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ABSTRACT
Fish exposed to gas supersaturated water often experience a form of stress known
as Gas Bubble Trauma (GBT). GBT is an acute condition involving various forms of

bubble growth both internal and external to the animal. Theoretical models are

developed which establish thresholds for bubble growth. These models apply to:

1.) Bubble growth in the vascular systems of fish.

2.) Bubble growth in the environmental water that can
occur in the buccal cavity and between gill lamella.

4.) Overinflation of the swimbladder.

3.) Sub-dermal bubbles that occur on external skin
surfaces such as the opercular flaps, between fin

rays and in the lining of the mouth.

In order to develop the models for general use, it was necessary to establish the
effective size of nucleation sites and other physiological parameters contained in the
bubble growth threshold equations. This was accomplished through a review of data

from the scientific literature and a two phase experimental program.

The literature review resulted in the compilation of a database containing over 1000
records of supersaturation data on salmonids. Various filters based on length,
speciés, total gas pressure (TGP), partial pressure of oxygen (pO5) and other criteria
were applied to the database. The filtering operations established the existence of
GBT mortality thresholds and identified relationships between other experimental
parameters. The results of this analysis suggest that a lower threshold occurs at a

water TGP of 1.10 Atms. and a higher threshold occurs at 1.15 to 1.18 Atms.
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However, it was not established that the apparent mortality thresholds correspond to

thresholds for bubble growth predicted by the theoretical models.

To make this correlation, a preliminary experimental study examined the physiological
response of fish exposed to supersaturated water. It was found that arterial pOo,
hematocrit and blood pressure yield unique responses to bubble growth over specific
ranges of water TGP. The results of these experiments also indicate that the lower
mortality threshold of the database analyses is associated with a combination of sub-
dermal bubble growth in the mouth and extracorporeal bubbles growing between gill

lamella.

The second phase of experimental study included surveys of blood pO5, hematocrit
and pH along with microscopic studies of intravascular and extracorporeal bubble
growth in gills. The results of these experiments confirm the source of mortality for
the lower threshold at a water TGP of 1.1 Atms. In addition, the data demonstrate
that the upper TGP threshold of 1.15 to 1.18 Atms. of the database analysis
corresponds to the threshold for intravascular bubble growth. The resuits further
confirm that, as predicted by the theoretical model, intravascular bubble growth

thresholds are dependent on water pOo .

Combining the results of the database analysis and the experimental studies
permitted the effective size of nucleation sites responsible for bubble growth to be
back calculated from the theoretical equations. This completed the development of
the bubble growth threshold equations. The equations can now be used to predict

thresholds for the various forms of bubbie growth and mortality that occur in fish
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exposed to supersaturated water. The experimental results also provide valuable

information regarding the physiological response of fish to gas supersaturated water.
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1.0 INTRODUCTION
Gas Bubble Trauma (GBT) is a condition that arises when the water in which fish live
becomes supersaturated with dissolved atmospheric gases. The condition, first
described by Robert Boyle (1670), can produce a variety of physiological insults that
are often fatal to fish and other aquatic organisms. The major symptoms that

characterize Gas Bubble Trauma in fish include:

1.)  Bubble formation in the cardiovascular system.

2) Overinfllation of the swim bladder, intestinal and peritoneal cavities.

3.)  Sub-dermal emphysema on body surfaces including the lining of the mouth.
4.)  Extracorporeal bubble formation in gill lamella.

5.) Emphysema in muscle, internal organs and the spinal cord.

In general, these symptoms involve the growth of gas bubbles in one form or another,
both internal and external to the animal. Internally, bubbles can block the flow of
blood, disrupt the function of organs and impair neural activity (Weitkamp and Katz,
1980; Stroud et al., 1975). Externally, they can block the flow of respiratory water
through the gills (Jensen, 1980 and Shirahata, 1966).

1.1 DISSOLVED GAS SUPERSATURATION

Natural bodies of water contain dissolved atmospheric gases that are usually in
equilibrium with the atmosphere. That is, the partial pressures of the dissolved gas
components (oxygen, nitrogen, water vapor, argon, etc.) are the same as the partial
pressures of their respective atmospheric components. Occasionally, due to man
made and natural causes, the dissolved gases are thrown into a state of

disequilibrium with respect to atmospheric gases. When this disequilibrium involves a
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dissolved gas partial pressure which exceeds that of the atmospheric component,

water is supersaturated with that dissolved gas. This in itself may not create a
problem for aquatic organisms. However, a unique condition arises when the sum of
the partial pressures of all dissolved gases, (i.e. total dissolved gas pressure,
henceforth referred to as Total Gas Pressure or TGP) exceeds atmospheric
. pressure. When this occurs, there is the potential for dissolved gases to diffuse into
microscopic nucleation sites or hollow cavities and form bubbles (Harvey, 1951; Hills,
1977, Weitkamp and Katz, 1980; Fidler, 1985). These bubbles can form in both the

environmental water and within the organisms that inhabit that water.

Expressed in a mathematical form, the necessary condition for bubble growth and

overinflation of body cavities is:

TGP = pOs + pNp + pHoO + pEtc. > Patms.
where pO5 = the partial pressure of dissolved oxygen.
pNo = the partial pressure of dissolved nitrogen.
pHoO = the partial pressure of water vapor.
pEtc. = the partial pressure of all other dissolved
gases.

PAtms. = atmospheric pressure.

In general, the partial pressures of argon and other trace atmospheric gasés are small
in relation to those of oxygen, nitrogen and water vapor. Thus, most studies of Gas
Bubble Trauma, include trace gases in the partial pressure of nitrogen (Colt, 1983
and 1984). Occasionally, high levels of dissolved CO5 occur in the environmental

waters. This usually involves high densities of fish in poorly aerated water such as
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occurs in certain aquaculture operations (Steffensen, 1988 and Rosenthal, 1988:

personal communications). In these situations, CO, must be included with the other

major gas components as part of the Total Gas Pressure.

Equation 1.0 defines the necessary condition for bubble growth. However, this is not
a sufficient condition. Physical constraints such as the surface tension of the medium
in which the bubbles grow, water depth, atmospheric pressure and water
temperature coupled with a variety of physiological constraints further restrict the
conditions under which bubble growth and body cavity overinfiation can occur (Fidler,
1985). The relationship between these parameters and bubble growth thresholds is

the central theme of this thesis.

1.2 CAUSES OF SUPERSATURATION -

Supersaturation of natural bodies of water occurs as a result of both man made and
natural phenomena. Perhaps the most widely known form of supersaturation is that
produced by hydroelectric dams. Water, spilling over dams, entrains air as it plunges
into pools at the base of the dam. The air, in the form of bubbles, is forced into
solution under hydrostatic pressure and increases water dissolved gas tensions.
Coutant and Genoway (1968), Beiningen and Ebel (1970), Bouck et al. (1970),
Boyer (1974), Dell (1975), Meekin and Turner (1974), Dawley et al. (1976), Ebel
(1969, 1971 & 1979), Ebel et al. (1971), Ebel et al. (1973), Ebel et al. (1975), Ebel
et al. (1979), Blahm et al. (1973), Blahm (1975), Stroud and Nebeker (1976) and
Weitkamp (1974 & 1976) report the effects of this form of supersaturation on fish in
the Columbia River system of the United States. Supersaturation resulting from other
dams and hydroelectric installations are described by Colt (1984), Berg et al. (1984),
White et al. (1986), Heggberget (1984) and Alderdice and Jensen (1985).
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DeMont and Miller (1972), Becker (1973), Adair and Hains (1974), Miller (1974)

Marcello and Fairbanks (1976), and Fairbanks and Lawton (1977), report that
thermal waste water from steam or nuclear power generation can raise the
temperature of receiving waters, reduce dissolved gas solubility, and produce

supersaturation.

Natural supersaturation occurs in both the marine and fresh water environment.
Harvey (1967) describes a fresh water lake in which solar radiation increased water
temperatures to produce a Total Gas Pressure of 1.1 to 1.2 Atms. Similarly, Reintjes
(1968), Westman and Nigrelli (1855), and Zaitsev (1971) report supersaturation
caused by solar heating in ocean environments. Well water, commonly used in
aquaculture, is often highly supersaturated with dissolve nitrogen (Marsh, 1910;
Rucker and Tuttle, 1948; Matsue et al., 1953). Jarnefelt (1948), Ebeling (1954 ), Holl
(1955), Lindroth (1957), and Harvey and Cooper (1962) report high levels of
dissolved gases below water falls and certain types of rapids. A combination of solar
heating and phytoplankton blooms can also produce high levels of supersaturation.
Woodbury (1941), Alikunhi et al. (1951), Schmassmann (1951), Rukavina and
Varenika (1956), Renfro (1963), and Supplee and Lightner (1976) describe many of
these occurrences. Renfro (1963) reports of massive fish mortality in Galveston Bay
as a result of solar heating and oxygen production by phytoplankton; Dissolved
oxygen concentrations of 250% of equilibrium were recorded in this incident. White
et al. (1986) describe excessive total gas pressures produced by a combination of a

dam and algae blooms on an inland river.

Water can also become supersaturated as a result of reducing ambient pressure.

Hauck (1986) reports of mortalities incurred in pink salmon as a result of moving fry
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by helicopter. A reduction in ambient pressure caused by a rapid increase in altitude

quickly reduced gas solubility, thereby supersaturating the water.

1.3 SYMPTOMS OF GAS BUBBLE TRAUMA

The symptoms of GBT are surprisingly varied. The major ones are outlined in the
initial introduction to this section. In virtually all cases, bubbles are responsible for the
observed symptoms. The activation of symptoms, however, may not be an easily
demonstrated cause and effect relationship. This is because internally bubbles can
grow in all body compartments and produce disruptions of neurological,
cardiovascular, respiratory, osmoregulatory and other physiological functions.
Clearly, there are opportunities for both direct and indirect effects of bubble growth.
GBT can also involve a combination of bubble induced physiological stress and
bacterial, viral and fungal infections (Weitkamp, 1976; Nebeker et al., 1976 and

Meekin and Turner, 1974).

The definitive, although slightly dated, review of GBT in fish is that of Weitkamp and
Katz (1980). Their review examines almost 200 papers on the subject and describes
in great detail the many symptoms of GBT. In most cases, the conditions that
produce the symptoms are also specify. The more recent review by Colt, Bouck and
Fidler (1986) adds further information to the overall understanding of GBT, its

symptoms, causes and treatment.

1.4 REPORTING OF DISSOLVED GAS TENSIONS
Early in the study of dissolved gas supersaturation, it was commonly believed that the
symptoms of GBT and mortality were independent of water dissolved oxygen

concentrations. As a result, many data in the literature are reported as a function of



. 6
pNo only. However, Fidler (1985), Dawley and Ebel (1975) and Rucker (1975) give

evidence that the Total Gas Pressure as well as water pO» levels control bubble
growth and time to mortality. Thus, data from the literature based only on dissolved
nitrogen measurements are of little use in obtaining correlations between water

dissolved gas levels, symptoms, time to mortality or bubble growth thresholds.

Because of the inconsistent manner in which many data on GBT and gas
supersaturation are reported in the literature, Colt (1983 and 1984) derived the
various equations for the reporting of Total Gas Pressure and other dissolved gas
tensions. In more recent studies of GBT and supersaturation the standards proposed

by Colt have been followed.

1.5 EXPERIMENTAL STUDIES

GBT research reported in the scientific literature focuses on the identification of
symptoms and time to mortality as the primary response of fish to supersaturation
(Blahm et al., 1973; Blahm et al., 1975; Dawley and Ebel, 1975; Dawley et al.,
1975; Knittel et al., 1980; Meekin and Turner, 1974; Nebeker and Brett, 1976;
Nebeker et al., 1979a and 1979b; Nebeker et al., 1978; Rucker, 1974, Jensen et
al., 1985; Stroud et al., 1976; and Weitkamp, 1976). With few exceptions, there is
no attempt to clearly identify the causes of mortality or thresholds that may be
associated with mortality. Stroud and Nebeker (1976), Stroud et al. (1975) and
Meekin and Turner (1974) provide a correlation of various symptoms of GBT with
water TGP levels and time to mortality. Knittel et a/. (1980), in studies of Steelhead

trout, offer the only description of a threshold for mortality.
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Other studies of GBT use decompression as a means of simulating supersaturation.

Beyer (1976a and 1976b), Casillas et al. (1975), Casillas (1976a and 1976b),
D’Aoust and Smith (1974) and Feathers and Knable (1983) show that upon
decompression, fish exhibit internal symptoms similar to those seen in fish exposed
to gas supersaturated water. That is, bubble formation is prevalent in virtually all body
compartments.  Unfortunately, there are no distinctions made of important
differences between decompression and supersaturation in fish. For example, there
is little attention given to the direction of dissolved gas movement. In dissolved gas
supersaturation this movement is opposite to that in decompression. That is, during
decompression, dissolved gases move from body compartments into the
environmental respiratory medium. However, in supersaturation, dissolved gases
move from the environmental respiratory medium into body compartments. Nor is
the distinction made that, during decompression, respiration reduces dissolved gas
tensions in the animal; whereas, in supersaturation, respiration increases dissolved
gas tensions. Perhaps the most important point overlooked is that bubble growth
during decompression must take place within minutes or hours. Otherwise, dissolved
gas tensions decrease as a result' of respiration to levels that prevent bubble growth
(Hills, 1977). In many situations involving supersaturation, bubble growth has no time
limit. Fish may spend months or their entire lifes in supersaturated water (Weitkamp

and Katz, 1980 and White et al., 1986).

In the literature, there is little reported in the way of physiological measurements for
fish exposed to supersaturation. Casillas et al. (1975, 1976a and 1976b) describe
changes in an array of blood parameters with particuiar emphasis on clotting
mechanisms in fish undergoing decompression. Newcomb (1876) describes the

changes in blood chemistry in Steelhead trout exposed to supersaturated water. For
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the most part, histological studies have involved visual examination for bubbles in

various body organs and external skin surfaces. Recently, Smith (1888) has obtained
photomicrographs that show the presence of micro-nuclei and bubbles in heart and

gill tissue.

A large volume of data were added to the literature as a result of many studies
conducted on the Columbia River system in the United States. From this work, it is
clear there is little in the way of a detailed understanding of the relationship between
the physical causes of GBT and the physiological effects. For example, it is not
known which symptoms lead to observed mortalities. Bubble growth in the vascular
system is often cited as a cause (Weitkamp and Katz, 1980). Yet, other symptoms,
such as extracorporeal bubbles in the gills and sub-dermal bubbles on the skin and in
the mouth, are often present at the same time (Stroud and Nebeker, 1976; Stroud et
al., 1875 and Meekin and Turner, 1974). It is not clear whether the various
symptoms act in concert or if different lethal symptoms are separated by water TGP,

pO5 levels or other parameters.

Furthermore, it is surprising there is no information on the overall cardiovascular or
respiratory response of fish exposed to supersaturated water. It is often speculated
that death is due to anoxia caused by the growth of intravascular bubbles (Stroud et
al., 1976; Bouck, 1980 and Newcomb, 1976). Yet, there are no measurements of
arterial blood oxygen tensions under conditions of supersaturation. Other
cardiovascular parameters (blood pH, blood pressure, heart rate, hematocrit) and
respiratory parameters (ventilation frequency and volume) which would lead to an

improved understanding of the response, are also absent from the literature.
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Finally, there has been no attempt to determine if data from the literature exhibit

differences in response to supersaturation in terms of time to mortality. That is, it is
not known if mortality data show thresholds associated with specific levels of water

TGP, pOoy, fish species or fish size.
1.6 ANALYTICAL MODELS

1.6.1 TIME TO 50% MORTALITY: The only significant attempt to relate mortality data
to water parameters, species and fish size is that of Jensen, Schnute and Alderdice
(1986a and 1886b). In this work, data records from the literature that include water
. TGP, pOy, time to 50% mortality and other parameters (Jensen et al., 1985), were
incorporated into a generalized surface response analysis (Schnute and McKinnell,
1984). The various models produced by this analytical technique reflect the detail to '
which specific physical and physiological parameters are included in the models. In
this work the authors assume that there is a single cause of mortality in fish exposed
to supersaturated water. That is, the data used in the various models were not
examined to determine if multiple thresholds for mortality were present. If more
than one threshold is present, it is reasonable to suspect that mortality is caused by
more than one factor. Furthermore, these factors may be separated by water TGP,
pOo, fish size, species, etc. This problem will be examined more fully in Sections 3

and 4 of this thesis.

1.62 BUBBLE GROWTH THRESHOLDS: In an earlier development by this author,
equations were derived that describe thresholds for various forms of bubble growth in
fish exposed to supersaturated water. The derivation involves a mass balance

applied to the movement of dissolved gases from the environmental water, across the
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gill membrane and into the blood and nucleation sites in the cardiovascular system.

The resulting equations contain physical parameters related to the environmental
water that include TGP, pOo, temperature and depth. Other physical parameters in
the equations account for barometric pressure, the solubilities and diffusivities of
oxygen and nitrogen in water and blood, the vapor pressure of water, the surface
tensions of water and fish blood and the mass transfer coefficients for the movement
of dissolved gases into a growing bubble. The physiological parameters include the
ratio of the partial pressure of oxygen in blood to the partial pressure of oxygen in the
environmental water, the system pressure where bubble growth occurs arjd the size
of nucleation sites from which bubble growth begins. The derivation of these
equations is described in Appendix A of this thesis. Fidler (1885) gives a discussion

of the role gaseous nucleation sites play in the growth of bubbles.

As described in Appendix A, if the size of a nucleation site is taken as very large, such
that surface tension forces are small, the threshold equation can be applied to the
problem of swimbladder overinflation in fish. Yet, a further simplification of the
equation yields a description of thresholds for bubble growth in the environmental

water.

The final results are three equations which describe the thresholds for bubble growth
in the vascular system, the swimbladder and in the environmental water. Table | gives
definitions of the terms appearing in the equations. From Appendix A, the threshold

equations are:
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THRESHOLD CRITERIA FOR BUBBLE GROWTH IN THE VASCULAR SYSTEM

2'0

TGPgy 2 Patm + Ps + p-gh + - PO (K-F - 1)-(1-K)pop

- To

Equation 1

where the subscript CV refers to the vascular system.

THRESHOLD CRITERIA FOR OVERINFLATION OF THE SWIMBLADDER

TGPgg = Paoym + Ps + p-g'h - pOo (K-F - 1) - (1-K)-pop

Equation 2

where the subscript SB refers to the swimbladder.

THRESHOLD CRITERIA FOR BUBBLE GROWTH IN ENVIRONMENTAL WATER

2:0
TGPgyw 2 Ppoym + Ps + p'gh +

+ (K- 1)(pop - PO2)
o

Equation 3

where the subscript EW refers to Environmental Water.



TABLE | NOMENCLATURE

TGP = pOy + pNo + pHoO

pOo = partial pressure of dissolved oxygen in environmental
water.

pNo = partial pressure of dissolved nitrogen in
environmental water.

pHoO = vapor pressure of water.

pPOp = partial pressure of oxygen in nucleation site.

ro = the radius of the critical nucleation sites from
which bubble growth begins (environmental water or
vascular system),

K = Hokg/HNkN where,

Hp = Henrys constant for oxygen in fish blood,

Hyn = Henrys constant for nitrogen in fish blood,

ko = mass transfer coefficient for oxygen into nucleus,

kN = mass transfer coefficient for nitrogen into nucleus,

T = temperature in degrees C..

o = surface tension of water or fish blood.

F = oxygen uptake ratio across gills, = pOo (Arterial
Blood)/pOy (Water),

P = Patm. + p-h + Ps,

Patm = atmospheric pressure,

Ps = system pressure where bubble is growing ,

@ = density of water,

h = depth of fish in water column.

g = gravitational constant.
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Most of the physical parameters contained in the equations are well defined.

However, when the equations were first derived, there was no information regarding
the surface tension of fish blood. Later, Fidler (1985) found it to be essentially the
same as water. In situations involving substantial depth, where fish are free to roam
within that depth, it may be difficult to specify the depth term in the equations.
However, in environments, where fish are confined to specific depths, all physical
parameters contained in the equations are known or can be measured directly. The
situation involving the physiological parameters is not as easily resolved. Although
there is information in the literature that may allow the calculation of the gill oxygen
uptake ratio (F) the remaining parameters, Ps and r are without definition. Thus, itis
not possible to define thresholds or determine if the thresholds are distinctly different
in terms of water TGP and pO,. It is known that these forms of bubble growth are
present in fish that have died as a result of exposure to supersaturated water.
However, it is not known whether there are thresholds for mortality that may be

directly correlated with thresholds for bubble growth.

2.0 STUDY DEFINITION

Based on the potential usefulness of the threshold equations, an initial goal of this
study was to determine the unknown physiological parameters needed to complete
the equations. Next, it was necessary to establish that these forms of bubble growth
are in fact responsible for physiological stress and mortality. Without this correlation,
the threshold equations are of limited value and of little practical use. Thus, a vital part
of the study involved an examination of the physiological response of fish to
supersaturation and bubble growth. This response was of fundamental importance in
achieving a correlation between mortality and bubble growth thresholds. The work

was performed in three phases as outlined below.
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Phase 1.) A theoretical analysis expanded the threshold equations and added to their
usefulness in relating mathematical parameters to measurable physiological
parameters. Additional mathematical models were introduced that describe the

bubble growth process more fully.

Phase 2.) GBT data from the literature were reviewed. A compilation of those data
into a database aided in correlating observed thresholds for mortality to thresholds for

bubble growth.

Phase 3.) An experimental program provided further definition of the physiological
parameters contained in the threshold equations. The experimental data also allowed

physiological symptoms to be related to bubble growth thresholds.

The results of the three phases of study were finally combined into a correlation of the
bubble growth threshold equations with experimental data from this work and from

the literature.
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3.0 THEORETICAL STUDIES

3.1 INTRODUCTION

As outlined above, the purpose of this study was to extend and verify the GBT bubble
growth threshold models described in Appendix A. In proceeding toward this goal, it
became clear that various facets of the problem were amenable to additional
mathematical analysis. First, it was necessary to modify the bubble growth threshold
equations. The modifications improved their utility and allowed direct methods for
evaluating physiological parameters. It was also useful to expand the equations to
apply to thresholds for sub-dermal bubbles. As described in the introduction, these
bubbles appear on external skin surfaces and in the lining of the buccal cavity. The
‘importance of this threshold became apparent in the experimental studies described
in Section 5 of this thesis. In addition, mathematical models were developed that
provide approximate descriptions of bubble growth and the interaction of growing
bubbles with cardiovascular system pressure. The solutions to these equations
allowed an assessment of the time course for bubble growth and indicated
experimental methods for determining the effective dimensions of vascular system
nucleation sites. This section will begin with an examination of the threshold

equations and the parameters contained in the equations.

3.2 THRESHOLDS FOR BUBBLE GROWTH

The bubble growth threshold equations were derived in the forms shown in Equations
1, 2 and 3. In general, the equations imply that threshblds for bubble growth increase
with increasing water depth (h), system pressure (Ps), and barometric pressure
(Patms)- On the other hand, thresholds decreése as nucleation site radius (rg),

increases. The effect of water pO2 on bubble growth thresholds is dependent on the



16
relative magnitude of the transport parameters (i.e. mass transfer coefficients and

Henrys constants). In Equations 1 and 2, the effect of water pO2 is also dependent
on the oxygen uptake ratio (F) across the gill. In general, as F increases, the effect of
pO» on threshold TGP diminishes. Finally, the partial pressure of oxygen in the initial
nucleus plays a role in the TGP thresholds. The importance of bubble oxygen partial

pressure is examined in more detail later in this section.

Physical parameters contained in the equations (water temperature, depth, pOy and
transport parameters along with surface tension) are either definable, measurable or
are controlled for many situations in which the equations can be applied. For
example, mass transfer coefficients, diffusion coefficients and Henrys constant for
most atmospheric gases in water and fish blood are known as a function of
temperature (Epstein and Pleséet, 1950; Plesset, 1964; Clift et a/., 1978; Altman and
Dittmer, 1961, 1964 & 1971; Weiss, 1970 and Boutilier et al., 1984). Also, the
surface tension and vapor pressure of water are defined as a function of temperature
(Perry, 1983 and Reid et al., 1977). The surface tension of Rainbow trout blood, at a
temperature of 7° C., was determined by Fidler (1985), and found to be close to that
of water. Thus, the principal unknown parameters are physiological. These consist
of the ratio of arterial pO» fo water pOo, the vascular system pressure where initial
bubble growth begins and the size of critical nucleation sites. In ordef to examine
these parameters in more detail, each threshold equation will be considered

separately.

3.2.1 VASCULAR SYSTEM BUBBLE GROWTH: As described in the introduction, this
symptom is commonly seen in fish exposed to dissolved gas supersaturation. It is

considered to be the most lethal of all GBT symptoms (Stroud et al., 1976; and
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Bouck, 1880). Although not stated explicitly in the threshold equation, there is a

strong coupling of the nucleation site location with system pressure and oxygen
~uptake ratio. The system pressure (Ps) and oxygen uptake ratio (F) are specifically
those at the location of the nucleation site. Fidler (1985) has pointed out that the
most likely location for initial intravascular bubble formation is the arterial side of the
circulatory system. This is because venous levels of dissolved oxygen are on the
order of 20 - 30 mmHg.; whereas, arterial values are 100 - 130 mmHg (Holeton and
Randall, 1967; Randall, 1970; Davis and Cameron, 1971; Sovio et al., 1981,
Thomas and Hughes, 1982; Wood and Jackson, 1980 and Wood et al., 1984).
Because of the lower venous pO», the effective TGP for venous blood is significantly
lower than that of arterial blood. This indicates that much higher levels of water TGP
are required before the thresholds for bubble growth in venous blood are reached.

Thus, the F term in Equation 1 applies primarily to arterial blood.

In general, the location of nucleation sites in the vascular system is unknown.
Therefore, it is not possible to define Ps and F directly. Furthermore, the size of
nucleation sites in physiological systems are unknown and this leaves the rg term in

the equation without definition.

As pointed out earlier, the threshold for intravascular bubble growth is dependent on
water pOo. This dependency is a result of differences between blood and water pO»
caused by oxygen transport resistances at the gill (Randall, 1970; Randall, 1984 and
Piiper and Scheid, 1984). The ratio of blood pOs to water pOo has not been
determined explicitly. However, there may be sufficient data in the literature to make

reasonable estimates of this ratio at the dorsal aorta. With F defined at the dorsal
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aorta, there remains the problem of determining an appropriate value of F at

nucleation sites.

3.2.2 SWIMBLADDER OVERINFLATION: The swimbladders of most fish are highly
vascularized with arterial blood (Steen, 1970). Thus, there is the potential for
dissolved gases to overinflate this organ (Fidler, 1985; Shrimpton et al., 1988).
Overinflation of the swimbladder and other body cavities accompanied by occasional
mortality are reported by Shirahata, (1966); Kral, (1983); Bowser, (1983);
Cornacchia and Colt, (1984); Johnson and Katavic, (1984); Kolbeinshavn and
Wallace, (1985); Jensen, (1987) and Shrimpton et a/., (1988). Equation 2 was
derived as a special case of Equation 1. As described in Appendix A, the swim
bladder acts as an extremely large nucleation site. As such, surface tension effects
are small which permits the 2o0/rq term to be dropped from the general threshold
equation. Equation 1 reduces to Equation 2 where the only physiological unknown is
F, the ratio of arterial pO5 to water pO»o. As pointed out above, there may be enough
data in the literature to define this term for arterial blood at the dorsal aorta. However,
it is still not known how the value of F at the swimbladder is related to F at the dorsal

aorta.

3.2.3 WATER BUBBLES: Equation 3 is again a special'case of Equation 1 where, for
bubble growth in the environmental water, F is equal to 1.0. This reduces Equation 1
to Equation 3 where the only physiological unknown is the size of nuclei from which
bubble growth begins. Again, this dimension is virtually unknown for physiological
systems. Situations in which the equation can be applied include extracorporeal
bubble growth in the buccal cavity or extracorporeal bubble growth between gill

lamella. In the first case, it is observed that a single bubble in the buccal cavity of
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larval fish can block respiratory water flow and cause death (Shirahata, 1966 and

Jensen, 1980). Extracorporeal bubbles growing between gill lamella are observed in
fish exposed to gas supersaturated water (Weitkamp and Katz, 1980). However, it

has not been established that these bubbles are lethal to fish.
3.3 BACKGROUND AND METHODS

3.3.1 EQUATION MODIFICATION: The threshold equations can be simplified
through an assumption regarding the initial partial pressure of oxygen in the nucleus.
Before specifying this assumption, recall that the threshold equations are dependent
on the partial pressure of oxygen in the nucleation sites (ppop). If, at time zero in the
bubble growth process, this pressure is out of equilibrium with the dissolved gases in
| solution, there are a wide range of situations where oxygen and nitrogen could be
undergoing countercurrent or cocurrent diffusion. For example, it is possible for
bubble growth to occur when oxygen is diffusing outward from the nucleus while
nitrogen is diffusing inward. Growth of the nucleus would imply that the net outward
movement of oxygen is more than offset by the inward movement of nitrogen. The
opposite situation can also occur. There are, of course, those situations where all
gases are diffusing into the bubble. Thus, the equations involve the coupling of
transport terms to initial conditions of bubble and water oxygen partial pressures.
This accounts for the many possible directions and relative magnitudes of gas
transport. The effect of transport parameters on nitrogen is implicit in the equations

through the definition of Total Gas Pressure (Table I).

Upon exposure to supersaturated water, the development of supersaturation within

fish occurs gradually. That is, at time zero in the bubble growth process, gases in
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nucleation sites are in equilibrium with those in the surrounding medium. The

subsequent disequilibrium is not instantaneous, but develops over a finite period.
Thus, it will be assumed that all gases in nucleation sites are in equilibrium with the
dissolved gases in the surrounding medium (i.e. water or plasma) before bubble
growth begins. This allows pgp in Equations 1 and 2 to be replaced with F«pO2.
With the same assumptions regarding bubble growth in the environmental water, pop
is replaced with pO2 in Equation 3. These substitutions allow the threshold equations
to be written in the simpler forms given by Equations 4, 5 and 6. Again, Table |

defines the terms appearing in the equations.

THRESHOLD CRITERIA FOR BUBBLE GROWTH IN THE VASCULAR SYSTEM

20

TGPay 2 Paym + Ps + pgrh + + pOo(1-F)

"o
Equation 4

THRESHOLD CRITERIA FOR OVERINFLATION OF THE SWIMBLADDER
TGPgg =z Patm + Ps + @-g-h + pOo(1-F)

Equation 5

THRESHOLD CRITERIA FOR BUBBLE GROWTH IN ENVIRONMENTAL WATER

20

TGPEW > PAtm + Ps + Qgh +
o
Equation 6
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It will be noted that transport terms are absent in the new forms of the equations. The

assumption of initial equilibriUm between gas phases (i.e. in the bubble and in
solution) assures that any increase in TGP above the threshold level will result in
bubble growth. It is also noted that only Equations 4 and 5 retain a dependency on
water pO2. Again, this is because plasma pO2 is reduced from that of the water by

the factor F.

3.3.2 GILL OXYGEN UPTAKE RATIO: Throughout the literature there have been
many reported measurements of arterial blood pO» from the dorsal aorta of fish. in
most cases water pOo is also reported. In order to use this information for
determining appropriate values of F, it was tabulated for Rainbow trout as shown in
Appendix B. Included in the tabulation are data from the experimental phases of this
investigation (Section 5). Table | of Appendix B defines the abbreviations used in the
tabulation while Table Il of the appendix identifies the data sources. Only data
obtained for resting fish were selected for this tabulation. This was done in order to
limit the variation in the data and to yield results that were applicable to the
experimental phases of this study. The data were converted to F values and a mean
along with standard deviations were calculated. This was done for data in the pO5
range of 70 to 350 mmHg only. The selection of this range is explained more fully in

the discussions that follow.

3.3.3 ARTERIAL BLOOD PRESSURE: The blood pressure in vertebrates varies
considerably throughout the circulatory system. In general, the pressure at any point
in the system is a function of both the local fluid velocity and all friction pressure
losses occurring upstream of that point (Folkow and Neil, 1971 and Weity et al.,

1976). In fish, blood pressure is highest in the ventricle of the heart and decreases
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continuously as blood moves along the arterial system toward tissue capillary beds

(Randall, 1967a; Randall, 1983; and Kiceniuk and Jones, 1977). It continues to
decrease in the venous system and reaches a minimum in the sinus venosus just
upstream of the heart. Holeton and Randall (1967a) measured values of 60 to 70
mmHg. for blood pressure in the ventral aorta of Rainbow trout. Blood pressure in
the dorsal aorta of the same species ranges from 20 to 50 mmHg. (Holeton_ and
Randall, 1967a. also see Section 5 of this thesis). In Rainbow trout, the gills account
for nearly 20% to 40% of the pressure loss between the ventral aorta and the venous
return circulation (Holeton and Randall, 1967a; Stevens and Randall, 1967a). The
next major drop in systemic pressure occurs in the arterioles just upstream of
capillary beds (Feigl,1974). Although pressures have been measured at many
locations in Rainbow trout vascular systems, there are no data for the arteriolé or
capillary levels. However, blood pressures have been measured on the venous side
of the circulatory system of Rainbow trout by Kiceniuk and Jones (1977). These
pressures are on the order of 5 to 7 mmHg. Based on these measurements for the
dorsal aorta and venous system, capillary pressures are estimated to be on the order

of 10 to 15 mmHg. or less (Farrell, 1988: personal communication).

Swimbladder Overinflation: The swimbladders of physostome fish, are highly

vascularized with small arteries and capillaries (Fange, 1966; Steen, 1970; and Steen
and Sund, 1977). In Equation 5, which applies to overinflation of the swimbladder,
Ps should correspond to the pressure at the swimbladder capillaries. As with tissue
arterioles and capillaries, there are no blood pressure measurements available for
these regions in fish. However, as suggested above, these pressures should be low

and perhaps on the order of 10 to 15 mmHg.
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Vascular System Bubbles: For vascular system bubbles, Ps must decrease as

Equation 4 is applied to arterial regions more and more distant from the heart. As a
result, the thresholds for vascular system bubble growth also decline. However,
there is a limit to this decline; for at the capillary beds, arterial pOo decreases as
oxygen from fhe blood diffuses toward cells. This lowers the local TGP of the blood
which raises the water TGP thresholds required to initiate bubble growth. This is
equivalent to decreasing the F term in Equation 4 for locations in the capillary beds

and beyond.

Based on this analysis, it appears that the most likely sites for bubble growth are the
arterioles just upstream of the tissue capillary beds. Here system pressure is at its
lowest before the decline in pO5 begins at the capillaries. Although measurements of
pressure at arteriole and capillary locations would be helpful, they are of limited value

without confirmation of nucleation and bubble growth at these sites.

3.3.4 CRITICAL NUCLEI RADIUS: The rg term in Equations 4 and 6 is the critical
radius of nucleation sites needed to start bubble growth for specific levels of water
TGP and pO». In studies of decompression in humans and animals, there have been
many attempts to define the size of corporeal nuclei (Yount, 1979; Yount and Yeung,
1979; Yount, 1981; Philp et al., 1972; Ackles, 1973 and Hemmingsen, 1986).
Unfortunately, little quantitative information is available regarding their size. However,
it is clear that size may vary with individual and with the number and frequency of
previous decompression episodes (Hills, 1877). Using rats, Philp, Inwood and
Warren (1972) have demonstrated that following decompression involving bubble
formation, nuclei are free in the blood and are significantly larger than the original

nuclei from which the bubbles formed. The residual nuclei appear to be bubbles that
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have stabilized during collapse through the accumulation of blood protein

components at the bubble surface (Philp, Inwood and Warren, 1972). This is an
important finding from the standpoint of multiple decompression episodes. In fish,
exposed to supersaturation, these larger nuclei would require lower TGP thresholds
to initiate bubble growth during subsequent exposures to supersaturation. Knittel et

al. (1980) have shown this effect in Steelhead trout.

This author (1985), pointed out that if vascular system nuclei are free in the blood,
they could be no larger than erythrocytes. As it is, erythrocytes are just able to
squeeze through sections of gill secondary lamella and tissue capillaries (Randall,
1970; Randall and Daxboeck, 1984 and Farrell et al., 1980). In Rainbow trout, free
nuclei would be on the order of 10 to 15 uM. in diameter; which is the characteristic
dimension of erythrocytes in this species (Heming, 1984a and Mott, 1957 and Smith
et al., 1852).

However, there are indications that prior to the first episode of decompression,
nucleation sites are not free in the biood but are associated with the walls of the
vascular system. Harvey et al. (1944) could not produce bubble growth in blood
from monkeys and rats, in vitro, at high levels of decompression. However, in vivo
bubble growth was easily attained at comparatively low levels of decompression.
Similarly, Hemmingsen et al. (1985) using in vitro studies could not produce
bubbles in mammalian, avian or amphibian blood with decompression from 300
Atms. Thus, it appears that nuclei, rather than being free in blood, are in some way
associated with the linings of the vascular system. This is consistent with the long
held theory (Harvey, 1951) that nucleation sites are gas filled discontinuities in

surfaces. Although this seems to conflict with the observations of Philp, Inwood and
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Warren (1972), it should be recalled that their results were obtained following

decompression. Thus, it is conceivable that during decompression, bubbles can
grow to sizes that allow blood flow to remove them from their original sites. However,
the dimensions of capillary bed vessels would be a restriction in their size and

movement.

It will be recalled from a previous discussion that as blood moves from the heart to the
capillaries, there is a progressive decline in blood pressure. Equation 4 implies that at
a given water TGP and pOo, the size of nucleation sites required to initiate bubble
growth increases as blood pressure increases. This is illustrated ‘by rewriting
Equation 4 in the following form. |

2:0
Ps = TGP - ————-(1-F)- pOy

o
The solution of this equation is shown in Figure 1 where the nuclei radius required for
bubble growth is plotted versus blood pressure. Other parameters used in the
equation are as indicated in the figure notes. The levels of TGP and pOo specified in
the figure are representative of those frequently reported in the literature where
mortality and vascular system bubble growth are observed. As indicated earlier,
absolute values of pressure are not known at all locations in the vascular systems of
fish. However, it is known that for the arterial system in Rainbow trout, the range of
pressures shown in Figure 2 are representative (Stevens and Randall, 1967a,b and
Kiceniuk and Jones, 1977). It is surprising that for this range, the size requirements
for nuclei vary only by a factor of three. If other levels of water TGP and pO5 from the
literature are examined, it is found that, over the range of these variables found in

GBT, nuclei required for bubble growth range from 10 to 40 uM. in radius.
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In situations involving bubble growth in the environmental water, nucleation sites can

also be associated with the surfaces upon which bubble growth begins. This would
include the external skin surfaces of the animal and the lining of the buccal cavity. It
should be anticipated that extracorporeal bubble growth in the buccal cavity of small
fish or in the gills of larger fish may involve nuclei carried to the site of growth by
respiratory wéter flow. This is especially true if the environmental water carries
bubbles, large silt or other particulate matter. However, nuclei radius, either
associated with tissue surfaces or foreign matter, is again unknown and probably
difficult to determine. Nevertheless, application of Equation 6 to a range of TGP levels
typical of those found in problems of GBT, yields a radius for nucleation sites ranging

from 5 to 20 uM. (Figure 2).

Although the above discussion has not provided absolute information regarding the
size of nucleation sites or the system pressures where bubble growth begins, it
provides some insight as to the range of these parameters. There remains the
problem of evaluating these parameters in an absolute sense. In intravascular
bubble growth, the problem can be simplified by re-examining the threshold

equations.

3.3.5 EFFECTIVE NUCLE! RADIUS: In Figure 3 the equation for vascular system
bubble growth is rewritten with the Ps and r, terms highlighted (Equation 7). It will be
noted that nﬁcleation site radius, as contained in the 20/ry portion of the equation, is
a pressure term like Ps. Since both of these parameters are unknown and difficult to
determine, the two can be combined into a single unknown parameter. In order to
retain surface tension explicitly}in the equation, the parameters are combined so that

an effective radius, Ry, accounts for both Ps and rg,. This is shown as Equation 8.
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THRESHOLD CRITERIA FOR VASCULAR SYSTEM BUBBLE GROWTH

2:0
TGP 2 Pa¢p, + ©°9-h + |Ps| + + pOy-(1 - F)
o
Equation 7.
20 2-0
Letting Ps + —— =
o Ro
2.0
TGP 2 Ppa¢p. + ©°9-h + ——— + pOy-(1 - F) Equation 8.
R .
o)

Figure 3: Effective Radius of Nucleation Sites in Vascular
Bubble Growth Equation.
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The result of this combination leaves Equation 8 with one unknown on the right side.

Thus, if a threshold for bubble growth can be determined for known levels of water
TGP and pOo, or just TGP in the case of Equation 6, the Ry and r, terms can be
back-calculated from the equations. The equations can then be completed and used
to predict thresholds of bubble growth for a wide range of conditions. Later in this
section, experimental methods for determining bubble growth thresholds are
examined. It should be noted that the use of an effective radius can compensate
somewhat for uncertainties in the value of F at nucleation sites. That is, with F
referenced to dorsal aorta blood pOo, any variations between these values and those

at the nucleation sites can be absorbed in the effective radius term.

3.3.6 SUB-DERMAL BUBBLE GROWTH: The literature offers many examples of sub-
dermal bubbles or blisters growing on the external body surfaces of fish exposed to
supersaturated water. These observations include bubbles on opercular flaps,
between fin rays, and in the lining of the mouth (Weitkamp and Katz, 1980). It is
hypothesized that the threshold equations apply to this form of bubble growth also.
To select the appropriate equation, it is necessary to establish if dissolved gases are
transported to these bubbles by blood flow through the circulatory system, or as a
result of direct diffusion from the environmental water. Kirsch and Nonnote (1977)
show that oxygen transport to the skin of Rainbow trout is primarily by direct diffusion
from the environmental water. Furthermore, sub-dermal bubble growth appears to
originate just below the epithelium tissue layer (Nebeker and Brett, 1976 and also
Section 5, this thesis). Therefore, it is reasonable to assume that pO5 and pN levels
are not significantly reduced from that of water. In this case, Equation 6 would be the

appropriate form of the threshold equation.
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Aside from the dimensions of nucleation sites, the other unknown parameter is the

appropriate form of surface tension. Once bubble growth actually begins, the growth
rate may be controlled by a combination of extracellular fluid surface tension forces
and the tensile strength of tissue (Vann and Clark, 1975; Meisel et al., 1981 and
Yang and Liang, 1972). When bubbles become sufficiently large, such that surface
tension forces are negligible, the tensile properties of the tissue should dominate the
growth process. However, depending on the size and location of nucleation sites, the
threshold situation may be controlied by water surface tension forces alone. With this
assumption, Equation 6 is used as the combined water and sub-dermal bubble
growth threshold equation in subsequent discussions and analyses. The validity of

this assumption is examined further in Section 5 of this thesis.

3.3.7 BUBBLE GROWTH IN AN OPEN SYSTEM: It is of interest to examine the rate
at which bubbles grow once threshold levels of TGP are exceeded. Time to mortality
associated with GBT varies with water TGP and can range from several hundred
hours at a TGP of 1.12 Atms. to just a few hours at TGP levels above 1.3 Atms.
(Weitkamp and Katz. 1980). Part of this time must be associated with the period
required for various body compartments of the fish to equilibrate with water dissolved
gas tensions. Harvey (1963) and Beyer et al. (1976) give experimental evidence
that shows this time is on the order of one to two hours. However, at high levels of
TGP, bubble growth may occur before there is full equilibration between the water
and all body compartments of the fish. In either case, it is expected that a significant
portion of the time required to produce mortality would be that associated with bubble
growth. Thus, depending on the water TGP, bubble growth periods on the order of

several hundred hours to just a few hours would be expected.



32
Epstein and Plesset (1950) derive equations that describe the growth of a motionless,

isothermal air bubble in still water. That is, a bubble that does not experience motion
due to buoyant forces and grows as a result of diffusive gas transport. Although their
derivation treated air as a single component gas (i.e. transport properties were
weighted averages for oxygen and nitrogen), the resulting equations give a
reasonable estimate of the time course for this type of bubble growth. For an initial
nucleus radius of 10 uM., Epstein and Plesset calculate the time for a 10 fold increase

in radius to be about 550 seconds at a water TGP of 1.25 Atms.

3.3.8 BUBBLE GROWTH IN A CLOSED SYSTEM: In the derivation of Epstein and
Plesset (1950), it is assumed that as bubbles grow, the volume of gas added to the
system does not effect system pressure. That is, ambient hydrostatic pressure is
constant. This is appropriate for bubble growth in the environmental water; such as
might occur in the buccal cavity or between gill lamella. However, this is not the case
for intravascular bubbles where the system is somewhat closed. In this situation, the
volume of growing bubbles will eventually affect system pressure and alter the bubble
growth process. The actual relationship between volume and pressure will depend
on many factors; however, the compliance of the vascular system will be central to
the response. The coupling of volume to pressure can be modeled mathematically in

an approximate form as follows.

To simplify the derivation and solution of the differential equations involved, this
development will treat a single gas diffusing into bubbles forming in a closed system.
The physical properties of this gas (i.e. diffusivity, Henrys constant, etc.) are taken as

those of air. The derivation begins with the perfect gas relationship.
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na = PA'VR/(R'T) = (4/3)mr3-P5/(R"T)

where,

na = moles of gas A in bubble.

Pa = pressure of gas in bubble.

Vg = bubble volume = (4/3)mr3

R’ = gas constant.

r = bubble radius.

For ease of derivation, water vapor pressure is assumed to be small in relation to the

gas pressure P and will be neglected.

Laplaces Equation relates bubble internal pressure (P ) and external pressure (Pg) to

surface tension and bubble radius as given by:

Pa =Pg + (2:0/)

where,

PE = PAtm. * PS + p+geh

Patm. = atmospheric pressure.

Pg = vascular system pressure where bubble is growing.
p= density of water.

g = gravitational constant.

h = depth of fish in water column.

For convenience, it will be assumed that the pressure in the vascular system (Ps) is
composed of a system pressure Ps’ existing before bubble formation and a pressure

Ps” due to bubble growth. The component due to bubble growth will be a function of
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the number of bubbles present, N, the volume of each bubble and the compliance of

the vascular system, C. The component of system pressure due to bubble growth
(Ps”) is C times the volume of the added bubbles. That is, it is assumed that the
pressure - volume relationship is linear. Assuming a uniform radius for all bubbles at

any given time and that Ps’ is small, Ps takes the following form.

Ps = N-C(4/3)mr3 = N-C'r3
In the expression on the far right, the constants have been lumped into a single
constant, C’. Substituting Laplaces Equation into the perfect gas equation, using the
above definition of Ps and taking h as 0.0, gives:
NnA = (4/3)'"'(PAtms.'r3 + N-Cr8 + 2:0:r2)/(R"T)

Differentiating with respect to time, t, yields:

dr

= »[ 3-Patps, Y2 + 6-N-C/-r> + 4.0-r }- ”

Equation S.

The rate of change in the number of moles of gas in a bubble must be balanced by
the rate of gas added to the bubble by diffusive transport from the blood. Using the
bubble mass transfer coefficient (Dp /r) of Epstein and Plesset (1950), the equation

for gas transfer to or from the bubble is:
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dnA DA
T woreng e [ o ][ pon - v ]
dt r

Equation 10.

where,

Ha = Henrys constant for gas A

D = Diffusivity of gas A in blood

Poa = Total Gas Pressure of A in blood

For this derivation, it is assumed that Pop of gas in the blood is the same as that in
the water. Equating the right sides of Equations 9 and 10 yields an approximate
expression for bubble growth in the vascular system of a fish exposed to
supersaturated water. To arrange the equation in a form that can be integrated,

variables are separated and the equation is written as:

r
1 3-Pagps. 'Y + 6:N-C’-t% + 4.0
t = . -dr
3.R’-T-Dp-Hp Poa - Patms. - N-C’-r3 - (2.0/r)
(o]
Equation 11.

If the compliance term C’ is equal to zero, Equation 11 reduces to that for bubble

growth in an open system.
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The solution of Equation 11 is obtained numerically using the MathCad computer

program. This involves substituting selected values of r into the equation and solving

fort.

Because the solution is asymptotic, it is possible to select values of r which are too
large; in which case the numerical solution will not converge. This problem can be
avoided by using Equation 11, in its differential form, and setting dr/dt equal to zero.

This yields:

Poa - Patms. - N‘Cr3-(20 /r) =0  Equation 12,

One real root of this algebraic equation gives the asymptotic value of r which is the
upper limit to be used in the solution of Equation 11. The other real root is the
equilibrium radius corresponding to the threshold TGP. To calculate a threshold TGP
(or Pop in this case), Equation 12 is solved for Poa. The resultis:

Poa = Patms. + N-C-r3 + (20/r) Equation 13.

Substituting rq, for the initial nucleus radius yields the threshold TGP.

3.4 RESULTS

3.4.1 THRESHOLD EQUATIONS: Equations 4 through 6 are plotted in Figure 4. The
plots are based on an effective nuclei radius of 10 uM., a water depth of 0.0 M., a
water temperature of 12° C., an F of 0.79 (see below) and sea level atmospheric

pressure. The selection of Ry may appear somewhat arbitrary;
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however, as will be shown in later sections, this value is representative. In the figure,

it is seen that there is a clear separation of the various theoretical thresholds. The
dependency of the thresholds for swimbladder overinflation and intravascular bubble
growth on water pOs is also clearly shown. Interestingly, Equations 4 and 5 now
contain water pOo as the only independent dissolved gas parameter. The other
physical and physiological parameters are as in the original equations. Thus, the
specification of water pOo and temperature is sufficient to define the TGP thresholds
for swim bladder overinflation and intravascular bubble growth. Although this may
appear odd at first, it should be remembered that TGP is made up of the vapor
pressure of water plus the partial pressures of dissolved oxygen and dissolved
nitrogen as defined in Table I. By specifying water pOo , water TGP is defined by the

threshold equation, from which pN2 is determine by:

PNo = TGP - pO5 - pHoO Equation 14

With the specification of temperature, the vapor pressure of water is determined, and

inturn pNo. Thus, the definition of pN» is implicit in Equations 4 and 5.

3.4.2 OXYGEN UPTAKE RATIO: Figure 5 shows the gill oxygen uptake ratios (F)
calculated from the data of Appendix B, and plotted as a function of water pO5. From
the figure, it is clear that F is quite variable with the highest variability occurring in the
region where water pO2 levels are hypoxic for fish (Holeton and Randall, 1967a,b
and Thomas and Hughes, 1982). Also, at the two extremes of water pO» (less than
70 mmHg. and greater than 350 mmHg.), the ratio of arterial pO, to water pO»
appears to decline. Between these two values F is estimated to have a mean value of

0.79 with a standard deviation of 0.045. In most cases involving fish exposed to
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supersaturation, water pOo is usually elevated relative to atmospheric values

(Weitkamp and Katz, 1980 and Colt, Bouck and Fidler, 1986). The maximum pO»p
reported in the literature is about 390 mmHg. (Renfro, 1963). Cases of
supersaturation involving low levels of pOo usually involves well water. However, in
these situations oxygen partial pressures less than 70 mmHg. have not been reported
in the literature. Therefore, in subsequent analyses, the value of 0.79 for F will be

assumed as representative of maost situations involving supersaturation and GBT.

It order to determine the effect of variations in F on the intravascuiar bubble
thresholds, Equation 4 was examined for water pOo values between 70 and 350
mmHg. Figure 6 shows the results of this analysis. In the figure, the mean value of
0.79 has been used in Equation 4 and plotted along with the standard deviations.
Other parameters used in Equation 4 are as specified in the figure. From the three
curves, it is clear that the effect of variations in F on threshold TGP is dependent on
water pO5. At a water pOo of 200 mmHg., the variation in threshold TGP is as much
as 0.015 Atms.

3.4.3 BUBBLE GROWTH IN AN OPEN SYSTEM: Using the Mathcad computer
program, the equations for bubble growth in a closed system were first solved with
the compliance (C’) set equal to zero. As pointed out earlier, this reduces the growth
equation (Equation 11) to that for an open system. The results of this solution are
shown in Figure 7 for TGP levels of 1.31, 1.27 and 1.165 Atms. Other parameters
used in the solution are shown in the figure. It is observed that the growth curve
corresponding to a water TGP of 1.27 Atms. agrees closely to the solutions obtained

by Epstein and Plesset (1950) for a water TGP of 1.25 Atms. In general, for an open
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system, a 10 fold increase in bubble radius occurs in a time period of minutes. It

should be noted that the solution to the growth rate equations is logarithmic in this
case (see Epstein and Plesset, 1950). Therefore, the bubbles continue to grow with

the radius becoming infinite.

3.4.4 BUBBLE GROWTH IN A CLOSED SYSTEM: Equation 11 was also solved for a
finite compliance and two conditions of Poa. The results are shown in Figures 8 and
9. With the conditions of atmospheric pressure, temperature and critical nuclei
shown in the figures, the threshold for bubble growth is 1.12 Atms. The time course
for bubble growth at a TGP of 1.20 Atms. is shown in Figure 8, while Figure S shows
bubble growth for a TGP of 1.316 Atms. In these solutions, the compliance of the
system has been chosen somewhat arbitrarily. This is because compliances for the
vascular systems of fish are unknown. The value of C’ used is 7 105
(mmHg. /yM3). Also, total bubble volume is calculated based on an assumption that
1000 bubbles are present in the system. The initial growth of these bubbles appears
to follow that of an open system (Figure 7). However, once bubble volume increases
system pressure, growth rate declines. It should be noted that, in a closed system,
bubble growth does not proceed to an infinite radius. This is because the solution to
equation 11 is asymptotic. That is, as bubbles grow, the threshold TGP also
increases. This increase continues until system pressure forces the threshold to that
corresponding to the actual radius of the growing bubble. Further bubble growth is
then suppressed. By comparing Figures 8 and 9, it is seen that the maximum radius
which bubbles reach, before growth is suppressed, increases as water TGP (or Poa

in this case) increases.’



BUBBLE GROWTH IN ARTERIAL BLOOD
WITH BUBBLE VOLUME FEEDBACK AND
VASCULAR SYSTEM COMPLIANCE

1400 140

1300 |

1200 - 1120
E 1100 - <« Radius
g 1009 B Pressure e——s 7100
| 900F
e
R 800 <180
a
d 700+
I 600 - 60
u 10+Volume =
& s00F
- 400+t -40
u
M 300

200 120
100 |
o | i | o
o 400 800 1200 1600

Time - Seconds/10

Water TGP = 1.20 Atms., Ro = 12 uM.
Depth = O M., Temp. = 10 deg. C.
System Pressure(t = 0) = 0.0 mmHg.

FIGURE 8: Bubble Growth in a Closed System,

OCOODdT

P3c—-0<L ! -@I33

. =3

44



1600
1500
1400
1300
1200
1100
1000
900
800
700
600
500

vc—-anpX o—0oc0oc @

- Zc 1

200
100

400 {
300

BUBBLE GROWTH IN ARTERIAL BLOOD
WITH BUBBLE VOLUME FEEDBACK AND
VASCULAR SYSTEM COMPLIANCE

 <e— Radius

L Pressure =y

10+Volume ——

] I ]

250

1200

11580

-1 100

0 400 800 1200
Time - Seconds/10

Water TGP = 1.316 Atms., Ro = 12 uM.

Depth = 0 M,,

Temp. » 10 deg. C.

System Pressure(t = 0) » 0 mmHg.

FIGURE 9: Bubble Growth in a Closed System,
TGP = 1.316 Atmes.

o)
1600

- @XI33 P~~CONOD~T

o3c—-0<L

. —3

45



46
3.5 DISCUSSION

3.5.1 OXYGEN UPTAKE RATIO: Although the data of Figure 5 are quite variable, the
values of F in the pO» range of 70 to 350 mmHg. have a mean of about 0.79. This
range of pOo corresponds to that where arterial blood in Rainbow trout is fully
saturated with oxygen (Beaumont, 1968 and Cameron, 1871) and hyperoxic
conditions where respiratory effort is reduced (Randall and Jones, 1973 and Wood
and Jackson, 1980). If, in this range of water pO», the gill water flow and biood flow
are unaltered, the ratio of arterial pO5 to water pO, should be unvarying. This is due
to several factors. First, with constant blood and water flow, the mass transfer
coefficients across the gill membrane are constant. Furthermore, as shown by Piper
and Scheid (1984), for a gill counter current gas exchange system with constant

diffusing capacity:

(Pa-Pv)/(Pi-Pv)—const. < 1.0

where Pa = partial pressure of oxygen in arterial biood.
Pv = partial pressure of oxygen in venous blood.

Pi = partial pressure of oxygen in inspired water.

Secondly, most oxygen carried by arterial blood is used in metabolism and most of
this oxygen is transported in the bound form. Thus, for fully saturated blood, venous
pO», levels are low in comparison to either water or arterial levels, regardless of water

values. Inthe limit, as Pv - 0,

(Pa - Pv)/(Pi - Pv) - Pa/Pi —» const. < 1.0 Equation 15.
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3.5.2 BUBBLE GROWTH THRESHOLD EQUATIONS: With the above definition of F,

the bubble growth threshold equations (Equations 4 and 6) are resolved to forms
containing an effective nuclei radius as the only unknown dependent variable. In the
case of thresholds for swimbladder overinflation, Equation 5 is complete without a

nuclei radius. The remaining task was to demonstrate its validity.

in work by Mark Shrimpton, Dave Randall and this author (1988), thresholds for
swimbladder overinflation in Rainbow trout were examined experimentatly. Fish were
exposed to gas supersaturated water while swimbladder pressures were monitored.
The results of these experiments are shown in Figure 10. The square symbols in the
figure represent those fish exhibiting an increase in swimbladder pressure. The plus
symboils are for fish in which declining swimbladder pressures were observed. The
region between the two clearly defines the threshold for swimbladder inflation. Also
shown in the figure is the theoretical threshold as calculated from Equation 5. The
theoretical curve of the figure is for an F of 0.79, a system pressure of 0.0 mmHg., a
temperature of 10" C. and sea level atmospheric pressure. Although the
experimental data do not densely cover the entire range of water pOo,, it is clear that
the theoretical thresholds fall close to but slightly above the experimental thresholds.
The reason for this difference is not presently known. However, if the value of F is
increased from 0.79 to 0.85, the theoretical threshold corresponds closely to that
indicated by the experimental data. It should be noted that this value of F is still within
plus one standard deviation of the mean value of F, 0.79, indicated by the data of
Figure 5. However, it is not clear why the higher value of F is appropriate for the
swimbladder thresholds. Nevertheless, with this adjustment in F, Equation 5 provides

an accurate description of thresholds for swimbladder overinflation.



RESPONSE OF SWIMBLADDER TO GAS 48
SUPERSATURATED WATER: COMPARISON OF
EXPERIMENTAL DATA WITH THEORY

WATER TGP - Atms.

1.2
1.18
1.16 -
1.14
1.12F
111
1.08 -
1.06
1.04
1.02F
i L
0.98

0.96 | I I | ] | i 1
1256 150 175 200 225 250 275 300 325 350

WATER PO2 - mmHg.

U INFLATION + DEFLATION — THEORY

Experimental Data: Shrimpton, Randall
and Fidler (1988)
Theory: Equation 5

FIGURE 10.: Swimbladder Infiation Thresholds.



49
3.5.3 BUBBLE GROWTH RATE: Based on solutions to the bubble growth equations

for open and closed systems, the time period for bubble growth is on the order of
minutes to a few hours (Figures 7, 8 and 9). Thus, except at very high levels of water
TGP, the time period for bubble growth does not appear to be a major component of
the total time to mortality. HOwever, this disparity in the time course of the two
processes may relate to various assumptions involved in the derivation of the growth
rate equations. First, the difference is probably greater than indicated in this analysis.
This is because dissolved gases in the cardiovascular system are transported to the
bubble by flowing blood. In this case, mass transport is mainly by convection which,
for the same concentration difference, is many times more effective than transport by
diffusion alone. Thus, initial bubble growth may be more rapid than indicated, which

implies an even greater difference between bubble growth times and time to mortality.

As bubbles grow, they should eventually block the arteries in which they are growing.
Once arterial blockage occurs, blood flow stops and, as was assumed in the equation
derivation, the transport of gases to the bubble is by diffusion. However, at this point,
the bubble growth problerﬁ becomes one of axial diffusion rather than spherically
symmetric diffusion. Also, the effective interfacial diffusion area is reduced by about
one half. In addition, there will be a loss of oxygen from the bubble in a downstream
direction as tissue metabolism reduces dissolved oxygen concentrations in that
direction. These effects will slow the bubble growth process considerably and
perhaps account for part of the time difference. Philp, Inwood and Warren (1972)
have pointed out that bubble growth in blood may also involve an accumulation of
protein components from the blood on the bubble surface. Casillés et al. (1975 and

1976) also report that clotting takes place in the blood of Chinook
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salmon during decompression. The presence of these organic materials at the

bubble surface may slow diffusion and the bubble growth process further.

Thus, there are a number of factors that can explain some of the differences between
bubble growth rates and the time required to produce mortality in fish. Further
discussion of this subject is delayed until Section 5 where the results of the
experimental work are examined. These results add further insight into bubble

growth and yield information on the location of certain intravascular bubbles.

Perhaps the most important aspect of the bubble growth model for a closed system is
the indication that the volume of growing bubbles can interact with system
compliance and increase system pressure. The increase in pressure will then arrest
bubble growth. It is possible that increases in system pressure can provide a means
for experimentally determining intravascular bubble growth thresholds. For example,
if fish are exposed to gradually increasing levels of water TGP, while monitoring blood
pressure, a persistent increase in blood pressure may signify the beginning of bubble-
growth and a TGP threshold. Once the threshold is experimentally defined, the
effective radius of vascular system nuclei can be back calculated from Equation 4.
This would then allow Equation 4 to be completed. A component of the experimental
studies described in Section 5 of this thesis included this technique. An unknown
aspect of this response is whether the pressure increase is large enough to be

detected at bubble growth thresholds.

In addition to the results shown in Figures 8 and 9, a sensitivity analysis of Equation
11 was performed for TGP levels close to bubble growth thresholds. In particular, for

a threshold TGP of 1.12017 Atms. and a water TGP of 1.12039 Atms., bubble growth
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is arrested with a system pressure increase of 3.8 mmHg. At a water TGP of 1.123

Atms., bubble growth is arrested by a 15 mmHg. increase in system pressure.
Although Equation 11 is approximate and has components such as compliance that
are chosen arbitrarily, it nevertheless suggests that, near threshold conditions,
significant increases in system pressure may occur as a result of bubble growth.
There are other facets to this response, such as the systemic control of blood
pressure that will modify these results. However, a discussion of these effects will be
postponed until a later section where the results of the experimental work are

examined.

3.6 THEORETICAL SUMMARY

In this section, equations that describe various facets of bubble growth in fish
exposed to supersaturated water were examined. From this examination it is clear
that thresholds exist for the inflation of the swimbladders in Rainbow trout exposed to
supersaturated water. Based on experimental data, these thresholds are described

adequately by Equation 5 using and oxygen uptake ratio (F) of 0.85.

Theory also predicts the existence of thresholds for intravascular bubble growth,
bubble growth in the environmental water and sub-dermal bubble growth in
epithelium skin tissue. Intravascular bubble growth involves a coupling of bubble
volume with the compliance of the vascular system. This coupling may lead to an
increase in system pressure and a suppression of further bubble growth. By
combining the system pressure (Ps) in Equation 4 with the radius of nuclei (rg), the
threshold equation for intravascular growth contains one unknown parameter, the

effective nucleation site radius, Rg. Similarly, the equation for water/sub-dermal
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bubble growth thresholds contains nucleation site radius as the only unknown

physiological parameter.

Based on the above analyses, several steps can now be taken to define the effective
nuclei radius in the intravascular and water/sub-dermal bubble growth threshold
equations. The first is to examine data from the literature and determine if there are
thresholds in time to mortality associated with GBT. If so, it should be established that
these thresholds can be correlated with bubble growth thresholds as predicted by
equations 4 and 6. Thus, there is an experimental requirement to determine the
relationship between the predicted bubble growth thresholds, observed bubble
growth thresholds, and physiological parameters that relate the two to mortality. 1t
should be re-emphasized that bubble growth thresholds are significant mainly from
the standpoint of mortality and stress in fish. These next steps begin with an

examination of GBT data from the literature.
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4.0 GAS BUBBLE TRAUMA DATABASE

This phase of study involved a review of the literature on dissolved gas
supersaturation and GBT in fish. The purpose of the review was to build a database
of documented response to supersaturation that could be analyzed for threshold
information. A secondary purpose of the review was to extract from the data other

relationships that may exist between reported parameters.

By building a database containing many different experimental records, it was
anticipated that gaps in data from individual experiments would be filled by data from
other experiments. With a more complete description of response, the chances of
identifying relationships between parameters and mortality thresholds would be

enhanced.

4.1 METHODS AND MATERIALS

The literature review was restricted to five fish species. These included Chinook,
Coho; and Sockeye salmon as well as Steelhead and Cutthroat trout. This restriction
is based on two factors. The first is the abundance of data on these species
compared to the relatively limited data on other species (Weitkamp and Katz, 1980
and Colt, Bouck and Fidler, 1986). The second is the physiological similarity of these
animals to each other and to Rainbow trout which were used in the experimental

phase of this work.

The review included a re-examination of the data reported by Jensen et al. (1985a)
as well as additional data not included in their review. In particular, Jensen and co-

workers did not include in their database experimental records involving fish exposed
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to supersaturation, but without observed mortality. Clearly, water TGP and pO»

conditions that either produce or fail to produce mortality will be strong indicators of
GBT mortality thresholds. Hence, this information, was of particular importance in

the database developed in this study.

4.1.1 DATA SOURCES: Table | of Appendix C lists the literature sources from which
the GBT database was developed. Complete information on these sources is found
in the bibliography of this thesis. The information included in the database is shown in
Table Il, Appendix C. Each experimental record is given a unique identification
consisting of a two digit number corresponding to an Author Number. This is
foliowed by a four digit decimal fraction corresponding to a particular data record of
that author. This follows the system used by Jensen et al. (1885). In reviewing data
from the literature, a number of recording errors were found in the database of
Jensen and co-workers. These were corrected and noted. In addition, a number of
data records were found to be inappropriate to the purposes of this study. For
example, the data of Nebeker et al. (1879) are for fish that were exposed to
supersaturation while undergoing sudden changes in temperature of up to 17° C.
Because of the combined stress condition, these records were excluded from the
database developed in this study. Further, the review of Jensen and co-workers
includes only recorded data values. That is, there is no interpolation between data
points. Many data records from the literature contain information on time to 50 %
mortality. On the other hand, other records do not have time to 50% mortality but do
have sufficient data at both lower and higher mortalities to allow a reasonable
interpolation of the 50% value. That is, at least three and often four adjacent datum
points are available to allow second or third order interpolations. The same is true for

other levels of mortality. Consequently, this review contains interpolated resulits
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where there are sufficient data. Due to differences in the approach to building this

database, the record numbers listed in Appendix C do not always correspond to

those of Jensen et al. (1985a).

4.1.2 METHODS OF ANALYSIS: The Gas Bubble Trauma database was analyzed
using an IBM compatible personal computer running the Borland Reflex database
program and the Lotus 123 spreadsheet program. The actual use of the programs
depended on whether the analysis required numerical operations or filtering
operations. For example, throughout the literature, one encounters two methods for
reporting Total Gas Pressure. In some cases, the vapor pressure of water is included
in the Total Gas Pressure calculation while in other cases it is not. For consistency,
both from the standpoint of reporting and from the standpoint of the physics of the
processes involved (Fidler, 1985), all TGP data were corrected to include the vapor
pressure of water. In addition, where information permitted, oxygen to nitrogen ratios
were converted to the partial pressures of oxygen and nitrogen. The Lotus 123
program was used to perform the calculations needed to obtain these quantities as
well as other calculations used in the analysis. The Reflex program was used to
develop filters that allow searching for mortality thresholds and relationships between
reported parameters in the data. Data filtering is a means of searching the database
for records that meet only certain criteria. For example, by restricting the Species
Code to a value of 1, only data on Chinook saimon would be sélected. Similarly, by
setting Species Code equal to 1 and depth to 1.0 or less, only data on Chinook
salmon exposed to supersaturation at a depth of one meter or less would' be

selected.
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4.2 RESULTS

From the literature sources listed in Table I, Appendix C, a database of 1013 data
records was developed. These records consist of about 500 entries from the
database of Jensen et al. (1985a). These records were corrected for entry errors
and 148 records were eliminated. The eliminations, as mentioned earlier, were data
from experiments of combined thermal stress and supersaturation stress (Nebeker et
al., 1979). Over 500 new data records were added as a result of this review. The

complete tabulation of data is contained in Table Il of Appendix C.

4.2.1 PRELIMINARY FILTERING: To determine if data from the literature exhibit
thresholds or other relationships between reported parameters, it was necessary to
perform sorting and filtering operations on the database. For example, it is known
that salmon and trout eggs are highly resistant to supersaturation and that mortalities
occur only at very high levels of TGP (Alderdice and Jensen, 1985 and Rucker,
1975b). To prevent these data from obscuring trends that may be present in data for
hatched fish, the first filter application was to restrict the records to those for hatched

fish only.

As described in the introduction to this thesis, many experimental records in the
literature are based on the premise that dissolved nitrogen is the sole cause of Gas
Bubble Trauma. As a result, Total Gas Pressures are not reported in these data.
Thus, the second filtering of the database restricted the records to those that report
TGP. Figure 11 summarizes the information to this level of filtering where time to
mortality is plotted as a function of water TGP. In general, the figure shows there is a
lower threshold for mortality near a water TGP of 1.1 Atms. As noted, negative times

correspond to experiments where mortalities were not observed. As will be shown,
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many of these negative times can be explained in terms of compensation.depth

available to the fish or high levels of dissolved oxygen in the water. However, other
data indicated by negative times are important indicators of threshold leveis of TGP.
The absolute value of the negative entries, is based on the duration of the experiment
divided by -10. To convert this entry back to the duration of the experiment, multiply

the negative time to mortality (time of survival) by -10.

The levels of mortality that are included in the database range from a few percent to
100 percent. Because many of the reported data do not contain control experiments,
the levels of mortality associated with non-supersaturated conditions are unknown.
Furthermore, data on the time to mortality below 20% are quite sparse in the
database. In order to establish a level of significance in the response to
supersaturation, the database was further filtered to include only records associated
with mortality levels between and including 20% and 70%. The 70% level was chosen
because data for higher levels of mortality were again sparse and did not yield
additional information beyond that within the 20% - 70% levels. A further restriction
placed on the data at this point was to include only data for which fish size is known.
The reason for this restriction will be discussed in the following sections. Using these
filter criteria, the data are as shown in Figure 12. As indicated in the figure, thé data
have been separated based on fish length. In general, the data show that time to
mortality for fish larger than 50 mm. is shorter than for fish smaller than 50 mm.

Again, there is strong indication of a threshold for mortality at a TGP of 1.1 Atms.



TIME TO MORTALITY VERSUS WATER TGP
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The rendering of the database to this point serves as the basis from which all

subsequent analyses were performed. In the descriptions that follow, the minimum
level of information examined contains Total Gas Pressure and times to mortality
between the 20% and 70% levels for hatched fish of known length. Also, the majority
of these filtered data correspond to exposure to supersaturation at depths of 0.61
meters or less. In the entire database there are only 10 records for depths greater

than 0.6 1 meters.

4.2.2 UNIQUE DATA SETS: Before considering the database further, it is important to
examine six distinct data records. These records will appear repeatedly throughout
the analyses that follow. Figure 13, which shows the time to mortality versus fish
length, will be used to examine these data. First, the datum point shown by the solid
black circle at 1182 hours in Figure 13 (Record No. 879) is unique in that the level of
total gas pressure is low (1.13 Atms.), the depth is one meter and the fish are small
(i.e. close to 50 mm. in length). It should be noted that this data record yields a time
to 50% mortality almost two orders of magnitude greater than data at similar water
TGP but slightly shallower depths. Next, five data sets (Records 850, 853, 856, 874,
and 875) shown by the five triangular symbols in the figure correspond to a water
TGP of 1.19 Atms. and pO» levels above 271 mmHg. Again, the times to mortality
for these data are considerably above those of data at similar TGP but lower water
pO» levels. The significance of these data will be explained in the discussion that
follows. In the meantime it should be noted that, for fish greater than 50 mm. in
length, these data are distinct from the rest in terms of time to mortality and certain

water parameters.
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4.2.3 EFFECT OF FISH SIZE: It is frequently reported in the literature that small fish

are more resistant to supersaturation than large fish (Rucker and Kangas, 1974 and
Jensen et al., 1986). To illustrate the effect of fish size on the mortality response, the
time to mortality (20 - 70% ) is plotted versus fish length in Figure 13. Except for the
six data sets mentioned above, it is clear that a significant difference exists between
the times to mortality for fish less than 50 mm. in length and for those greater than 50
mm. When this relationship is examined in more detail, it is found that the difference
exists independent of water TGP. In Figures 14, 15 and 16 the time to mortality is
again plotted versus fish length with the exception that data have been separated
based on TGP. Figure 14 gives these results for a TGP range of 1.08 to 1.15 Atms,,
Figure 15 for a TGP range of 1.15 to 1.20 Atms., and Figure 16 for a TGP range of
1.20 to 1.5 Atms. Although the effect of size is clearly evident in all three ranges, it is
most pronounced in the 1.20 to 1.5 Atms. range. These results clearly indicate that

50 mm. is a critical length in time to mortality for these five species.

4.2.4 EFFECT OF FISH SPECIES: The data sets were next filtered according to
species. The intent of this separation was to determine if differences in thresholds or

other parametric relationships exist based on species.

Fish Less Than 50 mm.: Figure 17 summarizes time to mortality as a function of TGP
for fish less than 50 mm. in length. At this level of filtering, the database contains
information on Steelhead trout and Chinook and Coho salmon only. From the data of
the figure, it is apparent that a mortality threshold exists for all three species at a water
TGP of about 1.12 Atms. For Steelhead trout, the range of time to mortality above a

TGP of 1.15 Atms. differs from that below 1.15 Atms. That is, between a TGP of 1.1
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TIME TO MORTALITY VS. FISH LENGTH
ALL FISH: TGP = 1.15 - 1.20 Atms.
MORTALITY RANGE = 20 - 70 %
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and 1.15 Atms. time to mortality is relatively short compared to that just above 1.15

Atms. As TGP increases beyond 1.15 Atms., time to mortality declines to levels
comparable to those below 1.15 Atms. The opposite response is observed in
Chinook salmon where mortality levels below 1.15 Atms. are high in comparison to
those above 1.15 Atms. For Coho salmon, there is no significant trend in time to

mortality above or below 1.15 Atms.

Chinook Salmon Greater Than 50 mm.: Shown in Figure 18 is the response of larger

Chinook salmon to supersaturation as indicated by time to mortality versus water
TGP. It is clear that a lower threshold for mortality exists at 1.11 Atms. TGP. From
this threshold, time to mortality decreases as TGP increases to 1.18 Atms. At 1.18
Atms., time to mortality suddenly increases to levels comparable to those at 1.11
Atms. Above 1.18 Atms., time to mortality again declines with increasing TGP, similar
to that between 1.1 and 1.18 Atms. Due to this similarity of response at 1.1 Atms.
and 1.18 Atms., there may be another threshold at a TGP of 1.18 Atms for larger
Chinocok salmon. If so, it is not clear why the mechanism that is responsible for
mortality between 1.1 and 1.18 Atms. suddenly becomes less effective at a TGP of
1.18 Atms. In fact, the data suggests a transition to another mechanism for mortality
at 1.18 Atms. and above. Another interesting feature of the data is that at both 1.11

Atms. and 1.18 Atms. there is a minimum time to mortality of about 100 hours.

Sockeye Salmon Greater Than 50 mm.: A somewhat different response is observed

in Sockeye salmon. This is shown in Figure 19, where again time to mortality is
plotted versus water TGP. For Sockeye salmon, there is no evidence of a mortality
threshold near the 1.1 Atms. TGP level. However, this may be due to the sparseness

of data in the region between 1.1 and 1.17 Atms. On the other hand, there is strong
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TIME TO MORTALITY VERSUS WATER TGP
SOCKEYE SALMON OVER 50 mm. IN LENGTH
MORTALITY RANGE = 20 - 70 %
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indication of a mortality threshold at a TGP of 1.17 Atms. This is particularly evident

from the clustering' of both positive and negative data near 1.17 Atms. Also apparent
at this threshold is a minimum time to mortality of about 100 hours. This is similar to

~ that observed with Chinook salmon as described above.

Coho Salmon_Greater Than 50 mm.: Shown in Figure 20 is the time to mortality

versus water TGP for Coho salmon greater than 50 mm. in length. An aspect of these
data is the relative scarcity of information in the vicinity of 1.1 to 1.17 Atms. TGP. Itis
clear there are mortalities at 1.12 and 1.175 Atms. However, there is nothing to
suggest that these are in fact thresholds. Also, as described earlier, the five data sets
with water pO, above 271 mmHg. are significantly higher than ail other times of

mortality shown in the figure.

Steelhead Trout Greater Than 50 mm.: For Steelhead trout there are sufficient
positive and negative data just at and above a water TGP of 1.15 Atms. to suggest
this is a threshold for this species (Figure 21). Again a minimum time to mortality is
evident at 1.15 Atms. As water TGP approaches 1.1 Atms., from lower values, the
combination of negative times to mortality and the sudden increase to positive times

ata TGP of 1.1 Atms. suggest this is the lower mortality threshold.

Cutthroat Trout Greater Than 50 mm.: Finally, the data for Cutthroat trout are shown
in Figure 22. In this case, there is no information in the database below a water TGP
of 1.15 Atms. On the other hand, the data that do exist show a threshold near 1.15
Atms. Once again, there is strong indication of a minimum time to mortality at 1.15

Atms.
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COHO SALMON OVER 50 mm. IN LENGTH
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STEELHEAD TROUT OVER 60 mm. IN LENGTH
MORTALITY RANGE = 20 - 70 %
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CUTTHROAT TROUT OVER 50 mm. IN LENGTH
MORTALITY RANGE = 20 - 70 %

TIME TO MORTALITY - Hrs.
400 .

300
200

100 ..

-100
1.1 1.15 1.2 1.25 1.3 1.35

WATER TGP - Atms.

Note: Negative times correspond to
experiments with no mortality

FIGURE 22: Time to Mortality Versus Water TGP for Cutthroat Trout Over 50 mm.
in Length.



74
4.2.5 EFFECTS OF WATER DISSOLVED OXYGEN TENSION: As described in

Section 3, the theoretical thresholds for vascular bubble growth show a dependence
on the partial pressure of dissolved oxygen in the water. To search for such a
dependency, the database was filtered to restrict the records to those containing

information on water TGP, pO», depth and fish length.

Fish Less Than 50 mm.: An examination of the records show that, for fish less than

50 mm. in length, the water oxygen partial pressure ranges from 111 to 191 mmHg.
These data can be subdivided into dominant groupings based on pO5 greater than
170 mmHg. and less than 113 mmHg. The results of this separation are shown in
Figure 23. The data records at this level of filtering contain information on Chinook
and Coho salmon and Steelhead trout only. In the figure, it is apparent that no distinct
relationship exists between time to mortality and water pO» for fish less than 50 mm.
in length. There may be a separation of thresholds based on pO5 at 1.12 and 1.155
Atms. Unfortunately, there are not enough data in this range of TGP to confirm this
separation. Also, it is not clear if the separation is for the same threshold at different
levels of pO5 or whether there are two separate thresholds. Yet another complexity
associated with these data is the effect of depth on mortality thresholds. This is

examined further in section 4.2.6, below.

Fish Greater Than 50 mm.: The data records show that water pOo ranges from 63 to
458 mmHg. for fish greater than 50 mm. in length. By detailed filtering of these data,
the records can be broken into groups based on pO5 ranges of, 60 to 80, 111 to
119, 130 to 190, 192 to 221 and 27 1 to 483 mmHg. These data are shown in Figure

24 where, again time to mortality is plotted as a function of water TGP. Except for the
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FOR FISH GREATER THAN 50 mm.
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five records at water pO5, levels greater than 271 mmHg., there is no clear separation

of time to mortality or thresholds based on water pOy. However, the difficulty in
detecting a relationship has to do with the scale at which the data are being

examined.

An even finer analysis of the records shows two distinct sets of data that exhibit pOs
dependency. The first involves the experiments of Nebeker et al. (1979a). In four
experimental series, water TGP was held constant at 1.264, 1.314, 1.364 and 1.414
Atms. while water pOo was varied. The results, this time plotted as time to mortality
versus water pOo, are shown in Figure 25. The legend at the bottom of the figure
identifies the data associated with each level of TGP. At each TGP it is evident there is
an increase in time to 50% mortality with increasing water pO. The most dramatic
increase occurs at the lower TGP of 1.264 Atms. Although the data in this range of
TGP show time to mortality is dependent on water pOo, there is nothing to suggest
the existence of thresholds. These data and one other set are the only records in the

database that show a pO, dependency in time to mortality.

Perhaps the mast intriguing set of records are those of Rucker et al. (1975). These
data are for a water TGP of 1.193 Atms. and water pO5 varying between 80 and 483
mmHg. Figure 26 shows the corresponding times to 25% and 50% mortality plotted
against water pO,. It is apparent in the figure that time to mortality is less than 220
hours for water pO» levels between 80 and 249 mmHg. As water pOo increases
between these two values, the time to 25% and 50% mortality also increases
gradually. However, between 249 and 27 1 mmHg. there is almost a five fold increase

in time to 25% mortality. The 50% level of mortality was not reached in an exposure
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STEELHEAD TROUT: WATER TGP AS INDICATED
DATA OF NEBEKER et al. (1979a)
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period of 1000 hours once water pOo rose above 249 mmHg. (Negative times in the

figure). Nor was a 25% mortality reached during the experiment at water pO5 levels
above 300 mmHg. This behavior strongly suggests the existence of a TGP threshold
at 1.193 Atms. that is dependent on water pO5. Further, the threshold is located
between a water pOo of 249 mmHg. and 271 mmHg. It is this response that made

these particular data unique as pointed out early in this analysis.

4.2.6 COMPENSATION DEPTH: As discussed in Section 3, theoretical thresholds for
all forms of bubble growth should increase with increasing water depth. If there is
sufficient depth, and fish use that depth, the effects of supersaturation can be avoided
or reduced. The data of Shrimpton, Randall and Fidler (1988) show that small fish
exposed to supersaturated water seek depth to overcome excess buoyancy induced
by swimbladder overinflation. Because large fish do not experience the same degree
of over buoyancy as small fish (Shrimpton, Randall and Fidler, 1988), they do not
seek depth as a means of compensating for supersaturation. In order to examine this
effect, the database total gas pressures were corrected for depth. That is, TGP was

reduced by the hydrostatic head reported in the data. The correction formula used is:

TGPcorr. = TGPyncorr- (73.1 « h / Patms.)

where, TGP is in atmospheres, Payms. is in mmHg. and h is in meters. The constant,
73.1, combines the density of water and the gravitational constant to yield units of

mmHg./m.

The results of this correction are shown in Figure 27a for fish less than 50 mm. The

correction produces a horizontal shift of the data to the left on the TGP axis (See
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Figure 23 for a comparison of the corrected data with uncorrected data). With the

correction of TGP for depth, the apparent lower threshold is shifted from 1.12 Atms.
to 1.1 Atms. It will be recalled from previous discussions that this corresponds to the
lower threshold of mortality for fish greater than 50 mm. The same correction was
applied to records for fish greater than 50 mm. An inspection of Figure 27b again
shows a leftward shift of data; however, no other changes appear as a result of the
depth correction (See Figure 24 for a comparison of the corrected data with
uncorrected data). Based on the work of Shrimpton, Randall and Fidier (1988), a

correction of TGP for depth may not be appropriate for fish greater than 50 mm.

The database was further, analyzed for evidence of depth compensation effects.
Although there were clear indications of depth compensation by fish, the results were
not conclusive because of species variations and unknown levels of water pOo.
Figure 28 shows the best correlation that was obtained and is restricted to fish
greater than 50 mm. in length. In the figure, water pOo is unknown for all data at a
depth of 0.61 meters. With this in mind, the data suggest that depth leads to

increased survival time at the same level of TGP.

In the data records, depths range from essentially zero to about four meters. In most
cases there is no restriction on the movement of fish within the depth indicated in
each record. The one exception is the data of Knittel et al. (1980). In these
experiments Steelhead trout were exposed to supersaturated water in cages held at

specific depths.
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FOR FISH LE8S8S THAN 50 mm.
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FOR FISH GREATER THAN 50 mm.
Chinook = 1, Coho = 2, Steelhead = 4
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TIME TO 50% MORTALITY VERSUS WATER TGP

WITH AND WITHOUT TGP DEPTH CORRECTION
STEELHEAD DATA OF KNITTEL ET. AL. (1980)
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FIGURE 29: Time to 50 % Mortality Versus Water TGP With and Without TGP

Depth Correction: Steelhead Trout.
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TGP ranged from about 1.19 Atms. to 1.41 Atms. Figure 29 shows the results of

these experiments in terms of time to 50% mortality versus water TGP. The solid
points correspond to data uncorrected for depth while the open squares are for TGP
corrected for depth. Itis clear that depth correction significantly reduces the scatter in
the data and suggests a hyperbolic or asymptotic form of response. Further, the
corrected data show a TGP threshold near 1.19 Atms.. This is well above that
indicated in the rest of the Steelhead data (Figure 21). However, water pOo is

unrecorded in the data of Knittel et a/. (1980).

4.3 DISCUSSION:

From this analysis, it is clear that the response to supersaturated water by Chinook,
Coho and Sockeye salmon along with Steelhead and Cutthroat trout is highly
dependent on fish size. The difference in time to mortality between fish greater than
50 mm. and those less than 50 mm. is so strong as to suggest a discontinuous
relationship between time to mortality and fish size. This would imply yet another
threshold that must be considered when mathematically modeling time to mortality
relationships. In an analysis such as that used by Jensen et al. (1985), which
depends on continuous functions for regression procedures, ignoring such a
threshold can severely distort the formulation of the model. Clearly, the solution to
this problem is to separate the data based on size and apply the model to the data
sets independently. However, this would not solve all problems associated with
multiple thresholds. As pointed out in the introduction to this thesis, if there are
multiple thresholds dependent on water TGP and pO», further separation of the data
would be necessary before the models of Jensen et al. (1985) could be used
successfully. The preceding database analysis strongly suggests the existence of

more than a single threshold for mortality in fish exposed to supersaturated water.
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It is interesting to compare the predicted response of the models of Jensen et al.

(1985) with the data upon which the models are based. Figures 30 and 31 show this
comparison for their Models 1 and 15 respectively. In Figure 30, where predicted
time to 50% mortality is plotted versus TGP, the model describes the data reasonably
well only at TGP levels above 1.22 Atms. Between a TGP of 1.15 and 1.22 Atms., the
predicted response diverges from the bulk of data in this region. Below a TGP of 1.15
Atms., there is considerable variation between the model and experimental data. In
Figure 31 the model predictions are obtained by using the TGP and oxygen to
nitrogen ratio of each experimental datum point to predict time to 50% mortality.
Again, above a water TGP of 1.25 Atms., the data and model predictions are relatively
similar. However, below this level of TGP there are significant differences between
the two. Except for the one paoint at 1182 hours, the model consistently over predicts
time to mortality for TGP levels between 1.1 and 1.17 Atms. Between 1.17 and 1.25

Atms., the model tends to under-predict time to mortality.

Althongh not conclusive for all species examined, the database analysis suggests
that two, TGP related, mortality thresholds may be involved in the response of fish to
supersaturation. A lower threshold is clearly apparent at a TGP of about 1.1 Atms.,
while a second threshold may exist in the TGP range of 1.15 to 1.17 Atms. The
evidence for the two thresholds is strongest for Chinook salmon greater than 50 mm.
in length (Figure 18). The evidence for a higher threshold near a TGP of 1.15 Atms. is
particularly clear for Sockeye salmon and Cutthroat trout (Figures 19 and 22
respectively). The data also suggest that the higher threshold varies slightly with fish

species.
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For fish less than 50 mm. in length the only mortality threshold that is apparent, is one

at a TGP of 1.12 Atms. However, if depth corrections are applied to this threshold
(assuming small fish seek compensation depth), the threshold for zero depth is
shifted to 1.1 Atms. (Figure 27a). This places the apparent lower threshold at about

the same TGP as for fish greater than 50 mm. with TGP uncorrected for depth.

Although there is evidence for two TGP thresholds for fish greater than 50 mm. in
length, the physiological consequences of these thresholds is not clear. Nor is it clear
which lethal symptoms are associated with each threshold. As discussed earlier, the
data for Chinook salmon greater than 50 mm. in length suggest two separate
mortality mechanisms are operating over two different ranges of TGP. Furthermore,
at a TGP of 1.17 Atms., there appears to be a transition from one mechanism of
mortality to another. This is accompanied by a dramatic increase in time to mortality.
It is not clear what these mechanisms are or the reasons for the apparent transition
from one to the other. However, the experimental work of this thesis yields further
insight into these mechanisms and the nature of the apparent transition. These

results are examined in Section 5 of this thesis.

An indication of the cause of mortality at the higher TGP threshold is suggested in the
siudies of Stroud and Nebeker (1976) on Steelhead trout. In this work, symptoms of
GBT were recorded for fish exposed to various levels of water TGP. It was noted that
vascular bubbles in the gill arteries did not appear until water TGP rose above 1.15
Atms. Meekin and Turner (1974), made similar observations; however, they reported
only dissolved nitrogen concentrations and not TGP. Assuming the apparent
threshold at 1.15 Atms. is associated with .vascular system bubble growth, the data

from Table Ill, Appendix C, that contain information on water pO, can be plotted in
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relation to the theoretical bubble growth thresholds (Section 3). This is shown in

Figure 32. The data shown as "Other" in the figure correspond to all data in the
database between a water TGP of 1.153 and 1.176 Atms. for which water pO, is
known. In addition, the thresholds indicated in the data of Rucker (1975) are shown.
Interestingly, the critical nucleus radius indicated by this cross plotting is on the order
of 12 to 14 uM. This radius is about twice the size of erythrocytes for these species
and also about twice the size of tissue capillaries. This would imply that the formation
of bubbles from nuclei in the vascular system occurs in vessels somewhat larger than
capillaries. As was shown in Section 3, where the variation in vascular system
pressure was examined, this result would be consistent with the hypothesis that the
arterioles just upstream of the capillary tissue beds are the most likely location for

bubble formation.

Of thé 528 data records containing information on water pOy, only 77 records (those
of Rucker, 1975 and Nebeker et al.,. 1979a), yield relationships between time to
mortality and water pO5 (Figures 25 and 26). The absence of correlation in the other
data is probably due to the wide variation in water TGP in the database combined
with a rather sparse range of water pOo values. Another complicating factor may be
the depth at which fish position themselves in the water column. For example,
Dawley et al. (1976) found that groups of 40 mm. Chinook salmon fry and 180 mm.
Steelhead trout responded to increasing levels of supersaturation by increasing their
depth in the water column. However, Steelhead trout held lower positions in the
water column than did Chinook salmon for the same TGP. This contrasts somewhat
with the data of Shrimpton, Randall and Fidler (1988). These data show that the

depth single Rainbow trout fry seek in the water column is proportional to water TGP.
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TGP THRESHOLDS FOR BUBBLE GROWTH
IN ARTERIAL BLOOD AS A FUNCTION OF
WATER pO2 AND NUCLEUS RADIUS
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FIGURE 32: TGP Thresholds for Bubble Growth in Arterial Blood.
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Thus, there may be behavioral characteristics based on species differences and the

number of fish that modifies the depth compensation response.

The effect of depth on time to mortality is clearly shown in the data of Knittel et al.
(1980). By correcting TGP for depth, a much stronger correlation of time to mortality
with water TGP is obtained. The hyperbolic or asymptotic form of response indicated
in the corrected data is typical of dose response relationships commonly used in
toxicology studies (Sprague, 1969 and Warren and Doudoroff, 1971). The form is
also consistent with the models used by Jensen et a/. (1985). However, the data of
Knittel et a/. (1980) correspond to TGP levels at or above the upper TGP threshold
indicated in the database. Thus, there data is for a single threshold. Although the
correction of TGP for fish restrained to specific depths appears valid, it is seldom that

such restrictions can be achieved.



93
5.0 EXPERIMENTAL STUDIES

5.1 INTRODUCTION:

A theoretical model for vascular system bubble growth was reviewed and expanded
in Section 3. The model predicts that the growth of vascular system bubbles is
dependent on TGP thresholds. Furthermore, these thresholds were shown to be a
function of water pOo, water depth, barometric pressure and the effective size of
nucleation sites in the vascular system. The principal unknown in the model is the
effective size of the nucleation sites. If this can be established experimentally,
Equation 4 will offer a complete description of thresholds for this type of bubble

growth.

It was hypothesized in Section 3 that the growth of bubbles in the vascular system
might lead to alterations in vascular system pressure. Because the cardiovascular
system is a relatively closed fluid system, pressure should increase as a resuilt of the
gas volume added by the growing bubbles. This type of response was modeled
mathematically as presented in Equation 11 and shown in Figures 8 and 9. If such a
perturbation can be detected experimentally, it would serve as an indicator of bubble
growth thresholds. Once thresholds are defined, the effective radius of

cardiovascular nuclei can be back calcutated from Equation 4.

Also reviewed in Section 3 was the mathematical model for bubble growth in the
environmental water or for sub-dermal bubble growth on the external body of fish
exposed to supersaturated water. The model predicts that, for nucleation sites

comparable in size to those of the vascular system, bubble growth will occur at lower



94
TGP thresholds than those of the vascular system. However, it is not known if this

form of bubble growth can produce mortality in fish. In ahy case, there is an
experimental need to verify the threshold equation for these types of bubble growth.

In the preceding section an analysis of data from the literature implied there are may
be two thresholds for mortality in fish exposed to supersaturated water. The higher
threshold, in the vicinity of 1.15 to 1.17 Atms. TGP, appears to correlate with other
experimental findings regarding the appearance of intravascular bubbles in gill lamella
(Stroud and Nebeker, 1976). This and other threshold correlations, piotted in Figure
32, show that if the higher threshold is associated with intravascular bubble growth,

the effective size of the nuclei involved is on the order of 12 to 14 uM. in radius.

A lower threshold, in the vicinity of 1.1 Atms., also appears in the literature database.
If this threshold is associated with bubble growth in the environmental water or sub-
dermal bubbles on the skin of the animal, the effective size of nucleation sites is about

12 uM.

Thus, theory predicts there are multiple thresholds for bubble growth in fish exposed
to supersaturated water. Data from the literature suggest the existence of two
thresholds for mortality in fish exposed to supersaturated water. However, the two
are uncorrelated. That is, there is no clear association of the theoretical bubble
growth thresholds and the observed thresholds for mortality. Mortality may be
caused by bubble growth. However, other physiological insults resulting from
supersaturation may also be responsible. Thus, there is a need to experimentally
study the relationship between thresholds for bubble growth and physiological

parameters that may establish whether or not bubbles are responsible for death in
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fish. The experimental approach to this problem was accomplished in two distinct

experimental phases.

5.1.1 PHASE | EXPERIMENTS: The Phase | experiments examined the response of
the vascular system to intravascular bubble growth. The purpose was to determine if
detectable increases in blood pressure accompany bubble formation and growth. If
an increase in pressure is observed, it can be used as an indicator to experimentally

search for bubble growth thresholds.

5.1.2 PHASE Il EXPERIMENTS: The Phase Il experiments involved examining an
array of other physiological parameters as indicators of thresholds for bubble growth.
~ In addition to intravascular bubbles, these experiménts focused on thresholds for
water bubble and sub-dermal bubble growth. In particular, arterial pOy, pH,
hematocrit, and catacholamine levels were surveyed. These were correlated with the
severity of GBT symptoms and water TGP and pOs. Accompanying these
experiments was a study of respiratory performance under conditions of dissolved

gas supersaturation.
5.2 EXPERIMENTAL MATERIALS AND METHODS

The section that follows contains a description of the materials and methods used in
both phases of experimental work. The descriptions are of a general nature and
common to many of the experiments. For example, the methods of cannulating fish
and the device used to produce supersaturated water are common throughout both
phases of experimental work. As each experimental series is examined in detailed,

unique procedures associated with that series will be described.
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5.2.1 EXPERIMENTAL APPARATUS AND WATER PARAMETERS

Production of Supersaturaterd Water: A packed column was used to produce
supersaturated water for the Phase | and Phase Il experiments. This device employs
turbulent mixing of gas and water phases under pressure to accomplish the
necessary gas exchange (Fidler 1883). The column consisted of a plastic pipe, 2.5
meters long by 200 mm. inside diameter, filled with 1.5 cm. Norton Intalox saddles.
The Intalox saddles produce turbulence in water that falls through the column,
thereby enhancing the gas exchange process. The column was mounted in a vertical
position and sealed at both ends except for water and gas ports. Water supply to the
column consisted of two independent flows. The main supply entered at the top of
the column and fell over the packing material while a continuous flow of air or pre-
selected gas mixtures passed upward through the packing. The second supply, or
make-up water, entered at the bottom of the column and mixed with the outflow
supply of supersaturated water. A float valve at the foot of the column controlied
make-up water flow and assured a uniform discharge from the column. The make-up
supply also allowed fine tuning of the system Total Gas Pressure. Pressure
regulators upstream in all raw water supply lines insured uniform inlet water flow to

the system.

The gas supply to the column was either atmospheric air under pressure or a
pressurized mixture of oxygen, nitrogen and water vapor. A three way valve in the
gas supply system allowed switching between air and the pre-selected gas mixtures.
The mixture ratio of oxygen to nitrogen was controlled by a gas flow mixing system
with a pOo monitoring control loop. When the gas mixer was used, a Radiometer

E5046 thermostated oxygen electrode measured pOs in the outflow water from the
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column. The monitored electrode signal was used in an electronic feedback system

to regulate gas mixture to the column. The setpoint was a pre-selected pOo level
fixed by a calibrated potentiometer on the controller. A pressure cooker type relief
valve at the top of the column controlled pressure within the column.  Column
pressure could be maintained at a precise level by adjusting the weight of the relief
valve. With this system, it was possible to regulate Total Gas Pressure and dissolved

oxygen concentration within narrow tolerances for long periods.

Water from the column flowed into a mixing chamber and then into a head tank. The
surface of the water in the head tank was covered with a styrofoam float to reduce
dissolved gas loss to the atmosphere. Water for the experiments was drawn from the
head tank and introduced into live boxes that contained the experimental animals.
Water pH, temperature, total gas pressure and pO, were measured in the head tank
at a point near the discharge to the live boxes. The general arrangement of the
packed column and other experimental apparatus are shown in Figure 33. As shown
in the figure, a separate supply of air equilibrated water was available for holding fish
in the live boxes before the supersaturation experiments. Figure 34 shows an
individual live box with a fish in place. The depth of the box was no more than 10 cm.

and the box was open to the atmosphere to prevent hydrostatic head buildup.

Water Dissolved Gas Measurements: Throughout the Phase | and Phase I
experiments, water dissolved gas tensions were determined by measuring Total Gas
Pressure and pOp. TGP was measured continuously with a Model 300 Nova Tech
Saturometer. Before each experiment the instrument output was set to zero and
barometric pressure recorded. All subsequent measurements of TGP were corrected

for changes in barometric pressure occurring during the experiment.
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The sensor portion of the instrument was placed in the head tank supplying water to

the live boxes (Figure 33). The sensor was shaken continuously during experiments
by a mechanical shaker. This prevented bubble formation on the silastic tubing
membrane of the instrument which has been shown to reduce instrument sensitivity

(Bouck, 1982).

Dissolved oxygen was monitored continuously by passing a stream of water from the
head tank through a Radiometer Model E5046 oxygen electrode. The electrode Was
housed in a water jacket which maintained the electrode at the experimental water
temperature. The electrode electrical output was connected to a Radiometer PHM 71
signal conditioner and meter. The system was calibrated before and at times during
each experiment with two standards. The low standard consisted of water that had
been completely degassed of oxygen. The high standard was water that had been
equilibrated with atmospheric air. The high standard calibration was corrected for the
partial pressure of water vapor at the experimental temperature and barometric

pressure at the time of calibration.

Water pH and Temperature: Water pH was measured with a Radiometer G279/G2
glass capillary electrode and F497 calomel electrode connected to a Radiometer
PHM 71 signal conditioner and meter. Before and following each experimental series,
the pH electrode was calibrated using Radiometer precision phosphate buffers
S1500 and S1510. Water pH was measured at prescribed intervais during each

experimental series. Water temperature was measured with a mercury thermometer.

5.2.2 COMPUTERIZED DATA ACQUISITION SYSTEM: As shown in Figure 33, most

experimental measurements were recorded digitally on a personal computer. A Data



101
Translation DT-2801 analog to digital card, installed internally in the computer,

interfaced with the computer main bus. The DT-2801 card converts voltage signals
from the various instruments into digital data which were recorded on magnetic media
by the Olivetti M24 personal computer. The data collection process and operation of
the system was managed by the Laboratory Technologies LabTech Notebook
computer program. This software allows complete control of data sampling rates and
experimental protocol. Data were stored on floppy diskettes for later analysis with the

Lotus 123 spreadsheet computer program.
5.2.3 EXPERIMENTAL ANIMALS AND SURGERY PROCEDURES

Experimental Animals: Rainbow trout (Salmo gairdneri), weighing between 220

and 850 grams were obtained from West Creek Trout Farms of Aldergrove British
Columbia. The fish were maintained in outdoor tanks at water temperatures ranging
from5to 15° C., depending on the time of year. The animals were fed once weekly,
ad libitum, a diet of commercial trout food. When experimental temperatures
differed from holding temperatures, fish were acclimated to the experimental
temperature by temperature changes of no more than 0.5 °C. per day. The
maximum temperature re-acclimation required during any experimental series was

4° C., (i.e.from5 "C.t09° C.).

Surgery Procedures: For experiments requiring the measurement of blood
parameters, fish were fitted with dorsal aorta cannula. Surgical implantation of the
cannula was accomplished with animals anesthetized in a pH buffered (pH = 7.5)
solution of tricaine methane sulphonate, MS-222, at a concentration of 1:10,000.

Cannulation was performed on a surgery table where the gills of the fish were
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continuously irrigated with an oxygenated, half concentration dose (1:20,000) of the

anesthetic solution. The temperature of the irrigation solution was the same as the

holding temperature for the fish.

Cannulation was performed using the technique of Sovio et. al. (1972), in which a
polyethylene tube (PE 50) is guided into the dorsal aorta by way of a sharpened steel
wire within the cannula. Using a surgical 20 gage needle, a blind puncture is made
centrally in the roof of the mouth between the first and second gill arches. The
cannula, with the steel wire protruding 3 mm. from the tip, is guided through the
puncture and forced through the wall of the aorta. Once in the aorta the wire is slowly
withdrawn from the PE tubing while the tubing is fed into the aorta for a distance of 30
to 70 mm depending on the size of the fish. When in place, the cannula is anchored
with sutures to the roof of the mouth at two locations. The cannula is then led through
a flanged PE 200 sleeve which had been previously forced through the roof of the
mouth just ahead of the nares. The PE 200 sleeve is anchored with cotton thread
looped around the sleeve and tightly knotted next to the skin where the sleeve exits
from the fish. When not in use for blood sampling or pressure measurements, the

end of the cannula was plugged with a straight pin to prevent blood loss.

During recovery from surgery, cannula were flushed daily with Cortland.saline (Wolf,
1963) containing 10,000 USP units/L of sodium heparine. Following surgery,
animals were allowed a recovery period of at least 24 hours before being subjected to
an experimental procedure. Before committing an animal to an experimental series,
blood pOo was measured. If the arterial pO, was not above 90 mmHg., the animal
was not used. This was a precaution against failure of the animal to fully recover from

surgery and as a screen against animals of poor health.
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5.2.4 PHYSIOLOGICAL PARAMETERS: Every effort was made to minimize net blood
loss by the animals as a result of sampling procedures. For example, when blood
was remove for pO, analysis it was returned to the animal following the
measurement. Except for hematocrit and pH samples, any blood that was
permanently removed from the animal was replaced with an equal volume of Cortland
saline. The need to minimize blood removal was considered important in order to
obtain accurate hematocrit assays and to minimize any effect of sampling on the

intravascular bubble growth process.

Biood Pressure: Blood pressure was monitored by connecting the dorsal aorta
cannula to a Statham Model 50-B pressure transducer. The transducer was
calibrated with a mercury manometer before and following each experiment. The
range of calibration was 0 to 100 mmHg. Before connection to the cannula, the
transducer pressure chamber and all connecting tubing were filled with Cortland
saline containing 10,000 USP units/L of sodium heparine. Three way valves, located
on the pressure and vent ports of the transducer, allowed flushing of the system with
heparinized saline to remove any bubbles that formed in the tubing or transducer.
Care was taken to locate the transducer strain gage diaphragm at about the same
level as the lateral line of the fish. This insured that the recorded pressure was the
dorsal aorta pressure without hydrostatic components related to elevation
differences. The electrical output of the transducer was connected to the
computerized data acquisition system. The digitized pressure data were recorded on

floppy diskettes for subsequent analysis with the Lotus 123 spreadsheet program.
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Partial Pressure of Oxygen in Arterial Blood: Arterial blood pO5 was measured with a

Radiometer E5046 oxygen electrode connected to a Radiometer PHM 71 signal
conditioner. The electrode was contained in a housing thermostated to the
experimental water temperature. Two techniques were used to draw blood through
the electrode. During experiments involving blood pressure measurements, a three
way valve in the dorsal aorta cannula allowed blood to bypass the pressure
transducer. This blood was drawn through the pO, electrode by way of a peristaltic
roller pump. Once the pO, measurement was complete, the pump was reversed and

blood returned to the animal.

For all other experiments, blood was removed from the animal through the cannula
using a 1 ml. syringe. The syringe was then connected to the inlet port of the oxygen
electrode system and blood forced through the electrode. The outlet port of the
electrode was connected to a long loop of PE 90 tubing that had been previously
filled with Cortland saline. Once the measurement was complete, the blood was
withdrawn from the electrode and PE 90 tubing loop back into the sampling syringe.

The blood was then returned to the animal via the cannula.

Arterial Biood pH Measurements: Blood pH was measured with a Radiometer
G279/G2 glass capillary pH electrode and K497 calomel electrode thermostated to

the experimental water temperature. The electrical output of the electrode was
connecter to a Radiometer PHM 71 signal conditioner and meter. Blood from the
cannula was drawn into a 1 ml. syringe as described above for measurement of pOo.
Before blood in the PE 90 loop was returned to the sampling syringe, the syringe was
disconnectéd from the pOs electrode momentarily and blood drawn directly from the

syringe into the pH electrode sampling loop. The syringe was re-connected to the
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PO, electrode port while the pH was being measured. Blood in the pH loop, about

0.05 ml., was not returned to the animal.

Arterial Blood Hematocrit: Hematocrit was determined by drawing blood samples
into microhematocrit tubes. The samples were taken by sampling directly from the
dorsal aorta cannula immediately after blood had been drawn into the pH/pO5
sampling syringe. The net blood loss associated with the hematocrit measurements

is estimated to be 0.05 ml. per measurement.

5.2.5 PHASE | EXPERIMENTS: The first experimental series involved a survey of the
dorsal aorta pressure during exposure to supersaturation. The acquisition of data
involved sampling data at various rates depending on the response of the animal.
Two sampling sequences were employed. A fast rate, 30 samples per second, gave
clear definition of the system pressure pulses. From this, a mean blood pressure and
pulse pressure amplitude could be determined. This sampling rate also allowed
precise definition of heart rate. Due to computer storage and memory limitations
during analysis, this level of monitoring could be maintained for no more than 3
minutes. For longer periods of monitoring, a sampling rate of one sample every 10
seconds was used. The lower sampling rate allowed data recording for up to 15

hours.

During these experiments, total gas pressure was varied between 1.1 and 1.3 Atms.
while oxygen partial pressure ranged from 100 to 225 mmHg. In addition to
measuring blood pressure, blood samples were drawn periodically for dissolved
oxygen and hematocrit measurements. For this series of experiments, fish were

exposed to supersaturation and monitored individually or in pairs.
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In most cases heart rate could be calculated directly from the blood pressure
recordings taken at 30 samples per second. In other cases, presumably as a result
of bubble formation in the vascular system, pulse pressures were erratic and
distorted; thereby making heart rate difficult to determine. In these cases, the Fourier
transform capability of the Labtech Notebook program was used to transform the
time domain pressure data to frequency domain data (See Champenny, 1971 and
Rabiner and Gold, 1975 for a discussion of Fourier transforms and power spectral
density analysis). This procedure allowed examination of the pressure traces for the

frequency content and principal modes.

5.2.6 PHASE Il EXPERIMENTS: The Phase |l studies involved several experimental
series. Each series had individual objectives and correspondingly different

experimental techniques for accomplishing these objectives.

Series 1 through 5, Correlation of Physiological Measurements with GBT Symptoms:

The objective of experimental series 1 through 5 was to correlate physiological data
with bubble growth thresholds and mortality. During exposure to supersaturated
water, blood pOy, hematocrit and pH were monitored in groups of 12 fish (six
cannulated and six un-cannufated). The five series consisted of exposure to water
TGP levels of 1.10, 1.12, 1.15, 1.17 and 1.19 Atms., and corresponding pOo levels
of 170, 175, 183, 195 and 201 mmHg. An additional component of these studies
involved evaluation of the severity of GBT symptoms at death in each animal. This

evaluation included an assessment of severity for:
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1.) Extra corporeal bubble formation in the gill

lamella. These were bubbles observed in the water
between gill lamella and were clearly not internal

to the animal.

2.) Intravascular bubble formation in gill lamelia.
These bubbles were located in the filamental
arteries of the gill lamella and formed within the

blood medium.

3.) Sub-dermal bubble formation in the buccal cavity.
These bubbles, as well as the two forms listed
below, were obvious blisters that forced separation
of the epithelium tissue layer from the underlying

tissue.

4.) Sub-dermal bubble formation on the opercula.

5.) Sub-dermal bubble formation on the fins.

In order to obtain a relative evaluation of symptom severity, an arbitrary scale ranging
from O to 3 was used. A value of 0 indicates that the particular symptom was absent.
A value of 3 indicates the symptom was of the maximum severity observed. As the
results of the experiments are examined, photographic examples will be used to
illustrate the severity of various symptoms. Visual examinations were made for

external symptoms such as sub-dermal blisters on the body, fins and in the mouth.
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The examination of extracorporeal gill bubbles and intravascular gill bubbles was

done microscopically. The microscopic studies involved excising 4 to 6 samples of
gill tissue from each side of the animal, (8 to 10 samples total per animal). The
samples were placed on glass slips that had been cooled to the experimental water
temperature. The samples were covered with a cooled glass slip and quickly placed
under the microscope for examination. The purpose of cooling the glass slips and
covers was to prevent bubble formation due to temperature changes. A Wild
dissecting microscope equipped with a Leitz photographic system was used to

examine and photograph gill and other tissue samples.

Series 6, Catacholamine Assays: The objective of this experirhental series was to
determine if fish exposed to supersaturated water exhibited symptoms of stress as
indicated by blood catacholamine levels. Catacholamine assays were conducted on
cannulated fish in which no other blood measurements were made. Only fish that
were 500 grams or more were used for these assays. Since repeated samples were
needed and each sample was at least 700 ul., it was anticipated that the use of large
fish would minimize the effects of blood sampling on bubble formation. For each
blood sample taken, an equivalent volume of Cortland saline was returned to the
animal to minimize total blood loss. Blood samples were placed in 1.5 _mI. vials and
cooled in an ice bath. Within five minutes the samples were centrifuged to separate
plasma from red blood cells. A minimum of 200 ul. plasma was siphoned into 1 ml.
vials. These samples were immediately frozen with liquid nitrogen and stored at a
temperature of -80° C. until analysis. Analysis for adrenaline and nor-adrenaline was
performed with a High Precision Liquid Chromatograph (Spectra Physics, Model
Sp8700) using techniques described by Woodward (1982) and Primmett et al.
(1986).
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Series 7. Respiration Frequency and Ventilation Volume: Various facets of the Phase

I and Il experiments indicated that acute hypoxia is a factor in the death of fish
exposed to supersaturated water. In this situation, other physiological responses
such as respiratory performance would serve as confirming indicators of this
conclusion. In order to monitor respiration, three un-cannulated fish were fitted with
surgical rubber masks sutured around the mouth and snout as described by
Cameron and Davis (1970). Masks were installed under surgery using the anesthetic
procedures described earlier. The fish were then installed in van Dam respiration
monitoring boxes. The boxes, cbnstructed of clear plastic, are divided into two
compartments separated by a plastic partition containing a circular hole and flange
system. When a fish was placed in the aft section of the box, the flange system
allowed the rubber mask to be clamped such that water could flow from the forward
compartment to the aft compartment only by way of the gill ventilation system. The
arrangement is shown schematically in Figure 35. With the outflow ports in the two
sections of the box at the same level, no differential hydrostatic head exists between
the sections. By measuring the rate of outflow from the aft section of the box, the rate
of respiratory water flow could be determined. A visual measurement of respiratory

frequency permitted calculation of the respiratory ventilation volume.

Series A, B, C and 4; Vascular Bubble Growth Threshold Dependency on Water 002;

The objective of this series was to confirm that vascular system bubble growth
threshoids are dependent on water pO». In these experiments, water TGP was held
constant at 1.15 Atms., while pO5 was varied. Series A and B corresponded to a
water pOy of 100 mmHg. Series C was for a water pO, of 125 and Series 4 (the
same as Series 4 described above) a water pO5 of 183. Groups of 6 un-cannulated

fish were used at each series and the time to mortality for each group was monitored.
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The intent was to determine if a bubble growth threshold could be detected similar to

that shown in the data of Rucker (1975) but at a different water TGP and levels of
pOo. In addition, an examination of gill lamella at death was made to establish if

intravascular bubbles were present.
5.3. PHASE | EXPERIMENTAL RESULTS

5.3.1 GENERAL OBSERVATIONS: A total of 27 fish were examined during this series
of experiments. Depending on water TGP and the response of the fish, individual
experiments lasted as long as 300 hours and as short as 3.5 hours. Although the
cannulation and pressure monitoring procedures were easily implemented, obtaining
pressure data throughout a complete experiment was often difficult. In general, data
could be obtained through the early periods of all experiments. In fact, at water TGP
levels below 1.15 Atms., it was frequently possible to obtain pressure recordings for
the entire experimental period. However, at TGP levels above 1.20 Atms., cannula
become blocked regularly. In many cases it was clear that blood clotting had
occurred and was the probable cause of cannula blockage. In most cases, the
cannula could not be cleared and pressure measurements were lost. Hence, it was
impossible to determine if intravascular bubble growth was modifying blood pressure.
The successful recordings, obtained at higher levels of TGP, did show a response

indicative of an interaction between bubble growth and system pressure.

Of the successful attempts at monitoring blood pressure, the response to bubble
growth was quite variable. However, certain characteristics were often repeated
within specific ranges of TGP. For example, at levels of TGP above 1.18 Atms., there

was usually an increase in blood pressure, followed by death of the animal. Due to
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the unpredictable occurrence and often short duration of this response, it was difficult

to get clear definition of blood pressure by way of detailed recordings (i.e. the 30
samples per second sampling rate). Most records of blood pressure were obtained
at the lower sampling rate of one sample per 10 seconds and gave only mean
pressure levels. Nevertheless, the lower sampling rate provided clear indication of
increases in blood pressure, presumably due to bubble growth. This result is in
agreement with the predicted response based on the theoretical model for bubble
growth in a closed system, Section 3. Also, following death, a residual blood
pressure was frequently observed for TGP levels above 1.17 Atms. That is, blood
pressure did not drop to zero following death as was the case for TGP levels below
1.17 Atms. The residual blood pressures were low (generally less than 10 mmHg.);

however, they were characteristic of the higher levels of TGP.

At TGP levels below 1.15 Atms. only modest increases in blood pressure were
observed during the experiments. At the same time, heart rate would usually
decrease and only slight increases in hematocrit could be detected. At all levels of
TGP above 1.10 Atms., arterial pO5 declined during each experiment. In addition,
microscopic examination of the gills showed considerable numbers of extracorporeal
bubbles growing between gill lamella. These bubbles were clearly in the water phase,
external to the gill lamella, and of a size that could conceivably block respiratory water

flow through the lamella.

At water TGP levels above 1.17 Atms. blood hematocrit rose dramatically during the
experiment and reached maximums just before death of the animal. A nearly 85%
increase was observed in one animal. As at lower levels of TGP, arterial pO, fell

during the experiments and reached a minimum just before death of the animal. Also,
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as at lower levels of TGP, many extracorporeal bubbles were found between gill

lamella. In addition to these bubbles, there was clear evidence of intravascular
bubbles in the filamental arteries of the primary lamella. Often, entire primary lamella
were blocked with little or no evidence of red blood cells in the arteries of either

primary or secondary lamelia.

Three fish were tested at a water TGP of 1.1 Atms. and pO» levels of 100, 177 and
225 mmHg., for periods ranging from 198 to 250 hours. Although two fish died
before the experiment had reached 250 hours of exposure, none of the animals
showed any symptoms of GBT. That is, there were no major alterations in blood
pressure, arterial pOo or hematocrit that could be related to GBT. For this series of
experiments, it was concluded that thresholds did not exist for any form of bubble

growth below a water TGP of 1.1 Atms.

5.3.2 RESPONSE OF INDIVIDUAL FISH: Much of the Phase | experimental effort was
exploratory in nature. Also, as mentioned earlier, it was often difficult to get
continuous recordings of all measured parameters over the entire duration of an
experiment.” As a result, many of the data for individual fish were incomplete and
Cannot be compared directly with data from other fish in the experiments. Thus,
tabulated data are not presented. However, to illustrate the variability of the results
and at the same time point out important features in the overail response, blood

pressure traces of six selected fish will be examined.

Fish No. 9 (TGP = 1.13 Atms., pOow = 180 mmHg.): The upper plot of Figure 36

shows the blood pressure recorded before and at 50 hours of exposure for Fish No.
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9. Pre-exposure blood pressure was about 23 mmHg. and heart rate is 48 beats per

minute, (BPM). After 50 hours of exposure blood pressure dropped to 20 mmHg.
and heart rate has decreased slightly to 42 BPM. Later, as shown in the bottom plot,
mean blood pressure rose to about 30 mmHg. at 75 hours; however, heart rate had
fallen to 36 BPM. The rise in mean blood pressure began just after 50 hours of
exposure. Finally, at 125 hours mean blood pressure is 19 mmHg. and heart rate has
dropped to 27 BPM. The animal persisted at this level for another 52 hours ahd then
died. During the experiment, blood pO», remained near the pre-exposure level of 101
mmHg. until the 125 hour measurement. At that time pO, was 75 mmHg. A sample
taken a few hours before death showed a pO5 of 40 mmHg. Hematocrit fraction
changed very little during the experiment. An increase was observed from a pre-

exposure level of 0.31 to 0.33 near the end of the experiment.

in addition to the vascular system response just described, various external
symptoms of GBT were present. At about 125 hours, blisters were well formed on
the surface of the opercula and within fin rays. Also, blisters had formed in the lining
of the buccal cavity. These blisters became progressively larger with time. Some
minor hemorrhaging from external skin lesions was also present. This was observed
in all fish that exhibited severe sub-dermal bubble growth, regardless of water TGP.
At death there was evidence of extracorporeal bubbles between gill_'primary and
secondary lamella. However, there was no indication of intravascular bubbles or gill

damage and blood pressure was zero at death.

This general behavior of blood pressure and other symptoms was observed in four
fish; two fish exposed to a TGP level of 1.12 Atms. with pO5 levels of 178 and 220
mmHg., and two fish at a TGP of 1.14 Atms with pO5 levels of 150 and 250 mmHg.
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Heart rates, hematocrits and arterial pOo levels varied between the fish both before

and during the experiments. The most noticeable early variation in arterial pOy was
during first exposure where the pO» reflected the variations in water pO,. In these
fish, reductions in heart rate varied both in frequency and the time over which the
reduction took place. At the higher levels of pO5, the fall in heart rate did not take
place as early as at the lower levels of pOy. The other symptoms includ‘ing
extracorporeal bubble growth in the gills and sub-dermal bubble growth on the

external surfaces of the fish did not appear to vary significantly with water pOs.

FISH NO. 22 (TGP = 1.15 Atms., pOow = 180 mmHg.): The upper plot of Figure 37

shows blood pressure just before exposure to supersaturated water. Heart rate is
uniform at 61 BPM and blood pressure is 28 mmHg. The bottom plot of Figure 37
shows a 2.3 hour record of blood pressure taken after 86 hours of exposure. The
monitoring rate is one sample per 10 seconds. 1t is clear there is little change in mean
blood pressure or pulse pressure (the difference between the maximum and
minimum pressure). The pulse pressure is about 5 mmHg. Over the next 50 hours
mean blood pressure rose to approximately 40 mmHg. and remained there through
200 hours of exposure (upper plot, Figure 38). Beyond 200 hours, blood pressure
began to drop accompanied by periodic decreases in heart rate. The lower plot of
Figure 38 shows the response at 256 hours, a few hours before death of the fish.
Blood pressure was quite variable but on the order of 10 mmHg. Because of the
erratic pressure pulse, heart rate could not be determined precisely. A Fourier
analysis of this pulse yielded an array of frequencies with 22 and roughly 48 BPM
being dominant. Blood pO5 again declined during the experiment with a drop from
115 mmHg., pre-exposure, to 45 mmHg. at 256 hours. Hematocrit fraction showed

NO Major variation.
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External symptoms of GBT included blistering of fin rays, opercula flaps and the lining

of the mouth. At death, gills again showed evidence of extracorporeal bubbles but no

major gill damage. At death, blood pressure returned to zero.

FISH NO. 11 (TGP = 1.18 Atms., pOy_= 195 mmHg.): Fish 11 showed a blood
pressure response that was unique to all the fish tested. Figure 39 shows an array of
blood pressure traces taken at periodic intervals. The bottom trace is the pre-
exposure blood pressure which has a mean value of approximately 33 mmHg., a
pulse pressdre of 5 mmHg, and a heart rate of 45 BPM. This response changed very
little for 73 hours. At 73 hours of exposure, mean blood pressure rose while pulse
pressure declined as shown in the 75 hour trace of Figure 39. Heart rate had
decreased to 39 BPM at 75 hours. The rise in mean pressure with decreasing pulse
pressure continued through 105 hours. At 105 hours the apparent heart rate was
. considerably elevated from the pre-exposure heart rate. Fourier analysis of the
pressure pulse indicated a dominant frequency in the range of 60 BPM, with higher
frequency, lower energy modes also present. The trend in increasing mean blood
pressure and declining pulse pressure continued through 115 hours to 117 hours
(Figure 40). At 117 hours the mean blood pressure is about 57 mmHg. and pulse
pressure is on the order of 2.5 mmHg. Heart rate is extremely difficult to assess from
the trace. Fourier analysis of the 115 hour record showed quite variable resuits
depending on the period over which the data were analyzed. Frequencies ranging

from 45 BPM to over 90 BPM were present.

The unusual signature of the pressure pulse beyond 75 hours appears to be the
result of an interaction between the compliance of growing bubbles and the fluid

dynamics of the vascular system.
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The general behavior is one of attenuation of lower frequency pressure pulses

combined with the development of higher frequency resonant modes.

During this period the fish exhibited periods of violent swimming and thrashing as is
evident at the beginning of the 115 hour trace. Beyond 117 hours mean blood
pressure dropped rapidly until death just short of 119 hours. In Figure 40 the pre-
exposure blood pressure trace is included for comparison. Interestingly, the fish
showed a residual blood pressure of 7 mmHg. following death. This residual blood
pressure was also observed in other fish at higher levels of TGP. At death, there was
evidence of blisters on the opercula and in fin rays as well as some blisters in the
mouth of the animal. The extent of blistering at death was not as severe as that seen
in fish exposed to lower levels of TGP. Areas of the gill showed evidence of
intravascular bubbles and extracorporeal bubbles were present between gill lamella.
Arterial pO5 declined during the experiment from a pre-exposure level of 105 mmHg.
to 32 mmHg. at 118 hours. Hematocrit rose from a pre-exposure level of 0.32 to

0.44 at 118 hours.

FISH NO. 17 (TGP = 1.20 Atms.. pOy_= 208 mmHg.): Fish 17 exhibited a pre-

exposure mean blood pressure of about 20 mmHg. with a pulse pressure of about 4
mmHg. Heart rate was 60 BPM and fairly uniform (upper trace, Figure 41). Except
for a rise in mean pressure to 24 mmHg., there was little change in other
characteristics of the pressure trace through 10 hours (lower trace, Figure 41). Some
temporary excursions to lower mean blood pressures were seen after 49 hours
(upper trace, Figure 42). At 56 hours, mean blood pressure began to rise and over a

period of about 58 hours reached a maximum of 55 mmHg. (lower trace, Figure 42).
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This was immediately followed by a rapid plunge in blood pressure and death of the

fish. A residual blood pressure of about 9 mmHg. existed following death. This fish,
like Fish 11, exhibited periods of violent swimming during the rise in blood pressure
from 56 hours to death. No external signs of skin blistering were evident in Fish 17.
However, there was evidence of intravascular bubbles in the gills and bubbles
between gill lamella. Arterial pOo dropped from a pre-exposure level of 125 mmHg.
to about 60 mmHQg. at 56 hours. Hematocrit rose from a pre-exposure level of .22 to

.37 at 56 hours.

FISH NO. 6 (TGP = 1.23 Atms., pOp_= 225 mmHg.): Fish No. 6 exhibited the most
violent reaction of all fish tested and experienced death in the shortest time. Shown in
the lower left side of Figure 43 is the pre-exposure blood pressure trace. The mean
pressure is about 27 mmHg., the pulse pressure around 5§ mmHg. and heart rate is
uniform at about 60 BPM. Mean blood pressure and heart rate changed little in three
hours of exposure. However, at three hours, blood pressure began to rise and, in a
fifteen minute period, reached the levels shown in the upper trace of Figure 43. At
this time, heart rate was on the order of 40 BPM. The fish became extremely violent
as evident in the larger blood pressure fluctuations shown in the figure. Although
TGP was immediately reduced to 1.0 Atms., the fish did not recover. Before the
animal died three hours later, mean blood pressure declined to about 40 mmHg. The
experiment was ended before death of the animal, and it is not known if a residual
pressure existed after death. Because of the rapid onset of this reaction, biood pO»
and hematocrit were ndt obtained after the pre-exposure levels were measured.
There were no signs of external blistering and no effort was made to examine gills for

damage or bubble formation.
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This was the first fish that showed the hoped for response and it was not clear at the

time bubbles might be found in gill lamelia.

FISH 27iTGP\= 1.25 Atms., pOow = 215 mmHg.): The pre-exposure mean blood

pressure of Fish No. 27 was about 25 mmHg., pulse pressure was 5 mmHg., and
heart rate was 63 BPM (upper plot, Figure 44). Following 7 hours of exposure, mean
blood pressure, pulse pressure and heart rate were unchanged. These parameters
continued to remain unchanged for another four hours. At that time, mean blood
pressure began to rise. Pulse pressure became erratic with large changes in
amplitude and heart rate varied considerably (Figure 45). The overall response was
similar to Fish No. 6; however, the onset of this response was considerably slower
than that of Fish No. 6. Mean blood pressure reached a maximum after about 12.5
hours and then began a slow decline until death of the animal. Following death there
was a residual blood pressure of about 3 mmHg. During this experiment, arterial pOo
declined from a pre-exposure level of 126 mmHg. to about 50 mmHg. at 12 hours.
However, the major portion of the decline did not occur until after 7 hours.

Hematocrit rose from a pre-exposure level of .21 to a maximum of .39 at 12 hours.

Other fish tested in the TGP range from 1.2 to 1.3 Atms. showed blood pressure
behavior similar to those of Fish No’s. 6 and 27. However, some fish showed a
response similar to Fish No. 17 where there was little elevation of blood pressure
during exposure to supersaturation. A repeatable rise in blood pressure could be
obtained only at TGP levels above 1.25 Atms. In all cases, there was a decline in
arterial pOo while hematocrit rose. Gill damage and intravascular bubbles were
clearly present; however, there was little evidence of skin blistering. That which did

appear was minor and occurred on fish which took the longest time to die.
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5.4 DISCUSSION OF PHASE | EXPERIMENTS

5.4.1 GENERAL RESPONSE TO SUPERSATURATION: These experiments
demonstrate that, above certain levels of TGP, major perturbations in vascular system
pressure do occur in fish exposed to supersaturated water. It is presumed that these
alterations are the result of bubble growth in the vascular system. Other symptoms
such as increased hematocrit, intravascular bubble growth in the gills and residual

blood pressure following death support this conclusion.

In general, the cardiovascular response to supérsaturation is highly dependent on
water TGP. Below a TGP of 1.15 Atms., there is limited response of the vascular
system in terms of elevated blood pressure, increased hematocrit, intravascular gill
bubbles or residual blood pressure following death. These observations imply that
vascular system bubbles are not present below a TGP of 1.15 Atms. Above a TGP of
1.25 Atms,, increases in blood pressure and residual blood pressures following death
are clearly present. These symptoms, visible evidence of intravascular gill bubbles
and elevated hematocrit support the conclusion that bubbles are present in the
vascular system. The large increases in hematocrit are interpreted as being the result
of bubbles displacing intravascular water. This phenomena will be examined further

in the Phase Il experimental results.

Between 1.15 and 1.25 Atms. of TGP, response is highly variable; sometimes giving
results similar to those at 1.15 Atms. and sometimes similar to those above 1.25
Atms. Because of the large variability in the blood pressure response, it is not a
precise indicator of bubble growth thresholds. The one clear result is that, for adult

fish, no threshold for bubble growth exists below a TGP of 1.1 Atms.
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Other parameters measured during the experiments yield additional information
regarding the overall physiological response to supersaturation and GBT. One
aspect of these measurements, common to all levels of TGP of 1.12 Atms. and
greater, was a decline in arterial pO»o with time. The implication of this decline is that
the transport of oxygen to blood is being blocked by some mechanism, presumably
at the gill level. Because many of the symptoms of GBT appear to depend on water

TGP levels, they will be examined in more detail based on TGP.

5.4.2 GBT BETWEEN A TGP OF 1.1 AND 1.15 Atms.: In this range of TGP the
overall response is that associated with hypoxia. That is, arterial blood pressure,
heart rate and pO» levels react in a manner typical of fish exposed to hypoxic water.
Holeton and Randall (1967a,b) have shown that Rainbow trout exposed to water low
in dissolved oxygen exhibit a decline in arterial pOy. There is an associated rise in
blood pressure and a fall in heart rate. There is a large increase in cardiac stroke
volume to offset the decline in heart rate and allow maintenance of overall cardiac
output. The increased blood pressure is thought to be the result of generalized
vasoconstriction while the reduction in heart rate is thought to facilitate the
synchronism between respiratory water flow and blood flow through the gills (Randall,
1982a). Except for stroke volume, which was not measured, all other cardiovascular
characteristics associated with hypoxia were seen in fish exposed to TGP between

1.12 and 1.15 Atms.

Blockage of Oxygen Transport: As described earlier, several factors indicate that

bubble formation in the vascular system does not occur at TGP levels below 1.15

Atms. With the apparent absence of intravascular bubbles, the observed reduction in
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arterial pOo at lower levels of TGP must be caused by other factors. The most

obvious, based on other symptoms, is the blockage of respiratory water flow by
blisters in the lining of the mouth, blockage of flow by extracorporeal bubbles that
appeared between the gill lamella or both of these effects acting in concert. If either
or both of these effects are present, it should be expected that adjustments in
ventilation will be made by the fish to offset the reduced transport of oxygen to blood.
Holeton .and Randall (1967a, b) have shown that, over a wide range of hypoxic
conditions, Rainbow trout increased ventilation volume dramatically so that net
oxygen uptake does not decrease. If the blockage of respiratory water flow is the
cause of declining arterial pOo, a study of the respiratory function during exposure to
supersaturation would help confirm the blockage hypothesis. This question was

addressed in the Phase Il experiments and will be discussed in Section 5.7.

Bubble Growth Thresholds: Since a response similar to that of hypoxia was observed
ata TGP of 1.12 Atms., and no response occurred at 1.10 Atms., there appears to be
a GBT threshold between these two levels of TGP. This is also the range of the lower
threshold found in the database analysis, Section 4. Based on the earlier discussion
of experimental results, this does not appear to be a threshold for bubble growth in
the vascular system. However, it was clear the threshold at 1.10 to 1.12 Atms.
corresponds to that for sub-dermal bubble growth in the skin and, in particular, the
growth of tissue blisters in the buccal cavity.‘ it was not established in these
experiments that 1.10 to 1.12 Atms. TGP was also the threshold for the growth of
extracorporeal bubbles observed in the water between gill lamella. It was concluded
that, in order to determine this threshold, a detailed microscopic examination of the
gills is required. This conclusion was also carried forward into the Phase Il

experimental studies.
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Other Observations From the Literature: The external symptoms of GBT observed in

these experiments agree with most observations from the literature (Nebeker et al,
1976; Rucker, 1975; Dawley and Ebel, 1975; Nebeker and Brett, 1976; Nebeker et
al., 1980). One contrasting example is the data of Stroud and Nebeker (1976) for
Steelhead trout exposed to a TGP of 1.1 Atms. Of the fish sampled at this TGP, the
authors report hemorrhages in the gills in 17 out of 29 fish. Yet, microscopic
examination of the gill revealed no intravascular bubbles. This is particularly unusual
in that, at a TGP of 1.15 Atms., they report only one fish out of 29 had qill
hemorrhages and there was still no evidence of intravascular bubbles. At a TGP of
1.20 Atms. they found only one fish out of 19 with gill hemorrhages; however, 18 of
these fish showed extensive bubble formation in the gill arteries. The prevalence of
hemorrhages at 1.10 Atms. is difficult to explain in terms of intravascular bubbles and
implies other mechanisms were responsible for this damage. in the Phase |
experiments, there was occasional evidence of gill hemorrhages; however, these

were only at the highest TGP levels tested.

In yet other data from the literature there is evidence that, in some environments, the
lesions of external tissue caused by sub-dermal bubble growth can act as sites for
fungal infections (Weitkamp, 1976). It has been speculated that these infections are a
contributing factor in the death of fish (Weitkamp and Katz, 1980). In the Phase |
experiments there were no indications of fungal infections in any of the fish, although
some skin lesions were present. The presence of fungal infections will no doubt be
highly dependent on water quality and general fish heaith. Therefore, the absence of

such infections in these experiments cannot be taken as significant.
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Neither in the database analysis of Section 4 nor in other data from the literature is

there any evidence that symptoms or mortality are dependent on water pO2 for TGP
Ievvels below 1.15 Atms. (Stroud and Nebeker, 1976; Meekin and Turner, 1974;
Nebeker et al., 1976; Rucker, 1975; Dawley and Ebel, 1975; Nebeker and Brett,
1976; Nebeker et al., 1980). This is consistent with the results of the Phase |
experiments. pO, levels varied from 100 to 250 mmHg. in these experiments;
however, at any given TGP, there were no detectable differences in symptom severity

or time to mortality that could be related to differences in water pOo.

5.4.3 GBT BETWEEN A TGP OF 1.15 AND 1.25 Atms.: The response of the vascular
system in fish exposed to these levels of supersaturation varied considerably; often
with contrasting results. Fish No’s. 6, 11, 17, and 27 all experienced major increases
in arterial blood pressure in this range of TGP. Yet, Fish No. 15 and other fish tested
showed no elevated blood pressure in this same TGP range. The only consistent
results, above a TGP of 1.18 Atms., were declines in arterial pOo, elevated

hematocrits and the presence of intravascular gill bubbles.

Blockage of Oxygen Transport at the Gills: The decline of arterial pO5 above a TGP of

1.15 Atms. shows that fish continue to experience reduced oxygen transport to the
blood. As suggested above, extracorporeal gill bubbles and blisters in the mouth
may be the source of this problem. However, at the higher levels of TGP, blisters of
tissue lining the mouth were either not well developed or absent entirely. Presumably,
this was because the onset of lethal symptoms was more rapid at higher levels of
TGP and buccal cavity blisters did not have time to form before death. Therefore, it is
concluded that, at higher levels of TGP, intravascular bubbles, extracorporeal

bubbles in the gill lamella or other mechanisms are responsible for the decline in pO».
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It is not difficult to understand how blockage of respiratory water flow by
extracorporeal bubbles would inhibit oxygen transport to the blood. However, the
low arterial pO»5 is a more complex problem to explain in terms of blockage of blood
flow by intravascular bubbles. First, as pointed out in the theoretical section (Section
3), the gills are not the most likely sites for initial bubble formation. High vascular
system pressures in this region would increase the threshold for bubble formation as
reflected by the Ps term in Equation 4. The formation of bubbles in the gill vasculature
would most likely occur just before death of the animal when blood pressure is falling.
Figures 42 and 45 clearly show the drop in blood pressure that precedes death. As
shown in the figures, this occurs only during the last few hours or minutes before
death; whereas, the decline in arterial pOo begins much earlier. The period over
which intravascular bubbles existed in the gill vasculature was not examined in the

Phase | experiments; however, this problem was addressed in the Phase Il studies.

Assuming that bubble formation in the gills does occur early, an explanation for low
arterial pO5 can be developed around reduced blood transit time through the lamelia.
Because the heart is a form of positive displacement pump, flow continuity requires
that blockage of flow in some gill arteries would increase flow velocity in the
unblocked arteries. It follows that the time available for oxygen transport is reduced in
the unblocked arteries. As a result, blood would not become fully oxygenated. An
additional consideration is that under resting conditions, fish do not use all gill lamella
for oxygen transport (Booth, 1978; Farrell, 1979 and Farrell, Daxboeck and Randall;
1979). That is, only about 2/3 of the available lamella are perfused with blood
(Farrell, Daxboeck and Randall; 1978). The remaining lamella are recruited under

conditions of hypoxia or swimming activity. Thus, it appears that fish have the ability
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to withstand some blockage of gill blood flow before there is a decline in arterial pO».

On the other hand, if extracorporeal gill bubbles have already induced hypoxia and
full deployment of gill lamella, blockage by intravascular bubbles will have an
immediate effect on oxygen transport. It should be remembered that a significant
pericd is involved before a decline in arterial pOo is observed. During the Phase |
experiments, this time varied from a few hours, at high levels of TGP, to over 100
hours at a TGP level of 1.15 Atms. If bubbles do form early in the gill vasculature,
there should be adequate time for their growth to lead to blockage of most of the gill
vasculature. In this situation, it is expected that bubbles eventually impact oxygen
transport. There remains however, the problem of the high blood pressure in the gills
which would suggest other locations for initial bubble formation. The Phase |l
experiments produced additional insight into intravascular bubble formation in the
gills and further dichssion of this problem will be postponed until those results are

examined.

Other Blockage of the Cardiovascular System: There remains the possibility that

bubbles form elsewhere in the cardiovascular system. As shown in the theoretical
section, the most likely sites for initial bubble formation are the arterioles just
upstream of tissue capillary beds. If this is the case, the explanation of declining
arterial pO5 at high levels of TGP must lie entirely with the extracorporeal gill bubbles.
Biockage of tissue and organ capillary beds can have dire consequences in terms of
oxygen supply to these areas. However, in the absence of intravascular or
extracorporeal bubbles in the gills, it should not effect pO, at the dorsal aorta. An
extreme case can be envisioned where generalized blockage of all tissue will stop
return blood flow to the heart. In this case, oxygen in the dorsal aorta will decline as a

result of utilization by red blood cells and vascular system tissue. However, it is
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difficult to see how the heart could maintain blood pressure or how the fish could live

for the long periods during the gradual decline in arterial pOy. Thus, in the absence
of intravascular gill bubbles, one is left with extracorporeal bubbles blocking
respiratory water flow as the most likely explanation of declining arterial pO,. Again,
the Phase Il experiments provide further information which help explain the low

arterial pOo.

Systemic Control Functions: The response of the vascular system to intravascular
bubble formation appears to involve a conflict of systemic control functions in the
animal. As described earlier, hypoxia caused by the blockage of oxygen transport
elicits a general peripheral vasoconstriction, reduced heart rate and increased heart
stroke volume. On the other hand, the response to rising blood pressure is one of
peripheral vasodilation and a reduction of both heart rate and cardiac output (Randall,
1970). In either case, a reduction in heart rate will occur under conditions of hypoxia
or elevated blood pressure. This was clearly the case in Fish 11 where heart rate was
reduced up until attenuation of the pressure pulse made heart rate ambiguous (Figure
39). In Fish 6 which underwent the most rapid response to bubble formation, heart

rate also became progressively slower up until the time of death.

Blood Pressure Response to Bubble Growth: The increase in blood pressure

observed in some fish exposed to supersaturation, along with the residual blood
pressure at death, is interpreted as being caused by the volume of gas bubbles
added to the vascular system. As shown in the theoretical section, the addition of gas
to a closed system will cause the pressure to rise. In the cardiovascular systems of

fish, as well as in other animals, systemic control of blood pressure will alter this
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response somewhat. As pointed out above, the general response to an elevation in

blood pressure is a dilation of peripheral circulation and a reduction in both heart rate
and cardiac output. In addition, there can be an increase in blood flow to the kidneys
which effectively reduces blood volume in other portions of the circulatory system
(Eckert, 1983). There may also be reduced secretion of ADH from the pituitary gland
which slows filtration rates in the kidney (Eckert, 1983). This also increases water
loss which provides still another means of reducing blood volume. The kidney
response is observed in many animals; however, it has not been confirmed for fish.
Assuming a similar response in fish, it is conceivable that during the initial stages of
bubble growth, systemic regulated adjustments to the vascular system could permit
bubble growth without major changes in vascular system pressure. It would be
anticipated there are limits in the ability of the system to withstand pressure increases
due to the addition of bubble gas. The controlling factors would be the limiting
balance between the rate of gas addition and the rate of water loss from the system.
Certainly, if gas from growing bubbles is being added faster than systemic

adjustments can be made, there will be a rise in pressure.

in some environments, there may be other volume adjustments caused by a change
in water flux at the gills. In freshwater fish, which are hyper-osmotic relative to their
environment, there is a net uptake of water across the gills (Isaia, 1984). This is in the
face of a hydrostatic pressure within the animal (i.e. blood pressure) greater than the
hydrostatic pressure of the environment. For Rainbow trout, the inward water flux is
driven by a colloid osmotic pressure gradient of about 350 mosm. (Holmes and
5onaldson, 1969). Because of this high osmotic pressure, there is little chance of a
reversal of water flux at the gills of freshwater fish caused by elevated blood pressure.

However, an elevated blood pressure will slow this influx somewhat. It will be recalled
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that in some experimental fish, there was a doubling or near doubling of blood

pressure caused by bubble growth.

For marines fishes, blood plasma is either hypo-osmotic or nearly iso-osmotic relative
to sea water. In the first case, there is a net efflux of water across the gills. An
elevated blood pressure resulting from intravascular bubbles will cause an increase in
this efflux. Fish that are iso-osmotic relative to the environment may begin loosing
water across the gills as a result of bubble growth. In either case, increased water
loss by the kidneys or across the gills should produce a concentration of red blood

cells and other blood components as gas replaces water in the system.

An additional mechanism for water loss is the movement of intravascular water into
tissue intercellular spaces. This water flux would be driven by the elevated blood
pressure observed at the higher levels of TGP. In this case, opposing colloid osmotic
gradients would be considerably less than those involved in the movement of water

across the gills. Again, the net effect should be reflected as an increase in hematocrit.

Hematocrit: Hematocrit can also increase as a result of other physiological
processes. Under conditions of hypoxia, acid base disturbances have been shown
to induce swelling of red blood cells with corresponding increases in hematocrit
(Baroin et al., 1984; Nikinmaa, 1982; Nikinmaa and Huestis, 1984; Heming et al.,
1987 and Tufts, 1988). It has been suggested that during hypoxia, recruitment of red
cells from the spleen and kidney can serve to increase oxygen carrying capacity of
the blood (Ostroumova, 1964; Stevens, 1968; Johansen and Hansen, 1967 and
Yamamoto, 1980). Such recruitment will also be reflected as an incréase in

hematocrit. In the Phase | experiments, increases in hematocrit were clearly present
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at TGP levels above 1.18 Atms. In fact, hematocrit fractions were found to increase

by as much as 85% at the higher levels of TGP. It is unclear as to whether these
increases are the result of water displacement, the swelling of red blood cells, red cell
recruitment or combinations of all three. However, the answer to this question may lie

in observations from the literature.

Weber (1982); Baroin et al., (1984a,b), Nikinmaa and Huestis (1984), Heming et a/.
(1987) and Tufts (1988) have shown that Rainbow trout red blood cells (RBC) swell
as part of a defense against intracellular acid-base disturbances. A decline in plasma
pH will seriously disrupt the oxygen carrying capacity of Root - Bohr sensitive
hemoglobins which are characteristic of Rainbow trout (Riggs, 1979 and Foster and
Steen, 1969). This is particularly true for extended exposure to deep hypoxia. That
is, a buildup of lactic acid produced by anaerobic metabolism can lead to a metabolic
acidosis and reduced blood pH (Holeton and Randall, 1967a,b and Thomas and
Hughes, 1982). In pure hypoxia, which is usually accompanied by hyperventilation,
thefe is seldom a problem of CO5 accumulation in the blood (Holeton and Randall,
1967a,b and Thomas and Hughes, 1982). An accumulation of CO, will decrease
blood pH (Ferguson & Black, 1941; Cameron, 1971; Cameron and Randall, 1972
and Eddy et al., 1977). This, combined with any metabolic acidosis, will reduce
blood oxygen carrying capacity even further. In the case of hypoxia produced by the
blockage of respiratory pathways, it can be expected that, as oxygen delivery to the
blood is impeded, CO, removal from the blood will be restricted. Thus, CO5 buildup
can compound oxygen uptake by reducing blood pH even further. In fish, the
problem of blockage can become even more acute since they also use respiratory
pathways for removal of metabolites and osmotic regulation. In many ways, the

situation is similar to that examined by Holeton and Randall (1967a,b) where Rainbow
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trout were subjected to hypoxic water in a closed swimtube respirometer. In this

environment, hypoxia was induced through utilization of oxygen by the fish while CO2
and metabolic wastes in the water increased as a result of respiration and other
excretory processes. This should have caused a gradual reduction of total CO2
excretion at the gill and compounded the acidosis created by an observed buildup of
lactate. Holeton and Randall did observe an increase in blood hematocrit
accompanied by red blood cell swelling. However, no evidence could be found for
increases in red cell count. Although the authors noted increases in hematocrit
caused by exposure to the combined hypoxia/hypercapnia environment, the actual
changes are not reported. Also, the time éourse over which the hypoxia took place
was not described. Based on these resuits it appears that red blood cell swelling will

take place in situations involving both metabolic and respiratory acidosis.

In other experiments, involving Rainbow trout exposed to hypoxia, Thomas and
Hughes (1982) found hematocrit rose quickly from 0.20 to 0.23 during 24 hours of
exposure to a water pO» of 60 mmHg. However, in these experiments it was not
determine if red blood swelling occurred or if RBC recruitment was present. They did
find that blood pH reflected an initial state of respiratory alkalosis which they attributed
to hyperventilation. Over a 24 hour period, blood pH gradually returned to normal. In
yet other experiments with Rainbow trout exposed to deep hypoxia (water pOy of 40
mmHg), Thomas and Hughes (1982) found an initial metabolic acidosis of the blood
brought on by lactate buildup. This was followed by a recovery of pH and then a
reversal to an alkalotic state. Again a very rapid increase in hematocrit from 0.23 to
0.29 was noted. If it is assumed that the increases in hematocrit observed by
Thomas and Hughes are the result of red blood cell swelling, then the maximum

change in hematocrit produced by this effect was a 27% increase. Even if a
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component of this was due to RBC recruitment, the maximum change would still be

27%. Fish in the Phase | experiments exposed to high levels of TGP showed
increases in hematocrit of as much as 85%. Thus, it appears that a significant portion
of the observed hematocrit increase is due to other causes such as the displacement

of intravascular water in the vascular system by bubble gas.

5.5 PHASE | CONCLUSIONS:

The Phase | experimental studies produced an improved understanding of the
physiological response in fish exposed to supersaturated water. At water TGP above
1.1 Atms., the dominant response is one of hypoxia. That is, there is clear evidence
‘that oxygen transport to the blood is being impeded somewhere in the transport
pathway. The indications are that between a TGP of 1.1 and 1.15 Atms., the
blockage is due to extracorporeal bubbles forming between gill lamella, the formation
of blisters in the buccal cavity or a combination of these two. Above a TGP of 1.15,
where buccal cavity blisters are less frequent or non existent, intravascular bubbles
within the gill lamelia are common. These bubbles along with the extracorporeal gill

bubbles may be the blockage mechanism at the higher levels of TGP.

These experiments demonstrate that a TGP threshold exists between 1.10 and 1.12
Atms. for the growth of sub-dermal bubbles on the external body surfaces and lining
of the mouth. This corresponds to the lower threshoid for mortality derived from the
database analysis. However, it is not known that buccal cavity blisters are the cause
of mortality. This is also the TGP range of thresholds for extracorporeal gill bubble
growth. However, this threshold could not be established from the Phase |

experimental data. Based on the presence of intravascular bubbles in the gills,
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elevated hematocrit and residual blood pressures following death, it appears that a

threshold for intravascular bubble growth exists in the TGP range of 1.15 to 1.25

Atms.

Above a TGP of 1.25 Atms., there is clear evidence that blood pressure reflects the
presence of growing bubbles in the vascular system. However, between a TGP of
1.15 and 1.25 Atms., the response of blood pressure before death was highly
variable. As a result, it was a poor indicator of bubble growth thresholds for the
vascular system. The most reliable indicators of intravascular bubble growth were
hematocrit and visual evidence of intravascular gill bubbles. Microscopic examination
of gill lamella gave the clearest confirmation of the presence of both intravascular and

extracorporeal gill bubbles.

From the Phase | studies it was clear that additional experiments were required before
intravascular and extracorporeal bubble growth thresholds can be defined. In
addition, there remained the task of correlating these thresholds with mortality and the

thresholds indicated in the literature database analysis.
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5.6 PHASE Il EXPERIMENTAL RESULTS:

The Phase |l experiments expanded on the Phase | results and provided clearer
indications of the various bubble growth thresholds associated with GBT. In addition,
the experiments focused on specific physiological responses in fish as a means of
defining the relationship between bubble growth and mortality. The results of the
Phase Il experiments will be presented in the order of the individual experimental

series.

5.6.1 SERIES 1 THROUGH 5 EXPERIMENTS: The Series 1 through 5 experiments .
involved exposing groups of 12 fish (6 cannulated and 6 un-cannulated) to various
levels of water TGP and pO5. External symptoms, internal and external conditions of
the gills and blood parameters were surveyed during the experiments. The results
are summarized in a series of figures which will be examined next. The individual
series will be described in the order of increasing water TGP. Table Il lists the
abbreviations used in the various bar charts that will be presented. In the results, Fish
No’s 1 through 6 always correspond to the cannulated fish while Fish No’s 7 through

12 are the un-cannulated fish.

TABLE li: ABBREVIATIONS FOR SEVERITY OF SYMPTOMS CHARTS
LAMELLA - Extracorporeal bubbles between gill lamella.

VASCULAR - Intravascular bubbles in gill lamella.

OPERCULA - Sub-dermal bubbles on opercular flaps.

FINS - Sub-dermal bubbiles in fin rays.

BUCCAL - Sub-dermal bubbles in the lining of the buccal

cavity.
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In general, it was found that cannulated fish did not live as long as un-cannulated fish
exposed to supersaturated water. Figure 46 summarizes these findings in terms of
time to mortality versus water TGP for the two groups. It will be noted that the times
to mortality in the figure do not vary greatly in the TGP range of 1.10 through 1.17
Atms. However, at a TGP of 1.19 Atms., time to mortality drops to rdughly one half or
one third of the time required at lower TGP. Both cannulated and un-cannulated fish
showed similar signs of GBT throughout tHe experiments. However, it was
impossible to determine if decreased survival of the cannulated fish was due to the
stress of cannulation, increased susceptibility to bubble growth caused by handling

and surgery, or the presence of the cannula.

Series 1 (Water TGP = 1.10 Atms., 00_2_w = 170 _mmHqg.): In this series of

experiments two fish showed external signs of GBT. Of these, one fish (Fish 4) died
early and exhibited a decline in arterial pOo which suggested a blockage of oxygen
transport as was observed in the Phase | experiments. Furthermore, this fish was the
only one to show a significant number of extracorporeal bubbles between gill lamelia.
Other blood parameters were at normal levels. Although there was a decline in
arterial pOo at the last measurement, it was not low enough to suggest acute hypoxia.
In Figure 47 the variations in arterial pO5 for the six cannulated fish are shown as a
function of time of exposure. Except for Fish 4, only small changes occurred during
the experiment. Although three fish died at various times during the experiment, Fish
4 was the only one to show signs of GBT that would be considered lethal. Fish 8 also
showed bubble growth between gill lamella. However, there was no evidence of
hypoxia and the animal lived without signs of stress for the full 362 hours of the

experiment.
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TIME TO DEATH
AS A FUNCTION OF WATER TGP
SERIES 1, 2, 3, 4, & 6
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FIGURE 46: Time to Death as a Function of Water TGP.



ARTERIAL BLOOD pO2 VARIATION WITH TIME

EXPERIMENTAL SERIES 1
WATER TGP = 1.10 Atms., pO2w = 170 mmHg.
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In Figure 48, the variations in arterial blood pH and hematocrit are shown for the

cannulated fish as a function of exposure time. It is clear that little change in either
occurred over the 362 hours of exposure. Figure 49 shows the level of severity of
various symptoms at death in the 12 animals tested. The scale for these bar charts,
and all others to follow, corresponds to the scaling system described in the
Experimental Methods Section above. In this experimental series most animals were
alive at the end of the experiment and were killed to make the necessary
measurements. This procedure was followed in each of the series when fish

remained alive through the end of the experiment.

Series 3 (Water TGP = 1.12 Atms., Dng = 175 mmHaq.); The results of these

experiments showed several fish with declines in arterial pO5 that suggest a blockage
of oxygen transport. In Figure 50, arterial pOo is shown for the six cannulated fish as
a function of exposure time. Except for Fish 1 and Fish 6, major reductions in arterial
pOo occurred. Furthermore, GBT related montality occurred in all but three of the

cannulated fish and in one of the un-cannulated fish (Figure 46).

In addition to declines in arterial pOo, there were corresponding declines in arterial
blood pH as shown in Figure §1. The decreases in pH correlate with the pOs
declines of Figure 50. However, arterial hematocrit showed little change in any of the
cannulated fish. This observation is consistent with the results of the Phase |
experiments at low levels of TGP. In Figure 52, the severity of symptoms at death are
shown for the six cannulated fish in the upper plot, and for the six un-cannulated fish
in the lower plot. It is clear that in all cases there were external blisters on the

opercula and fins, but the degree varied considerably from fish to fish.
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S8EVERITY OF 8YMPTOMS AT DEATH
WATER TGP = 110 Atme., pO2w = 170 mmHg.
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FIGURE 49: Severity of Symptoms at Death, Experimental Series 1
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ARTERIAL BLOOD pO2 VARIATION WITH TIME  ***

EXPERIMENTAL SERIES 3
WATER TGP = 112 Atms., pO2w = 1756 mmHg.
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Also, except for Fish No. 1, there were varying degrees of extracorporeal bubble

growth between gill lamella accompanied by blisters in the buccal cavity. Figure 53 is
a photograph showing an example of the extracorporeal bubbles that were usually
present. The bubbles shown in the photograph are typical of those cases assigned a
number of one for the level of severity. The bubbles appear to be randomly
distributed throughout the primary and secondary lamella. The ones between
secondary lamella were quite stable and were difficult to dislodge with a needie.
There was no evidence of intravascular bubbles in these gill lamella. The same was
true for all fish examined in this series. Figure 54 is a photograph showing large
blisters on the upper part of the mouth of one of the experimental animals tested at a
TGP of 1.12 Atms. Figure 55, taken of the same animal but at a slightly different
angle, shows Dblisters lining the entrances to the gills. These blisters were of a size
and number that would suggest interference with water flow to the gills. In this fish,
the severity of buccal cavity blisters was assigned a value of 3. Figures 56 and 57
show examples of blisters (severity level between 2 and 3) that were found on the
opercular flaps of fish exposed to the lower levels of TGP. Examples of the blisters
occurring between fin rays are shown in Figures 58 and 59. Figure 58 shows a
segment of the dorsal fin from one fish while Figure 59 shows the caudal fin of the
same animal. In both cases, the level of severity is 2. If one examines the array of
symptoms and their severity (Figure 52), it is evident that a correlation exists between

the overall severity of symptoms and the time to mortality.

It will be noted that in the first six hours of the experiment, arterial pO, is elevated
relative to the pre-exposure levels. This refiects the higher levels of dissolved oxygen
in supersaturated water. This observation was common to all experiments where

experimental water pOo was above that of the pre-exposure holding water.
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FIGURE 53:

FIGURE 53: Extracorporeal Bubbles in Gills.
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FIGURES 54 AND 55:

FIGURE 54: Subdermal Bubbles in Mouth.

—
« y, e 5

FIGURE 55: Subdermal Bubbles in Mouth.
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FIGURE 57: Opercuiar Bubbles.
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FIGURES 58 AND 59:

FIGURE 58: Bubbles in Dorsal Fins.

FIGURE 59: Bubbles in Caudal Fins.
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Series 4 (Water TGP = 1.15 Atms., pOow = 183 mmHg.): The results of this

experimental series show that all cannulated fish had varying rates of declining arterial
pOs (Figure 60). At the time of measurement, none of the levels were considered
acute. However, death usually followed the lowest measured value. All but one of the
cannulated fish and one of the un-cannulated fish died during the experiment. All fish
showed signs of GBT and, as in experimental Series 3, the time to mortality could be
correlated with the severity of symptoms. All cannulated fish shoWed a decline in
arterial pH (Figure 61), which corresponded closely to fhe declining pOo.
Extracorporeal bubbles were present to varying degrees throughout the gills of all
fish. Except for Fish No. 3, blood hematocrit showed little variation for the cannulated
fish. In Fish No. 3, there was a 67% increase in hematocrit over the course of the
experiment. Furthermore, this fish, Fish 4 and Fish 10 were the first to show signs of
intravascular bubble growth in the gill arteries (Figure 62). In fish 4 and fish 10,
bubble growth was at a minimum level and the times to mortality were not much
| different from those for fish without vascular bubbles. Figures 63 and 64 are a
collection of microséope photographs taken of gill lamella from some of these fish
and from fish in series at higher levels of TGP. In all photographs vascular bubbles
are clearly present in the filamentary arteries of the primary lamella. Of all the gill
lamella examined microscopically, only one fish, exposed to a water TGP of 1.19
Atms.. showed the presence of bubbles in the secondary lamella. These bubbles had
clearly grown into the region from the filamentary arteries of the primary lamella. With
few exceptions, bubbles appear to start at the distal ends of the filamentary arteries

and grow toward the base of the primary lamella.



ARTERIAL BLOOD pO2 VARIATION WITH TIME
EXPERIMENTAL SERIES 4
WATER TGP = 115 Atms,, pO2w = 183 mmHg.
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FIGURE 60: Arterial Blood pO» Variation with Time, Series 4.
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ARTERIAL HEMATOCRIT VARIATION WITH TIME
EXPERIMENTAL SERIES 4
WATER TGP = 1.16 Atms., pO2w = 183 mmHg.
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FIGURE 61: Arterial Hematocrit and pH Variation
with Time, Series 4.
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SEVERITY OF SYMPTOMS AT DEATH
WATER TGP = 1.16 Atms., pO2w = 183 mmHg.
EXPERIMENTAL SERIES 4
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FIGURE 62: Severity of Symptoms at Death, Series 4.
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FIGURE 63: a, b, ¢ & d: Vascular Bubbles in Gills.
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Series 2 (Water TGP = 1.17 Atms., pOow = 195 mmHg.): In the Series 2

experiments every fish showed varying degrees of intravascular bubble growth in gill
‘lamella (Figure 67). Increases in hematocrit were seen in each of the cannulated fish
(Figufe 66). Arterial blood pH and pO5 dropped dramatically (Figures 66 and 65,
respectively) and all fish died during the experiment (Figure 46). Interestingly, the
external signs of GBT, such as blistering of tissue, were not as pronounced as in the
experiments at lower levels of TGP. Presumably, this is because fish died from other
causes before these symptoms could become well developed. Also, it was clear that
the number of extracorporeal bubbles were fewer than at lower levels of TGP. On the
other hand, the bubbles that were present appeared to be larger. As with previous
experimental Series, a rise in pO5 during initial stages of exposure was seen in many
of.the fish. This again reflects the elevated pO» levels in the water. As exposure time
incr;aased, this initial rise in pOo, was offset by the apparent blockage of oxygen

transport to blood.

Series 5 (Water TGP = 1.19 Atms., pOow = 201 mmHg.): At a TGP of 1.19 Atms.

the time of survival of all fish declined dramatically (Figure 46). Arterial pO, declined
rapidly for all cannulated fish (Figure 68) and presumably for the un-cannulated fish
as well. Also, there was a high level of intravascuiar bubble formation in the gills of all
fish (Figure 70). As with previous experiments, arterial pH dropped and hematocrit
rose, but more rapidly than in any of the other experiments (Figure 69). The trend in
decreasing numbers of extracorporeal bubbles in the gills continued in this
experimental series. Again, the sizes of the bubbles were larger than those in
previous series. Also, very few external blisters were present in these animals,

presumably because of the short time of survival.



160

140

120

100

80

60

40

20

166

ARTERIAL BLOOD pO2 VARIATION WITH TIME

EXPERIMENTAL SERIES 2

WATER TGP = 1.17 Atms., pO2w = 195 mmHag.
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FIGURE 65: Arterial Blood pO» Variation with Time, Series 2.
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ARTERIAL HEMATOCRIT VARIATION WITH TIME
EXPERIMENTAL SERIES 2
WATER TGP = 1.17 Atms,, pO2w = 186 mmHg.
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FIGURE 66: Arterial Hematocrit and pH Variation
with Time, Series 2.
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SEVERITY OF SYMPTOMS AT DEATH
WATER TGP = 1.17 Atms., pO2w = 186 mmHg
EXPERIMENTAL SERIES 2
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FIGURE 67: Severity of Symptoms at Death, Series 2.
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ARTERIAL BLOOD pO2 VARIATION WITH TIME
EXPERIMENTAL SERIES 6§
WATER TGP = 1.19 Atms,, pO2w = 201 mmHg.
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FIGURE 68: Arterial Blood pOy Variation with Time, Series 5.



ARTERIAL HEMATOCRIT VARIATION WITH TIME
EXPERIMENTAL SERIES &
WATER TGP = 118 Atms., pO2w = 201 mmHg.
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FIGURE 69: Arterial Hematocrit and pH Variation
with Time, Series 5.

170



BEVERITY OF 8YMPTOMS AT DEATH
WATER TGP « 118 Atms., pO2w = 201 mmHg.
EXPERIMENTAL SERIES 6
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FIGURE 70: Severity of Symptoms at Death, Series 5.
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5.6.2 Series 6 (Water TGP = 1.19 Atms., pOow = 201 mmHg.): In this series of

experiments the levels of adrenaline and noradrenaline were measured in six
cannulated fish during exposure to supersaturated water. Figure 71 shows the
variation in adrenaline for the six animals as a function of exposure time. In this case,
Fish No’s. 1, 3, 4 and 5 all showed increasing levels of adrenaline as exposure time
increased. Figure 72 shows the variation in noradrenaline with time for the six fish.

Only Fish 3 exhibited a consistent increase in noradrenaline with exposure time.

5.6.3 Series 7 (Water TGP = 1.19 Atms., 00_2_w = 201 mmHgq.): In this experimental
series the ventilation performance of three fish was monitored using the van Dam
respiratory chambers described in the methods section. Figure 73 shows the
variation in both ventilation volume and frequency as a function of the time of
exposure. Only one fish lived the full 80 hours of exposure. However, it was clear
that all fish showed increases in both ventilation volume and frequency as the
exposure period lengthened. In Fish 2, which lived the longest, a decline in both

ventilation volume and frequency was measured 20 minutes before the fish died.

5.6.4 Series A, B, C. and Series 4 (Water TGP = 1.15 Atms., Dng = 100, 125 and

183 mmHg.). In these experiments, water TGP was held constant while water pOo
was varied. Times to mortality were monitored along with the condition of gills.
Twelve fish, Series A and B, were tested at a pO5 of 100 mmHg. Experimental Series
C involved six fish exposed at a pO5 of 125 mmHg. The Series 4 data are the same
as that for the un-cannulated fish described in Series 4 earlier in this section. The
results of these experiments (Figure 74) clearly show there is strong dependence of
time to mortality on water pO5. Furthermore, a significant transition occurs between a

pO» of 100 and 125 mmhg.



ADRENALINE VARIATION WITH TIME
TGP = 1.19 Atms. pO2 = 201 mmHg.
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173



NORADRENALINE VARIATION WITH TIME 174
TGP = 1.19 Atms. pO2 = 201 mmHg.
SERIES 6
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FIGURE 72: Noradrenaline Variation with Time,
Experimental Series 6.



VENTILATION VOLUME VERSUS TIME
EXPERIMENTAL SERIES 7
WATER TGP = 1.19 Atms,, pO2w = 201 mmHg.
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As described earlier, this is similar to the results obtained with Coho salmon by

Rucker (1975) at a water TGP of 1.19 Atms. In that case, the transition in time to

mortality occurred at a water pOo of 249 - 275 mmHg. The conclusion drawn was

that the strong transition in time to mortality represents a threshold for the cause of

mortality. Presumably this was due to bubble growth. In Table Il the presence or

absence of intravascular gill bubbles at death is shown for the Phase Il experimental

series A, B, C and 4. These data also confirm that the transition in time to mortality

correlates well with the presence of intravascular gill bubbles.

TABLE lll: SURVEY OF INTRAVASCULAR GILL BUBBLES
+ indicates bubbles were present.

- indicates bubbles were not present.

pOo - in mmHg.

FISH NO. BUBBLES? pOs

A1
A2
A3
A4
A5
A6
B1
B2
B3
B4
B5
B6

+

+

+

100
100
100
100
100
100
100
100
100
100
100
100

FISHNO. BUBBLES? pOo

C1
c2
c3
C4
C5
C6
4-7
4-8
4-9
4-10
4-11
4-12

125
125
125
125
125
125
183
183
183
183
183
183



TIME TO MORTALITY VERSUS WATER pO2 177
FOR CONSTANT TOTAL GAS PRESSURE
TGP = 1.15 Atms.
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FIGURE 74: Time to Mortality Versus Water pOg for Constorfr TGP.
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5.6.5 OTHER RESULTS: In addition to the resuits described above, several

supplemental studies were performed during the Phase Il experiments. For example,
tissue samples were periodically taken from muscle, liver and heart for microscopic
examination. When intravascular bubbles were found in the gill lamella, intravascular
bubbles were frequently found in the other tissue samples as well. Although bubbles
were found less frequently in heart and liver tissue, they were again of intravascular

origin.

During experiments at a water TGP of 1.19 Atms., three fish, not included in those
described above, were prematurely killed when their blood showed an initial rise in
hematocrit and before the development of external stress symptoms (i.e. violent
swimming). In each case, intravascular bubbles had started to grow in the gill lamelia.
The degree of bubble development, however, was not as severe as seen in other fish
at the same TGP just before death. This observation, combined with the blood
pressure response of the Phase | experiments, imply that intravascular bubble growth
in the gill lamella begins early and is not the result of declines in blood pressure just

before death.

Similarly, two fish exposed to a water TGP of 1.12 Atms. were killed after 24 hours of
exposure. This was done to determine if extracorporeal bubble.s were present in the
gills before declines in pOo occurred or the development of severe sub-dermal
bubble growth in the mouth. In both fish it was clear that extracorporeal bubbles were
present between gill lamella. Again, as with intravascular bubbles, the degree of

development was not as severe as that seen much later in the exposure period.
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5.7 DISCUSSION OF PHASE Il RESULTS

The results of these experiments confirm the observations of the Phase |
experimental studies and refine the definition of bubble growth thresholds. In addition,
significant information was added to the understanding of bubble growth and the

physiological response of fish to this growth.

As with the Phase | experiments, fish that experienced severe forms of sub-dermal
bubble growth on the external skin also showed signs of minor hemorrhaging from
lesions produced by these bubbles. However, the lesions were not considered to be
severe enough, compared to other symptoms, as to contribute significantly to death

of any of the animals.

5.7.1 EXTRACORPOREAL AND SUB-DERMAL BUBBLE GROWTH THRESHOLDS:
Although fish of the Phase | experiments showed no response to supersaturation at a
water TGP of 1.10 Atms., the Phase Il experimental animals did show a limited
response at 1.10 Atms. This difference between the two experimental Phases was
most likely due to the number of fish examined. It was clear in the Phase |l studies
that the 1.10 to 1.12 Atms. TGP threshold applies not only to sub-dermal bubble
growth in external epithelium tissue, but also to the growth of extracorporeal bubbles
between gill lamella. However, it was not possible to demonstrate that sub-dermal
bubble growth in the mouth, extracorporeal bubble growth in the gill lamelia or the
two acting in concert was the primary or contributing cause of mortality at the lower
TGP levels. However, it was clear that in this range of TGP, arterial pO, and pH
declined with increasing exposure time; thus. indicating a progressive blockage of the

respiratory pathway. The only apparent mechanical means for this blockage were the
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sub-dermal bubbles in the mouth and extracorporeal bubbles in the gills. Thus there

is at least a correlation of mortality, blockage of respiratory pathways and the two

forms of bubble growth in this narrow range of water TGP.

It was not possible to define the lower bubble growth threshold more precisely than
the TGP range of 1.10 to 1.12 Atms. This was clearly due to the variability in the
response of the animals. The source of this variability is not known. However,
because the time to mortality is quite long in this range of TGP, factors such as fish
health, handling stress and water quality are probably important considerations.
Using this range (1.10 to 1.12 Atms.) for the extracorporeal and sub-dermal bubble
growth thresholds, the radius of critical nuclei back calculated from Equation 6 is 12 -

14 uM.

5.7.2 INTRAVASCULAR BUBBLE GROWTH THRESHOLDS: The results of the
Phase Il experiments clearly show the existence of a threshold for intravascular
bubble growth in fish exposed to supersaturated water. This conclusion is based
primarily on the observation of bubbles in the gill vasculature and the significant
changes in hematocrit. A clear definition of this threshold could not be obtained from
the results of the Phase Il experiments. Again, the large variability in the response of
the animals coupled with unknown variations in stress produced by sub-dermal and
extracorporeal bubble growth clouded the response. Furthermore, as shown in the
theoretical section, fish exhibit a large variation in the ratio of arterial pOo to water
pO» (the gill uptake ratio in Equation 4). This is no doubt a contributing factor in the
variability observed. Nevertheless, the results of the Series 1 through 5 experiments
show that the intravascular bubble growth threshold is in the TGP range of 1.15 to
1.19 Atms. for water pO» between 185 and 201 mmHg. If only the un-cannulated
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fish of these series are considered, the threshold appears to be in a TGP range of

1.16t0 1.19 Atms.

The experimentally derived dependence of intravascular bubble growth thresholds on
water pO5 can be obtained by combining the thresholds indicated in the various
series (Series 1 through 5 and Series 7) with the data of Rucker (1975 and Section
5.6.4 above). The combined data are plotted in Figure 75 as a function of water pO».
Shown in this plot are only data for un-cannulated fish of the Phase Il studies. The
arrows indicate the range of TGP and pOs in which the various thresholds are
indicated to lie. The individual data records are identified in the legend on the figure.
Also plotted on the graph are the theoretical predictions of Equation 4 for various
sizes of nucleation sites. The theoretical curves are for an oxygen uptake ratio of
0.79, a water temperature of 5 to 12 ° C. and sea level atmospheric pressure. In
Figure 75, the experimental thresholds correlate well with theoretical threshoids
based on a critical nuclei radius of 12 to 14 uM. This observation is important in
terms of the size of arteries in which the bubbles were found. This radius is
approximately twice that of Rainbow trout red blood cells (Heming, 1984a; Mott,
1957 and Smith, 1952). As pointed out in the theoretical section, arteries of the
secondary lamelia have characteristic widths comparable to the diameter of red blood
cells. This implies that nuclei and bubbles could not exist in the secondary lamella.
As shown in the results section, with one exception, all lamella examined had bubbles
only in the filamentary arteries (Figures 63 and 64). In the one gill segment that had a
bubble in a secondary lamella, it was clear that its origin was in the much larger
filamentary artery supplying the secondary lamella. This was observed in a single fish
exposed to the highest level of TGP in the Phase Il experiments. Thus, the size of

nuclei is consistent with the size of gill vessels in which bubbles were found.
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It should be recognized that bubbles are probably growing in other locations within

the animal. As mentioned in the results section above, bubbles were found in muscle,
heart and liver tissue samples. Smith (1988) and Nebeker et a/. (1976b) and Dawley
and Ebel (1975) have also shown intravascular bubbles to be present in these
organs. As with the gill vascular bubbles, the indicated size of the critical nuclei are
larger than the characteristic dimensions of capillary beds. Thus, these nuclei would
have to exist in vessels the size of arterioles or larger. Considering the variation of
blood pressure and pO» in the circulatory'system (Section 3, above), the most

favorable location still falls to the arterioles just upstream of the capillary beds.

5.7.3 BUBBLE GROWTH AT LOW TGP LEVELS: In the Phase Il experiments, there
were unique physiological characteristics associated with each form of bubble
growth. In many cases these characteristics correlate with time to mortality for each

bubble growth threshold.

Sub-dermal Bubble Growth: This form of bubble growth took considerable time to
develop at the lower levels of water TGP (1.12 to 1.15 Atms.). However, based on
the size of bubbles, it appears that blisters in the buccal cavity grow more quickly than
blisters formed on the opercula flaps or other external surfaces. All sub-dermal
bubbles were present at TGP levels well below the thresholds for intravascular bubble
growth. This implies that the gas transport pathway for this form of bubble growth is
directly from the water to skin, and does not involve the circulatory system. If the
circulatory system were involved, one would expect sub-dermal bubbles only at the
same levels of TGP that initiate intravascular bubble growth. Furthermore, because
the bubbles appear just beneath the epithelium cell layer, it is presumed that utilization

of oxygen by these cells will have little effect on pOo concentrations in the immediate
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vicinity of bubble nuclei. In effect, the nuclei involved in these bubbles will see

dissolved oxygen tensions close to those of the environmental water. Thus, the value
of the uptake ratio (F) will be very close to 1.0. Based on the thresholds indicated for
this form of bubble growth, nuclei are again about 12 - 14 uM. in radius, as calculated

from Equation 6.

Extracorporeal Bubble Growth Between Gill Lamella: As suggested by the
supplemental experiments described in the results section, these bubbles appear to

develop early during exposure to supersaturated water. Furthermore, the size of
these bubbles appears to be related to water TGP levels with size increasing as TGP
increases. This is a reasonable conclusion since, as shown in Section 3, higher TGP
levels lead to higher rates of bubble growth. Although extracorporeal bubbles were
.Iarger at higher) levels of TGP, there were fewer present or they were entirely absent
once TGP levels rose above 1.15 Atms. Presumably, this was because the larger
bubbles could be easily dislodged by the respiratory water flow. This observation
offers an explanation for the two thresholds noted in the database analysis for
Chinook salmon over 50 mm. in length. It will be recalled there was a transition from
one mechanism of mortality to another at a watér TGP of 1.15 Atms. Furthermore,
there was a sharp discontinuity in the time to mortality at this TGP. Thus, if
extracorporeal bubbles are no longer present above a TGP of 1.15 Atms., sub-dermal
bubbles by themselves may not be enough to cause mortality. On the other hand, if a
TGP of 1.15 is the threshold for intravascular bubble growth, this mechanism of
mortality may become effective above 1.15 Atms. and involve different times to
mortality. Thus, a transition from one mechanism of mortality to another may in fact

be occurring.
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Epithelial Tissue Cells: It is not clear whether extracorporeal bubbles in the gills

originate on nuclei associated with the epithelium tissue of the lamella or on nuclei
free in the water and carried to those locations by respiration. However, the critical
radius back calculated from Equation 6 is again 12 - 14 uM. |t is of interest to
consider this dimension in relation to the size of tissue cells that make up the mucosal

epithelial surfaces of fish gills.

Laurent (1984) describes several types of cells that populate the external surfaces of
Rainbow trout gills. It is significant that of these cells, both chloride and squamous
cells, have characteristic dimensions on the order of 10 -12 uM. in radius. Chloride
cells appear as natural depressions in the epithelial surface. As pointed out by
Harvey (1951), nuclei are frequently created by microscopic discontinuities in
surfaces. Thus, based on their size and geometry, the chloride cells appear to be

likely candidates for bubble nuclei.

When squamous and other epithelial cells die, they are removed from the epithelial
surface. The dead cells are eventually replaced by new cells that grow upward from
beneath the old cell. However, before the dead cell is completely replaced, there is a
~ temporary discontinuity in the surface about the size of the dead cell. This
discontinuity may also become a temporary nucleation site for bubble growth. In
Figure 28b of Laurent (1984), both chloride cells and depressions in squamous cells
are clearly seen in photographs of the gill external epithelial surface. Although
somewhat circumstantial, the cells that make up the external epithelial surface of the
gill may, at one time or another, be nucleation sites for extracorporeal bubble growth

in the gills.
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For intravascular bubble growth, it is not known if nucleation sites are directly

associated with the cells lining the circulatory system. The difficulty in establishing
such a relationship is that the dimensions of these cells in fish are unknown. The only
conclusion to be drawn regarding intravascular bubbles is that the dimensions of the
effective nucleation site radius back calculated from the experimental data are of the

same order as those of the gill epithelial cells.

it is reasonable to assume that nucleation sites free in the environmental water may
be carried into gill lamella by respiratory water flow. For example, water below dam
spillways is often filled with bubbles. Many water sources carry a high loading of large
silt particles. Thus, nucleation sites of considerable size could be carried into gill
lamella and initiate extracorporeal bubble growth at very low levels of TGP. In fact,
Bouck (1980) reports observing bubbles in the gills of fish exposed to TGP levels of
1.03 Atms. Unfortunately, he did not specify whether the bubbles were of

intravascular or extracorporeal origin.

Time to Mortality: Theory predicts that bubbles grow rapidly in the environmental
water (Section 3). The Phase Il experiments confirm the presence of these bubbles
early in the exposure process. It is difficult, however, to explain the long time to
mortality seen in the low ranges of TGP (1.10 to 1.15 Atms.) in terms of
extracorporeal bubble growth alone. It appears that the time to mortality is also
dependent on the much slower growing sub-dermal bubbles formed in the lining of
the mouth. As mentioned in the results section, these bubbles are of a size and
number that could easily block the flow of respiratory water. Although this hypothesis
cannot be verified with the Phase |l results, it is, at present, the most likely explanation

for the times to mortality observed in the experiments. This does not imply that
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extracorporeal bubbles are uninvolved in mortality. However, it does suggest that

extracorporeal bubbles, alone, cannot produce mortality.

5.7.4 BUBBLE GROWTH AT HIGH TGP LEVELS:

Intravascular Bubble Growth: The Phase i experiments demonstrate that, at high
levels of TGP, bubbles form in the gill vasculature before the decline in blood pressure
that precedes death. Thus, an explanation is needed for this bubble growth in the
face of the high vascular system pressures in the gills. As pointed out in the
discussion of Phase | results, resting fish perfuse only about 2/3 of the available
lamella with blood (Farrell et al., 1979). The remaining lamella are recruited when
conditions of hypoxia or exercise demanded additional oxygen. Until that time the
lamella are closed off and do not respond until elevated system pressure forces them
open (Farrell et al., 1979). Farrell and co-workers observed that the dormant lamella
are the secondary lamella lying at the distal ends of the primary lamella. In the Phase
Il experiments it was noted that intravascular bubble formation also began in the distal
ends of the primary lamella. Thus, if these regions are closed off, system pressures
may be significantly lower than in the perfused lamella. This would allow bubble
growth to begin on nuclei smaller than those required for bubble growth in the higher
pressure regions of the gill vasculature (see Figure 1, Section 3). It will be recalled
from Section 3 that, once a bubble begins to grow, it effectively becomes a
progressively larger nucleation site. It can then continue to grow in the face of lower
TGP or increased system pressure. Thus, once the critical size limitation is
overcome, bubbles originating in the closed off regions of the lamella can proceed to

grow into the perfused, higher pressure regions of the gill vasculature without
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collapse. Although much of this argument is based on circumstantial evidence, it

offers the most plausible explanation for the existence of these bubbles.

5.7.5 TIME TO MORTALITY: As with mortalites involving combinations of
extracorporeal gill and sub-dermal buccal cavity bubble growth, it is difficult to explain -
the time to mortality based on the time required for intravascular bubbles to grow. Aé
shown in Section 3, times for bubble growth are predicted to be on the order of
several hours. On the other hand, except at very high levels of TGP, time to mortality
is on the order of a hundred hours or more (Figure 46). There are several possible
explanations for the difference between the two. Since the following explanations are
not mutually exclusive, the actual cause may involve a combination of these
explanations. First, it will be recalled from Section 3 that as bubble volume is added
to the vascular system, there will eventually be an increase in system pressure. This
was clearly evident in the Phase | experimental results. When system pressure rises,
bubble growth will slow or cease completely. The continuation of growth beyond this
point will depend on how rapidly water is removed from the cardiovascular system.
As shown by the Phase | and Phase Il hematocrit measurements, there is a net
removal of water from the vascular system at the higher levels of TGP. Thus, bubble

growth may be delayed by the process of water removal.

As pointed out earlier, the initially rapid growth of bubbles will occur only until the
bubbles block the arteries in which they are located. At that point blood flow will stop
and the diffusion of gases to bubbles will be altered. For a bubble in the filamentary
arteries of the primary lamella, growth is by direct diffusion of dissolved gases from
the water to the bubble. Therefore, these bubbles should continue to grow even after

they block the artery. As pointed out earlier, growth may continue even as the
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bubbles advance into regions of higher system pressure. In the case of bubbles

growing in tissue arteries and arterioles, growth will slow once the artery or arteriole
becomes blocked. As pointed out in Section 3, once blood flow stops, the movement
of dissolved gas to the bubble will be by diffusion alone through a very long diffusion
pathway. Because diffusion gradients continue to decline in this process, rates of

bubble growth should slow dramatically.

5.7.6 RESPONSE TO HYPOXIA: As with the Phase | studies, mortality at all levels of
TGP above 1.1 Atms. seems to be related to acute hypoxia caused by blockage of
respiratory pathways. The mechanisms leading to this blockage appear to be various

forms of extracorporeal, sub-dermal and intravascular bubble growth.

Hypoxia between TGP’s of 1.10 and 1.15 Atms.: In this range of dissolved gas

tension, the decline in pO5 appears to be the result of reduced delivery of oxygen to
the blood caused by blockage of respiratory water flow. The blockage of this flow will
also reduce the rate at which fish can remove CO5 and other metabolic wastes by
way of the gills. Therefore, as blood COo concentrations increase, blood pH will
decline. It has been shown that, under hypercapnia, Rainbow trout are able to
recover from a similar type of respiratory acidosis. That is, with time, they are able to
restore blood pH to near normal conditions (Heisler, 1984). This is accomplished
through an accumulation of bicarbonate and other ionic adjustments taking place
through exchange mechanisms on the gill membrane (Heisler, 1984). In the Phase I
experiments, there was no evidence that fish were able to achieve this compensation.
This failure to compensate may also be caused by the blockage of respiratory water
flow. That is, the blockage impedes the rate of ionic exchanges that normally take

place through the gill membrane. In this situation, there would be an internal buildup



190
of all metabolites including ammonia. Recently, it has been shown that ammonia

facilitates the removal of CO» (Wright et al., 1987). Ammonia excreted into the
water flowing over the gill lamella provides a sink for protons produced by the
ionization of carbonic acid. This causes the catalyzed CO5 - HyO reaction to favor
the production of bicarbonate in the gill water boundary layer. Thus, high CO»o
gradients are maintained between blood and water. A reduction in this gradient
would reduce CO5 excretion by the animal and thereby lower biood pH. These
conditions should exist regardless of whether reductions in oxygen uptake and
metabolite excretion is the result of reduced water flow over the gills or the blockage

of blood flow in portions of the gills.

Response above a TGP of 1.15 Atms.: The Phase |l experiments leave littie doubt

that bubble formation in the gill filamentary arteries occurs above a water TGP of 1.15
to 1.16 Atms. They also confirm that declines in arterial pOo and pH continued at the
higher levels of TGP with the rate of decline increasing with water TGP. It is also clear
that these declines correlate with the appearance of intravascular bubbles. At TGP
levels near 1.15 Atms., extracorporeal bubbles are still present in giill lamella and may
account for a portion of the pOo and pH response. However, as noted in the results,
sub-dermal blisters were few or non-existent at the higher levels of TGP. Also, as in
the Phase | experiments, extracorporeal bubbles became larger but less numerous
as water TGP increased. As discussed earlier, the reason for fewer bubbles may be
that the larger bubbles are more easily disiodged by the respiratory water flow. At
TGP levels above 1.19 Atms., the number of extracorporeal bubbles were so few that
it is difficult to see how they would contribute significantly to the declining arterial pO».
Thus, the explanation for the declining'pOo may be the result of reduced blood transit

time through the gill lamella. As described in the discussion of Phase | experimental
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results, a partial blockage of the gill lamella will increase blood velocities in other

lamella. If cardiac output does not fall, blood velocity will increase inversely with the
fraction of arteries that are open. That is, velocity will double if half of the arteries are
open or quadruple if only one fourth of the arteries are open. Randall (1982) presents
information on the equilibration time for the oxygenation of blood in secondary lamella
of Rainbow trout. Figure 11 of the reference shows that residence time in secondary
lamella must fall below one second before there is a drop in arterial pO,. Randall
calculates that for fully perfused secondary lamella, blood residence time in the
lamella is about 3 seconds. Residence time falls to two seconds for a one third
blockage of the secondary lamella. The data of Randall (1982) imply a residence time
of 0.7 seconds in the secondary lamella is needed to achieve a 60% decline in arterial
pO»,. This level of pOo decline was common in the Phase Il experiments. Assuming
an inverse relationship between blockage and residence time, this would correspond
to a blockage of at least 75% of the secondary lamella. it was observed that fish in
the Series 5 experiments (T GP = 1.19 Atms.), often had three quarters or more of the
gill vasculature blocked by bubbles. This would correspond to a level of severity of 3
on the scale used. It will be recalled that bubbles were actually found in the
filamentary arteries of the primary lamella. These bubbles would effectively block all
secondary lamella at and distal to the bubble. Thus, reduced blood transit time could
explain the declines in pO5 and perhaps the declines in blood pH as well. That is, if
oxygen delivery is slowed, it would be reasonable to assume that reduced transit

times would also slow the removal of CO5 and other metabolic wastes.

Respiratory Performance: In addition to the cardiovascular response observed in the
various Phase Il experiments, hypoxia elicits certain characteristic respiratory

adjustments in Rainbow trout. Holeton and Randall (1967a,b) and Thomas and



192
Hughes (1982) have shown that, under conditions of hypoxia, Rainbow trout will

increase respiratory water flow in order to maintain oxygen delivery to the blood. This
increase is accomplished by increases in both respiratory frequency and ventilation
volume. The largest component of the increase is that in ventilation volume (Holeton
and Randall, 1967a,b). This response was clearly observed in the Series 7
experiments where both ventilation volume and frequency increased with time (Figure
65). A comparison was made of the relationship between ventilation volume and
frequency of these experiments with data from Davis and Cameron (1971), and
iwama (1986). In the Davis and Cameron experiments, respiration was examined in
Rainbow trout exposed to hypoxia. Iwama looked at these parameters as a function
of head differences across the respiratory system. The notable difference between
the Phase 1l experimental data and that of Davis and Cameron and iwama is that fish
in the Series 7 experiments had lower ventilation volumes in relation to ventilation
frequency. It could be concluded that the lower ventilation volumes of the Series 7
experiments were due to blockage of respiratory water flow by bubbles. However,
without a comparison of hematocrit and other physiological parameters among the
various fish, this conclusion is somewhat tenuous. On the other hand, the presence
of extracorporeal bubbles in the gills will undoubtedly increase the resistance to water
flow through the gills. This will eventually require some form of compensatory

adjustment by the fish in respiration frequency and/or volume.

Catacholamines: Exercising fish exhibit catacholamine levels at least an order of
magnitude greater than those found in fish of the Series 6 ‘experiments (Primmett et
al., 1986). Thus, in spite of the trends shown in Figures 71 and 72, the fish do not
appear to be highly stressed (as indicated by the catacholamine levels). However,

other factors may prevent the measured catacholamine levels from being accurate
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indicators of stress. For example, with the blockage of blood flow by bubbles, it is

possible that catacholamines released into the blood may not appear at the dorsal
aorta. Furthermore, bubbles have been observed in the spinal columns of salmon
exposed to supersaturated water (Stroud, Bouck and Nebeker, 1975). These
bubbleé could interfere with reflex neural pathways and inhibit the release of
catacholamines. With this combination of blockage mechanisms it is not surprising

that catacholamine levels were not elevated to levels characteristic of stressed fish.
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6.0 CONCLUDING DISCUSSION

The two phases of experimental study confirm the existence of thresholds associated
with various forms of bubble growth in fish exposed to supersaturated water. These
thresholds correlate with thresholds for mortality observed during the experiments as
well as with mortality threshold data from the literature. Furthermore, with the
definition of a gill oxygen uptake ratio and a critical nucleation site radius, the
thresholds can be are predicted using bubble growth threshold equations derived by
this author. A mortality threshold occurring at water TGP levels between 1.10 and
1.12 Atms. corresponds to thresholds for the growth of extracorporeal gill bubbles
and sub-dermal bubbles in the buccal cavity. A mortality threshold occurring at water
TGP levels of 1.15 to 1.18 Atms. correlates with thresholds for intravascular bubble

growth occurring in the TGP range of 1.16 to 1.19 Atms.

However, in spite of these correlations, the direct implication of bubbles in the death
of fish remains somewhat circumstantial. Still, several experimental observations
combined with components of physiological stress measured during the experiments
support the hypothesis that bubbles are the principal cause of death. First, all fish
exposed to supersaturated water above a TGP of 1.12 Atms. exhibited declines in
arterial pOo and pH. In most cases, arterial pO» measurements taken just before
death showed blood pO5 levels were near or below those corresponding to acute
hypoxia for Rainbow trout. This was at times when water pO5 levels were in
equilibrium with atmospheric oxygen or even supersaturated with oxygen. The
reductions in blood oxygen tension were clearly due to impaired movement of
respiratory gases and not reduced ventilation effort on the part of the fish.

Experiments with van Dam respiratory chambers showed that ventilation frequency
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and volume were in fact elevated during exposure to supersaturated water. Detailed

examination of intravascular as well as extracorporeal bubbles in gill lamella and sub-
dermal bubbles in the lining of the mouth indicated that these were the only forms of
mechanical blockade that could account for low arterial oxygen. Thus, the only
plausible conclusion is that bubbles are involved in the hypoxic response of fish

exposed to supersaturated water.

The combination of extracorporeal bubbles in gill lamella and sub-dermal bubbles in
the lining of the mouth appear to block respiratory water flow at TGP levels between
1.1 and 1.15 Atms. Above a TGP of 1.15 Atms., intravascular bubbles block biood
flow in the filamentary arteries of gill lamella. This should produce an accelerated
blood flow in the remaining unblocked arteries. Higher blood velocities reduce transit
time in secondary lamella to the point where full oxygenation of the blood does not

occur and pO5 levels drop.

It remains unclear whether hypoxia by itself is the cause of mortality in fish exposed to
supersaturated water. As indicated in the discussions of the Phase | and Phase I
results, a mechanical blockage of the respiratory pathways more than likely blocks or
impedes the removal of CO5 and ammonia from the animal. In addition, other ionic
exchanges at the gill may be disrupted. Therefore, the potential exists for the
physiological insult caused by hypoxia to be compounded by other factors. In
addition, data from the literature show that neural functions may be disrupted by
bubbles forming in the spinal columns of fish. It is conceivable that these bubbles can
block the normal responses to the applied stresses and reduce survival capability
even further. It should be noted that no GBT related deaths occurred that were not

accompanied by decreases in arterial pO2 and pH. Therefore, it is concluded that
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hypoxia is a significant contributor to the death of fish exposed to supersaturated

water.

The transition from a lower TGP threshold at 1.10 to 1.12 Atms. to an upper threshold
between 1.16 and 1.19 Atms. appears to involve a shift in the bubble related
mechanisms that lead to mortality. At the lower threshold, sub-dermal bubbles in the
lining of the mouth and extracorporeal bubbles in gill lamella appear to be the only
forms of blockage to the movement of respiratory gases. As water TGP increases,
both the sub-dermal and extracorporeal bubbles become larger while time to
mortality decreases. However, at a water TGP above 1.15 Atms., the extracorporeal
bubbles become fewer and even disappear as TGP is increased further. This
appears to be the result of the larger bubbles being more easily dislodged by
respiratory water flow. Furthermore, as water TGP increases above 1.15 Atms., sub-
dermal bubbles in the lining of the mouth are not as large at death or are absent
entirely. Apparently, this is due to the rapid onset of mortality caused by intravascular
bubbles that occur at higher levels of TGP. At water TGP levels somewhere between
1.16 and 1.19 Atms., intravascular bubble formation begins and time to mortality
again decreases with increasing TGP. This sequence correlates with data from the
literature which suggest that during this transition there is a region of TGP that offers
some relief to the fish. That is, for Chinook salmon' greater than 50 mm. in length,
time to mortality jumps from just a few hours at a TGP of 1.15 Atms. to about 100
hours at slightly higher levels of TGP. However, from the 100 hour level, time to
mortality again declines as water TGP increases further. The transition in time to
mortality may be due to the reduced number of extracorporeal gill bubbles and

smaller sub-dermal bubbles in the mouth.
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Using the threshold equations to back calculate an effective nuclei radius, it is found

that a radius of 12 to 14 uM. is common to all forms of bubble growth. It was shown
that this dimension is also characteristic of epithelium cells lining the mucosal
surfaces of the gill. The coincidence of these dimensions is significant and may

explain the origin of nucleation sites for bubble growth.

Using 12 uM. as an effective nucleation radius, the theoretical threshold equations
can be written in a final form. These are shown below as Equations 16, 17 and 18.
The oxygen uptake ratio, F, has been taken as 0.79 for intravascular bubble growth
and 0.85 for swimbladder overinflation. These values of F should apply for water pOo
levels ranging from 70 to 350 mmHg. For higher or lower water pOo levels,
adjustments will have to be made in the F parameter based on the data of Figure 5 .
The equations have been plotted for sea level atmospheric pressure and a water

temperature of 5 to 15° C. as shown in Figure 76.

THRESHOLD CRITERIA FOR BUBBLE GROWTH IN THE VASCULAR SYSTEM
TGPgy =2 Paym + 73.1'h + 0.21-p0Oo + 83.0

Equation 16

THRESHOLD CRITERIA FOR OVERINFLATION OF THE SWIMBLADDER
TGPgg = Patm + 73.1h + 0.15.p05

Equation 17
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THRESHOLD CRITERIA FOR BUBBLE GROWTH IN ENVIRONMENTAL WATER
TGPEW > PAtm + 73.1‘h + 83.0

Equation 18

In conclusion, threshold equations 16, 17 and 18 shown plotted in Figure 76 provide
useful predictive tools for persons working in the fields of fisheries, aquaculture or
environmental impact assessment. For example, hyperoxic environments are now
being used to increase carrying capacity of hatchery aquaculture operations. Often
this is done by raising dissolved oxygen levels without compensating reductions in
dissolved nitrogen levels. Therefore, water can become supersaturated with these
dissolved gases. Equations 16, 17 and 18 can be used to determine the limits of
oxygenation before symptoms of GBT will appear in fish. In situations where hatchery
water is naturally supersaturated, the threshold equations can be used to establish
criteria for the design of aeration systems to reduce dissolved gas tensions. Another
example of a situation in which the threshold equations would have application
involves hydroelectric dams. Often the level of supersaturation below a dam is related
to the volume of water that is spilled over the dam (White et a/., 1986). In some
cases, minor adjustments to the spillway flow can reduce supersaturation below
threshold levels and avoid harm to fish populations below the dam. As a final
example, unexplained fish kills often occur in the freshwater and marine environments
during ‘periods of intense photosynthetic activity. Providing dissolved gas data are
available at these times, the threshold equations will show whether or not

supersaturation is a factor in these mortalities.
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APPENDIX A

DERIVATION OF BUBBLE GROWTH THRESHOLD EQUATIONS

This derivation begins with the development of an equation for the growth of bubbles
in the cardiovascular systems of fish exposed to supersaturated water. In the
derivation, it will be assumed that bubble growth occurs under isothermal conditions
and that inertial effects are negligible (i.e. the growth process is diffusion limited -
Hseih, 1865). Furthermore, it will be assumed that the diffusing gases are oxygen,
nitrogen and water vapor and that they obey the perfect gas law. in addition, it will be
assumed that the principal resistance to gaseous diffusion lies in the water or plasma
phase, that the interior of the bubble is of uniform compasition and the gas and liquid
phases are inviscid. Finally, the partial pressure of water vapor in the bubble will be

taken as the saturated vapor pressure of water at the isothermal temperature.

By the perfect gas law the number of moles of oxygen in a bubble (ngp ) within the
vascular system is given by:
4-ﬂ-r3-p0b

nop = Eq. Al
3-R/-T

where r is the radius of the bubble.

Similarly, for nitrogen:

4-w-r3-pr Eq. A2

nNNp =
3.R’-T

In Equations A1 and A2, pgp and pyp are the partial pressures of oxygen and
nitrogen in the bubble, R’ is the universal gas constant and T is the absolute

temperature. The total pressure of gases in the bubble, Pt, is given by:
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Pt = pop * PNnp + PH20 Eq. A3

where, pH20 is the vapor pressure of water at temperature T.

Laplaces Equation defines the balance of pressure and surface tension forces acting
on the bubble and is given by:
2.0

Pt = Pe + — Eq. A4
r

where Pe is the pressure in the liquid external to the bubble. For this derivation Pe is

defined as:

Pe = Pa¢p. T P-g-h + Ps Eq. A5

where Paym , . 1, h, and Ps are the atmospheric pressure, the density of water,
depth of fish in water column and system pressure where bubble growth is occurring.
g is the gravitational constant. Equations A3 and A4 can be combined to give:

2.0

Pop * PNp * PH20 = Ppyp. + prg-h + Ps + Eq. A6

r

Solving for pnp in Equation A6 and substituting the results in Equation A2 gives:

Np = ;—;7—;-( Pe-r3 + 2.0-¥r2 - pgy-r3 - pyyo rl) Eq. A7

Equation A7 can be differentiated with respect to time to give:
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dnyp 4.7 dr
= l:( 3.Pe.r2 + 4.-0-r - 3pobr2 - 3pH20r2)___
dt 3-R’-T dt
5 9Pob
-r-.——— } - Eq. A8
dt

_Equation A1 can be differentiated with respect to time to give:

dt 3-R/.T

dngp 4.7 [ 3 dPop rl.dr ]
. r .
dt dt

Equations A8 and A9 give the time rate of change in the number of moles of oxygen
and nitrogen in the bubble. This change must be balanced by the rate of diffusion of
these gases into the bubble. The diffusion equations for the movement of gases

into the bubble can be written as follows.

= Ho.ko.4.7r.r2.(pop - pOb) Eq. AlO
dt
anb

= HN.kN.4.ﬂ.r2.(pr - PNb) Eg. All
dt
where,

ko = mass transfer coefficient for oxygen
kN = mass transfer coefficient for nitrogen
POp = partial pressure of oxygen in plasma

PNp = partial pressure of nitrogen in plasma

Hp = Henrys constant for oxygen

HN

Henrys constant for nitrogen
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Using Equation A5 and A6, Equation A11 can be written as:

anb
dt

20

Equating Equations A9 and A10 and Equations A8 and A12 gives two equations that
can be combined into a single equation for the rate of change in bubble radius with

time. The resulting equation is:

2.0
r

dt

4.0
(Pe + — - pHZO)

3r Eqg. A13

Nitrogen, in the vascular system of a fish, is biologically inert. Once gases in the fish
are in a steady state relative to those in the water, p\p, should be the same as the
partial pressure of nitrogen in the environmental water (py2). Thus, PNp = pN2. On
the other hand, oxygen is biologically active and in a state of constant transport from
the water to the vascular system. Due to mass transport resistances at the gill
membrane and utilization of oxygen by the gill, plasma dissolved oxygen partial
pressure will be reduced from that of the water. Defining F as the ratio of the partial

pressure of oxygen in the plasma to that of the environmental water,

pOp = F'po2 .
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Finally, the Total Gas Pressure (TGP) in the environmental water is related to the

component dissolved gases by:
TGP = pO2 + pN2 + pH20

Incorporating these expressions into Equation A13 yields:

2:0
[ i . . . - . . —_— -
. R''T [Ho L [F pO2 pob) + Hy ky [Pe + Pop * PO2 TGP]:l
r r
dt 4.0
( Pe + - pH20 }
3'r

Eq. A14

For a bubble that is not growing, dr/dt in the above equation is equal to zero. For
bubble growth, dr/dt must be positive. Based on this growth criteria, the following

criteria can be developed from Equation A14. For bubble growth:

2-a
Ho~ko-(F~p02 - pob) + HN-kN- [Pe + -'r— - Pob + Po2 ~ TGP] 2 0

or,
20
TGP > Pe + - Po2  (K-F = 1) = (1 - K) pgp Eq. Al5
To
ko-Hg
where K is defined as: K= —
ky-Hy

and rq is the initial radius of the bubble nucleus from which

growth begins. Expanding Pe, Equation A15 becomes:
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2.0

TGP 2 Patpm + Ps + p-g-h + - Poy (K-F - 1) = (1 - K) -pop

o

Eq.A16

Thus, Equation A 16 is the general threshold equation for bubble growth inthe

vascular systems of fish exposed to supersaturated water.

Because the swimbladders of physostome fish are highly vascularized with arterial
blood, this organ can also grow in volume as a result of the transfer of supersaturated
gases from the blood into the bladder. Assuming that the swimbladder of a fish acts
like a very large bubble, Equation A 16 can be used to define its threshold for
overinflation. In this case, the nucleus radius, r, is very large. As a result, the
surface tension term, 2-0/r, is very small and can be neglected. Thus, the criteria

for overinflation of the swimbladder becomes:

TGP 2 Ppep, + PS + @-g-h - pO2-(K-F - 1) - (1 - K) Pop
EqQ. A17

Finally, for a bubble in the environmental water, the F term in Equation A16 is 1.0 and

Ps = 0. Thus, for a bubble in the environmental water, the threshold criteria

becomes:

2.0
TGP 2 Ppgp, + @+9+h + — + (K - 1)+ (Pop = PO2) Eq. AlS
o



TABLE I: SOURCES FOR WATER AND DORSAL AORTA pO5 DATA

AUTHOR CODE

© 00N O O b W N

-
o

11
12
13
14
15

Complete references can be found in the bibliography of this thesis.

APPENDIX B

AUTHOR (S)

Cameron, J.C. and Davis, J.C. (1970)
Eddy, F.B. (1977)

Kiceniuk, J.W. and Jones, D.J. (1977)
Stevens, E.D. and Randall, D.J. (1967)
Kiceniuk, J.W. (1969)

Stevens, E.D. (1967)

Holton, G.F. and Randall, D.J. (1967)
Thomas, S. and Hughes, G.M. (1982)
Sovio, A.; Nikinmaa, M.; Nyholm,K. and
Westman, K. (1981)

Hobe, H.; Wood, C.M. and Whetly, M.G.

(1984)

Wood, C.M. and Jackson, E.B. (1880)
Tuurala, H. (1983)

Smith, F.M. and Jones, D.J. (1982)
Spry, D.J. and Wood, C.M. (1985)
Fidler, L.E. (1988)
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TABLE Ii: LIST OF ABBREVIATIONS FOR TABLE Il
AUTHORS: Author code as shown in Table |
WATER PO2: pO5 of environmental water - mmHg.
ARTERIAL PO2: pOs of arterial blood at dorsal aorta - mmHg.
TEMP. C.: Water temperature - deg. C.
NO. SAMP.: Number of samples in measurement.
RECORD NO.: Record number assigned to data set.
Std.Err.W.: Standard error in water pO, measurement.
Std.Err.A.: Standard error in blood pO, measurement.

F RATIO: Ratio of arterial pO» to water pOo.

227



TABLE TII: WATER AND DORSAL AORTA p02 DATA
FROM THE LITERATURE FOR RAINBOM TROUT

AUTHORS MATER P02 RRTERIAL P02 TEMP. C. HO. SANP. PRECORD NO. Std. Err. M. Std. Err.A. F RATIO

1 155.000 133.200 1.001 0.25

2 155.000 117.000 2.001 0.758
3 153.000 137.000 10.00 8 3.001 0.89%
4 135,000 85.000 4.001 0.630
5 152.900 137.000 10.00 8 5.001 1.9¢0 4.230 0.83¢
6 134.000 85.000 13 6.001 0.634
7 30.000 17.600 15.00 27 7.001 2.100 0.587
T 40.000 23.200 15.00 2 7.002 2.100 0.580
T 50.000 26.7%0 15.00 2v 7.003 4.250 0.535
7 60.000 33.050 15.00 27 7.004 3.500 0.551
7 70.0600 45.370 15.00 a7 7.005 4.570 0.648
7 80.000 60.840 15.00 27 7.006 S.980 0.761
7 90.000 67.600 15.00 27 7.007 S.000 0.751
7 100.000 £1.240 15.00 7 7.008 3.870 0.812
7 110.000 87.430 15.00 27 7.009 4.010 0.79%
I3 120.000 91.450 15.00 27 7.01 5.640 0.762
7 130.000 105.710 15.00 27 7.011 3.020 0.213
7 140.000 111.200 15.00 27 7.012 4.290 0.794
v 150.000 121.340 7.013 8.090 0.209
8 155.000 108.000 15.00 6 8.001 3.000 11.000 0.697
S 60.000 23.000 15.00 6 2.002 3.000 6.000 0.383
8 155.000 115.000 15.00 g 8.003 4.000 10.000 0.742
9 155.000 125.730 9.00 9 9.001 6.190 0.811
9 73.580 68.310 9.00 9 9.002 6.540 0.928
K 73.580 63.240 9.00 9 9.003 3.630 0.259
9 73.580 61.890 9.00 3 9.004 9.450 0.84d1
9 155.000 117.150 9.00 9 9.005 4.000 0.756
9 155.000 120.600 9.00 9 9.006 4.360 a.778
9 155.000 116.300 3.00 9 9.007 5.300 0.750
9 155.000 120.630 3.00 E 9.008 2.500 0.778
9 155.000 115.550 9.90 9 9.009 2.900 0.745
10 150.400 105.600 13.00 12 10.001 0.702
10 496.000 376.000 13.00 12 10.002 0.758
10 544,000 356.800 13.00 12 10.003 D.656
10 528.000 329.600 13.00 12 10.004 0.624
10 560.000 360.000 13.00 10 10.005 0.643
11 162.100 111.000 15.00 [ 11.001 14.730 9.820 0.k8E5
i 407.660 314.300 15.00 g 11.002 12,300 29.460 0.771
11 419.4590 315.300 15.00 7 11.003 13,750 18.600 0,752
1 402.750 335.000 15.00 s 11.004 .82 23.600 0.33

1 429.270 336.900 15.00 S 11.005 12.220 19.640 0.78%
11 q71.500 324.160 15.00 S 11.006 14.730 14.730 0,658
11 399.800 343.700 15.00 4 11.007 12,230 22.100 0.87%
12 153.040 113.220 10.00 12.001 0.740

8¢cc



TABLE III: WATER AND DORSAL AORTA p0Z DATA
FRON THE LITERATURE FOR RAINBOW TROUT

AUTHORS WATER P02 ARTERIAL PO2 TENP. C. RECORD NO. Std. Err.R. F RATIO
146.130 120.400 12.002 0.824
51.390 44.410 12.003 0.864
150,040 109.530 13.001 3.000 0.730
93.020 70.520 13.002 6.000 0.758
155.000 116.000 14.001 3.000 0.710
155.000 115.000 14.002 3.000 0.742
155.000 124.000 1 15.007 0.800
155.000 111.000 1 15.008 0.716
155.000 120.000 1 15.009 0.774
155.000 117.000 1 15.01 0,755
155.000 128.000 9.50 1 15.011 0.382¢
155.000 119.000 9.50 1 15.012 0.768
155.000 124.000 3.50 1 15.013 0.800
155.000 117.000 9.50 1 15.014 0.755
155.000 122.000 9.50 1 15.015 0.787
155.000 119.000 9.50 1 15.016 0.768
155.000 115.000 9.50 1 15.017 0.742
155.000 119.000 9.50 1 15.018 0.768
155.000 121.000 9.50 1 15.019 0.781
155.000 122.000 9.50 1 15.02 0.787
155.000 119.000 9.50 1 15.021 0.768
155.000 123.000 9.50 1 15.022 0.794
155.000 121.000 9.50 1 15.023 0.781
155.000 117.000 9.50 1 15.024 0.755
155.000 124.000 9.50 1 15.025 0.%00
155.000 122.000 9.50 1 15.026 0.787
155.000 109.000 9.50 1 15.027 0.703
155.000 119.000 9.50 1 15.028 0.768
155.000 117.000 9.50 1 15.029 0.755
155.000 118.000 9.50 1 15.03 0.761
155.000 123.600 9.50 1 15.031 0.794
155.000 120.000 9.50 1 15.032 0.774
155.000 123.000 9.50 1 15,033 0.794
155.000 118.000 3.50 1 15.034 0.761
155.000 120.000 9.50 1 15.035 0.774
155.000 125.000 9.50 1 15.036 0.806
155.000 118.000 9.50 1 0.761
162.000 130.000 9.50 1 15.037 0.802
162.000 119.000 9.50 1 15.038 0.73%
162.000 128.000 9.50 1 15.039 0.730
162.000 123.000 9.50 1 15.04 0.759
162.000 128.000 3.50 1 15.041 0.790
162.000 122.000 9.50 1 15.042 0.753
183.000 147.000 9.50 1 15.043 0.803
183.000 133.000 9.50 1 15.044 a.v27
183.000 140, 0G0 9.50 1 15,045 0.76%
183.000 137.000 9.50 1 15.046 0.749
183.000 141.000 9.50 1 15.047 0.770

6¢¢



TRBLE III: WATER AND DORSAL RORTR p02 DATA
FROM THE LITERATURE FOR RAINBOM TROUT

AUTHORS WATER PO2 ARTERIAL P02 TEMP. C. NO. SAMP. RECORD NO. Std. Err M. Std. Err.R. F RATIO

is 175.000 137.000

9.50 1 0.7e3
15 175.000 126.000 9.50 1 0.720
15 175.000 133.000 9.50 1 0.760
15 175.000 127.000 9.50 1 0.72¢
15 175.000 135.000 9.50 1 0.771
15 175.000 139.000 9.50 1 0.734
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APPENDIX C: TABLE I: SOURCE OF DATA FOR GBT DATABASE

Author Author(s)

Code

1 Rucker (1975a)

2 Nebeker et al. (1978)

3 Jensen (1980)

4 Ebel (1971)

5 Ebel (1969)

6 Rucker and Kangas (1974)
7 Ebel et al. (1971)

8 Dawley et al. (1976)

9 Weitkamp (1976)

10 Wyatt and Beiningen (1969)
11 Blahm et al. (1974)

12 Meekin and Turner (1974)
13 Dawley and Ebel (1975)

14 Nebeker et al. (1979a)

15 Rucker (1975a)

16 Blahm et al. (1975)

17 Knittel et al. (1980)

18 Stroud and Nebeker (1976)
19 Nebeker et al. (1976a)

20 Coutant and Genoway (1968)
21 Nebeker et al. (1976b) |
22 Nebeker and Brett (1976)
23 Nebeker et al. (1979)

24 Nebeker et a/. (1980)
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TABLE II: LIST OF ABBREVIATIONS USED IN GBT DATABASE
Record: Record number in database
Author: Author data set identity number
Species: Species Code; 1 = Chinook, 2 = Coho, 3 = Sockeye,
4 = Steelhead, 5 = Cutthroat.
Stage: Stage Code; 0 = Eggs, 1 = Alevins, 2 = Fry, 3 = Adult
Length: Fish length in mm.
Weight: Fish weight in gr.
Temp.C.: Water temperature in deg. C.
~ Patm. : Atmospheric pressure in mmHg.
Depth: Water depth in M.
%Mort.: Percent mortality.
Time: Time to mortality in hrs.
TGP%: Total Gas Pressure in percent of Patm.
O2: Partial pressure of dissolved oxygen in mmHg.
N2: Partail pressure of dissolved nitrogen in mmHg.

pH20: Vapor pressure of water at Temp.C.
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Recard Author Auth. No. Species  Stage Length mm Height g Tewp. C  Fatw weHg Depth w2 Mort. Time br TGP 2 02 wrHg 2 mmHg  pHZU meHg

1 1.001 1 1 1 0 0 T.2 758 0 11 1032 T.617
2 1.001 1 1 0 0 0 7.2 (g3 0 13 1560 T.617
3 1.002 1 1 0 0 0 7.2 [ 0 i.4 1560 7.517
4 1.002 1 1 ¢ 0 0 7.2 758 a 1.8 1032 T.ELT
L 1.003 1 1 0 0 0 7.2 758 1} .5 1os2 T.e17
3 1.003 1 1 0 0 0 7.2 758 @ 0.4 1032 7.617
[ 1.003 1 1 a 0 a 7.2 758 0 0.1 1560 T.617
8 1.003 1 1 0 0 0 7.2 [ 0 G.1 1tEn T.RAT
9 2.001 2 4 1 35 0.35 10 754 0.08 &0 =00 9.20%

10 2.001 2 4 1 35 0.3% 10 754 0.08 90 1080 9.208

11 2.001 2 4 1 35 0.35 10 754 0.0g 60 £00 a.z208

12 2.001 2 4 1 35 0.35 10 54 0.08 50 £ez ) 1 9.2008

13 2.001 2 4 1 35 0,35 10 754 0.05 24 240 0 0 9.208

4 2.001 2 4 1 35 0.35 10 754 0.08 7 642 0 0 9,202

5 2.001 2 4 1 35 0.35 10 754 0.08 90 10813 0 0 9.208

16 2.001 2 4 1 35 0.3% 10 754 0.02 10 32 0 0 9.203

v 2.001 2 4 1 35 0.35% 10 754 0.02 [ 720 0 0 q.208

13 2.001 2 4 1 35 0.35 10 754 0.08 25 432 0 0 2

13 2.001 2 4 1 35 0.35 10 754 6.02 20 480 n a

20 2.001 2 4 1 35 0.3% 10 74 0.08 15 420 i I

21 2.001 2 4 1 35 0.35 10 754 0.08 30 L04 I 0

22 2.001 2 4 1 35 0.35 10 754 0.08 88 w0 n 0

23 z2.001 2 q 1 35 0.35 10 754 0.03 93 1200 0 0

24 2.001 2 4 1 35 0.3% 10 754 0.08 40 528 0 Q

25 2.001 2 4 1 35 0.35 10 754 0.08 80 756 0 0 9

26 2.002 2 9 1 35 0.35 10 754 0.08 10 420 0 0 a.2

27 2.002 2 4 1 35 0.35 0 754 0.08 5a E72 i} a 9.:

23 2.002 2 4 1 35 0.35 10 754 0.08 20 cod n 0 9.7

29 Z.a02 2 4 1 35 0.35 10 74 0.08 10 420 a 0 q.:

30 2.002 2 9 1 35 0.35 0. 754 0.08 62 840 1} 0 9

31 2.002 2 4 1 35 0.35 10 754 0.08 55 20 0 0 q.:

32 2.002 2 4 1 35 0.3% 10 754 0.02 40 b12 n i 9

33 2.002 2 q 1 35 0.35 10 754 0.08 60 63 0 i 9

3 2.002 2 4 1 35 0.35 10 754 0.08 38 Sy a 0 9,208

35 .00z 2 4 1 35 0.35 10 [ 0,08 70 1056 0 0 9,205

36 2.002 2 4 1 35 (.35 10 59 0.08 68 960 0 0 9.202

37 2.002 2 4 1 35 0.35 10 (5] .02 30 R&2 n 0 9.20%

38 2.002 2 4 1 35 0.3% 10 75q 0.08 v 1200 0 0 9,202

39 2.002 2 9 1 35 0.35 10 5 0.08 25 £28 0 0 9.202

40 2.002 2 4 1 35 0.35 10 54 0.08 fy 1030 0 0 9.208

41 2.003 2 4 1 35 0.3% 10 754 .08 63 1200 U 0 9,208

42 2.003 2 4 1 35 0.35 10 754 0.03 30 564 0 f 9.208

43 2.003 2 4 1 35 0.35 10 75 6.02 30 240 0 0 q.z2na

44 2.003 2 4 1 35 0.35 10 759 0.98 7.5 &00 0 0 a.203

45 2.003 2 4 1 35 0.3% 10 754 0.08 20 20 0 0 9.208

L[ 2.003 2 4 1 35 0.3% 10 754 0.08 40 e n i 9.2

47 2.003 2 4 1 35 0.3% 1n (L] 0.93 0 ven n i :

43 2.003 2 4 1 35 0.3% 10 754 0.02 25 7z U f

44 2.003 < 4 1 3 0.35 0 754 6.0% 10 Bz 0 0

Eo 2.003 2 4 1 35 235 10 754 0.02 50 103z i 0

c 2.u03 2 4 1 35 0.3% 10 (L] .02 38 60 0 1

12 2.003 Z 4 1 35 0.3% 10 TEd 0.08 og 1nan i £ q.208
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Record Ruthor ARuth. Ho. Species  Stage Length wn Moight g Temp, ©  Fatw mwHg Depthw 2 Hort.  Tiwe v TGF Z 02 wnHg N2 weHy  pHZ0 weHg

105 5.003 S 2 2 0 n o 749 3 70 240 0 n q
106 S.0n9 < Z z 0 0 1] 749 1.5 100 240 i I 1

107 c.01 5 2 2 o 0 Q 749 3.5 5 240 0 0 q
108 S.011 5 2 2 0 0 6 743 [3 12 240 n 9
109 6.001 & 1 1 0 ] 10 TR0 0 & 1520 1765 q
110 6.001 6 1 1 0 1} 10 760 1] 20 -132 17 9

111 6,001 b 1 1 0 i} 10 TR0 0 2% -132 1768 9,203
112 6.001 6 1 1 0 0 10 760 2 3 1090 1765 Q203
113 6.002 6 i 1 0 o 10 TRD 0 S 1010 122.81 9,202
114 6.002 b 1 1 0 0 10 TED n 10 1320 152,51 9.208
115 &.002 6 1 1 1} 0 10 PEO 1} 20 -132 102,81 9,208
116 6.002 [ 1 1 0 0 10 76D 0 25 -132 122,81 9.208
117 6.003 3 1 1 0 0 n 760 0 25 217.5 129,11 9208
11% £.003 3 1 1 ¢ 0 10 760 0 20 728 159,11 9,208
119 6.003 3 1 1 0 0 10 760 a S0 1070 184,11 9,208
120 6.003 6 1 1 1] 0 10 7E0 0 10 725 123,11 q.208
121 6.003 [ 1 1 [ 0 n 76D o 30 250 129,11 Q.202
122 6.003 6 1 1 0 0 10 760 g 53 1320 189,11 T11.34 9.202
123 6.003 b 1 1 0 0 10 760 a 40 70 129,11 T11.54 9.208
124 6.003 [3 1 1 0 U 10 TED @ g 6440 123.11 711.54 q,zi2
1285 6.004 6 1 1 0 0 10 60 1] 3 &S0 195,41 v35.5 3,208
126 6.004 6 1 1 1] 0 10 TR0 n 60 1050 195.41 ¥35.5 9.20%
127 £.004 [3 1 1 0 ] 10 760 b 30 TI0 195.41 T3G.E7 9,208
128 &.004 (2 1 1 0 0 10 TEQ 1] 40 300 195,41 T35.57 3,208
129 £.004 3 1 1 0 0 10 TERA 1] 20 60 195.41 T35.57 9.208%
130 6.004 3 1 1 0 0 10 TR0 a 10 610 195.41 73C.5 9,208
131 6.004 3 1 1 0 0 10 a0 Qa S0 0 195.41 73 9,208
132 6.004 [3 1 1 Q 0 10 TRO 0 25 690 195,41 7 9,208
33 6.4104 € 1 1 Q 0 10 TEQ 0 70 1320 195,41 736,57 9
134 6.00% 6 1 1 Q 1] 10. T60 0 70 490 201,72 789.3 9.20)
35 £.005 6 1 1 [ n 10 e 0 10 B0 201,72 TE3.3 9,2
136 6.00% 6 1 1 0 1] 10 TEQ 0 L] 215 201,72 7€9.3 9.2
137 6.005% 6 1 1 Q 0 10 760 0 20 £SO 201.72 7893 9.208
138 6.005% 6 1 1 0 0 10 760 0 40 76Q 201,72 759.3 9.20%
139 &, 005 6 1 1 a 0 10 TEQ 0 25 620 201,72 TEA.3 9,200
140 6.005 6 1 1 \] 0 by 760 0 s L2 201.72 759.3 9.208
141 6£.005 3 1 1 0 0 10 Te0 0 Te 1320 201,72 T3 9,208
142 6.00% 3 1 i 4] 0 10 760 0 30 10 L, vz 753.3 9.208
143 6.005 [3 1 1 0 0 10 760 Q 60 370 201.72 754.3 9,208
144 6.006 [3 1 1 0 n 2 760 n 25 -204 157.84 677.3 £.045
145 6.006 3 1 1 1] 0 2 g2 Q 10 -204 157.54 67T.3 g.04C
146 6.00¢6 3 1 1 0 ] g 760 1] 20 -204 157.24 6773 2.045
147 6.007 6 1 1 0 1] S TR0 0 10 204 157.24 629,18 8,045
143 6.007 3 1 1 0 1] b 760 0 20 -204 157.84 623,12 2.045
149 6.007 € 1 1 0 n 2 760 1} 25 ~-204 157.84 6£39.18 ¢.0d5
160 6.002 3 1 1 0 Q 2 7RO o 25 -2n4 159.41 T, 0f 2,045
151 6002 3 1 1 a G b 7RQ Q 20 19040 159,41 Tt .45
c2 6.002 (3 1 1 0 X g TEO 0 22 2040 184,41 T01.06 £.04%
153 £.008 & 1 1 [ Q 2 TRQ n 10 1730 159,41 ToL.06 8,045
154 6.004 6 H 1 0 ] & 7RO a il 1580 150,39 Fiz.24 £.045
165 6.009 [ 1 1 Q 0 8 TE0 0 25 1450 160,99 712.94 &.04%
156 €003 3 1 1 ¢ 0 2 7RO 0 10 1130 180,99 712.94 £.045

qec



2 Hort.

Record Author Auth. Ho. Species Stage Length mn MWeight g Temp. € Patw wnHg Depth w Tiwe hr TGP 22
157 6.009 6 1 1 0 0 2 TR0 0 ns 2040 1€
152 6.009 6 1 1 0 0 & [y 0 40 ] 11k
159 6.909 b 1 1 0 0 ¢ 760 U 20 1350 e
160 £.009 ) 1 1 0 0 8 760 0 ca 1360 i1e
161 €£.01 ) 1 1 0 J 2 TR0 0 20 40 112
162 6.01 ) 1 1 0 -0 8 0 U 50 1620 112
163 6.01 & 1 1 0 0 3 760 0 50 1350 112
164 6.01 6 1 1 0 0 3 7E0 0 0 200 112
165 6£.01 6 1 1 0 0 8 TED 0 60 1110 11¢
166 6.01 6 1 1 0 0 2 TR0 0 25 25 118
167 6.01 6 1 1 0 0 3 [130 a 30 450 112
168 6.01 6 i 1 0 0 ] 780 0 40 1620 118
163 6.01 6 1 1 0 U 3 760 0 0 1150 112
170 6.01 6 1 1 0 0 & TED 0 30 o040 115
ir1 6.011 6 2 1 0 0 8 760 0 10 -204 111
172 6.011 6 2 1 0 0 8 760 Q 25 -204 111
173 6.011 [ 2 1 0 I} 2 TED 0 20 -204 111
174 6.012 6 2 1 0 0 8 760 1 10 -and 11z
175 6.012 6 2 1 0 0 2 760 0 bt -204 112
17¢ 6.012 6 2 1 0 0 g ThO o 20 -204 112
177 6.013 6 2 1 0 0 8 0 o 25 -204 114
ire £.013 & 2 1 0 0 38 [y a 2 2040 114
179 6.013 3 2 1 U 0 3 [y 0 10 1250 114
180 6.014 6 P 1 0 0 g 760 o 20 1560 116
121 b.014 6 2 1 0 0 3 760 0 n 1030 11%
142 6.014 6 2 1 0 0 3 TRD 0 30 1920 115
183 £.014 6 2 1 0 0 8 760 0 35 2040 116
184 6.014 6 2 1 0 0 8 70 Q ) 1740 116
125 6.015 6 z 1 i} 0 8 750 0 40 aco t1s
186 6.015 6 2 1 0 0 8. T&0 0 ] 1150 11#
127 6.015 6 2 1 0 ] ] 760 n 1] a7 112

82 6.015 6 z 1 0 0 2 7RO o 50 1360 11e
139 6.015 3 2 1 o 0 g 760 0 10 £60 118
130 6.015 3 2 1 0 0 ] 760 a 70 1600 113
131 6015 3 z 1 0 0 E THO 0 a7 2540 11%
192 6.015 6 2 1 0 0 g TEO 0 20 T&0 11¢
133 6.015 3 2 1 0 0 5 7RO 0 25 215 118
194 6.015 6 2 1 0 0 # 760 0 a0 1#10 i1e
195 6.016 £ 2 1 0 0 2 760 ] 10 750 115
196 6.016 6 2 1 0 0 ] 760 0 14 1002 11t
137 6.016 b 2 1 0 0 b TED 0 20 -101.2 11s
198 6.016 6 2 1 0 0 g 760 0 25 -100.8 115
199 6.017 6 2 1 0 0 & cen 0 a0 EE0 1y
20 6.017 & 2 1 0 i} g [ ] 30 3 13 117
201 6.017 2 2 1 0 0 g 760 0 10 250 17
202 6.017 & 2 1 a 0 e 7RO a 5 452.5 118
oG 6017 3 P 1 0 0 9 [3Y 0 2] LU v
204 €.017 3 2 1 0 0 8 760 0 20 350 117
205 6.01%8 6 Z 1 o n 2 760 0 1o 120 121
206 6,013 6 z 1 ] 0 & TR0 n 30 275 21
207 £.013 6 Z 1 0 U 3 760 0 0 300 121
03 £.012 6 2 1 0 0 2 7RO n 20 200 121

N2 wmHg

160.99

162,57
162.57
162,57
182,57
157.84
157.34
157.24
157,44
157.24
157, 3¢
159.41
159.41
155,41
160,99
160,93

162.57
162.57
162,57
1h2.57
157.84
157.24
157.24
S7.g
160.39
160.93
160.9%

9¢c

N2 mwHy  pHZG mmHg
¥12.34 8.045
712.94 a,048
T1z.94 2.045
Tiz2.34 8.045
v24.33 2,045
T24.33 §.045 .
T24.23 #.045
724,33 8,045
724.93 §.145
724.83 8.045
724,33 8.5
724.33 €.04%
724.83 8.045
724,33 £.045

677.3 &.045

&77.3 R.045

677.3 g.045

659,18 &.n45
E§%.18 f.045
E39. 18 £.045%
ro1.08 £.045
T01.06 8.045
T01.06 £.045
712.94 §.045
712.94 £.045
712.94 §.045
712.94 2,045
712.94 8.045
T24.33 £,04%
724.83 £.045
724.83 2,045
724.33 £.145
724,83 8.045
T24.83 8.045
724.33 f.045
724.83 a.045
724.33 8.045
: £.045

2.045

2.n4%

£.045

£.045

8.045

£.045

£.045

8.045

£.045

§.045

f.045

£.045

g.045

£.045




Record Author Auth. Ho. Species Stage Length mm Ueight g Temp. € Patm wwdg fepth w2 Hort.  Tiwe hr TGP 02 weHg N2 miHg  pH2O msHg

209 £.018 6 2 1 0 0 8 760 ] 60 EY0 121 162.57 748.59 8.0d5
210 £.012 ) 2 1 0 0 8 760 0 40 360 121 162.57 746,59 &.045
211 6.018 6 2 1 0 0 g 760 0 5l 450 124 162.57 7d&.53 2.045
212 6.018 [ 2 1 0 0 g 70 n 74 1002 121 162.57 748,59 8.045
213 6.018 3 2 1 0 0 8 ren 0 25 37,8 1.21 162.57 748,549 &.045
214 7.006 I 1 2 134 23 1= 70 0.z 5 11.3 0 f Th2.TE 12.787
215 7.00¢6 T 1 2 134 23 15 760 0.2 15 a.5 0 0 782.73 2.787
216 7006 [y 1 2 134 23 1c 760 n.2 = 2.5 u it 52.73 12,757
217 7.006 7 1 2 134 23 15 760 0.2 100 1t fl D] 752.73 12,787
218 7.007 7 1 2 134 23 20 760 0.2 100 3 0 n T47. 94 17.534
219 7.007 7 1 2 134 23 20 [y 0.2 s 4.3 0 0 T47.34 17.534
220 7.007 7 1 2 134 23 20 760 0.2 15 6 0 0 747.94 17.534
221 7.007 7 1 2 134 23 20 780 0.2 50 7.5 it 0 77.94 17.534
222 7.005 7 1 2 134 23 3 760 0.2 5 2.5 f 0 744,38 21.069
223 7.008 7 1 2 134 23 23 760 0.2 15 5.8 0 0 744,38 21.069
224 7.002 T 1 2 134 23 23 RO n.z 50 7.3 0 0 744.3% 21.0R9
225 7.003 [4 1 2 134 23 23 760 0.2 1000 11.5 0 0 T44.3¢8 21,069
226 r.014 7 2 2 122.7 19.1 23 760 0.z & 9.3 0 0 744.38 21.069
227 7.014 7 2 2 122.7 17.1 23 7eQ 0.2 100 17.3 ) f 744,32 21.069
228 7.014 7 2 2 122.7 19.1 23 760 0.2 15 8.5 ] a 744.3¢ 21,059
229 7.014 7 2 2 122.7 19.1 23 760 0.2 5 13 a 0 744,52 21.069
230 7.015 7 2 2 122.7 13.1 20 760 0.2 190 15.3 n 0 747. 34 17.534
231 7.015 7 2 2 122.7 13.1 20 7E0 L 15 3.3 i 0 747.94 17.534
232 7.015 7 2 2 1e2.7 19.1 0 70 0.2 50 13.5 0 0 747,34 17.534
233 7.015 i 2 2 122.7 19.1 20 760 0.2 5 6.3 0 0 747.94 17.534
234 7.016 [y 2 2 122.7 19.1 1= 6 0.z 50 3.3 0 0 TRE.73 12.787
235 7.016 7 2 2 2.7 19.1 15 Th0 0.2 S0 1%.1 0 0 ¥52.73 12,787
236 7.016 [ 2 2 122.7 19.1 15 760 0.2 15 7.9 0 ft 782.73 12.737
237 7.016 7 2 2 122.7 12.1 15 7E0 0.2 < 6.4 0 f 752.73 12.787
238 7.016 7 2 2 122.7 19.1 15 . 760 0.2 5 7 0 0 752,73 1z.79v
233 7.016 T 2 2 122.7 13.1 15 v60 n.2 it 7.2 0 0 752.73 12.787
240 7.017 s 2 2 12z2.7 19.1 10 FED 0.2 3 12.9 L 0 756.33 3.203
241 7.017 7 2 2 122.7 19.1 10 760 0.2 15 14.6 0 i 7%6.53 9.208
242 T.017 [4 2 2 122.7 19.1 n 760 0.2 1060 16.5 n n 756,33 9.208
243 7.017 4 2 2 1z2.v 13.1 in Th0 0.z = 6.9 0 a 756,33 9,208
244 7.017 s 2 2 122.7 19.1 10 760 0.2 50 10 a 0 756.33 9.208
245 7.017 T 2 2 122.7 19.1 10 760 0.2 15 7.6 0 0 756.33 3.208
24k 7.018 7 2 2 122.7 19.1 S ThO 0.z 15 10,5 0 a 759.02 6.543
247 7.018 v 2 2 122.7 19.1 S 760 0.2 S s.8 0 0 759.02 6.543
248 7.013 7 2 2 12z.7 19.1 5 760 0.2 50 15.5 N 0 759.02 6.543
249 7.02 7 1 2 129 19 10 V6D .2 S 10 0 0 756,33 9,203
280 7.028 ¢ 4 2 179 54 15 THO 0.2 100 11 1] 0 ?52.73

251 7.028 [ 4 2 173 54 15 60 0.2 50 14 0 0 f52.73

25 7.020 7 4 b 179 54 15 760 0.2 50 5.7 f 0 752.73

253 7.022 7 4 2 179 L] 15 70 0.2 100 22 a Q 752.73

254 7.028 T 4 2 79 54 15 TED 0.2 15 3.6 a 0 52,73

258 Fed 7 4 2 179 5 15 TR0 (US4 15 1.8 i a FRE.T3

256 7.028 7 4 2 179 5 15 0 a.2 3 2.9 i 0 752.73

257 v.hoze 7 4 2 179 54 15 7RO n.z 1) q.5 0 0 752.75

255 703 I 4 2 173 &4 10 760 n.z S 3.3 { a 756.33

259 7.03 ¢ 4 Z 179 54 10 760 0.2 15 4.7 i a 56,35

260 7.03 T 4 2 173 tq in 7e0 n.2 100 i1 0 0 756.33

LET



Record Author Ruth. Mo. Species  Stage Length mn Height g Temp. € Fatw muHg Depth w2 Mort. Tiwe hr TGP 02 mMHg N2 weHg  pHZO meHg

261 7.03 T 4 2 179 54 10 760 0.2 o0 5.1 0 0 TRE.SD 203
262 3.001 8 4 2 130 54.8 10 7e0 0.25 &y 168 115.4 182,02 HHE 33 A2
263 8.003 8 1 Z 40 0.4 10 760 0.25 80 1440 115.4 12,02 686.33 207
264 8.004 8 1 2 40 0.4 10 760 0.25 97 1440 120.1 191.79 fi1.84
P 3.00% g 1 4 Ly 0.4 in 750 0.25 13 1440 109.4 70,2 €he.5e 9.2
266 8.007 8 4 2 180 £4.8 10 feD 0.25 100 qn 122.2 210,78 T0E.87 9.202
267 8.013 8 1 2 40 0.4 0 7608 .25 20 163 120.1 191.74 T11.54 q.202
268 2.014 8 1 2 40 0.4 10 TR0 0.2% 2% 216 120.1 121.79 711.24 9.20%
269 8.015 8 1 2 40 0.4 10 760 0.25 to 48 120.1 191.79 711.84 9.20%
2ra 8.016 8 1 2 40 a.4 10 760 0.2% 7 672 120.1 131.79 711.24 9.208
271 8.017 8 1 2 40 0.4 10 Ten 0.25 20 2 115.4 15z.02 ES6 .33 9.202
272 2.018 8 1 2 40 0.4 10 760 0.2% 25 624 115.4 122.02 £56.33 9.208
273 8.013 8 1 2 40 0.4 10 760 0.25 %0 1080 115.4 122.02 686,33 9.202
274 8.02 8 1 2 40 0.4 1 70 0.25 ] 1272 115.4 1&z.02 £86.33 9.203
275 8.021 8 1 2 40 0.4 10 760 0.25 20 -144 109.4 1 U £52.52 9.203
276 8.022 8 1 2 40 n.4 10 760 0.25 25 -144 109.4 1.2 £52.52 9.203
277 8.023 8 1 2 40 0.4 10 760 0.25 5 -144 109.4 1.z ER2.52 9.203
278 8.024 8 1 2 40 0.4 10 760 0.25 70 -144 109.4 170.2 £52.52 9.208
27 8.02% 8 4 2 120 54.3 10 760 0.25 20 13 122.2 210.73 ne.evy 9.203
280 8.026 8 4 2 180 54.8 0 60 0.25 25 21.6 122.2 210.72 o847 9.203
281 8.027 8 94 2 120 54.8 10 760 0.25% 50 28.8 e2.2 210.78 T08.87 9,208
282 8.028 8 4 2 180 54.2 10 760 0.25 7 31.2 122.2 210.78 708.57 3.208
283 2.02% § 4 2 130 54.8 10 760 0.25 20 123 115.3 129.42 f77.44 9.203
284 8.03 8 4 2 180 54.2 10 760 0.25 25 69.6 115.3 189.42 £77.44 9.203
285 8.03t 8 4 2 180 54.8 10 760 0.25 50 112.2 115.3 129,42 LT .44 9.208
286 8.032 8 4 P4 180 £4.8 10 760 0.25 0 -16.¢ 115.3 189,42 £77.44 9.203
287 8.033 2 4 2 180 . 54.8 10 760 0.25 20 -16.8 109.% 170.23 £52.52 9.208
238 8.034 8 4 2 180 54.3 10 760 0.25 25 -16.8 109.% 170,83 652.52 9.208
289 8.035 8 4 b 130 54.5 in 760 0.25 50 -16.3 109.5 170.33 652,52 9.203
290 8.036 8 4 2 180 54.3 i0 . 760 0.25 [t -16.8 109.5 170,83 £E2.52 3.208
291 9.001 3 1 2 0 0 0 743 4 20 -144 121 0 n 4,583
292 9.001 9 1 2 0 0 L 743 4 0 -144 121 0 0 4.623
293 9.002 9 1 2 0 0 0 43 3 0 -144 121 0 0 4,583
294 9.002 9 1 2 0 0 Q 743 3 20 ~-24 121 0 0 4.%23
295 9.00% 9 1 2 0 2 0 743 4 0 ~-144 124 0 0 4.583
296 9.004 9 1 2 0 0 0 743 3 20 -43 124 1 a 4.583
297 9.00% 9 1 2 0 0 0 743 0.1 3 240 121 0 0 4.533
292 9.006 9 1 2 0 0 0 743 0.5 ca & 128 0 1} 4.553
299 9.007 9 1 2 0 0 0 743 0.25 50 240 120.5 0 U} 4.583
300 9.03 9 1 2 0 0 0 743 94 20 -43 124 0 0 4.%33
301 10.001 10 1 2 1} 0 0 0 0.k | (L & i 0 -£.5 4,883
302 11.001 11 1 2 1] 0 0 759 2.5 11 1320 I a 718.26 4.593
303 11.002 11 1 2 0 I} 0 759 1 a0 1320 0 0 718.26 4,583
304 11.003 1 4 2 o 0 0 753 2.5 2 1320 a 0 718.2¢ 4.5%3
305 11.004 1 4 2 0 0 a 759 1 80 1320 U 0 T18.2¢ 4.5%3
306 12.001 12 1 1 0 0 11.1 736 0.17 25 2316 111.%8 112.78 £39.89 .93
30y 12.0061 12 1 1 U} 0 1.1 736 0.17 40 2424 111.% 112.7% £99.59 9.4
308 12.001 | ¥4 1 1 0 0 11.1 736 0.17 30 2400 111.¢8 112.78 699,97 9.903
309 12.001 2 4 0 0 0 111 736 0.17 o4 7z 111.¢8 112.72 h99.29 3.909
31 12.001 12 1 1 0 0 11.1 736 .17 10 213¢ i11.% 11z.7¢ ] 9,909
311 12,051 12 4 0 0 n 111 736 a.17 7.3 643 111.8 112.72 £3%.89 9.909
12 12.001 12 1 1 0 n 111 736 .17 60 2520 11.2 112,73 £49.49 3.909

8¢€¢
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Record futhor Auth. No. Species Stage Length mm MHeight q Temp. C  Fatwm weHg Depth % Hort.  Tiwe hr TGP 2 02 weHg N2 wwHg  pHZD meHg
365 12.008 12 1 2 101 0 1.1 736 0,17 30 33.6 114 111.2¢ TiT. 11 .99
JhE 12,008 12 1 2 101 0 11.1 736 0.17 50 46.% 111,26 jir. 11 9,303
367 12.002 12 1 2 101 0 11.1 736 0.17 -0 67.2 111.26 TiT. 11 9.909
368 12.002 12 1 2 101 0 11.1 736 0.17 &0 £5.2 111.26 7i7.11
369 12.009 12 1 2 32 n 11.1 736 .17 40 74.4 111,26 7i7. 1
370 12.009 12 1 2 82 o 11.1 736 0.17 Gk 144 111,26 Tiv. 11
371 12.009 12 1 2 82 0 11.1 736 0.17 25 45 111.2€ Tiv. 11
3r2 12.009 12 1 2 82 0 11.1 736 0. 17 to 7.6 111.26 17. 11
373 12.009 12 1 2 g2 0 11.1 736 0.17 50 103.2 111,26 vir. 11
374 12.007 12 1 2 82 0 11.1 736 0.17 20 33.4 111.2¢6 Tiv. 11
375 12.009 12 1 2 82 0 11.1 736 0.17 30 C1.6 111,26 Tiv.11
376 12.01 12 1 2 97 9 11.1 736 0.17 100 72 i12.ve 774.47
377 12.01 12 1 2 97 0 11.1 736 0.17 60 37.2 112.78 7d.47
3r8 1z2.01 12 1 2 97 o 11.1 736 0.17 70 9.6 112,72 T74.47
379 12.01 12 1 2 97 0 11.1 736 0.7 40 22.8 112.78 7T4.47
380 12.01 12 1 2 a7 0 11.1 736 Q.17 25 24 112.78 774.47
381 12.01 2 1 2 97 0 11.1 736 0.17 10 9.6 11z.7% Tv4.47
382 12.01 12 1 2 97 0 11.1 736 0.17 30 5.2 112.78 7rd.47
383 12.01 12 1 2 97 0 11.1 736 0.17 80 44.4 112.73 .47
324 12.01 12 1 2 a7 0 11.1 736 0.17 20 22.8 112.73 ira.47
3865 12.01 12 1 2 97 0 11.1 736 0.17 S0 32.4 112.78 T74.47
386 12.01 12 1 2 97 0 11.1 736 0.17 90 tz.8 112.78 774.47
387 12.011 12 1 2 EL) 0 11.1 36 0.17 100 3 112.78 74,47
388 12.011 12 1 2 96 ] 11.1 736 0.17 60 45,6 112.78 74,47
389 12.011 12 1 2 36 0 11.1 736 0.17 80 &0 112.78 74,47
390 12.011 12 1 2 36 n 11.1 736 Q.17 30 22.3 112,72 74,47
391 12.011 12 1 2 36 B it.1 736 0.17 25 26.4 112.72 7r4.47
392 12.011 12 1 2 96 a it.1 736 0.17 50 32.4 112.78 74,47
393 12.011 12 1 2 36 0 11.1 736 0.17 0 £2.% 112.72 iv4.4v
394 12.011 12 1 2 36 0 11.1 736 0.17 40 32.4 112.7¢ 77d.47
395 12.011 12 1 2 96 0 11.1 736 0.17 10 1.2 112.78 74,47
39t 12.011 12 1 2 36 0 11.1 736 0.17 2n 24 112,75 774,47
397 12.011 12 1 2 96 0 11.1 736 0.17 90 &7.2 112.78 74,47
392 12.012 12 1 2 95 3} 11.1 736 0.17 25 4.2 t12.v2 7r4.47
379 12.012 12 1 2 95 0 11.1 736 0.17v 30 37.2 112,78 7id. 47
400 12.012 12 1 2 35 0 11.1 736 0.17 40 q3.2 112,72 774.47
401 12.012 12 1 2 EL] n 11.1 736 0.17 70 50 112.78 7r4.47
402 12.012 2 1 2 ) U 11.1 736 0.17 co tn.4 112.78 774.47
403 12.012 12 1 2 35 0 11.1 736 0.17 10 26.4 112.78 77d.47
404 12.012 2 1 2 EL) 0 11.1 36 0.17 2n ) 4 112.78 7r4.47
405 12.012 12 1 2 95 o 11.1 736 a.17 &7 £9.¢ 112.78 r4.47
406 12.012 12 1 2 95 o 11.1 736 0.17 80 23 112.78 774.47
407 12.012 12 1 2 95 n 11.1 736 0.17 31] 8.2 112.72 774.47
408 12.013 12 1 2 45 ] 11.1 736 0.17 64 192 112.78 7va.47
409 12.013 12 1 2 45 0 11.1 736 0.17 30 S0 [

410 12.013 2 1 2 45 0 1t.1 736 0.17 1] 52.8

411 12.013 12 1 i 45 n 11.1 73k 0.17 25 74.5 2z
41z 2.3 12 1 4 45 0 11.1 736 .17 g0 156 122
413 12.015 2 1 2 45 ] 11.1 736 0.17 60 120 12z
414 12.013 12 1 2 45 ] 11.1 T3 a.17 qn 110.4 12z
41T 12.013 12 1 2 45 g 11.1 736 0.17 20 £3.6 12z
416 12.014 12 2 2 7T 0 11.1 736 0.61 25 29.4 1245

ovc



Record Author Auth. Ho. Species Stage Length mw Height g Temp. € Patw mwHg Depth v 3 Hort.  Time e TGP 2 02 maHg N2 wwHg  pHZ0 weHg

417 12.014 12 2 2 [} 0 i1.1 736 6.61 7o 54 124.6 722.24 q.4909
412 12.014 12 2 2 [ 0 11.1 736 0.61 20 7.6 124.6 Z22.3 9.90%
419 12.014 12 2 2 7T 0 11.1 736 0.61 40 38.4 124.6 722.84 4.909
420 12.014 12 2 2 T 0 11.1 736 0.61 3 57.6 124.6 T22.24 9.3509
421 12.014 2 2 b T 0 11.1 736 0.561 &0 4% 124.6 e84 9.909
422 12.014 2 2 2z [ 0 11.1 736 0.61 30 31.2 124,k 7Z22.24 9.90%
423 12.014 12 2 2 7 0 11.1 736 0.61 50 43,2 122 634,16 9.909
424 12.014 12 2 2 7T 0 11.1 736 0.61 1o £3.% 124.6 ve2.24 9,304
425 12.014 12 2 2 [44 0 11.1 736 0.61 90 64.8 124.6 722.84 9,919
426 12.014 2 2 2 [ Q 11.1 736 0.51 50 43.2 124.% ve2.ad 9.1309
427 12.014 12 2 2 VT 0 11.1 736 0.61 10 21.6 124.6 7ez.e4 9.904
428 12.015 12 4 2 69 Q 11.1 736 0.61 30 £9.6 122 T11.37 9.909
429 12.015 2 4 2 69 0 11.1 736 0.61 10 28.8 122 T11.37 4.103
430 12.015 12 4 2 &3 0 11.1 736 0.61 S0 6.4 122.2 v11.37 3.909
431 12.015 12 4 2 63 0 11.1 736 0.61 70 50 22 T11.37 9.909
432 12.015 12 4 2 69 0 11.1 i) 0.51 20 31.2 122 TIL5F 9.907
433 12.01% 2 4 2 ¥ ] 0 11.1 [ 0.61 60 £e.2 izz T11.57 9.409
434 12.015 12 4 Z 89 0 11.1 736 0.61 an €4.8 122 T11.37 9.909
435 12.01%5 12 4 2 &9 0 11.1 736 0.61 30 2.4 122 71137 9.903
436 12.015 2 4 2 69 0 1t.1 736 0.61 25 34.8 22 71137 9.307
437 12.015 12 4 2 69 0 1t.1 [ 0.61 40 43.2 12z 178,32 711.37 9.909
438 12.016 12 1 2 99 0 11.1 736 0.61 30 24 122 178,32 71157 9.909
439 12.016 12 1 2 39 Y 11.1 36 0.61 =) &2, 122.2 178.3¢ 711.357 9,909
441 12.016 12 1 2 39 0 11.1 736 0.61 A 42.6 122 178.32 711.37 Q.309
441 12.016 12 1 2 29 0 11.1 736 0.61 3 42 22 176.32 1137 9.909
442 2.01% 2 1 2 39 0 11.1 736 0.61 ELL .z 12z 178.32 T11.37 9.909
443 12.016 2 1 2 - B 0 11.1 736 0.61 100 iz0 122 178.32 T11.57 9.4909
444 12.016 12 1 2 9 0 11.1 736 0.61 70 6.8 122 178.32 T11.37 %.9M9
445 12.016 12 1 2 19 2 11.1 736 0.61 20 3r.2 12z 176.32 T11.37 9,909
44t 12.016 2 1 2 93 0 11.1. 736 0.61 50 £9.6 22 1rg.32 T11.37 9.909
447 12.016 12 1 2 99 0 11.1 736 0.61 40 88.2 122 1re. 3z T11.37 9,907
448 12.016 2 1 2 9 0 11.1 736 .61 sa 2.4 22 178.52 T11.357 9.909
449 12.016 12 1 2 99 0 11.1 736 0.61 10 21.6 122 17e.352 711.37 9.909
450 12.017 12 1 2 82 0 11.1 736 0.61 60 34 122 178.352 T11.37 9.309
451 12.017 12 1 2 2 0 11.1 736 0.61 an 144 122 176,32 711.37 9.4903
452 12.017 2 1 2 82 0 11.1 736 0.k1 0 28.8 122 17e.32 711,357 9.909
453 12.017 12 1 P g2 0 11.1 736 0.61 25 41.4 122 1ve.3e 711,37 9.909
454 12.017 12 1 z 22 0 11.1 736 0.61 30 456 22 ire.32 F11.57 9.9
455 12.017 12 1 2 2 0 11.1 736 0.61 90 155.6 122 178.32 711,57 9.909
456 12.017 12 1 2 az2 0 11.1 736 0.561 50 63 122 1v8.32 711.37 9.90%
457 12.017 12 1 i 82 a 11.1 736 0.61 2 37.2 12z 1ve.32 711.37 9,909
458 12.017 12 1 2 g2 a 11.1 736 0.61 S 67.2 122.2 176.32 711.37 9.909
459 12.047 12 1 2 a2 0 111 736 0.61 70 102 122 178.32 T11.37 2.309
460 12.017 12 1 2 22 0 i1.1 736 0.51 40 & 122 178.32 T11.37 9.909
461 12.017 2 1 Z 8z 0 11.1 736 0.61 100 168 122 1v&.32 r11.37 9.909
462 12.015 12 ] 2 t4 0 it.1 736 0.51 20 5k.4 122 2 T11.57 4909
463 12.0182 2 1 2 54 0 i1.1 736 0.61 s 124.% 2z z 711.37 q.7309
464 12.018 12 1 2 54 0 11.1 513 0.61 30 £9.6 122 2 1137 9.909
45 12.018 2 1 2 54 0 11.1 738 0.61 40 0.4 122 z 11,37 9.90%
qEt 1z2.018 12 1 2 4 0 11.1 [ 0.51 gL 16033 12z 2 711.37 3.909
467 12.018 12 1 2 &4 a 11.1 73t 0.61 £0 103 122 711.37 9.903
453 12.013 12 1 2 c4 0 11.1 736 6.61 a0 132 122 172,352 T11.357 9.0

ive



Record Ruthor Ruth. Ho. Species  Stage Length wm MHeight g Tewmp. C Fatm weHg Depth w2 Mort.,  Tiwe hr TGP 2 02 weHg N2 mmHg  pHZO weHg

469 12.018 12 1 2 54 g 11.1 736 0.61 g 5.6 122.2 ivg.32 v11.37 9.909
470 12.018 12 1 2 54 U 11.1 76 0.61 S0 4.2 122 17¢.32 711.37 9.130%
471 12.018 12 1 2 54 0 11.1 736 0.61 25 63 122 178.352 T11.37 9.90%
472 12.018 12 13 2 54 0 11.1 736 0.61 10 43.2 122 178,52 T11.37 q.309
473 12.019 12 1 2 an 0 11.1 736 .17 e 1602 111.8 112.7% 639,84 9.90%
474 12.1M9 12 1 2 40 0 it.1 736 0.17 10 1003 111.8 112.7% £39.89 9.909
475 12.0613 12 i 2 40 o ii.1 736 017 20 1344 111.8 112.72 £39.89 9.904
476 12.019 12 | pa 40 0 11.1 736 0,17 25 1452 111.2 11e.v8 6%9.23 9,303
477 12.019 12 1 2 40 U} 11.1 736 0.17 25 1452 111.¢2 112.78 699.89 9.909
478 12.019 2 i 2 40 0 1.1 736 0.17 30 1560 111.8 112.78 £99.93 9.90%
479 12.02 12 1 2 5& n 11.1 736 0.17 10 67.2 114 111,20 riv.11 9.4909
480 12.02 12 1 2 55 0 11.1 736 .17 20 -14.4 114 111.26 fir. 11 9.909
481 12.02 12 1 2 58 0 it.1 736 .17 25 -14.4 114 111.26 fir. 11 9.909
482 12.021 12 1 2 4] 0 111 736 0.17 25 -14.4 114 111.2¢ 7ir. 11 9.9
483 12.021 12 i 2 4] a 11.1 736 0.7 20 -14.4 114 111.2 7ir. 11 9.909
434 12.022 12 1 2 23 0 11.1 736 0.17 10 2h.4 122 112,78 774.47 9.909
485 12.022 2 1 2 33 0 11.1 V36 0.1v 60 o4 122 112.7¢ 7vd.4v 9.909
486 12.022 12 1 2 23 0 11.1 736 0.17 70 70.2 122 112.78 774.47 9.909
437 12.022 2 1 2 83 0 11.1 736 .17 50 5L.2 122 112.78 74.47 9.909
483 12.022 12 1 Z 83 0 11.1 736 0.17 20 &1.6 122 112.78 7rd.4ar 9.3909
489 12.022 12 1 2 33 0 11.1 736 0.17 30 42 122 112,78 .47 9.909
490 12.022 12 1 2 33 0 11.1 736 0.17 90 3.6 122 112,78 77d.47 9.909
491 12.022 12’ 1 Z 83 0 11.1 736 06.17 40 e0.4 122 112.78 7rd.4¢ 9.909
492 12.022 12 1 2 23 0 11.1 73t 0.17 20 33.6 122 112.72 7r4.47 9.909
493 12.022 12 1 2 23 0 11.1 736 017 28 37.3 122 112.78 774,47 9.909
434 12.023 2 1 2 55 0 11.1 736 0.17 &0 9k 22 112.7v¢ 774,47 9.909
495 12.023 12 1 2 5 0 11.1 736 0.17 50 69.% 122 112.78 7rd. 47 9.909
496 12.023 12 1 2 58 a 11.1 736 0.17 40 5e.2 122 112.7v2 Trd.4r 9.30%
497 12,023 12 1 2 55 U 1.1 73 0.17v 10 24 z2 11z.78 77d.4v .90
493 12,023 12 i 2 55 0 11.1 . 736 0.17 25 38.4 122 112.72 Tr4.47 9.909
499 12.023 12 1 4 55 0 ‘11.1 736 0.17 6 168 12z 112.78 774.47 9.409
s00 12.023 2 1 2 55 0 11.1 736 0.17 20 3.6 22 1z.v2 G AT 3.909
501 12.023 12 1 2 55 0 11.1 736 0.17 30 43.2 122 112.7¢ 7rd.47 9.909
a0z 12.923 12 1 2 55 U 11.1 36 (U Ty 0 115.2 122 112.78 T74.47 9.309
E3 12.024 2 1 2 47 0 11.1 736 0.17 25 124.2 122 112.7% 74,47 4.909
£04 12.024 12 1 2 47 0 11.1 736 0.17 10 64.3 122 112.78 7r4.47 9.909
s05 12.024 12 1 2 47 1 11.1 736 0.1V 30 153.6 122 l1iz.ra 74,47 9.909
L6 12.024 12 1 2 4qar 0 11.1 736 0.17 20 9 t2z 112.78 7rd.47 3.903
507 12.025 12 4 e 73 L 11.1 736 0.17 25 -79.2 102 132.59 608.11 9.909
508 12.025 12 4 2 73 0 11.1 736 0.17 20 -73.2 102 132.59 608.11 3.903
509 12.026 12 4 P [£4 0 111 736 0.1v 20 -2 s 129.5% £31.0S 9.4909
510 12.026 12 4 2 (&4 0 111 736 0.17v 25 7.2 105 129.55 631.05 9.909
t11 12.027 12 4 2 74 0 11.1 736 0.1v 25 -£4.3 106 129.55 642.53 9.4909
3 V4 12.027 12 4 2 7 0 11.1 73t 0.17 20 -€4.5 10F 129,55 G,
513 12.028 12 4 2 64 0 11.1 736 0.17 20 264 110.8 117.35 2 9.909
E14 12.028 2 9 a 64 L 11.1 736 0.17 25 298 1108.8 117,35 2 9.909
£15 2.022 2 4 2 Bdq a1 11.1 736 0.17 i 13z 110.2 117,35 L 9.309
c16 12.029 2 4 2 27 i 11.1 [13 a.17 50 430 111.%2 112,78 £99. 29 9.909
Siv 12.029 12 4 2 ar 0 it.1 736 .17 2t 120 111.2 112.78 639,29 9.309
tis 12.029 12 4 P av n 11.1 736 .17 20 120 111.% 112,78 £9%.549 9.30%
€19 12.029 12 4 2 27 0 11.1 736 0.17 [l 20 i11.g 112,78 £499.99 9.9509
520 12.03 12 4 2 75 0 11.1 736 0.17 25 3.6 111.2 11z.7e £93.29 9.09

Zve



Record Puthor Ruth. No. Species Stage Length mm Height g Tewp. £ Patw wwHg Depth w3 Mort. Time tbr  TGF % 02 mnHg

Nz muHg  pH20 meHg

1
i

521 12.03 12 4 2 76 0 11.1 736 0.17 70 10%.2 111.3 112.7¢ 9.909
522 12.03 12 4 2 76 0 11.1 736 0.17 g0 756 1.z 2.7 4.909
523 12.05 12 4 2 76 0 11.1 736 0.17 20 31.2 111.8 11z.7¢ 9.909
524 12,031 12 4 2 69 Q 11.1 736 0.17 20 m.a 2z 11z2.78 3.4
¥a 12.0631 12 4 2 69 0 11.1 736 0.17 50 8.8 122 112,758 .91
t26 12.031 12 4 2 69 0 11.1 736 0.17 [ 45.6 122 112.78 9.909
sav 12.031 12 1 2 69 1} 11.1 73k 0,17 25 15.3 122 112.78 1.09
528 12.032 2 4 2 73 0 11.1 V36 0.17 20 2.4 2e 11z.7v8 9.909
529 12.032 12 4 2 73 0 11.1 736 0.17 S0 19.2 122 112.73 9.909
530 12.032 2 4 2 73 0 11.1 736 0.17 25 0.2 22 112.78 3.309
531 12.032 12 4 2 73 0 11.1 736 0.17 70 36 122 112.78 3,903
£32 12.033 i2 2 2 38 0 11.1 736 0.17 20 -86.4 106 129.5% 9.909
533 12.033 12 2 2 33 0 11.1 736 0.17 25 -8k.4 106 129,55 3.909
534 12.034 12 2 2 84 0 11.1 736 0.17 Pt -67.2 108 129.5% 9.309
535 12.G34 12 2 2 84 0 11.1 736 0.17 20 -67.2 106 129,55 9.909
53 12.035 12 2 2 40 0 11.1 736 0.17 2t 396 111.8 112.78 9.90
537 12.03% 2 2 p 40 0 11.1 &3 0.17 50 720 111.% 112,72 9,303
538 12.03% 12 2 2 40 0 11.1 736 0.17 20 336 111.8 tiz.7e 9.309
539 12.036 12 p 2 84 0 11.1 736 0.17 20 57.6 111.8 i12.7¢ 9.909
540 12.03¢% 12 2 2 €4 0 11.1 736 017 [t gL 111.8 112.7a 699,29 9.9309
c41 12.036 12 2 2 84 0 11.1 736 0.17 25 £1.2 111.¢8 t1z.72 599,89 9.909
542 12.036 12 2 2 84 0 11.1 736 0.17 50 7.2 111.8 112.7¢ £9%.89 9.909
543 12.037 12 2 2 [g:) 0 it.1 736 6.17 20 24 111.§ 112.7% £39.29 9,909
544 12.0537 12 2 2 (&) 0 11.1 736 0.17 50 £9.6 111.¢ 112.7¢ £93.89 9.939
545 12.037 2 2 2 79 0 11.1 736 0.17 25 31.8 111.8 112.78 6399.29 3.309
Cat 12.037 12 2 2 (¢ 0 it 736 0.17 gt 2.4 111.8 112.7% 99,89 9.909
Sa7 12.038 12 2 2 163 . a 11.1 36 0.61 =3 29.4 125.6 179.% 734.32 9.909
542 12.038 12 2 2 163 a 1t.1 736 0.61 7o BL.2 125.6 179.24 734.32 9.909
£49 12.032 2 2 2 163 0 11.1 736 0.61 20 26.4 125.6 179,24 734,32 9.909
550 12.038 12 2 2 163 0 it.1 . 736 0.61 S 43.2 125, 17%.% 734.32 9.909
551 12.039 12 4 2 152 0 11.1 736 0.61 20 13.2 125.6 179.24 734.32 a.909
€t 12.039 12 4 2 152 f 11.1 736 0.61 70 2.2 125.6 9.5 724,32 9.909
553 12.639 12 4 2 152 0 11.1 736 0.61 25 24 125.6 734.32 9.909
554 12.033 12 4 2 152 0 11.1 736 0.61 50 40.8 125.6 734.32 3.909
3o 12.04 12 2 2 163 0 11.1 736 0.61 20 15 128.2 TZE.58 9,309
55 12.04 12 2 2 163 0 11.1 736 0.61 25 19.8 125.2 72652 9.909
557 12.04 2 2 2 163 0 1.1 736 0.61 70 52.8 128.2 > 728.5%8 9.909
ot 12.04 12 2 2 163 0 11.1 736 0.61 £ 36 1252 132,329 728,53 9.309
55 12.041 12 4 2 204 0 11.1 736 0.61 7 £2.8 125.2 192.89 28.58 9.903
560 12.041 12 4 2 204 0 11.1 736 0.61 20 15.5 128.2 152.29 728.58 %.909
561 12.041 2 4 2 204 0 it.1 736 0.:1 50 35.4 128.2 152.29 728.58 9.309
562 12.041 2 4 . 2 204 0 11.1 736 0.61 a5 0.4 25,2 2.89 728.5¢8 9.909
563 12.042 12 1 2 114 n 11.1 736 0.51 50 92 125.2 182.39 T28.58 3.909
t64 12.042 12 1 2 114 0 11.1 736 0.61 20 24 18,2 1522.89 728.58 a.909
565 12.042 12 1 2 114 0 i1 736 0.61 25 27 1252 182,89 726.5¢8 9,959
1 12.042 2 1 2 114 n i1.1 736 0.61 in c 125.2 1g22.29 728.55 9904
GV 13001 2 1 2 120 6.2 15 [(3¢ 0.2% 10 1.3 ur.z 167.03 708 .45 12037
Lt 13.001 13 1 2 120 16.2 1% TEG 0.25 20 21.05 tir.2 16705 708.45 1z.787
569 15.001 13 i 2 120 1.2 15 T&0 0.2% 25 22 117.2 167,03 TOR.45 1z.78v
=Ygl 13.001 3 1 P 120 16.2 ic TEQ 0,25 100 ot 117.2 16703 o845 12,787
£71 13.001 13 1 2 120 16.2 15 760 .25 50 6.9 117.2 167.03 g, 45 12,737
sr2 i3.002 13 4 P 124 20,k 1% 7RO 0,25 25 3.6 1.z 167,03 70845 12.7a2v

£eve



Record Ruthor Auth. No. Species  Stage Length mn Weight g Temp. C  Patw mmHg Depth w X Mort. Tiwe b TGP 2 02 wrHg N2 wuHg  pHZO weHg

573 13.002 13 4 2 124 20.6 15 760 0.25 20 27.7 1.2 167.0% 708,45

574 13,002 13 4 2 124 20.6 15 760 0.25 Si 33.3 1.z 16V. 02 ThE. 45

575 13.002 i3 4 2 124 20.6 1< 760 0. 25 10 26 117.2 167.05 U

576 13.002 13 L 2 124 20.6 15 760 0.25 100 40 117.2 167.03 08,45 2.787
1Y 13.003 13 4 2 130 19.% 15 760 0.25% 10 258 111.4 C3.7 EVE,93 2.787
578 13.003 13 q 4 130 19.8 g 760 0.25% 50 486 1t1.4 153.7 EV8.93 12,787
579 13.003 13 q 2 130 19.2 15 760 0.2% 25 335 111.4 153.7 EY5.93 12,787
£eo 13.003 13 4 2 130 19.8 15 i) 0.2% 100 -54 111.4 183.7 BT, 95 12,787
ce1 13.003 13 q 2 130 13.8 5 760 0.25 20 310 111.4 E3.7 ETR.95 2.787
582 13.004 13 1 2 120 13.6 15 750 0.25 25 -84 111.4 163.7 RY8.95 12,787
583 13.004 13 1 z 120 13.6 15 a0 0.25 7 792 111.4 153.7 B7E.93 127087
584 13.004 13 1 2z 120 13.6 15 760 0.25 20 -4 111.4 153.7 678,93 12.787
585 13.004 13 1 2 120 13.6 15 760 0.25 10 -84 111.4 153.7 678.93 12.787
5% 13.005 13 1 2 117 16.¢ 15 TR0 0.2% 25 11.5% 122.3 130,37 TIT.AT 12,787
687 13.005 13 1 2 117 16.8 is 7E0 0.2% 5 13.6 122.9 120,37 TIT.97 12.737
528 13.005 13 1 2 117 16.8 15 760 0.25 100 32.1 122.9 180.37 ¥37.97 12.787
589 13.005 13 1 2 117 16.8 1= 760 0.25 2 11.1 12z2.9 180,37 [:1e%: T 12.7¢7
590 13.005 13 1 2 117 16.8 15 760 0.25 10 10.6 122.9 120.37 737.97 12,087
591 13.007 13 q 2 130 20 15 760 0.2% 25 11.7 2.9 120.37 737.97 12.787
%92 13.007 13 q 2 130 20 15 760 0.25 50 14.2 £8.9 130,37 37 12.787
£93 13.007 13 q 2 130 20 1& 760 0.25 100 23 122.9 130,37 3797 12.787
594 13.007 13 4 2 130 20 15 70 0.2% 10 10.2 122.9 130,37 T 12.787
59t 13.007 13 4 2 130 20 15 760 0.25 20 11.2 122.9 130,37 12.787
59% 13.008 13 4 2 130 20 15 760 0.25 5 430 112.1 154.9¢ 12.787
597 13.008 13 9 2 130 20 15 7H0 0.25 25 -84 10 52,33 12,787
a2 14.001 14 q 2 79 5.2 10 756.5 0.6 20 520 115.5 o 9.202
€99 14.001 14 9 2 79 5.8 10 756.5 0.5 50 -51 1155 0 9.208
£00 14.001 14 q 2 79 5.8 10 756.5 0.6 50 510 115.5 0 9.203
6011 14.002 14 q 2 79 5.¢ 12 6.5 0.6 50 405 1159 n 0 10.517
602 14.002 14 4 4 9 5.8 12. 56.5 8.6 5 £os 115.9 ] 0 10.51¢
£03 14.002 14 4 2 79 5.8 2 7565 0.6 20 235 115.9 0 n 10.517
604 14.002 14 4 2 g 5.8 12 756.5 0.6 an 215 115.3 0 J 10.517
€05 14,003 14 4 2 3 5.8 15 756.5 0.6 20 150 116.5 0 o 12.067
606 14.003 14 9 2 79 5.8 15 756.5 0.6 20 156 11£.5 0 0 12.787
&0V 14.003 14 4 2 73 £.8 15 6.5 0.6 50 0% 116.5 ] 0 12.757
608 14.003 14 q 2 79 5.8 is 56.5 0.6 50 268 116.5 0 0 12.78v
(09 14.004 14 q 2 79 5.2 i8 756.5 0.6 20 135 116.7 0 0 15.477
£10 14.004 14 q 2 [§] 5.2 S Ee.S 0.6 21 208 116.7 f 0 15.477
611 14.004 14 4 2 73 5.8 18 7%6.5 0.6 20 107 116.7 i 0 15,477
612 14.004 14 4 2 9 5.8 18 7%6.5 0.6 5a 254 116.7 0 0 15,477
613 14.005 14 4 2 102 11.7 9 7562 n.6 50 462 117.¢ 0 0 2.609
614 14.005 14 4 2 102 11.7 9 756.2 0.6 20 s 1ir.z2 0 0 §.609
615 14.905 14 4 2 102 11.7 9 756.2 0.6 20 102 117.2 o 0 2.609
£16 14.005 14 4 2 102 i1.7 9 Toh.2 0.6 so 223 11v.2 g 0 2603
617 14.006 14 3 2 105 13.9 9 756.2 0.6 50 515 117.2 0 0 £.609
£18 14.006 14 3 2 ns 13.9 3 756.2 0.6 20 e 117.2 0 0 3.609
€14 14,008 14 3 Z 105 13.9 3 6.2 0.£ 20 165 117.2 a n 2.609
620 14,008 14 3 2 105 13.9 9 756.2 0.6 g 415 117.2 0 0 £.609
he 1 14.007 14 4 2 102 11.7 2 7ok 2 0.6 20 158 117.& 0 0 10,517
o 14.007 14 4 2 102 1.7 1z Fo6.2 n.6 20 141 117.6 1 0 10,517
€23 14.007 14 4 2 102 11.7 1z 756.2 0.k S 252 117, 0 0 10.517
624 14.007 14 4 2 1n2 11.7 2 7562 0.6 20 292 117.5 0 0 10,517
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Record Author Ruth. No. Species Stage Length mm Height g Temp. C  Patwm mwHg Depth m % Mort. Tiwe b TGF Z 02 wuHg M2 mwHg  pHZN wmHg

625 14.003 14 3 2 105 13.9 12 756.2 0.6 20 214 176 o g 10.517
626 14.002 14 3 2 105 13.9 12 T56.2 n.& to 355 17k 0 1 10517
627 14.00¢ 14 3 P 105 13.9 12 756.2 0.6 S0 52t 117.6 il 0 10.517
£28 14.008 14 3 2 105 13.9 12 756.2 0.6 20 205 1T.E L 0 106.517
524 14.009 14 4 2 102 11.7 1= 7h6.2 0.¢ 50 11g 11v.9 i 0 12.7ey
630 14.009 14 4 2 102 11.7 15 756.2 0.6 5 193 11v.9 i 0 12,747
k31 14.009 14 4 2 192 1.7 15 756.2 0.6 20 9z 117.9 o 0 12,737
632 14,009 14 9 2 102 11.7 15 fok.2 0.6 20 57 117.% o 0 12.v0av
633 14.01 14 3 Z 105 13.9 15 756.2 0.6 50 470 117.9 1} 0 12.737
634 14.01 14 3 2 105 13.9 15 756.2 0.6 20 173 117.9 a 0 12,757
£35 14.01 14 3 2 105 13.9 15 756.2 0.6 50 490 117.4 0 0 1z.787
636 14.01 14 3 2 105 13.9 15 56.2 0.6 20 15 1179 0 0 12.787
637 14.011 14 49 2 102 11.7 18 756.2 0.6 50 L 113.4 0 0 15.477
632 14.011 14 4 P 102 11.7 18 756.2 n.t 20 3 112.4 n 0 15.477
639 14.011 14 4 2 102 11.7 12 7562 0.6 20 37 112.4 o 0 15.477
640 14.011 i4 4 2 i02 11.7 12 56,2 0.6 s 72 115.4 0 0 15.477
641 14.012 14 3 2 105 13.9 18 7oE.2 0.6 &0 453 11%.4 i 0 15.477
bdz 14.012 14 3 2 195 13.9 i 756.2 0.t 20 162 112.4 0 a 15.477
[k 14.012 14 3 2 105 13.9 1% 7Eh.2 0.6 50 313 115.4 0 1 15.477
644 14.012 14 3 2 105 13.9 5 762 0.6 20 21z 11%.4 o 0 15.477
£45 14.013 14 4 2 35 10.4 3 760.2 0.6 S 193 116.5 0 0 8.609
646 14.013 14 4 2 35 16.4 9 7R).2 0.6 50 160 116.5 0 0 8.609
647 14.013 14 4 2 95 10.4 E 7602 0.6 20 127 116.5 0 0 8,609
648 14.013 14 4 2 95 10.4 3 760.2 0.6 20 101 116.5 0 0 8.609
643 14.014 14 3 2 110 18 9 760.2 0.6 50 287 116.5 0 0 8.609
650 14.014 14 3 i 110 1% Ei 760.2 0.¢ 20 152 1165 0 g 8.609
651 14.014 14 3 2 110 18 9 vE0.2 0.6 20 116 1165 0 0 8.609
652 14.014 14 3 2 110 15 9 760.2 0.6 50 456 116.5 0 a 8.609
653 14.015 14 4 2 5 10.4 12 760.2 0.6 20 122 116.8 0 i 10,517
654 14.01% 14 4 2 95 10.4 1z 760.2 0.t 20 8o 116.4 U 0 10,517
B5S 14.015 14 4 2 95 10.4 12 Th0.2 0.6 50 123 116.2 0 0 10,517
£56 14,015 14 4 2 a5 10.4 1z 760.2 0.6 50 211 116.5 0 a JURS Iy
657 14.01¢ 14 3 2 110 18 12 760.2 0.6 20 122 116.3 0 1] 10.517
652 14.016 14 3 2 110 18 2 T60.2 0.6 20 195 116.2 0 0 10.517
€59 14.01¢6 14 3 2 110 12 12 760.2 0.6 S0 397 116,23 0 0 10,517
660 14.016 14 3 2 110 18 12 760.2 0.6 50 &0 116.2 0 0 10.517
661 14.017 14 4 2 a5 10.4 15 T68.2 0.6 50 143 0 0 12.vav
662 14.017 14 4 P 95 10.4 15 760.2 0.6 S 173 0 0 2.0ar
663 14.018 14 4 2 95 10.4 15 760.2 n.6 20 93 0 0 12787
664 14.018 14 4 2 K i0.4 15 760.2 0.6 20 ar 0 0 12.v87
h65 14.019 14 4 2 a5 10.4 1% h1.2 0.6 20 54 1} 0 15477
666 14.019 14 4 2 95 10.4 12 760.2 0.¢ S0 113 0 0 15.477
667 14.019 14 4 2 a5 10.4 8 TRO.2 D.€ 50 102 0 0 154977
668 14.013 4 4 2 a5 10.4 1% TE0.2 0.f 20 -1 g n 15.477
669 14.02 14 4 2 113 16.6 9 TEB.6 0.t 20 35 0 0 8,603
&70 14.02 14 4 2 113 6.6 g [LIUR n.& 50 ~4.% 0 0 3.603
£71 14.02 14 4 2 113 16.¢ 9 TROLB 0.t 50 45 y 0 2.R0T
672 14.02 14 4 2 113 16.¢ 9 760.6 0.6 20 29 f 0 8.609
673 14.021 14 | 2 113 16.E 12 ThiY. B 0.& 20 7 0 0 10.517
£74 14,021 14 4 é 113 16.¢ 2 TEL6 n.s 20 27 0 o 10.517
€75 14.021 14 4 2 113 1&.& 1z TE0.6 0.¢& 5D 40 0 0 10.517
676 i4.021 14 4 2 113 16.5 2 TEN.6 0.t &0 44 0 0 n.s17
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Record Author Ruth. No. Species Stage Length mu  Height g Temp. £ Patm mnHg Depth w2 Hort.  Tiwme v TGP 7 U2 wwHg N2 wnHg  pHZD nnHg

677 14.022 14 4 2 113 16.6 15 760.6 0.6 20 28 22.3 n n 12.737
(¢ 14.022 14 4 2 113 16.¢ 15 760.6 0.& 50 40 2.3 0 o 12.787
679 14.022 14 4 2 113 16.6 1= Te0.6 0.6 50 43 122.3 [} v} 12,737
680 14.022 14 4 2 i13 16.6 15 760.6 0.6 20 30 2.3 0 0 12.787
661 14.023 14 3 4 113 17.1 1t 7606 1.5 &0 19 122.3 o 0 12,787
582 14.025 14 3 2 113 17.1 15 TED.6 0.t 20 34 122.5 0 G 12,787
683 14.023 14 3 2 113 17.1 15 760.6 0.6 50 6 122.3 0 0 12.787
634 14.023 14 3 2 113 17.1 15 7e0.6 0.& 20 21 122.3 0 0 1z.7ev
685 14.024 14 4 2 162 40.5 2 S6.7 n.6 sa 102 120.7 0 a §.045
686 14.024 14 4 2 162 40.5 a 56,7 0.6 20 7o 2n.7 0 0 8.045
(214 14.02% 14 3 2 209 111.5 2 756.7 0.k 50 45 12n.7 a ] £.045
688 14.025 14 3 2 209 111.5 8 756.7 0.6 20 29 120.7 a 1} £.045
689 14.026 14 1 2 206 95.3 8 56,7 0.6 50 az 2.7 0 n 8.045
€90 14.027 14 2 2 167 51.% 8 756.7 0.& 20 152 O 0 0 2,045
691 14.027 14 2 2 167 51.6 2 756.7 0.6 50 235 1207 U 0 8.045
632 14,028 14 4 2 124 19.8 18 763.3 0.6 50 32 121.6 0 0 15,477
693 14.02z 14 4 2 124 19.¢ 15 763.3 0.6 20 24 121.% 0 0 15,477
694 14.029 14 3 2 121 19.2 18 763.3 0.6 S 37 121.% i 0 15477
695 14.029 14 3 2 121 19.2 12 63.3 0.6 20 22 121.6 0 0 15.477
696 14.03 14 1 2 126 23.8 12 7E3.3 0.6 50 31 121.6 0 0 15.477
697 14.03 14 1 2 126 23.8 18 763.3 0.6 20 22 21.6 i G 15,477
698 14.031 14 2 2 119 20.5 3 3.3 0.6 50 46 121.6 0 15.477
693 14.031 14 2 Z 113 20.5 18 63.3 n.e 20 an 121.6 g 1 15.477
700 14.032 14 4 2 162 40.5 12 756.7 0.6 50 34 121.2 0 0 16.517
a1 14.032 14 4 2 162 40.5 12 6.7 0.6 20 61 121.2 D 0 10.517
702 14.033 14 3 2 209 111.5 12 756.7 0.6 50 5 121.¢ 0 0 10.517
703 14.033 14 3 2 209 111.5 12 756.7 0.6 20 30 121.2 0 a 10.517
704 14.034 14 1 2 206 95.8 2 756.7 a.6 50 84 121.¢ 0 0 10.517
705 14.034 14 1 2 206 95.8 12 7567 0.6 20 23 121.¢ n 0 LU by
706 14.03% 14 2 2 167 51.6 12 756.7 0.6 20 195 121.2 n a 10.517
fil 14.03% 14 2 2 167 51.6 12 7567 0.6 50 -28 121.2 0 0 1n.s17
02 14.03¢ 14 4 Z 162 40.% 16 TE6.T 0.¢ co i) 121.5 0 Q 15.634
709 14.036 14 4 2 162 40.% 16 7567 0.6 20 27 121.5% n 1} 13.634
710 14,037 14 3 2 203 111.5 15 756.7 0.6 50 63 121.5 0 0 13.634
i 14.037 14 3 2 209 111.5 16 756.7 0.6 20 37 121.% o 0 13.624
712 14.038 14 1 2 206 95.8 1e 756.7 0.6 20 54 121.% 1} 4} 13.634
[ 14.038 14 1 2 206 95.8 16 756.7 0.6 50 193 121.5 0 0 13.634
714 14.0349 14 2 2 167 51.% 1¢ TLe.7 0.6 20 160 121.% n 0 13.634
715 14.039 14 2 2 167 51.6 16 6.7 0.t 50 -25 121.5 0 0 13.634
716 14.04 14 4 2 162 40.5 20 567 0.6 50 40 121.6 0 0 17.539
717 14.04 14 4 2 162 40.8 20 ToE.7 0.t 20 2% 21k 0 0 17.534
718 14.041 14 3 Z 209 111.5 20 756.7 0.6 20 34 121.¢ 0 0 17.534
719 14.041 14 3 2 209 111.5 20 756.7 n.6 50 &y 121.6 0 1y 17.534
[gat 14.042 14 1 2 206 95.2 20 567 0.E 20 40 121.¢ 0 0 17.534
721 14.042 14 1 Z 206 9c.¢ 20 6.7 0.¢ 50 53 121.6 0 0 17.534
722 14.043 14 2 2 167 51.6 20 TSh.T n.6 &0 270 121.6 n 17.534
723 14,043 14 2 2 167 C1.6 20 567 0.6 20 S1 121.6 0 i 7.534
724 14.044 14 4 2 124 19.8 10 7563 0.¢ 50 2 121.4 g a 9.208
Ts 14.044 14 4 2 124 19.8 in 7563 0.6 20 i} | 121.4 0 0 a.208
726 14.045 14 3 Z 121 19.2 10 ToE.3 n.& 2 0 121.4 0 0 q.20%
727 14,045 14 3 2 121 19.2 10 T56.3 0.6 =20 49 121.4 0 X 9.202
28 14.046 14 1 2 126 23.3 mn 6.3 0.6 20 4k 121.4 n o 9.202
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Record Author Auth. No. Species Stage Length mw  HNeight g Temwp. C Patm wuHg Depth m 2 Mort. Time hr TGP 2 02 meHg N2 mnHg  pHZO mmHg

T29 14.046 14 1 2 126 23.8 10 756.3 0.6 50 9a 121.4 0
730 14.047 14 2 2 119 0.5 10 756.3 0.6 S0 4z 121.4 f i
731 14,047 14 z 2 119 20.5 10 756.3 0.6 20 30 121.4 f 0
T3 14.048 14 4 2 124 19.8 1z T56.3 0.6 20 20 223 L a
733 14.048 14 4 2z 124 13.8 1z To6.3 RN 50 33 122.3 L 0
734 14.049 14 3 2 121 139.2 12 fE6.3 0.k 20 23 122.3 o U
735 14.049 14 3 2 121 19.2 2 756.3 0.6 &0 46 22,3 n
736 14.05 14 i 2 126 23.¢ iz ToE.3 0.6 20 3 22.3 0 0
37 14.0% 14 i 2 126 23.8 12 756.3 0.6 50 43 122.3 [y 0
738 14.051 14 2 2 119 20.% 2 756.3 0.¢ 20 25 122.3 0 0
739 14.052 14 q 2 124 19.& 15 756.3 0.% 20 27 122 0 0
740 14,052 14 4 2 124 19.8 1% 756.3 0.t 50 42 122 0 0
741 14.053 14 1 2 126 23.8 15 756.3 0.6 20 29 22 0 0
74z 14.053 14 1 4 126 23.%8 15 756.3 §.6 1] Lo 12z 0 0
743 14.054 14 z 2 119 20.5 15 56,3 0.¢ S0 st 122 0 Q
744 14.054 14 2 2 113 20.5 15 756.3 0.6 20 3 12z 0 0
74t 14,055 14 3 2 121 1.2 1% 7&6.3 0.6 0 41 & 0 0
746 14,055 14 3 2 121 19.2 15 756.3 0.6 50 -4.5 122 0 0
4av 14.056 14 4 2 131 26.3 9 755.4 0.6 50 121 118.3 0 0
vag 14.056 14 4 2 131 26.3 E V5.4 0.k 20 SE 118.3 0 a
749 14.057 14 3 2 124 22.2 9 755.4 0.6 ] 22 118.3 L 0
750 14.057 14 3 2 124 22.2 El 755.4 0.6 20 128 118.3 0 a
751 14,058 14 1 2 135 32.3 a 755.4 0.6 20 200 1123 0 0
52 14.058 14. 1 2 135 32.3 9 755.4 0.6 50 440 118.3 n n
753 14.059 14 2 2 126 24.1 9 755.4 0.6 20 100 123 0 a
754 14.0%59 14 2 2 126 24.1 q 7E5.4 0.6 50 230 113.3 L 0
[ 14.06 14 4 2 131 26.3 12 755.4 0.6 20 3 119.2 0 o
756 14.06 14 4 2 131 26.3 12 7o5.4 0.6 50 123 119.2 0 a
Te7 14.061 14 3 2 124 22.2 2 7554 0.k n 131 119.2 0 0
758 14.061 14 3 2 12 22.2 12. 755.4 0.6 50 25 119.2 0 0
759 14.062 14 i 2 135 32.3 12 755.4 0.6 20 220 119.2 U 0
780 14.062 14 1 2 135 32.3 12 7&5.4 0.6 50 31 119.2 n 0
761 14.063 14 2 2 126 24.1 12 755.4 Q.6 20 156 119.2 0 1}
762 14.063 14 2 2 126 24.1 12 755.4 0.6 50 276 119.2 a 0
763 14.064 14 4 z 131 26.3 15 755.4 0.6 c0 9 119.¢ 0 0
764 14.064 14 4 2 131 26.3 15 755.4 0.6 29 76 119.2 0 Q
765 14.065 14 3 2 124 22.2 18 755.4 0.6 20 104 119.2 0 0
766 14.065 14 3 2 124 22.2 15 755.4 0.6 50 216 119.2 0 0
67 14,066 14 1 2 135 32.3 15 755.4 0.6 50 235 119.2 0 0
768 14.066 14 1 2 135 32.3 15 7E5.4 0.6 20 145 119.2 0 0
769 14.067 14 2 2 126 24.1 15 755.4 Nk 20 1ve 113.2 0 0
770 14.067 14 2 2 126 24.1 15 755.4 0.6 50 319 118.2 0 0
771 14.068 14 4 2 131 26.3 1z 755.4 0.6 20 45 119.6 0 a
772 14.068 14 4 Z 131 26.3 2 7ES.4 0.6 50 62 {19.6 0 0
773 14.069 14 3 2 124 22.2 18 755.4 0.6 20 105 113.6 0 0
774 14.069 14 3 2 124 22.2 12 V&S 4 0.6 co 332 113.6 n 0
e 14.07 14 1 2 135 32.3 1% 7o5.4 0.t &0 205 119.6 L n
7Tk 14.07 14 1 2 135 32.3 & 7ES.4 0.6 20 94 119.6 v U
7Y 14,071 14 2 2 126 24.1 12 755.4 0.6 20 58 119.¢ a G
7re 14.071 14 2 2 126 24.1 1% 755.4 0.k 50 136 119.% a n
779 14.072 14 4 2 150 32 12 75e.4 0.6 sa 5 151.4 201.5%¢ 7el1.ve
730 14.073 14 4 2 150 32 2 758.4 n.6 50 4.5 1#1.4 or.6l a2%.49
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Record Author Ruth. Mo. Species  Stage Length mm HWeight g Temp. €  Patw wwlg Depth w2 Mort. Tiwe hr TGP 2 02 weHg N2 weHg  pHED mMHg

a3v 22.002 22 z 2 160 51 12 754 0.6 7 642 116.8 0 10.517
933 22.n03 22 4 Z 200 74 2 754 0.5 s0 456 116.2 Q 0 10,517
939 22.004 22 4 2 200 74 12 754 0.6 50 K] 12t.2 i 0 10.517
40 22.00% 22 3 2 140 36 12 754 0.6 50 3% 121.2 0 0 10.517
a1 22.01¢ 22 3 pa 140 36 2 754 0.6 50 360 1168 a 0 10,517
4z 22.007 22 3 2 160 51 12 754 0.6 50 -64.8 111 0 1 10,517
343 22.003 22 3 P4 140 36 12 754 0.6 & -64.8 111 n a 10.517
344 22.009 22 4 2 200 74 1z 7od 0.t &0 -64.5 111 0 3 10,517
945 22.01 22 V4 2 160 51 12 754 0.6 20 64.8 111 9 0 160.517
4t 22.011 22 2 2 160 51 2 754 0.6 20 -64.8 116.8 0 0 n.517
v 2z.mz 22 2 2 160 51 12 74 0.6 20 50 121.2 a 0 JLLIRS T
942 22.013 22 2 2 160 51 12 754 0.6 25 -64.8 11t a 0 10,517
949 22.044 22 2 2 160 51 12 754 0.6 2t -64.8 116.8 0 0 10,517
a50 22.015 22 b 2 160 51 2 [ 0.6 Pl 60 121.2 0 0 10,547
951 22.016 22 3 2 140 36 1z 754 0.6 20 -bd4.8 111 0 0 10.517
952 22.017 22 3 2 140 36 12 754 0.6 20 195 1168 0 0 10,517
53 22.01%8 22 3 2 144 3k 12 754 0.6 20 pra 121.2 a 0 10.517
95 22.019 e 3 2 140 36 12 754 0.6 25 -64.8 it 0 0 10.517
955 22.02 2 3 2 140 36 12 754 0.6 25 230 116.2 0 0 10.517
956 22.021 22 3 2 140 36 Z 754 0.6 25 26 121.2 0 0 10,517
57 22.022 22 4 2 200 74 12 74 0.6 20 -64.8 111 0 0 10.517
a58 22.023 2 4 2 200 74 12 754 0.6 2n 210 116.5 0 U 10,517
353 22.024 22 4 2 200 v 12 754 0.6 20 3t 121.2 U 0 10,517
960 22.02% 22 4 2 200 74 1z 754 0.6 25 -64.8 it 0 0 10.517
961 22.026 22 4 p 200 74 12 754 0.6 25 230 116.8 0 i 10,517
362 22.027 22 4 2 200 74 2 754 198 3 25 36 121.2 U n 10.517
963 23.001 23 3 2 1393 ., 95.5 12.5 754 0.2¢ 3 504 112.4 0 0 10,969
964 23.002 23 3 2 193 5.5 12.5 754 0.28 60 504 118.4 0 0 10,869
@5 23.003 23 3 2 193 95.k 2. (] 0.22 1n 504 116.4 o 0 16,359
66 23.004 23 3 2 193 95.5 12.5 754 0.2¢8 50 -50.4 11£.4 0 L 10,889
LT 23.005 23 3 2 193 95.5 2.5 754 0.22 20 -50.4 116.4 0 U 10,369
24 23 .00 o 3 2 193 9c.% 12.5 (S 0.2% =0 -50.4 114.4 U 0

969 23,007 23 3 2 193 95.5 12.5 754 0.28 20 -50.4 114.4 0 0 10.369
aro 23.008 23 3 2 133 95.5 12.5 754 0.28 S -56.4 111.4 0 0 10,269
a7l 23.009 23 3 Z 193 5.5 12.5 754 0.23 20 -t 4 111.4 a a 10,389
72 23.01 23 3 2 193 95.5 2.5 754 0.28 50 -50.4 109.4 0 a 10,359
73 23.011 23 3 2 193 k.5 12.5 754 ¢.28 20 -50.4 102.4 0 0 10,205
974 24.001 24 s 3 235 121.5 12 760 0.6 2y 1 131.4 a a 10,517
975 24.002 24 5 3 235 121.5 12 760 0.6 5 20 127.4 0 0 10.517
976 24.003 2 3 3 23% 121.5 2 7RO 6.6 50 29 25.4 0 0 10,517
aee 24.004 24 ) 3 235 121.5 2 Th0 0. 50 97 121.4 U 0 10517
978 24.005 24 c 3 235 121.5 12 760 .6 50 42 122.4 0 0 10,517
a9 24.006 24 5 3 235 121.5 s 760 0.6 50 RS 112.4 0 0 10517
980 24.007 24 L 3 235 121.5 2 TE0 0.5 S0 -50.4 115.4 0 0 10,517
81 24.002 24 5 3 235 121.5 2 760 (U8 3 50 -tn.4 115.4 0 0 10.517
482 24.009 24 s 3 238 121.5 2 760 0.t 50 67 121.4 0 0 10,517
483 24.01 2 < 3 235 121.5 12 760 0.6 S0 e 119.4 0 Q 10,517
934 24.011 2 c 3 235 121.5 12 B0 0.6 50 -50.4 116.4 1 0 w.s1v
985 24.012 24 s 3 23% 121.5 12 760 0.6 50 0.4 113.4 f 0 10,517
ABE 24.013 2 ] z E7 i35 1z TEO n.e 50 v 122.4 o a 10,517
927 24.014 24 5 2 67 3.5 12 760 0.k S 1o 119.4 i 0 10.517
123 24.01% 24 5 2 67 3.5 12 760 0.6 20 349 115.4 0 i 10,517
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Record Author fluth. MHo. Species  Stage Length mm Height g Tewp. ©© Fatw mwHg Depth w2 Hort. Time v TGF 2 02 muHg N2 wuHg  pH20 weHg

39 24.016 24 5 2 67 3.5 2z 760 0.6 S0 -50.4 11%.4 0 D 10.517
390 24.017 24 ) 2 K7 3.5 1z 7e0 1.k c0 &4 121.4 U n 10.517
991 24.018 24 L 2 67 3.5 1z 2] 0.5 50 119 113.4 0 0 10.517
132 24.019 24 3 2 67 3.5 2 TR0 0.6 50 315 115.4 0 0 10,517
993 24.02 24 ) P &7 3.k 1z 760 0.t S -50.4 115.4 0 0 10.517
994 24.021 24 5 3 235 121.5 12 760 0.t 20 g 131.4 0 0 10.517
995 24.022 24 5 3 235 121.5 2 [ 0.6 20 16 127.4 0 0 10.517
96 24.023 24 3 3 235 121.5 12 760 0.t 2 n 125%.4 0 0 16.517
997 24.024 24 5 3 235 121.5 12 760 0.6 20 64 121.4 0 0 10.517
995 24.025 24 5 3 235 121.5 1z Th0 0.6 20 34 122.4 0 0 10.517
999 24.02¢ 24 5 3 235 121.5 1z [ 0.t 20 142 113.4 0 0 10.517
1000 24.027 24 5 3 235 121.5 1z 760 0.6 20 ~60.4 115.4 0 i 10.517
1001 24.029 24 5 3 235 121.5 2 TR 0.6 20 -50.4 113.4 0 a 10.517
1002 24.029 24 s 3 235 121.5 12 760 0.6 20 44 121.4 a 0 10,517
1003 24.03 24 3 3 235 121.% 12 760 0.6 20 151 119.4 1 0 10.517
1004 24.031 24 5 3 235 121.5 12 760 0.6 20 -50.4 116.4 o 0 10.517
1005 24.032 24 5 3 35 121.5 12 60 0.6 20 -50.4 113.4 0 0 10.517
1006 24.033 24 ) 2 67 3.5 12 760 1M 3 20 S0 122.4 0 0 10.517
1067 24.034 2 5 2 67 3.5 12 760 0.6 20 109 113.4 0 0 10.517
1008 24.03% 24 5 2 Y4 3.5 iz 7RO n.6 20 246 115.4 i a 10.517
1003 24.03¢ 24 5 2 67 3.5 12 760 0.6 20 -50.4 1i5.4 0 il 10.517
1040 24.037 2 5 2 &7 3.5 12 760 0.6 20 20 121.4 0 0 10.517
1011 24,032 24 5 2 &7 3.5 2z 760 0.6 20 79 119.4 0 0 10.517
1012 24.0439 24 5 z &7 3.5 12 7RO 0.6 20 185 115.4 0 0 10.517
1013 24.04 24 5 2 67 3.5 2 760 0.6 20 -50.4 113.4 0 0 10.517
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