fish of age a

The model assumes that:

» theyield from a cohort of fish is proportional to the number recruited,
» annual growth, natural mortality, and fishing mortality rates are known and constant, and
» natural mortality includes mortality dueto I&E

The assumption that fishing mortality, F, remains constant despite possible reductionsin I&E is central to the modeling
approach used to estimate changes in fishery yield. This assumption implies that fishing activity and fishing regulations will
adapt to increases in fish stock in amanner that leads to harvest increases in direct proportion to the magnitude of increasesin
harvestabl e stock.
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The assumption that M and F are constant is based on EPA’s assumption that:

» |&Elossesare arelatively minor source of mortality in comparison to the total effects of all other sources of natural
mortality (e.g., predation); and

» thescale of changesin I&E loss rates being considered will not lead to dramatically large increases in the size of
harvestable stocks.

EPA acknowledges that in some cases the importance of |& E as a source of mortality in a fishery might be large enough that
it would be unlikely that natural and fishing mortality would remain constant, but such cases are not expected to be the norm.

Asindicated in Figure A5-1, EPA partitioned its estimates of total foregone yield for each species into two classes, foregone
recreational yield and foregone commercial yield, based on the relative proportions of recreational and commercial state-wide
aggregate catch rates of that speciesin that region. Pounds of foregone yield to the recreational fishery were re-expressed as
numbers of individual fish based on the expected weight of an individual harvestable fish. Chapter A9 describes the methods
used to derive dollar values for foregone commercia and recreational yields for the regional benefits analyses.
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Figure A5-1: General Approach Used to Evaluate I&E Losses as Foregone Fishery Yield
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