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Synopsis

Traditionally lower and upper temperature tolerances of fishes have been quantified in the laboratory via three
different experimental approaches: the Fry or incipient lethal temperature (ILT), critical thermal (CTM) and chronic
lethal (CLM) methodologies. Although these three experimental laboratory approaches generate endpoints which
are quantitatively expressed as a temperature, are determined experimentally with random samples of fish acclimated
to specific temperatures, and involve both time and temperature as major test variables, they do not quantify the
same response. All three approaches generate valuable, albeit different, information concerhing the temperature
tolerance of a species. In this review we have summarized published research concerning the tolerance of North
American freshwater fishes to dynamic changes in temperature, i.e., tolerance is tested by methods that gradually
change temperatures until biological stress is observed. We found more than 450 individual temperature tolerances
listed in 80 publications which present original dynamic temperature tolerance data for 116 species, 7 subspecies and
7 hybrids from 19 families of North American freshwater fishes. This total represents about 1/3 of the families and
1/6 of the known North American freshwater species. Temperature tolerance data were partitioned by experimental
approach, i.e., critical thermal method (CTM) and chronic lethal method (CLM), and direction of temperature
change. Although both CTM and CLM expose fish to dynamic changes in water temperature, these two methods
differ in temperature change rates and test endpoints, and hence measure different aspects of thermal stress. A
majority of the 80 studies employed CTM to assess temperature tolerance, in particular determination of CTmaxima.
One or more CTmaxima has been reported for 108 fishes. Twenty-two fishes have reported highest CTmaxima of
40°C or higher. Several species in the family Cyprinodontidae have generated some of the highest CTmaxima
‘reported for any ectothermic vertebrate. For a variety of reasons, data concerning tolerance of low temperatures
are less plentiful. Low temperature tolerance quantified as either CTminima or CLminima were found for a total
of 37 fishes. Acclimation temperature exerts a major effect on the temperature tolerance of most North American
fish species and it is usually strongly linearly related to both CTmaxima and CTminima. Although we uncovered
dynamic temperature tolerance data for 130 fishes, only a single dynamic, temperature tolerance polygon has been
published, that for the sheepshead minnow, Cyprinodon variegatus.

Introduction temperature and fishes date to the 1800s, much of our
contemporary knowledge concerning the role of tem-

Importance of temperature in the life of fishes perature on fishes can be attributed to research of ‘the”™
father of fish environmental physiology’, FE.J. Fry,

A vast literature documents the importance of temper- and his students at the University of Toronto, includ-

ature in the life of fishes. Although early studies of ing I.R. Brett. Their work and that of other researchers
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can be found in several now classic reviews (Fry 1947,
1964, 1967, 1971, Brett 1956, 1970, 1971). From
this research Brett (1971) identified temperature as

the abiotic master factor for fishes. In 1956 he devel-.

oped the thermal primacy paradigm, ‘because of the
all pervading nature of environmental temperature,
the fundamental thermal requirement of fishes is an
external environment most suitable to their internal
temperature’.

Body temperatures of fishes

The body temperatures of most of the over 20000
described species of fishes area direct function of water
temperature. A combination of several environmental,
anatomical and physiological factors, e.g., high spe-
cific heat of water, relatively low metabolic rate, lack
of insulation and countercurrent lamellar blood—water
flow, cause the body temperature of most fishes to con-
form to water temperatures, i.e., most fishes are classic
ectotherms. The relation between fish body tempera-
tures and water temperatures has been a subject of study
for more than 150 years (seec Morrow & Mauro 1950).
Many of these early studies involved fish captured in
the field where body temperatures were measured rel-
atively crudely, water temperatures from which fish
were taken were assumed to equal surface temper-
atures and fish were taken by angling after varying
lengths of capture time. More recent controlled labo-
ratory experiments have shown that the rate of change
of fish body temperatures follows Newton’s Law of
cooling and can be accurately modelled (Stevens &
Fry 1970, Spigarelli et al. 1974, Weller et al. 1984).
At temperature equilibrium, the body temperature of a
fish is usually about 0.1 to 1°C above water tempera-
ture (Clausen 1934, Gunn 1942, Fry 1967, Stevens &
Fry 1970, 1974, Dean 1976, Spigarelli et al. 1977).
This difference between water and body temperatures,
termed an excess temperature (Stevens & Fry 1970),
is a result of thermal inertia (Neill & Stevens 1974)
and dependent upon fish size (Stevens & Fry 1974,
Spigarelli et al. 1977, Beitinger et al. 1977). Stud-
ies by Stevens & Sutterlin (1976) and Beitinger et al.
(1977) estimated that conduction through the body sur-
face accounts for a majority (ca. 80%) of total heat
transfer responsible for bringing the body tempera-
ture of a fish into equilibrium with water temperature.
Dean (1976) found that forced exercise in the rainbow
trout, Oncorhynchus mykiss, did not increase excess
temperatures even of muscles. In fact, the more vig-
orous the exercise, the quicker muscle temperatures

equaled water temperature. This suggests an enhanced
heat transfer through the gills when a fish exercises.

Exceptions to thermal conformity between water and
fish body temperatures include some tunas and lam-
nid sharks which possess anatomical heat conservers
to retain metabolically generated heat (see Carey &
Teal 1966, 1969a,b, Carey et al. 1971 and several oth-
ers). Although exciting from an environmental physiol-
ogy perspective, these ‘warm bodied’ fishes represent
only a small minority of fish species.

Effects of environmental temperature

Temperature affects virtually all biochemical, physi-
ological and life history activities of fishes. Temper-
ature can be viewed as an environmental resource
(Magnuson et al. 1979) and fish will compete for
favorable temperatures (Beitinger & Magnuson 1975,
Medvick et al. 1981). An abiotic environmental factor
such as temperature should be viewed in the context
of its multiple effects on fishes. Fry (1947) delineated
five major effects of temperature: controlling (setting
the pace of development and metabolism), masking
(affecting the expression of other environmental fac-
tors), limiting (influencing locomotory activity and
hence distribution), directing (stimulating an orienta-
tion response), and finally, as a lethal agent, i.e., too
much or too little can destroy the integrity of a fish
causing its death. This latter effect of temperature is

the topic of this review.

Temperature tolerance of fishes

Probably the most dramatic effect of temperature
is to act as a lethal agent (Fry 1947). Owing to
the large number of species and their key role in
freshwater and marine ecosystems, a vast literature
reports temperature tolerances of fishes. Many of the
earliest reports of fish involved temperature toler-
ance, e.g., Heath (1884), Day (1885), Carter (1887),
Vernon (1899) and Wells (1914). Some recent reviews
which give some fish thermal tolerance data include
Hutchison (1976), Spotila et al. (1979), Houston
(1982), and Lutterschmidt & Hutchison (1997b).

Temperature-induced fish kills in nature

Most laboratory temperature tolerance estimates for
fishes involve high temperatures, whereas most fish
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kills in nature are caused by exposure to low temper-
atures. Although we could find only a few examples
of fish kills directly attributed to heat death (Huntsman
1942, 1946, Bailey 1955, Coulton 1959, Matthews et al.
1982, Mundahl 1990), the literature contains numer-
ous reports of death due to low temperatures (Willcox
1887, Bangs 1895, Verril 1901, Fitch 1917, Agersbork
1930, Storey & Gudger 1936, Storey 1937, Miller 1940,
Galloway 1941, Gunther 1941, 1947, 1952, Gunther &
Hildebrandt 1951, Simpson 1953, Wells et al. 1961,
Tabb & Manning 1961, Tabb et al. 1962, Dahlberg &
Smith 1970, Overstreet 1974, Moore 1976, Holt & Holt
1983, Bennett & Judd 1992).

Several observations may help explain the dispar-
ity between the number of reports of ‘cold’ and heat
deaths. First, fish are able to increase their tolerance
of high temperatures, i.e., gain of heat tolerance, more
quickly than they can increase their tolerance of low
temperatures, i.e., gain ‘cold’ tolerance (Doudoroff
1942, Brett 1946, Davies 1973). Second, fish lose heat
tolerance relatively slowly (Davenport & Castle 1895,
Loeb & Wasteneys 1912, Hathaway 1927). Third, high
temperatures induce frantic activity which assists fish
to flee from high temperatures, whereas cold induces
lethargy which prevents fish from escaping low temper-
atures. Fourth, upper temperature tolerances of most
North American fishes are well above ambient temper-
atures in their natural habitats (Mundahl 1990). These
observations suggest that fishes are better adapted to
withstand sudden exposures to temperatures near upper
lethal than lower lethal levels. Furthermore, a majority
of low temperature death reports occurred in marine
environments when cold fronts caused rapid decreases
in inshore temperatures and dramatic mortalities of
game and commercially important species, In contrast,
most reported heat deaths occurred in shallow, some-
times intermittent freshwater. The latter are both less
dramatic and obvious to humans than the former.

A majority of the recorded fish kills were the result
of the vagaries of weather. However, 70 years ago
Belding (1928) concluded that human activities such as
deforestation, cultivation and industrial operations had
increased the temperature of inland waters to the detri-
ment of valuable cold-water species of fish. In 1930,
Agersborg reported the death of large numbers of fresh-
water fishes attracted to the warm-water discharge of
a corn products industry in winter. A decrease in plant
operations resulted in a sharp decline in water temper-
ature which was responsible for these mortalities.

In the 1960s and 1970s, the proliferation of once-
through cooling systems of steam electric power
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stations along the shores of many major bodies of
water generated wide spread concern for the potentially
adverse effects of “waste heat’ (Alabaster 1963, Cairns
1968, Clark 1969). The first wave of thermal effects
research related to water quality regulations after the
Federal National Pollution Contract Act in 1965 estab-
lished the requirement for temperature standards. The
United States Federal Water Pollution Control Act of
1972 targeted heat as a pollutant and Section 301 of the
Act prohibited the discharge of pollutants (including
heat) into navigable waters. Variance to these regula-
tions is possible through Section 316(a) which applied
only to heat, and it authorized on a case-by-case basis,
an easing of thermal limitations that are more stringent
than necessary ‘to assure the protection and propaga-
tion of a balanced, indigenous population of shellfish,
fish and wildlife in the receiving waters’. Probably

- more than any other single event, Section 316(a) stim-

ulated thermal research and forced industry to finance
many of the tremendous number of fish-temperature
studies which proliferated in the 1970s. Concerns over
the potential adverse effects of thermal pollution fueled
numerous conferences including two sponsored by
the United States Atomic Energy Commission (later
the Energy Research Development Agency, ERDA)
which resulted in two excellent published proceed-
ings edited by Gibbons & Sharitz (1974) and Esch &
McFarlane (1976). A major outcome of the wealth of
fish-temperature research during this time is the obser-
vation that fishes possess acute temperature discrim-
ination powers and use behavior to avoid or rapidly
escape thermally hostile areas, if thermally favorable
environments are available (Neill & Magnuson 1974,
Coutant 1975, Richards et al. 1977). Thermal efflu-
ents from once-through cooling systems were shown to
influence the distribution of fishes (Neill & Magnuson
1974, Spigarelli et al. 1974, Coutant 1975, Kelso 1976).
Surprisingly, there are few published reports of fish
kills from exposure to excessive heat at power stations
(Young & Gibson 1973). However, Coutant (1977)
cites several examples where fish attracted to warm
water discharges were killed via cold shock due to
changes in plant operation or cooling water conditions.
In general, adverse environmental effects have been
minimized by prudent design and location of intake
and discharge structures at many electric generating
facilities.

During the 1960s and 1970s the primary effects of
excessive ‘waste’ heat were considered site specific.
In contrast today, with an awareness of the increas-
ing greenhouse gases in the atmosphere concerns
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have become global in scope. The United States
National Research Council (1983) proposed that global
mean air temperatures may increase by 1.5 to 4.5°C
in the next half century. Since 1981 when Coutant
(op. cit.) wrote about potential CO,-induced climate
changes on freshwater, numerous investigators have
addressed the potential effects of global warming on
various levels of biological organization. These stud-
ies included entire fish communities in the Great
Lakes (Meisner et al. 1987, Magnuson et al. 1990),
and the southern plains and southwest (Matthews &
Zimmerman 1990), individual species, e.g., coastal
striped bass, Morone saxatilis (Coutant 1990), brook
charr Salvelinus fontinalis (Meisner 1990), physio-
logical processes such as growth of largemouth bass,
Micropterus salmoides (McCauley & Kilgour 1990),
and the commercial culture of channel catfish, Jetalurus
punctatus (McCauley & Beitinger 1992). In their intro-
duction to a symposium on the effects of climate change
on fish held in Toronto during 1988, Regier etal. (1990)
stated, ‘On a global basis, climate change will likely
trigger major catastrophes and major opportunities,
both on regional scales’. The potential effects of global
warming make continued efforts to define temperature
tolerance of fishes an important area of research.

Estimation of thermal tolerances of fishes

Field observations
One approach to estimate thermal tolerance is to mea-
sure water temperatures during or following fish kills
from exposure to extreme temperatures. Although only
occasionally used (Storey 1937, Gunther & Hildebrand
1951, Holt & Holt 1983), this technique neither lends
a determination of accurate lethal temperatures nor
assures that fishes were directly killed by temperature
rather than other biotic or abiotic factors.
Determining minimum and maximum water temper-
atures within a species natural distribution is another
approach to estimate thermal tolerance. Brett (1956)
concluded that this method may not reflect accurate tol-
erance limits, because most fishes can survive temper-
atures which they do not voluntarily occupy in nature.
A contemporary version of this approach to estimate
upper temperature tolerances is provided by Eaton
et al. (1995). Their technique is based upon Biesinger
et al. (1979) who generated a large database consist-
ing of spatial and temporal records of stream tempera-
tures and fish collections. Field temperatures and fish
collection data were matched. The Fish Temperature

Database Matching System (FTDMS) was then used
to estimate temperature regimes of freshwater fishes
in the United States. From a larger and modified ver-
sion of the FTDMS, Eaton et al. (1995) estimated
maximum temperature tolerances from a minimum of
50 warmest weekly mean temperature values for 30
species of stream dwelling fishes. The 95th percentile
estimated upper temperature tolerances estimates were
consistently less (range 0.8 to 6.7°C) than reported lab-
oratory derived upper lethal temperatures for all 30
species investigated. A problem with this approach is
the assumption that water in nature is homeothermal.
In most, if not all aquatic ecosystems, environmental
heterogeneity offers fish microhabitats which differ in
temperature,

Laboratory studies

Quantitative laboratory studies of temperature toler-
ance of fishes date from Loeb & Wasteneys (1912),
Britton (1924), Huntsmen & Sparks (1924), Hathaway
(1927) and Sumner & Doudoroff (1938) and escalated
during the 1940s and early 1950s with numerous pub-
lications by Brett (1941, 1944, 1946, 1952), Fry et al.
(1942, 1946), Doudoroff (1942, 1945) and Hart (1947,
1952). In each case, an effort was made to provide a
statistically valid index, usually expressed as the mean
or median temperature tolerated by a random sample
of fish exposed to a predetermined interval of time
(Brett 1956). From these early attempts, two univer-
sally accepted laboratory approaches have evolved to
quantify temperature tolerance in fishes: the Fry or
incipient lethal temperature (ILT) technique and the
critical thermal method (CTM). Both of these tech-
niques have been employed in numerous studies to esti-
mate the temperature tolerance abilities of fishes.

Fry or incipient lethal temperature technique

In the Fry, plunge, static or incipient lethal temperature
(ILT) technique which was developed from the dose-
reponse research of Bliss (1937), atemperature lethal to
50% of a fish sample is determined by plunging groups
of fish from a variety of acclimation temperatures into a
series of constant test temperatures near the estimated
upper and lower temperature limits of a species (Fry
1947), Mortality is the endpoint and is recorded over
time. An estimate of the temperature tolerated by 50%
of a sample for various exposure time intervals, e.g., 12,
24, 48, 96 h, is made from a regression of percentage
mortality on test temperature. Since thermal resistance
usually is not linear with respect to time, data are often



transformed as probits and plotted against the loga-
rithm of time. Results are reported as incipient lower
and incipient upper lethal temperatures, i.e., ILLT and
IULT, for a specified exposure time.

This experimental technique separates temperature
tolerance and resistance. The latter represents the time
to death at a particular lethal temperature. Fry et al.
(1946) introduced the concept of mortification rates
which equals the reciprocal of mean or median sur-
vival times from results of short-term resistance exper-
iments. These were included in the National Academy
of Sciences’ Water Quality Criteria in 1972 and used
in evaluations of thermal effects of power plants (see
Coutant 1972). In 1985, Kilgour et al. developed a
model incorporating mortification rates to estimate
TULT for results of short-term thermal resistance exper-
iments. Application of their model to data for 12 species
of North American fishes predicted [ULTs within 1°C
of observed IULT values. When ILLT and IULT are
determined over the temperature tolerance range of a
species, i.¢., the range of temperatures to which a fish
can be acclimated, a temperature tolerance polygon
can be generated. Calculating the area of the temper-
ature tolerance polygon yields a single number in °C?
units, which represents the degree of eurythermicity of
a species. Since the first temperature tolerance polygon
for goldfish, Carassius auratus, reported by Fry et al.
(1942), temperature tolerance polygons have been pub-
lished for probably fewer than 40 North American fish
species.

Critical thermal methodology

The critical thermal methodology (CTM) is a second
laboratory approach to characterize temperature toler-
ances, particularly relative or comparative tolerance of
fishes. In a departure from Becker & Genoway (1979)
who have referred to the CTM as both a method and
a parameter, we choose to use the designation CTM
to refer to the general method and the specific terms
CTminimum and CTmaximum to refer to the measured
endpoints. In the CTM, a random sample of fish, usu-
ally acclimated to specific temperature(s), are subjected
to a constant linear increase or decrease in temperature
until a predefined sublethal but near lethal, endpoint is
reached (Figure 1). The endpoint (critical thermal max-
ima orminima, CTmaximum and CTminimum, respec-
tively) is defined as pre-death thermal point at which
locomotory movements become disorganized and a fish
loses the ability to escape from conditions which may
ultimately lead to its death. In this approach lethal tem-
peratures are estimated without actually killing fish.
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Figure 1. Determination of the critical thermal maximum
(CTmaximum). Fish are exposed to a constant linear increase in
water temperature until the selected sublethal endpoint is reached.
Once this endpoint is reached, the fish is quickly returned to its
pretest acclimation temperature and checked for survival. The
endpoint temperature equals the CTmaximum which occurs prior
to physiological death. CTmaximum data obtained for a sample
are usually described via the mean and standard deviation.

The CTmaximum and CTminimum are calculated as
the arithmetic mean of the collective thermal points
at which the endpoint was reached by individuals of
a random sample of fish (Lowe & Vance 1955). If
rescued and returned to the pretrial acclimation tem-
perature, fish reaching the specified endpoint should
survive. In fact, the heat shock experienced by ani-
mals during CTmaximum trials has been reported to
produce heat hardening, i.e., a transitory increase in
CTmaximum following exposure to near lethal tem-
peratures (Hutchison 1961, Hutchison & Maness 1979,
Maness & Hutchison 1980).

Huntsman & Sparks (1924) appear to be first to
use a modified CTM when they recorded the death
point of numerous species of marine fishes and inverte-
brates exposed to temperature increases of 0.2°C min~".
Sumner & Doudoroff (1938) combined dynamic tem-
perature changes (0.05°C min~") with a sublethal
endpoint (cessation of respiratory movements) to
measure ‘lethal’ temperatures in the longjaw mud-
sucker, Gillichthys mirabilis. These authors noted that
this endpoint did not necessarily represent death since
many of the fish recovered when returned to cooler
water, Nevertheless, Cowles & Bogert (1944) are given
credit for originating this methodology and coining
the terms CTmaximum and CTminima (although they
determined no CTminimum) in their classic mono-
graph concerning thermal relations of desert reptiles.
Of note, Cowles & Bogert (op. cit.) developed the
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Figure 2. Temperature tolerance polygon generated from
CTmaxima and CTminima data for the sheepshead minnow. This
temperature tolerance polygon is based on 60 data points.

CTM approach at about the same time that Fry and
his coworkers were generating the ILT protocol for
fishes. Although several studies have employed CTM
to quantify temperature tolerances in numerous species
of reptiles (Larson 1961, Kour & Hutchison 1970,
Spellerberg 1973) and amphibians (Zweifel 1957,
Hutchison 1961, Brattstrom 1968), research by (Heath
1963, Heath 1967 and Lowe & Heath 1969) appear
to be the first published uses of CTM with fishes.
Bennett & Beitinger (1997) generated a CTM temper-
ature tolerance polygon for the sheepshead minnow,
Cyprinodon variegatus (Figure 2). Previous reviews of
the CTM in fish research are provided by (Hutchison
1976, Becker & Genoway 1979, Paladino et al.
1980, Beitinger & McCauley 1990, Lutterschmidt &
Hutchison 1997b).

Elliott’s hybrid temperature tolerance methodology

A hybrid ofthe CTM and ILT techniques has been used
by Elliott (1981, 1991) to characterize upper and lower
temperature tolerances of some salmonids. Instead of
instantaneously plunging fish into test temperatures as
is done in the ILT technique, Elliott exposed fish, accli-
mated to a large range of temperatures, to tempera-
ture change rates of 1°Ch~" until a series (about 5)
of final constant temperatures were reached at which
fish were held and observed for mortality. Death was

recorded over a period of 10080 min (7 days). This
technique combines dynamic temperature changes of
the CTM with constant test temperatures and death as
an endpoint characteristics of the ILT technique. Elliott
used this approach to generate a 7-d thermal toler-
ance polygon for parr of the Atlantic salmon, Salmo
salar.

Comparison of ILT and CTM approaches

Although both CTM and ILT techniques generate end-
points which are quantitatively expressed as a tem-
perature, are determined experimentally with random
samples of fish acclimated to specific temperatures
and involve both time and temperature as major test
variables, the two methods do not quantify the same
response. The CTM requires a constant, linear change
of temperature upward or downward from acclima-
tion temperature until physical disorganization occurs.
Conversely, the ILT method requires an abrupt transfer
to temperatures either above or below acclimation and
exposure until lethality occurs. Either loss of equilib-
rium or the onset of muscle spasms is the usual endpoint
for dynamic tests, whereas, death is the endpoint for
ILT tests. This is an important distinction since CTM
allows testing temperature tolerance of fishes without
lethality. The combination of a nonlethal endpoint with
the observation that CTM does not require the large
number of fish needed in ILT measurements, indicates
that the CTM can be used to estimate the thermal tol-
erances of endangered or threatened species of fishes
(Gelbach et al. 1978) or in cases where only a small
sample of fish are available (Bennett et al. 1997). It
has been used extensively as a comparative method for
quantifying differences in thermal tolerances between
species or within a species.

A walid criticism pointed out by Coutant (1970)
and Hutchison (1976) is that the two major indepen-
dent variables, temperature and time, are changing
during a CTM. This confuses interpretation' of CTM
data, particularly when different rates of temperature
change and endpoint criteria are used. It is best used
as a relative and not absolute measure of tempera-
ture tolerance, since the changing temperature during
a CTM trial typically overshoots the temperature at
which physiological disorganization occurs. However,
the CTM approximates natural conditions better than
static methods (Bennett & Judd 1992). As long ago as
1946, Fry et al. concluded that ILT data have little or
no direct application in the field. Any thermal death in
nature is almost certain to be brought about by chang-
ing temperature conditions. Since fishes lack a means



of maintaining independent body temperatures, they
may be a victim of rapid internal temperature change
caused by sudden fluctuations in environmental tem-
perature (Brett 1956). The CTM provides a lethal index
since fishes in nature may encounter such temperatures
either temporally or spatially as fluctuations outside of
their tolerance limits (Hutchinson 1976).

Finally, the statistical manipulations required to
determine the ILT and CTM of fish acclimated to the
same temperature are considerably different. ILTs are
determined from an approach (LC-50) of Bliss (1937)
to characterize dose—response data. To obtain an ILT
for a single acclimation temperature, samples of ten
or so fish acclimated to a series of temperatures are
usually plunged into a series (usually five) constant
temperature baths and times to death (resistance times)
are recorded. Resistance times are usually linearized
as probits and a single LC-50 is estimated for a par-
ticular time, e.g, 24 h. Conversely, in the CTM each
individual fish generates a datum. Following Lowe
& Heath (1969), most investigators numerically char-
acterize CTmaximum and CTminimum with simple
parametric descriptive statistics, i.e., mean and stan-
dard deviations as measures of central tendency and
variation, respectively. Consequently, CTM data are
easy to calculate and can be easily compared via
independent t and ANOVA hypothesis tests. In the
majority of studies where temperature tolerance is
used to bioassay the effects of various environmen-
tal stressors, the CTM is the method of choice (see
Beitinger & McCauley 1990). Both methods yield valu-
able information concerning temperature tolerances
of fishes.

Few studies have measured temperature tolerances
via both CTM and ILT approaches in fish of the same
species acclimated to similar temperatures; however,
comparisons of literature values suggest that at sim-
ilar acclimation temperatures, CTmaxima generally
exceed the IULTs and the CTminima will be lower
than ILLTs measures by approximately 1 to 4°C for a
species. This is expected since a time lag occurs before
LOE is observed. During the time lag, the tempera-
ture is changing causing the CTM to ‘overshoot’ the
ILT estimate. In a study that measured both CTM and
ILT in a species (sheepshead minnow, Cyprinodon
variegatus) acclimated over the same range of temper-
atures (5 to 38°C), Bennett & Beitinger (1997) found
that the thermal tolerance polygon from the CTM was
about 5% larger (70°C?, 1450 versus 1380°C?) than that
of 12-h thermal tolerance polygons of the ILT technique
(see Figure 4).
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Theoretically, it is possible to predict CTM values

-from resistance data generated by ILT trials. This was

first discussed by Fry etal. (1946) and again in 1947 and
1971, and by other researchers including Brett (1956),
Becker & Genoway (1979), Kilgour & McCauley
(1986) and Bennett & Beitinger (1997). From ILT resis-
tance data, minute mortification rates are calculated as
the reciprocal of the median lethal exposure time which
represent percentage mortality per hour at each of sev-
eral test (plunge) temperatures. The predicted CTM
value for each acclimation temperature is taken as the
point at which the fractions of dying at the various
plunge temperatures equal one (see Fry et al. 1946).
Although several investigators have discussed this
approach, few examples have been provided. Bennett &
Beitinger (1997) used this approach to predict both
CTmaxima and CTminima for sheepshead minnows at
acclimation temperatures of 5, 21 and 38°C (Table 1).
CTmaxima predicted from the ILT data underesti-
mated empirically derived CTmaxima by 1.7. 0.0 and
0.2°C at these three acclimation temperatures, respec-
tively. The accuracy (within 5%) of these predicted
CTmaxima is reasonable considering the dissimilar
endpoints and large range of acclimation temperatures
over which these estimates were made. In contrast, poor
agreement occurred between predicted and empirically
derived CTminima in sheepshead minnows; and the
difference between predicted and measured CTmin-
ima became progressively greater as acclimation tem-
perature increased from 5 to 38°C (Table 1). Since the
model used to predict CTminima assumes a linear mor-
tality rate relative to time (Fry 1947), it appears rea-
sonable to conclude that the inability of ILLT data to
accurately predict CTminima in sheepshead minnow
is related to a violation of this assumption. Nonlinear
lower thermal tolerance responses have been observed

Table 1. Comparison of measured CTmaxima and CTminima
(°C) and those predicted from resistance data of ILT trials
for sheepshead minnow acclimated to 5, 21, and 38°C (from
Bennett & Beitinger 1997).

Parameter Acclimation

temperature, °C

5 21 38
Predicted CTmaxima, *C 363 40.1 44.0
Measured CTmaxima, °C 34.6 40,1 442
Difference, °C 1.7 0.0 0.2
Predicted CTminima, *C -1.6 0.8 33
Measured CTminima, °C 0.6 6.9 113
Difference, *C 22 6.1 8.0
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Figure 3, Temperature tolerance polygons via the CT and ILT
methods for the shepshead minnow. Note that the areas of toler-
ance are different and somewhat offset.

in many fishes and are often attributed to differing
mechanisms of death at low temperatures (Brett 1956,
Fry 1971, Schmidt-Nielsen 1994). At lower temper-
atures, metabolism slows and longer exposure times
are needed to elicit physiological effects such as death.
Consequently, time becomes a major factor affecting
death at low temperatures. During ILLT trials, rela-
tively short exposure time can depress measured ILLT
values in fish at low acclimation extremes, widening
the physiological temperature tolerance zone. This phe-
nomenon is apparent in ILLT data for sheepshead min-
now and apparently explains why ILLT data are poor
predictors of CTminima in this fish. Although the lower
boundary of the CTM temperature tolerance polygon
is linear, the slope of the ILLT boundary shifts as the
major factor determining death changes from accli-
mation temperature to exposure time. When the shift
occurs, the ILLTs of fish acclimated at temperatures
nearer to the lower limit begin to approach and even-
tually fall below the CTminimum (see Figure 3).

Further considerations concerning CTM

Two concerns in CTM trials are (1) rates of tempera-
ture change and (2) the selected endpoint. The rate of
temperature change (AT) during a CTM trial should
be constant and linear. An early criticism of the CTM
approach (Fry 1971) is that it confounds time and
temperature since both are changing simultaneously.

Consequently, if temperature change rates are not con-
stant during a CTM trial or if different rates of temper-
ature change are applied to fish acclimated to similar
pretest conditions, measured CTM values will vary.
This criticism was warranted in early studies (Vernon
1899, Huntsman & Sparks 1924) where temperature

* change rates during tolerance trials were inconsistent.

Cocking (1959) was the first to expose a fish (roach,
Rutilus rutilus), to five consistent rates of temperature
change ranging between 0.05°Ch~! (0.00083°C min™")
and 0.8°Ch~! (0.013°C min") and record temperature
at death. Over this range of temperature changes, mean

‘temperatures at death of roach ranged between 31.4

and 32.9°C. Since Cocking’s study, several investi-
gators have examined the influence of different rates
of temperature change during CTM trials including
Burton et al, (1972), Cox (1974), McFarlane et al.
(1976), Becker etal. (1977), Becker & Genoway (1979)
and Lutterschmidt & Hutchison (1997a). According to
the CTM definition, the rate of temperature change
must be slow enough so that a fish’s core tempera-
tures do not significantly lag behind water tempera-
tures, and rapid enough so test fish do not have time
to thermally reacclimate during a trial. Of note, if
the rate of temperature change is either too rapid or
too slow, the measured CTM values will be biased
towards higher temperatures. The CTM literature con-
tains rates as slow as 1°Ch™' (Becker et al. 1977)
and as fast as 1°Cmin~' (Hoss et al. 1972, Cox 1974,
Copeland etal. 1974, Holland etal. 1974, Smith & Scott
1975, Cheetham et al. 1976, Hassem & Spotila 1976,
McFarlane et al. 1976). From an extensive review of
the literature and their own data, Becker & Genoway
(1979) recommend a 0.3°C min~! rate of temperature
change for CTM research with fishes. They found that
pumpkinseed sunfish, Lepomis gibbosus, exposed to
1°Ch~! (= 0.016°Cmin™") gained temperature toler-
ance as the test progressed. Conversely, a change of
1°Cmin~! in water temperature was too rapid for deep
body temperature to track water temperature without
a significant time lag. The faster rates of tempera-
ture change also amplify the importance of fish size,
since body temperature change is a function of fish
size (Stevens & Fry 1974, Spigarelli et al. 1977). Ata
AT of approximately 0.3°Cmin~", core temperatures
of smaller fish closely track changes in water temper-
ature. An exception to this rate occurs in CTminimum
determinations, especially when exposure tempera-
tures near 0°C are required. Due to the greater diffi-
culty in achieving linearity during ‘extreme’ cooling,
rates between 0.1 and 0.15°Cmin~" have been used



(Ward et al. 1993, Bennett & Beitinger 1997, Bennett
et al. 1997).

It is important to mention that the ILT technique also
involves both time and temperature as major variables,
yet during trials temperatures are constant. However,
choice of exposure time will alter measured ILT values.
In contrast to the CTM approach where 0.3°C has been
proposed as the standard rate of temperature change,
there is not an accepted exposure time in ILT approach.
Inresearch on temperature tolerance in the goldfish, Fry
et al. (1942) followed Hathaway (1927) and employed
a 14-hour exposure time. At that time, Fry et al. con-
cluded, ‘Fourteen hours can be equivalent to infinity for
all practical purposes as far as the direct lethal effects of
temperature are concerned’. Nevertheless subsequent
researchers have used a variety of exposure times in
ILT research on fishes: 12 h (Brett 1946), 24 h (Black
1953), 48 h (Brett 1952), 8000 min (Hart 1947, 1952),
7 days (Otto 1974, Kaya 1978) and 20 000 min (Allen
& Strawn 1967). By 1971, Fry reconsidered his 1942
statement and concluded, ‘... it must always be real-
ized that there is no finality to the ILT short of maintain-
ing a test throughout the whole life of the organism’. In
a comprehensive study of the temperature tolerance of
sheepshead minnow, Cyprinodon variegatus, Bennett
& Beitinger (1997) found an expected inverse relation-
ship between exposure time (12, 24 and 48 h) and areas
of ILT tolerance polygons 1380, 1251 and 1118°C?,
respectively (Figure 4). Use of different exposure times
in ILT studies, like different ATs in CTM research can
affect measured temperature tolerance.

Whereas there has been little debate concerning
the choice of appropriate rates of temperature change
during CTM research, controversy has arisen over
the choice of the most appropriate endpoint criterion
(Hutchison 1976, Becker & Genoway 1979, Bonin
1981, Bennett & Beitinger 1997, Lutterschmidt &
Hutchison 1997a). Cowles & Bogert (1944) originally
defined. the critical thermal minimum for reptiles as
‘the temperature that causes a cold narcosis and effec-
tively prevents locomotion. At this temperature, the
animals are helpless to escape enemies or to remedy
their thermal impasses if they have not already sought
sanctuary’. Similarly, they defined the critical thermal
maximum as ‘the thermal point at which locomotory
activity becomes disorganized and the animal loses its
ability to escape from conditions that will promptly
lead to its death’. Recovery from this incapacitation is
the criterion for determining whether or not the ani-
mal has been exposed to unnecessarily high temper-
atures. From the ecological viewpoint, it is the lethal
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Figure 4. Three dimensional representation to the incipi-
ent lethal temperature tolerance ‘volume’ in the sheepshead
minnow exposed to lethal temperatures, The incipient lethal
temperatures are a function of both acclimation temperature and
exposure time.

temperature (Cowles & Bogert 1944). These original
definitions were slightly modified by Lowe & Vance
(1955) and Hutchison (1961) and finally, Cox who
offered the following definition in 1974, ‘The criti-
cal thermal maximum or minimum is the arithmetic
mean of the collective thermal points at which loco-
motory activity becomes disorganized and the animal
loses its ability to escape from conditions that will
promptly lead to its death when heated (or cooled)
from, a previous acclimation temperature at a constant
rate just fast enough to allow deep body temperature
to follow environmental test temperatures without a
significant time lag’. This is the definition cited in a
majority of contemporary publications employing the
CTM with fishes. It is noteworthy that exact criteria for
identifying the point of locomotory disorganization are
unspecified.

Relative to these definitions, the key aspects are that
the CTM endpoint is a sublethal but near lethal tem-
perature, that locomotion becomes disorganized, and
survival occurs if test fish are immediately returned
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to their pretest acclimation temperature. This endpoint
is nicely and concisely discussed by Coutant (1969)
who along with Dean (1976) exposed fishes to temper-
ature shocks and observed equilibrium loss before the
generally accepted thermal death point (cessation of
opercular movement) was reached. These researchers
noted that this phenomenon has been observed by
others and described as heat coma and the tempera-
ture at which this occurs as a critical thermal maxi-

mum, and concluded that when a fish exhibits abnormal .

behavior from thermal shock it is ecologically dead, as
any angler who has used the ‘wounded minnow’ lure
will attest.

During an exposure to a constantly changing tem-
peratures, each species of fish tends to exhibit a repeat-
able sequence of actions as it approaches and finally
reaches physiological death. This sequence has led
to the use of a variety of CTM endpoints by differ-
ent researchers including the onset of muscle spasms
(Matthews & Maness 1979), final loss of equilibrium
(Watenpaugh et al. 1985), flaring of the operculars
(Middaugh et al. 1975), non-reaction to prodding with
a glass rod (Heath et al. 1994), cessation of opercular
movements (Bettoli et al. 1985), and even combina-
tions of the above (Hassam & Spotila 1976, Bonin &
Spotila 1978). One liability of OS is that they are not
observed in fish during CTminima trials.

Loss of equilibrium (LOE) and the onset of muscle
spasms (OS) are the most commonly reported CTM
endpoints, as both represent systematic disorganiza-
tion that prevent fishes from escaping conditions that
promptly result in death,

A statistical defense of LOE as an appropriate CTM
endpoint has also been generated by numerous stud-
ies, involving a variety of researchers and fish species.
Standard deviations for CTmaxima are often less than
1°C. In Sylvester’s (1975) study of temperature tol-
erance in three species of Hawaiian estuarine fishes
acclimated to five temperatures, only one of the 15
species-acclimation temperature combinations had a
CTmaximum standard deviation of more than 1.0°C.
Ten CTmaximum standard deviations measured in five
species of trout and charr acclimated to two tem-
peratures ranged from 0.19 to 0.67°C (Lee & Rinne
1980). Bulger (1984) reported a range in CTmaxi-
mum standard deviations of 0.25 to 0.59°C in Fundulus
heteroclitus held under different temperature and pho-
toperiod combinations and tested at various times dur-
ing the day; Bulger reported standard deviations for
20 trials. King et al. (1985) reported a CTmaximum
standard deviation range of 0.94 to 0.41°C for red

shiners, Cyprinella lutrensis, collected from five sites
in the Brazos River, Texas. Green sunfish, Lepomis
cyanellus, acclimated to 20°C and tested after 1, 5
and 10 days of holding had CTmaximum standard
deviations from 0.40 to 0.69°C (Carrier & Beitinger
1988). Control rainbow trout, Oncorhynchus mykiss,
studied by Strange et al. (1993) had a CTmaximum
standard deviation of 0.59°C. CTmaximum standard
deviations of control fathead minnows, Pimephales
promelas, acclimated to four different temperatures
ranged from 0.24 to 0.95°C (Richards & Beitinger
1995). Finally, Bennett et al. (1998) reported CTmaxi-
mum standard deviations of 0.25 to 0.66°C for channel
catfish, Ictalurus punctatus, acclimated to 10, 20, 30
and 35°C. The precision indicated by the small varia-
tion in CTmaximum determined via LOE in these and
many other studies, demonstrate that LOE is-an appro-
priate endpoint for CTM research.

Finally, in a few studies in which fish were exposed
to constant changes in temperature, investigators have
reported the death point (DP) in addition to or in place
of a typical CTM endpoint, e.g., OS or LOE. Since the
DP is easily determined by simply continuing to heat
(or cool) test fish beyond CTM temperatures, it allows
the generation of both a sublethal and lethal estimate
of temperature tolerance for each fish. Examples of
this approach include Holland et al. (1974), Cheetham
et al. (1976), McFarlane et al. (1976) and Becker &
Wolford (1980). Becker & Genoway (1979) proposed
the terms, ‘lethal thermal maximum’ and ‘lethal ther-
mal minimum?’ for temperatures corresponding to death
during dynamic temperature exposures. Nevertheless,
use of death as an endpoint is justified when the typ-
ical CTM endpoints are neither obvious nor consis-
tent among test fish exposed to changing temperatures.
For example, owing to the excitable behavior of grass,
Ctenopharyngodon idellus and bighead carp, Hypoph-
thalmichthys nobilis, Bettoli et al. (1985) found that
cessation of respiratory movement and loss of response
to touch (death), yielded a more precise endpoint.

Only CTM values determined using similar end-
points can be directly compared and there is proba-
bly not a single CTM endpoint that is best for all fish

' species. Although LOE has been used in far more stud-

ies than OS, the choice of an appropriate endpoint, as
long as it represents a consistent, observable system-
atic disorganization consistent with the CTM defini-
tion, should be chosen by the investigator. The endpoint
needs to be clearly described in the methods section of
a manuscript. The comparative value of CTM data are
influenced by the AT and endpoint used.



Chronic lethal maxima and minima

A few investigators have measured temperature tol-
erance by exposing fishes to dynamic temperature
increases (Hickman & Dewey 1973, Alcorn 1976,
Guest 19835, Fields et al. 1987, Grande & Andersen
1991) or decreases (Shafland & Pestrak 1982, Zale &
Gregory 1989) of 1°C d~! or slower, and have employed
death as the endpoint. This approach differs from the
CTM in two ways. First, the rate of temperature change
will permit fish to reacclimate during trials and sec-
ond, death is used as the test endpoint. In Fields et al.
(1987) the upper temperature tolerance of four groups
oflargemouth bass, Micropterus salmoides, acclimated
to 32°C were investigated at temperature increase rates
of 0.2°Cmin~" and 1.0°Cd~". The mean upper lethal
values in the four groups of largemouth bass heated at
1°Cd~! were 1.8 to 3.6°C lower than those measured
at 0.2°Cmin~". These results suggest that slow heat-
ing allows longer time at each temperature for reaccli-
mation to occur; however, simultaneously, it permits
more time for heat to exert its lethal effects. At least in
largemouth bass, the latter effect was more important
than the former. To distinguish between these two tech-
niques and following the recommendation of Becker &
Genoway (1979), we would refer to the slow heat-
ing trials with death as the endpoint as chronic lethal
methodology, i.e., CLM. Comparing the chronic lethal
values and critical maxima to published IULT for large-
mouth bass at the same acclimation temperature (Currie
et al. 1997) indicate the following sequence: IULT <
CLmaximum < CTmaximum.

‘Review of published tolerance data

The temperature tolerance zone of a species repre-
sents the thermal ‘arena’ within which individuals of a
species can survive, Because of its critical importance,
defining the limits and factors effecting the limits of

this zone for fish have been the subject of numerous -

studies. This review is restricted to studies of fishes
exposed to constantly decreasing or increasing temper-
atures during temperature tolerance trials, i.e., dynamic
temperature changes. We partitioned dynamic temper-
ature tolerance studies into two distinct categories:
critical thermal methodology which exposes fish to
relatively rapid temperature changes and employs a
sublethal endpoint, and chronic lethal methodology
which incorporates slow changes in temperature and
a lethal test endpoint. To avoid confusion in abbrevi-
ations, we use the designation CTM (critical thermal
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method) to refer to the experimental method and the
terms CTmaximum and CTminimum as the procedu-
rally and statistically defined endpoints for CTM tri-
als. Similarly, CLM (chronic lethal method) yields the
endpoints, CLmaximum and CLminimum. Previous
reviews of CTM include Fry (1967), Hutchison (1976),
Becker & Genoway (1979), Paladino et al. (1980),
Beitinger & McCauley (1990) and Lutterschmidt &
Hutchison (1997b), and reviews containing lists of
CTmaxima and CTminima for fishes are provided by
Spotila et al. (1979) and Houston (1980).

In this review dynamic temperature tolerance data
are presented by experimental method in Tables 2
(CTmaxima), 3 (CTminima), 4 (CLmaxima) and 5
(CLminima). These tables list more than 450 individ-
ual measures of dynamic temperature tolerance for 130
North American freshwater fishes. In addition to sim-
ple statistics, i.e., mean, standard deviation and sam-
ple size describing temperature tolerance, each listing
includes pretest acclimation temperature, rate of tem-
perature change, endpoint criterion and source.

Number of studies

‘We focused our review on native North American fresh-
water fishes; however, we have included temperature
tolerance information on exotic species that have been
observed in North America. An extensive literature
search uncovered 80 studies which provide original
temperature tolerance data measured by either critical
thermal or chronic lethal methods for North American
freshwater fishes, beginning with Heath’s (1963) study
of the effect of diel thermoperiods on upper tempera-
ture tolerance in cutthroat trout, Oncorhynchus clarkii
clarkii, the first use of CTM with fishes. Figure 5 illus-
trates the number of dynamic temperature tolerance
publications each five year interval beginning in 1960,
Concerns of the negative effects of thermal pollution
in aquatic environments stimulated the surge in these
studies during the 1970’s, and the contemporary con-
cern of global warming continues to make this research
area important as we enter the next millennium. Inter-
estingly, 47 (59%) of these 80 studies concerned only
one fish species, and 70 studies (88%) involve three or
fewer species. In contrast, studies by Kowalski et al.
(1978), Shafland & Pestrask (1982), Lutterschmidt &
Hutchison (1997a) and Smale & Rabeni (1995) report
original dynamic temperature tolerance data for 13, 14,
24 and 34 species, respectively. Although a large num-
ber of species was examined in these four studies, in



248

(9L61) 'Te 1 Aydmpy 6 — SIE 401 01 (O puod) 91
(rL61) X0 0€ & 6'LE dOT 01 .92
(pL61) x0D 0€ A S'LE d0T S0 9T
(rL61) X0D (1]3 é 99¢ HOT 1'0 9T
(vL61) B0 PUElOH €9 — Vi or H0T 0l (sans uonaa[[od ) S¢
(pL6l) TR pUB[OH  9€-91 —  96EPLE Hd0T o1 (saurs wonaa[0] +) 0
(FL61) [B1@ PUBIOH  9¢—€1 —  0LEE9E 0T 01 (o118 UONP2[[OD +) ST snpduopu stuoda
(S661) waqey % afewg 6 =i} ¥'ot 01 L1070 9z stjtny stuioda
(eL661)
UOSIYINH 7 IPIUasIenng v 7o 6'7¢ S0 01 01 snsopn3 spuioda]
(6L61) Aemoudn) 7¢ 10392 ¥z 560 I's¢ HO1 £0 0z
(6L61) Aemoudny 7 1000g vT SLL'O 1'0g H0T £0 ol snsoqqi3 spuodag
(eL661) .
UoSIyMNE 79 IpryosIann Sl 907 TrE iSO 0l ol
(S661) waqery 7 o[EwIg 8 SL'D 6LE q4071 L10°0 97
(e8861) 108uniag % 1oLUED 6 950 6'S€E 401 €0 (o1 £ep) 02T
(e8861) 123untog 7 JLUED I (V] 8'sE HOT €0 (s £=p) 0z
(e8861) 108uniag % IOLLIED 6 690 8'5E HO'1 £0 (1 £ep) 0T sfjaupdo spuiodaq
SEpIyoIRnua)) AjIwe
(2L661)
UOSIYMNH 79 IPIUyosIanng I = £1e SO 01 ol snjoqng snqoudy
(8L61) 1232 Dis[Eamoy 14 980 80¢ SO 01 S1 supoSu wnanaddg
(Z661) 422D % Audqase) 01 aCE'0 L'TE 0T €0 0T SLIISOMADAG SISIUSDYT)
(zZ661) Y23D % Auagarse) I — 97 q01 €0 (174 Li2pAUS SNUH0ISoID))
(S661) wagqey ¥ aewg S STO 6'vE q01 L1070 9z 1HOSAIWUIOD SRILOISOID)
(0661) 1yepunyy 9 80 $'3€ 401 8050 (PIeY) $T snupddo sapoydin)
SEPIIO)SOJE]) A[IE,]
(eL661)
UOSUIYAINH 2 IPHULISIAHN] 0T #8'1 91E SO 01 oL ouljjiag pipruapy
(S661) waqey % o[ews g #'0 09¢ q01 L100 9T SHRIOIS SAIISIPIGOT
SEpIULIdYY A[lwe]
u a m et
20UMYIY D, mwixew [ uwodpussal U)LYV o e saadg

‘armyeladne) uonewi[aoe = | ‘Sanjea BwIXew | D) ueaw paystjqnd woly payenares 1o paysiqnd 190312 219M S[POL UOISSIIFIY

*poprodal J0U UOLEULIOJUI S]EOIPUL SHIBIU UoLSang) "SIWL| 20USPYUOD %66 IO Sloua piepue)s Jagya Suiald sjoid woiy pajenofed a1os SUOHEIASP PAEPUR)S JE() SJEdIPUT O
yduosiadng 'q 1duosiadns £q pajesipul aIe S)UI| ADUIPLUOD 9,66 10 SIOLD PIBPUE]S WO PAE[NO[ED SUOLIEIASD prepuelg e jdudsiadns oy Aq payeorput ate sam3y paystjgnd
woIy pajewnsa (¢ UwWN[od) Bjep (D,) BUWIXEW [ D) PAEIIPUL ISLMIAI0 SSa[UN SUOLIpUed K10jel0qe| JUR)SU0D Wolj aie (Wnjod puooas) sameladsy uonewnjooy “(urod
yieap = 4q ‘po1 sse[d yim Smppord = yn4 ‘umuqrmba jo sso] = g1 ‘swiseds senosnw jo yasuo = Q) Jutodpud 53 papiodal pue [BLY) WNUNXEUL ] SULINp 2sBAIOUL
ammesadwey jo el ‘ammeradwiay uonewfoor 1sora1d sapnjour Anuo yoeq “A[rwey Aq SOUSY 10)eMUSOL) UBOLIAWY YUON 10} (BULIXEWL]D) BUIIXEW [EULDY) [BXNUD ‘7 3jquL



249

(L861) ‘T2 12 sp[aid

(£861) 1232 spjarg

(£861) ‘1812 spjard

(£861) Te 12 sppar]

(L861) 1832 spjaty

(£861) 1832 spatd

(£861) “[2 32 sp[aLd

(L861) ‘1812 sp[aLg

(£861) ‘1219 spporg

(L861) 1832 splary

(8661) 1210 21Ny

(8661) '[232 a1m)

(8661) ‘1212 artmy

(8661) ‘1212 aump

(L861) ‘Te 10 Sp[aL]

(£861) [e 12 sppary

(L861) 1232 spfaLy

(£861) "2 32 sppatd

(£8671) "e10 spparg
(eL661)

EOmESSE o% Sumc.ﬁum,«oﬁ:d

($661) luaqey % aewig

(SL61) noag 7 yuwig

(SL61) noog 7 g
(2L661)

UOSTYINE 79 IPIWLISIONN]
(2L661)

Ecm_m_.—ou:: ,.% ~ﬁ_c.=—um.—2u=..~

(S661) lwaqey % afews
(eL661)

_.—Gmm_._o——.—z u.m. .,.ﬁmnﬂ.:ow._uﬂﬂ\u
(eL661)

UOSIYMNE] %9 IPIUIGISIONNT]

(S661) tuaqey 7 ofewg
(eL661)

UOSIYMNY 73 IPIUYISIaNN]

(5661) waqey % opwg

(9L61) 1812 Aydingy

(9L61) 1B 10 Aydinpy

(9L61) "[& 10 Aydingy

(9L61) "Ie 1 Aydingy

(9L61) '8 10 Aydmpy

01
01
1]
01

01
01
01
01

0z
0z
{4

0l

0l
01

Ll
0l
OF
of

"LLY0+ 0£'9T = XeWLD

Al

£5°0

860

8¥'0
"LL¥'0+$$°97 = XeW1D

8¢°0

¥9°0

8¥'0

L6'0
"LTE0+76'8T = XPNILD

Pe0

650

Lyo

"LSLY'0+ §6°6T = XBNILD

or'o
S0
L8°0
9¢°1
06°1
09°0
el
QL0

LSO

[£0
LBO
66'1L
¥8°0
0Tl
89°0

Y
0le
0ve
1ot

iy
S'Le
'yt
0t

$8¢
L9t
¥'se

6'0F
§'9¢
9t
(414

L%
£9¢
Loy
L'9¢

(443

8vE
6'9¢

I've

I've
8'LE

9°EE
6LE
$'8E
¥t
9eE
SLE
LSS

dad
da
dd
dd

dd
dd
dd
dd

H01
H01
HOT

dd
da
dd
dda

SO
HOT
H401
H071

180
d071

150
d07T1
H07T1
4071
q07T
4071
4071

o
0
o
o
€0
£0
€0
o
(4]
o
01
L1070
01
01
0’1
L10°0

[43
¥
91

8

Tt
¥
91

8

0t
§¢C
0t

(43
¥T
91

8

01
9t
8T
0T

01

1
9z

01

01
9T

o1
9

(puog red) 7¢
(D puod) z¢
(puod 1eg) vz
(D puod) $T
(puod 1ed) 91

P EHNTI X & HNIN

(FWTd
'sseq ynowadie] epLof])
snuppliolf saprowps

(dWIN

:sseq [pnowwadie] wayou)

Sapiowps Saplowns

saprowps smuadosoyy

smpppound sniaydosopy

nanuojop snaapdosny

snydojoustu siwoday

sitojpSaut stutoda



(€861) 1210 apyEL 41 6t°0 T9¢ q01 £0 T
(0861) uosiyoIny 7 ssauEp 4’} $0°1 0'TE SO 01 sl
(6L61) SSOUB 79 SMAUNERN oL 91°0 0°6€ SO o1 ST ssuauny DjjauLids)
satoads
(5861) 1830 yoneg 81 AP0 €0y da S0 €T om1 2a0qe Jo puqfy 'g
siqou
(5861) '12 12 1oNeg 81 F¥0 9'8¢ da =i} £7 sadyporupyydod{py
(s861) [2 10 1onog 81 £5°0 £'6€ da S0 €7 vyapr uopoSudioydous;)
(eL661)
UOSIYOINH 79 JPTUYISIaNN] I 6z0 8'5E SO 01 01 SRIDAND SHISSDLIDD
(2L661) .
UOSIOINE] 23 IPIUYSSIANNT 81 790 1€ SO 01 01
(S661) waqey % S[Ews €1 £€°0 TLE 401 LIOO 9z
(0661) [yepuniy 9 80 L q071 80-50 (PIPY) +2
(6861)
{Aysmoyoy % uoudey) 8 A $'5E 401 0'1 4
(6361)
[Kysmoyo[H % uoudey) o1 L0 8'8T 101 0l Sk wnjpwoup puioysoduin)
sepruud£) Aure
(LL6T) 931y BIBH, O % ONO "LLRE0+T'1T = XEW LD
(LL6T) 991y BIBH, O % ONO S == '62 4071 S0 (zL61) 0T
(LLGT) PO BIBH.O R ONO  S°C — €LTWET q01 S0 (€L61 2 TL6I) ST
(LL6T) POy BIRH. O ONO  §°¢ — 1'ST®ENT 401 =1} (£L61 % TL6T) 01
(LL61) PN BIEH.O®ON0  §°S — 0PTWLTT 401 S0 (eL61 @ TL6I) S O11190.43 smpUS02 SN0
(8L6T1) T 12 Dis[eMO3] 6 SLT0 6°0€ SO 0'1 Sl 1patpg snpon)
sepmo) Anweg
(9L61) ‘1212 ONO 06 LSO+ 61T = XBN1D 101 £0 (£-0-£) 575
(9L61) T8 12 ONO S8 “LP0+9%T = XeW1D q01 €0 (ynpe) sT—¢ sn3uaipyopnasd vsojy
aepradny) Ajiueg
(eL661)
UOSIYOIN 39 JPIUYDSINNT ST or'1 9¢g SO 01 ol SOOI SOOI
2epiyor) Aweq
(L861) [& 10 sppRLA "L9F'0 + S0°LT = XeWLD
(L861) '[e 10 spaLA o1 IS0 6'1f da T0 43
(L861) '1e 30 sppaLg ol 670 6'LE da 0 vT
(L861) '1e 32 spjatg o1 L¥0 ¥rE da A 91
(L861) 1232 sp[a1g (] 9L'0 8'0€ da 0 8 & gNT x £ NN
u as ueaut .
adualJy Do ‘Bunxew ]y  wmodpud isay, MU g P vy oy, oy satoadg

250

(panupuod) °z 2jqu;



251

(S661) 1aqey 7 a[ews
(8L61) '8 12 Pjsjemoy
(S661) Wwaqey 2 opewig
(9L61) ‘Iv 10 suRpRAON
(9L61) ‘I® 10 suBpRIIN
(6L61) SsoUBRIy 79 smoypepy
(S661) woqey % sfewis
(9L61) e 10 SuBpE IO
(9L61) & 10 SUB[IEJIN
(8L61) "[2 10 1ys[EMOY]
(8L61) 1210 DisEmoy
(0861) [ 10 Jeneqnydg
(8861) [yEpUNIY 29 NNO0H
(0661) 1yEpuniy

(eL661)
UOSILOINE 7 IPIUILISIOPNT
(6L61) ssauepy 78 SmoynEl

(eL661)
UOSTYOINH 7 IPRULISIONN
(S661) 1uaquey 79 ojewg
(8L61) '8 10 Ds[emoy
($661) Tuaqey] % sfewis
(661) Tuoqey] 7 sjewig
(S661) tuaqey 7% opewg
(S661) tuaqey 7 oewg
(S661) waqey 7 aews

(eL661)
UOSIYOINE] 79 JPILUYOSINNT

(eL661)
UOSIYIINH 7 IprIydsINN]
(6L61) ssouepy 2 smaynep
(2661) Y23 % Auagapse)
(9861) Ie 10 weyeUR[ YO}
(9861) “[2 3 uByRUR[ 3O}
(9861) "[e 10 UBYRURI DO
(2661) Y22 % Auaqepse)
(0661) yepuniy

(eL661)
_._OwEu.:.—m w uﬁ_EnoEuﬂ.:.._
(S661) aqey % s[ewg
(6861) 10Buntag 7 28papny
(q8861) 108uniog 7 JotLe)
(qgg61) 193uniag 2 1o1uE)
(q8861) 108uniog 7 lotue)
(s861) ‘1210 Bury

D00 B0 D Dt D e e hoWn
——

(=]

8¢

Sl

(4!

81

0T
I
ol
01
8!
11
99-8¢

Lo
LED
-£6°0
]
S0
05°0
6E°0
80

880

L00

9Tl

$'9¢-8 ¢ aduns
TSE-Lpg 23uel
L'€€-0°¢g oTuer
a£9°0

60

680

o

£T0

ST
H9F0
£T1
r6'0-1¥°0

£6E
gle
79¢
06t
00t
9'8¢
9'9¢

0'62
0'TE
9'0¢
61¢
80t
79¢

I'PE
9'LE

PEE
89¢
60
a5
9t
£5E
LSt
9t

L'Ie

81l
0or
L £
79¢
61t
See
TEE
0'LE

ove
'8¢
9'6E
I've
Sve
0'se
0"8€-69¢

H01
SO
HO1
101
«d071
SO
q40T
4071
1071
SO
SO
SO
4071
H07T

SO
SO

150
HOT

SO
H071
q01
q301
q01
d071

S0

150

SO
H01
q01
q07T
d071
d071
J4071

SO
401
407
H071
H071
q01
H071

80-50

ol
o'l

0l
L10'0

0l
L100
LI00
LI00
L100
L100

o1

01
0l
€0
¥1°0
vIo

97
ST
9z
€l
€l
ST
oz
8
8

(=) 51
(v2q) 51
St

(prond) 11

(P1oY) +2

01
ST

01
9T
<1
9z
9T
9¢
9t
9t

(1]

o1
ST
0z
o€
vT
8l
0T

(p1ay) T

ol
9z
og

(01 A®p) 0T

(s &ep) 0T

(1 Aep) 07

(50318 UONOIY[0D §) 6T

snjjaqna stdodtopy
snprqnu sidodjopy

sudiang sydodjop
o3 sydoaropy
styps.iop sidodjop

apsButuuns sidoyopy

snnto0 sydodjopy

snpoydasosdayo sidoatopy

saprotiaye stdodon

sponajosiis snuoSiuajon
uoBodo.on stuooop
smpyn3q stuosop
sinpiquin snantdy
SRIDUOZ SRITXNT

SRINLIOD SRpXT
snpoydasosdaygo snppxn T

sdojquiv sisdoqdEy

snpropyd sniiousoqdyy
Dan200 DJLD)

SISUBADIOU 40]0D1G DD
401031 DD
Bip2Ing QoL



(z661) Y020 % AuaqapiseDd ol 061 vTe 101 £0 0z SISO sAyIyIIIy
(8L61) '[E 12 Dis[emo}] Tl +#9°0 ¥1E SO o1 S1 BD}oLADIDD SAYIYIIUNY
(8L61) '[e 10 Dis[EmOY] Ll 680 61¢ SO 0l S1 SO SAYIYIIUTY

(6861) 108uniag 7 a8papy 01 ST0 £6¢ q4071 £€0 0t xopBia sappydawid
(S661) tuaqey 7 ajews 8 0S°0 S9¢ 301 FAGYY 9
(5661) 128untag % spieyory "LLSY0+ 65T = XeNLD .
(s661) 1w3untag 3 spreyony 01 sT0 vor 901 €0 rd
(s661) 108untag 39 spreqory ol SL0 ¥'9¢ 4071 €0 i
(s661) 108uniog 7 spreyory ot 0’1 L0t q01 €0 Al
(s661) 12Buntag 7 spreyory 01 080 98¢ 401 €0 S
(#661) '[2 12 YeaH 0€  0'S£°$°€E = 00 '¥rE = uelpa 401 €0 (o[} $°7T
(g661) 108unag % uoikyg £l 8€'1 L9g q01 £0 (umudsisod) P 47
(g661) 108uniog % uoIkg A Tl T9¢ 401 €0 (umedsuou) £ g
(g£661) 198untag 7 uoily €1 or'1 89¢ 401 £0 (umedsysod) 5 47
(£661) 108uptog 7% uoiky 81 980 6'9¢€ 101 €0 (umedsuou) § 7
(z661) 499D 78 Luaqapse) 01 4£9°0 1'€€ HOT €0 0z
(q8861) JeBuniog % otue) A 590 8'vE 4071 £0 (01 £®p) 0T
(q8861) 10Bunog % 101D A 190 6 q01 £0 (s Aep) 0z
(98861) 10Tuniog % ate) zl £L°0 8'¥E 401 €0 (1 £ep) 0T
(s861)
1a8untog 2 ySneduoem (174 SI'l 1's€ HO'T €0 iz
(0861) uosIyIINY 33 SSOURY 6L SLS0 ZTEE SO ol Sl
(00zo %
(LL61) e 0PUS bt TE LUTETT 0FE q01 TTO  00FITXEW IP) C'pl
(LLsn) e ﬂm lajordg £€ LT ¥TE q01 zz0o  (pozT ww PIP) (S'pl sojauoud sappydawtd
BLG6T)
UOSIYOINY 79 IPHUYOSIONNT 67 8¥0 LEE SO 01 ol
(S661) laqey 7 o[ewg 91 370 9'9¢ H01 L100 9
(0661) [yepuniy o1 S0 6'LE 401 80-50 (P1ow) v

(8861) 1yepuny 7% Nay20H 6 I'l 8 301 01 (proy) 11

(8L61) '[B 10 Dis[EMOY 6 550 61¢ SO 0l St snipjou sapydatutd

(S661) luagqey % u__a_vm Al wo 6'SE 4071 LIOO 97 2150304342 Snuxol ]

(eL661

UOSIYOJNH 79 IPIUYRSIAPN] T £9'0 FEe SO o'l ol SIqDAIIY SNIGOIDUBYJ
(s661) 1uaqey 7 oewg 9 LTO 0'LE 401 LIOO 9T

(8461) '[2 312 Dysjemoy - 81-01 89°0-SF'0 0EE-€TE SO 01 (suoseas p)¢] snautupjs sidodionN

(3861) [UEPUA 2 NYOOH 9z 81 8¢ 401 o1 (Prey11 snuzjdojids sidodion

u as ueatw
aouasajayg D, ‘ewxewiy) Juwodpus sy U)LYV 19 Ml soadg

252

(panuyuo)) 'z 21quL



253

(L661) 128uniag 3 pouuag (174 8€'0 I'st 401 €0 (a1940 191p) TH—LE
(L661) 198uniag % pouusg "L6T0 + €€ = XeWILD :
(£661) 128untag % pouuag 07 620 T H01 1o 8€
(L661) 128uniag 7 nouuag o€ 060 1ot 4071 1’0 1z
(L661) JoBuniog 7 nouuog 0T S6'1 9 4071 10 S SHD3a1pA UopouLIdi)
(PL61) T2 32 Yinwp[ag "LTE10 + £T8E = XBNLD
(PL61) [2 32 ynwpjag 8l Fra ] £ da £€0°0 Sg
(FL61) I8 32 ynwpjag 07 650 £e da £€0°0 Sg
(FL61) T8 12 nwp[ag 0z 460 LIy da £€0°0 ST
(bL6T) 'T& 32 Yinwip[o,] 0z 690 LY da ££0°0 4
(PL6T) "[e 32 Pnwpfag 8l HTT Z0F da ££0°0 St
(PL61) "[2 32 pInwplag Ll 9ET 10F da £€0°0 Sl SIsuappaau uopourdisy
(6961) weaH % amor] (i} 050 v 401 S0 wnwixeu play :
(6961) eaH % amo] A +T0 Tey H0T <0 (L Kep) ¢
(6961) eay 2 amo] Ll 670 STy 10T =] (L Aep) z¢
(6961) WeoH 7 amo] 61 Q€0 0Ty 2(e S0 (L £ep) 0¢ SRLDINIDU HOpOULIdAT)
(8L6T) T2 12 YorqpRD 8 €0 SOy J01 0150 50z
(8L6T) 1212 yorqdn 8 ST0 1oy q01 0150 £0z supSaja uopouridly
(£661) 1232 yieay 8 610 'S HOT £0 (o194 [a1p) 0% —9T
(€661) T2 10 yreay L L1E0 L€V HO0T €0 0¢ stofirip uopoutiddy
(£L61) Sunpen % ono (*%0) "L 6¥°0 + [L°LT = XeW1D . :
(gL61) Surjran ¢ onO g 7o 9'¢h H0T £0 (*%s) s¢
(gL61) SunyraD % 0NO S 0z'0 ey 14071 €0 (*%0¢) s¢
(gL61) Sunjran) 2 onQ S #0°0 9'eh q40T €0 (°%51) s€
(£L61) Bunjian 7 onQ S 6£°0 "¢k 01 €0 (°%0) ¢
(¢L61) Burpoppono ¢ Lro vy 401 €0 (*%s¥) 5T
(£L61) Bunjian 7 0nQO S 61°0 L'y q01 €0 (*%0€) ST
(€L61) Surjno % oNO S 81°0 L'y H0T €0 . (%s1) 5T
(£L61) Bunjen 2 onO S 6£°0 Lov 301 €0 (°%0) sT
(gL61) Surjran % onO s $E£°0 € H01 £0 (°%0¢€) ST
(gL61) Surjan % ono S 1£0 80F 4071 £0 (%s1) S1
(EL61) Bunjrop % onQO < SE'0 T6E q401 €0 (°%0) S1
(£L61) Bunjog % ono S 0Ll 1'og 01 €0 (%S S
(£L61) Suni1pD % onO S 08'Z TLT, 901 £0 (Anurpes o90) ¢ ds uopoupdi
aepnuopound£) Apweg
(5661) waqey 7 s[ewig 6 o L'SE 9071 L10°0 9T  SMDIODULIOYD S{LIONAS
(z661) 1232 vhey €1 ¥8°0 6vE 401 Sv0 it
(z661) '[e 30 ehey €l LLO 6¢E 4071 SH0 ¥T maund oy
(z661) ‘1830 BARY ¥l L90 9'vE 4071 [S)] LT

(z661) 1212 vhey u Lo [ H01 St'0 v : sippuLay) "o Yy



254

puqAyf snpong xosy

(8L61) eneds 23 uuog 01 = U'S[elN 61 ,29°0-TT0 0960  WDd ¥ SO 01 p €5 (Buikiea) zz-91 x & duowmbsowur xosg
(8L61) Bmodgs 7 uluog 0l = u's[eln 61 90'1-2T0 9'SE-6'6T |bd ¥ SO 01 p s (Bukiea) zz-91
(9L61) Bods 2 outpe[ed 9=Uu'SEM ] HS[-€90 OFE-SO0E Jqeres 01 (yovey 1sod pS[-7) SI
(9£61) einodg % wessey 9 =u'sen ol 8T I-1+'0 1'9¢-TEE qHOT 01 (yxeyisodpgl-1) ST
(9£61) einodg 29 wessey  9—¢ = U'S[B €] .60°1-TC0 ¥ PE-8'6Z HOT 7 spuaq o1 (yaweyisod p re—) ST
(9L61) emods 79 wessey 9~ = U'S[EL [[ ,86'0-€2°0 OFETLE  spuaqLpoq o1 (ymeyisodpre-[) L d3uounbsow xosg
oepIoosy Afrue,]
(5661) tuaqey 7 s[ewsg £ 0€0 0'LE 4071 LIOO 9 SHOIPDIOS SRINPUN,T
(S661) waqey %p o[ewg L 6570 8'8€ 071 L10°0 97 SHAODAIJO SHINPUN
(s661) luoqey 7p a[ewIg L L9°0 £'8€ 101 L10°0 97
(6361) 108untog 2 a8papny 01 120 91p q01 £€°0 o€ SRIDIOU SHIRpUN,]
(s861) surewoi], 7 105ng "LOF0+§0€ = XeW1D
(5861) ourewo1], % 1Ing 81 P10 I'vb 301 €0 9¢
(s861) aurewal], % 193ng 62 0z°0 9ty 01 €0 43
(S861) aurewiaiy, 7 108ng T ¥Z'0 I'ey 4071 €0 0g
(5861) aurewaly, 7 103ng 0z oo v 407 £0 LT
(s861) autewai], 79 1SMg 0z 620 Sor 101 €0 ¥T
(5861) sutewoly, 79 Ja3jng 81 +5°0 0'6€ qH0T £0 T
(s861) sutewal], 7 1Ing €€ £E0 S8 HO1 €0 174
(s861) aurewiai], % J8[ng (174 8¢°0 79t 401 £0 z
(s861) autewal], % 3[ng (174 650 TTE q071 £0 L
(v861) 128 Ing 0z . P10 I'th F071 €0 (400z1 18 L[uo pAsay) of
(¥861) 128[ng 07 vT0 'ty H071 €0 (Uo0zI I AJuo pasar) og
(¥861) 123[ng 0z or0 i q407T €0 (4 00z1 “xew [a1p) LT
(¥861) 1081ng 0T ST0 01y q401 €0 (100£0 “wwi [21p) LT
(¥861) 23ng (114 8€°0 79¢ qA0T €0 (400z1 “xew [21p) 71
(¥361) 293[ng 0T 95’0 £vE qJ01 €0 (40097 “uiw [21p) 71 SR04 ]3Y SHINPUNL
(£661) 'Te 10 YEOH S SLTO 9'EY 10T €0 (91943 [21p) 0492
(£661) 18 12 reoH 8 910 T fic(og! £0 (1] ordiwd sKyoIpIIO]L]
u as ueaw
0uUIJIY 0. ‘eumxew ]  uodpus s3], PLITL g T A v 76 Pt il § saroadg

(ponuguoD) “z 21981



255

(2661) urWIAPY 79 OpEMIOM

(z661) uewiapy 3 apemiop

(z661) wewopy 79 apemiop
(eL661)

UOSIYOINY 79 JPIUIYISIANNT

(s661) waqey 7 o[ews
. (2L661)

HOSIOINY 79 IPIuyasionn]
(8661) [e 12 nouuag
(8661) 'T2 12 nouuag
(8661) '12 12 Bouuag
(8661) '8 10 nouudg
(8661) 'Te 3 nouudg

(8661) "[2 30 oMy
(8661) "2 30 aum)
(8661) '[232 aum)
(s861) ‘18 32 ySnedusem
(9L61) Ie 30 weygeay)
(9L61) T2 30 weyroay)
(9L61) T8 10 weyioay)
(9L61) I& 10 weyRay)
(9L61) 'Te 12 wegioay)
(9L61) Te 10 weyay)
(9L61) 'Te 32 weyiaay)
(S661) luaqey 7 s[ewg
(S661) Wwaqey 7 o[ewg

(9L61) unjseq 23 ynwpa,{
(9L61) uniseq % pnuplo
(9161) uniseq 2 ynwpya,{
(9L61) upiseq 7 yinwpla]
(9L61) unjseq 7 ynwpla]
(9L61) unjseq 7 ynwpja]
(9L61) unyseq % powpleg

4
4
P

0T

0g
0€
0€
0g

0z
0Z
0z
0¢

Cl

(4t
(4t
(4t
4t

or

01
01
01

¥Zo

¥S0
"LSY0+ 997 = XeW1D
S0
99°0
L¥'0
19°0
*LOF'0+ 98T = XEWID
620
9¢'0
ST0
6£°0
*LEE0 + T6T = XeWID
LIE0
-850
GNW.O
S8E0
BLO
€50
o
650

"LLT0+ pL'8T = XeWILD
SEL°0
61°0
SZT0
SZE0
SEL'0
SEL'0

Pee
0'le
08T

£ee

'y
1'0¥
8'cE
60t

£or
L'8¢E
¥9E
08¢

O'1F
68
SLE
5'6¢
Z'PE
SPE
6'LE

'8¢

9vE
9EE
S'te
SEE
S'TE
S0t

H01
4071
qH0T

150

HOT
150

01
301
301
HOT

qJ0T
301
01
401

qH071
H0T
30T
4071
H0T
401
301
q01

da
da
da
da
da
da

01

L10°0

01

sIo
S0
Sro
Lo

§T0
§T0
§T0
$T0
$T0
£T0

081
el
9

ot

9z
0l

SE
0g
0t
01

0t
S¢
0¢
0z

A%
8C
144
0T

Zl
9T
9T

L'TT

(Bec1) 98I

(331°0) 981
95l
0l
08

PuqhyP dosdap Jy
X & SHIDXDS U0

SRInS 2UOL0p
oepIAYIYIaIa A[iure
S{j1xa SHAnjoN

swypjound smangpiop

SHDIDU SHANLDUY

Spjau Sniniauy
ampLn|E]a] A[IUe]

THOSWDI]]IM

SHIp3NID SHAIF0L3]S00)

aepiaysoaiseny e,



256

(S661) tuaqey 7 ofewg L SP0 ¥'9€ q01 L10°0 9z
(L661) yosney % uuug LS = ¥LEOPE H071 S0 0£-02
(8861) Busssip, 3 ApAT S — €6~ A407T 0l 0T
(¥361) uassne[) 7 Jjos1a8u] 1 650 $'0¢€ o] 01 (sourums) g1
(¥861) uassne[) 79 [jos1aBu] o1 211 60€ SO 01 (1ouim) 1
(8L61) '[B10 Iys[EmOd] L+ 0P 09170 £1E-10€ SO 01 (suoseag ¢) 1 WIS DUIOISOIYIT
(5661) ruaqey 3 ajewig 6 vS0 0'9¢ 4071 LI00 9
(0661) [uEpPuUniy 01 <0 L'LE 071 8'0-50 (P1oY) +T
(3861) Buissip % ApA] s — £E~ 4071 o1 0z
(s861) Buissipy % [Kysmoyo[H  S1-¢ — 0'SE-6TE 401 01 (suoseas §) OF
(s861) Burssipy 79 [ysmoyol  TI-§ — 0PE-T'1E H0T 01 (suoseas ¢) O
(s961) Butssim % [OysmoyoH JLTT 0+ 1P°0€ = XeNLD q071 01 (P1ey) $T-0
(P861) uassne[D 3 [jesiaduy ol £9°0 €1 SO 0l (1owuns) ¢
(¥861) uassne[) 7 [[esioduf 1 6L°0 I'lg SO 0l (opurm) g1
(8L61) ‘1232 Dis[emoy ¥l £9°0 1'ze SO 0l St advljaquf buo)soaly
(L661) yosne 3 yuig 09 — P8E-0'SE q01 §0 0£-0T 113040 puojsoatysy
(S661) uaqey 7 oewig 11 650 9's€ H01 L10°0 9T
(s861) Bussym 7 [ysmoyolH  6£-8 == 0P8 H0T 01 (suoseds p) 07
(s861) Sussiy ¢ [Ojsmoyol  LZ-01 — 0'TE86T 70T 01 (suoseas ) 01
(s861) Sutssip % [AysmoyoH ILT1E0 +66°LT = XBWID HO1 01 (p12y) sz-0
(8L61) '[B 12 Dys[emoy 01 SBL0 1'ze S0 01 S1 UINBINIIDD DUOISOIY 1T
(s861) Suissip % [fsmoyolH  L1-01 = T SPETTE q401 01 (suoseas ¢) 0T
(s861) Surssiyp 79 (OfsmoyolH  07-8 A SEE-8'8T 301 01 (suoseas ) o[
(s861) Buissyy 7 [Kysmoyory ILST0+ TP'LT = XeNLD H01 01 (P1eY) $T-0
(8L61) "2 10 Dys[emOY 6 £8°0 A4 SO 0l Sl SapIouUa]q DIOISONIT
aeprazag Ajiure;g
(Z661) UBW[DPY 79 IPEMION "LS8P'0 + 85 VT = XEWLD q01 €0 (poarms) 1°€€-6'9
(9661) Te 12 O] "L8LY 0+ $0°ST = XEWLD “HOT £0 (pa1es) 1'€€-6'9
(9661) 1810 O] S+ 10 (2114 1401 €0 | %3
(2661) UBWIAPY 79 opEMIOM S o= T6E d01 £0 01g
(Z661) UBW[APY 7§ SPEMIOA S+ 1o 1'6€ q01 £0 T6T
(T661) UBW[IPY TP IPEMIOM S+ o €8¢ HOT €0 0'LT
(Z661) urw[apy 79 dpemiopn S+ A 79¢ q4071 €0 0'€ET
as uBaLl
ERliEl ) e 0. ‘Bwxew 1) Juredpus isal LTI Bg Wy v oy, TR saadg

(ponuuoD) °z 21qur



257

(9L61) uosuyor
(9£61) uosuyoy

(9£61) uosuyof
(bL61) OO
(FL61) o0
(L61) om0
(PL61) OO
(PL61) onO
(gL61) om0
(€L61) N0
(€L61) on0
(€L61) o0
(€L61) om0
(€L61) om0
(¢L61) om0
(€L61) om0
(€L61) onO
(cL61) ono
(€L61) ono
(€L61) 010
(€L61) om0
(gL61) om0

(€L61) om0
(¢L61) onO

(£661) uosimag
(£661) uosiapg

(eL661)
UOSIYNE] 39 IPIUYoSIINNT
(S661) twagey 7 dfewg
(¥861) smayney 29 B[jauIWa ]
(¥861) SmayneRW % B[joulwa]
(¥861) smoynepy 79 B[{aUIa]
(P861) SMaURE 79 B[[oUIL]
(z861) 12 1 smaypep

€01 990 A%
S oLED 69¢
£ 4090 61
01 ] L'Ey
"LEP'0+ €S°LT = XBWID
ol oo €Ty
ol 0£°0 0Ly
(] i oo 08¢

(euozuy) "L¥€ 0 + € 1€ = XeWLD
(4ean) "L SE0 + £0€ = XeWID

01 & SEy
0l & 'ty
0l & £ty
ol & ¥y
ol & «56E
01 2 «8'8¢€
ol & +FLE
0l & FLE
0l A «9'SE
01 A 87
0l (A W05t
01 A oSEE
01 A oL'EE
ol A T
<l 9'0 0'sE
sl €0 8've
61 $9°0 [ £
8 sr'o §9¢
L7 A1 Pre
0z D11 0'be
£ 080 - BE
€T W01 Tee
sl PL'O 6'LE

07T
10T

0T
H40T

H01
q01
4071

401
H01
401
401
401
4071
q4071
q4071
q4071
q407T
H01
q401

q01
HOT

sd0T

HOT

SO
H01
HOT
0T
HOT
SHOT
HOT

€0
£0

o'l
o'l

0l
L10°0
01
01
01
01

(65£0-0020

“mw [p1p £) $°81
(65€1-00Z1

“xew [21p &) €81
(6s€T-00TT

“utus [a1p ) 681

(31940 [21p) §* 11

Se
0t
ST

(zuy) s¢
(umn) s¢
(zuvy) og
(u=0) 0
(zuvy) sz
(=) sz
(zuy) oz
(=) 0z
(zuy) §1
(=) s1
(zuy) o1
(e 01

(zuy) s
(=) s

(1ddississi]) €2
(emor) €7

1]

9z

(001D 1013) 0T
(19210 1A 5,pI4g) 0T
(30210 uoiBuluuag) Oz
(Buudg sSunuwnyy) oz

(p1oY) 6T

suonendod

BUOZLIY pue yeiy
sutflo prsnquipe
JEPI[1090] AJture,]

WN2AIA HOIP2ISOZHS

(suonendod )
ap1qoyaads puwoisoayIy



258

o

(€961) weay 62 €70 9'LT q071 ¥0 01 YD} Soudif400lQ)
(0861) duunyg % 227 [ 170 ¥'6T 401 wo 0z
(0861) duuny 3 237 S SE0 $'8T 401 700 o1 ayandp snyoudiy.i00uQ)
(8661) '[¥ 10 2L "L81°0+ 797 = XeNL1D
(8661) "[e 10 21Ny 0T 9¢°0 867 401 €0 0T
(8661) "Te 12 aLLNY 0z LTO 167 301 £0 st
(8661) 18 1 2N 0T 9€'0 0'82 4071 £0 0l
(£661) T2 10 08ueng [ 46570 6T 101 £0 Sl
(0861) 2uuny 7 237 S 610 6T 4071 T00 0T
(0861) 2uury 7 2077 S 870 ¥8T HOT 00 ol
(0861) PIoJ[oM 33 1j00g 9¢ 68°0 69T 0T 1’0 8 SSyAu SRYIUAYIOIUQ)
(S661) °[2 10 Djo2uOY Sy 790 6LT 3071 £€0 't
(s661) ' 12 joouoy L S6°0 9'LT 301 £L0 1’11
(S661) 'Te 12 DUy w €0 162 071 £€°0 (p1oy) 9°91
(S661) ‘18 12 pjoou0Y £ 670 6T 01 £€°0 (P1oY) 9°%1
(s661) T8 12 pjpauoy 8T #S°0 78T q01 €E°0 (PIeY) S°11
(0861) pojiom % 1o2g 0z 0£0 L'8T 0T §1] g1
(6L61) Aemouan) 7 10392g 91 28€°0 L'6T 01 €0 Sl
(6L61) Aemouan) 3 1a322g 9] M0 S'LT 01 £0 S YoInspy SMYOUAYLODUC)
asepruow|eg Ajue]
(z661) uosyny 79 uopMy 0¢ €0 Tse 4d 70 (p1o sAep 08) 1T
(Z661) uosing| 79 uapINy o A0 S'EE dd 0 (p1o skep ¢7) 1T
(z661) uosiny 7p uopny 0 ST vEE da T0 (p1o skep 5) 1T ppyods uopodjod
sepnuopoAfod Afiuwe]
(€661) 1810 YreoH L 260 T 0T £0 (o1942 121p) 09T
(£661) 12 1 qimay 8 SLTO LT 10T €0 0¢ DUDIDINA DISHGUIDE)
(8L61) T2 12 YoRqIyany 8 oZh0 '8¢ H0T 0'1-50 20t
(8L61) [& 12 YoRq[yoD 8 8P0 £6€ 701 0'1-50 30T Sij1qou visnqube)
(S661) ‘1212 2PN 6€ 8E°0 1°0F H071 #0 (O puog) ¢z
(s661) '[210 utuwz It 680 8°6E 0T #0 (puod juarquie) g7 Lyoo.qjoy pISnguIpDy
(eL661
uosIyoINH 7 JpruyasIann| 0z vLO $'8¢ iSO o'l (]
(9L61) vosuyog o 050 0'8€ da €0 (& praeiBuou) C°g1
(9L61) uosuyop 9% 4890 6LE dd £0 @& n_.émvmnm_
- 6SI1
(9L61) uosuyor 8F 290 99¢ 0T . €0 —0001 “wwpIp £) &'Y]
u as uealll
20UIINY 0, ‘eunxew )  Jutodpuaisal, U D, LV e Mok it soradg

(panunuo)) -z apquy



259

"a8ueyd armge1adwa) Jo sAIRI JUAIIPIP 6 18 PIISI) IOM DJIILY S PUB IDIDS OWYDS
"$3[040 1330 INOJ 1 PAIS) AIIM IYDD MYV SHYOUAYI0IUC),

[ T 10} [ T 4ora P2)sa) 21oM DISHGUIDD)

*P153) 1M $3[0AD [AIP JOIO UIADT,

“uUdAI3 219M 0s[e (SO) swiseds jo josuo ye aimeradwag

‘Y T WL SIWN § PaYsa) adom sappydautty,

“pasi| azam os[e sarmeradwa) () utod pea,

‘posn aram a8ueyd srmelada) Jo sajel [BUOTIPPE N0,

*parsi] os[e asuodsar Sunydu jo sso,

(9661) 12 10 o
(9661) ‘810 Mo
(9661) 1810 MoT
(£861) ‘T8 10 Aea oy
(£861) ‘(B 12 Aeaoly
(£861) ‘T2 10 ALoOW
(€£861) "[8 10 Aea ol
(£861) T8 10 Aea ol
(£861) 'T& 12 Avapopy
(0861) auury 7 oo
(0861) auupy 7 207
($661) notyg % nora
($661) nowd % noig
(0861) ouury % 2277
(0861) ouury 7 2277
(s661) notyia » noig
($661) notf[g » norg
(s661) not(ig » noig
(s661) nod » noa
(0861) auupy 7 o207
(0861) auury 7 207
(£961) yieaH

(€£961) ol

(£961) weay

(£961) WeaH

L =R =T = LT o T T T = T T T R - - - -
—_— - - ——

el al
b =]

9
06

FLSTO+ €97 = XeN1D

SE0
L90
9L1
011
850
170
1
611
611
9’1
1£0
o
€0
“LSTT0+5ST = XeWLD
qCL’0
oALt0

€6t
$'8C
¥9¢
SLT
L'LT
L'LT
6'LT
61T
8vT
8'6C
L'8T
0°0€
6'6C
8'6T
0'6T
L'Te
8'Te
9'zE
6'CE
96T
[4:14
8'6T

66T
162

q401 ¥'0 0z
4071 0 91
4071 ¥o ¥'8
dd & Sl
dd & ST
dd A SI
dad é sl
dd & S
dd A ¢ snotoap Snjoudly |
4071 o 0T
q407T 00 01 SIuDIHOf StaaIng
401 cEE0°0 0T
H07T s€E0°0 ST
d071 00 0z
4071 00 01 Dy oUyDg
4071 £€0°0 1ok 1102
q01 «££0°0 Ieak 00T
H01 s££0°0 mak ] S|
4071 4E€0°0 1ok 10 61 ADJDS OUIDS
H01 00 0T
H071 o 01 20113 snyoudiyi00u0)
q4071 0 (31945 101P) 0Z-01
2(08] vo 0z
H07T v0 S1



260

(8861) IYBPUnN 79 BOPOH S i | 9 q401 S0 w smipjou sajoydatutd

(3861) [UEPUNA 77 NYPOH ST 01 Sy 401 S0 7T snaaidopds sidosoy
(8861) [YepuUny 79 NoXI0H 4 Lo S 401 (=1} e smppydasosdng sidosoy
(9861) "[e 12 UByUEIDIN "LLED+ 6~ = WNLD
(9861) "I# 1 uBqUEIDIN S L'L~0°L d8um1 L 301 P10 0g
(9861) 'I® 10 ueyUE[DOW S 1'§-9 98ueL 8y © d01 FI°0 ¥T
(9861) "[¥ 12 uByUE[DOP S T'¢-97 a8uml 8T 401 F1°0 81 SISUDADIOW 40]001q DID
aeprunidA) Aqure
(1661) sButuuar 6 1€°0 96 1071 LI00  (Aureseyce) 17
(1661) sBuuuar 6 60°0 L'6 qJ01 LI00  (Anuieseyc) 17
(1661) sSuuuor 6 LT0 ¥'6 qH01 LIOO (Ayrunfesogsc) 17 uodatroujau vidop]
oBpIYOID Ajtwe g
(L661) ' 32 nouuag ZLP10°0+ 1970 — SU'I1 = WNLD
(L661) |2 32 nouuag 6 811 L61 401 S0 o
(L661) "B 3 pouuag 6 S50 £91 H01 S1°0 0g
(L661) e 32 pauuag 118 190 LEL 401 SI°0 ST
(L661) '[® 32 pouuDg 0T €0 Al 401 SI'0 S0z
(L661) 'I& 12 pouuag 01 0 <01 401 SI'0 <l :
(L661) 'Te 32 pouuag o1 sro 001 101 SI'o o1 1DJOU SHAIURIOTAS
aeploeIvy) Aiwe]
(8661) ‘1230 oLy "LOLO 4+ L8 TT— = WINLD
(8661) ‘1230 2LmM) 0z 19°0 L01 401 €0 o€
(8661) T2 32 o1Lm) 0T 50 £L 301 £0 4 saprouos
(8661) "[B 12 2LLIND 0T LTO 7€ 3071 £0 (14 saprowos sniardosoyy
(LL61) T& 12 1302y “L9IL'0 + 96— = WNLD
(LL61) 1210 1230ag 0z == 'zl 08631 £0 0€
(LL6T) ‘812 1oy 0T = Lg 0531 €0 ST
(LL61) 1810 100 0z = Iy 08371 (€0 0T
(LL61) 1B @ adag 0T — Ll 0§91 €0 SI snsoqqi3 spwodsf
aepiydrenua)) Ajiue
u as uga
aoudiajay . By yuodpuo 3sa], LG Fe P vy ro Mkt sapadg

‘amjeadwa) uoneun|ase = " ‘sanjea swnumu ) weour paysiqnd woly pajenajed 1o paysijqnd Joyya s1oM S[apOW uoIssaIday
"SITWII| 9DUIPYUOD %466 10 s1011 prepuels 1oipta Suiaid sjold Jo sajetunss wWoly pajeno[ed JIoMm SUOHBIASD PIEPUE)S PANSI] 1Y) Sedipul 0 yduosiadns oy, q 1dussiadns
2y} £q PojOUIP DB SHIUI] SIUIPYUOD 94,66 10 SI0LD prepurs paysijqnd woxp pajemores (S) suonerasp prepuels e dudsiadns ayy Aq pajestput aie sam3y paysiqnd
WO PAIBWNS? (¢ UWNJ0D) BIEP BWHUIWILY) "PIIEIPUI ISIMIIYIO SSI[UN SUOHIPUCD AIOJEIOQE] JUBISHOD W01} 218 (UWM[od puodas) samjeradius) uonewipoy ‘pol sse[d e
s Juippoid 10 sasuodsal Jo yor] = YDJ ‘wnugimbs jo ssof = o7 ‘swseds te[nasnur Jo 1as5u0 = §O) jutodpud 159) paytodar pue s[ewy wmuwuiw [ 7 Suump aseaioop
ammeradway jo ayer ‘aimeladius) uonew(ooe 1sajaad sajeoatpur Anua yoey K|we} AQ Soysy IojEMUSIL] UBDLISWIY YLION J0] (BWTUIW ] ) BUIUIW [BULIAY) [BOBLD *f 2)qBf



261

“IBDUI[TAIND SeA S[BLY BULIND [ J9ADMOY “OSEI00D UBIA,
“winuqiinba 1501 Ysy Jo %08 21aym jured = gg-q7,
"Pasn 21om 25B3100P dInyeIadua) JO SaYel JBII0 Moy,

(8661) 'T& 10 1LY
(8661) " 30 21Ny
(8661) ‘T2 30 21um)
(8661) "2 3 aLtm)
(LL61) T8 12 I00g
(LL6T) T& 12 1oag
(LL6T) T8 10 102g

(z861) ZMYyoS 7 108|ng
(z861) Zmyog 7 128|ng
(6L61) Znyas 79 128|ng
(Z861) 2nyag 79 108|ng
(6L61) BnYaS %9 103 Mg
(6L61) Bny2S % 103y

(8661) "Ie 32 aLLN)
(8661) 1232 aLm)y
(8661) °[e 32 21m)
(8661) [e 32 21um)

(L661) 108untag 73 nauuag
(L661) 128untag 7 pouuag
(L661) 128untag 7 nouuag
(L661) 1Buntag 7 nouusg
(bL61) 1812 ymwp[a,]
(vL61) 1212 Ynwpla,]
(FL61) I8 12 yinwp[a
(FL61) 1812 inwip[ay]
(PL6T) 1232 Yinwplay
(PL61) 1232 WnwplR
(PL61) 1232 mnwplag
(PL61) 1210 powplag

(z661) 1230 vhey
(Z661) T2 10 ehey
(P661) 1812 Yreay

0T
0Z
0z
0T
0T
0T

€8
6¢
LTl
9T
€<
871

0z
0z
0z

14
0g
0z
L1

ST
LT
€l
61
I
91

o€

“LOE0 + 1€°6— = WNILD

910 0T
91’0 [y
= 00>
= I'e
- Lo
= 00>
80°1 69
(A s
060 s
pLl 8y
9201 39
160 9

L 0L°0+ €' 11— = WALD

o 86
or'0 €9
o L't

"LTE0+£9°0— = WALLD

50 g1l
L6'1 69
€1 90
01 T
LLU0+ 61— = WWILD
60 6'E
£E°T 7
90 T
0 2T
0 80
51 90
0€°0 99
ST0 L9

LY ST0 10 ‘6's = uempapy

H071
4071
H4071

10S-d1
108-971
108-91

H01
qH01
qH01
qJ01
qJ01
qH01

q01
H01
401

H071
H01
H07T
H07T

H40T
H407T
HO1
H01
q401
401

H01
qJ01
UOd

€0
€0
£0
120
120
1It'0

SE00°0
SE00'0
SE00'0
SEEQD
SE000
SE0OD

£0

€0

o
ro
ro
£E0°0

£€0°0
£€0°0
£e0'0
€00
€00
£E0°0

L0

L0
£0

0c
Sl
(1]
0z
SI
01

ST
194
ST
S
s
€T

1]
5T
0z

8¢
1z
S
a[2kd [a1p -6

SE
SE
L
sT
st
St

8¢
8T
(omAre]) 5T

ssuytu snyoudiyiooug)
sepruoweg Afrwe,

DPIoR] o X pyoouow

SIDIUBPIII0 f X DYIOUOUW of

DYIDUOW f X DPIoN] of

SHDIBPIII0 SISA0I10a0f

piovuow Sisdoiftoaoy

ppion] sisdoij1ao4
auplIIo30g Ajiure,

smippound snanpoioy
aepLn[ei] A[Iue]

SMIDTAL0A HopouLidl)

SISUBPDAH HOPOULIdL)
sepnuopountd£y Ajnueq

maLod oy

SHpULIDYY SRINDSO SApYIUILY

sojawoad sapoydau g



262

(1661) ussiapuy 2p opueln o[ = 6'S = uerpauwt da [ Ll YSnadpupu SHuIfaAIDg
(1661) uesiopuy 29 apueln  OI = T'LT = ueipow dd Sl Ll
(1661) uasiapuy 7 apuelny Q[ = T'97 = umipaur da L90 Ll sippupuof snujjaajog
(1661) uasiopuy 7p apuerd 0l e 8'L7 = uelpawt dd Sl Ll D} owpg
(1661) uesiapuy 7@ spueiny (1 = T'67 = uBIpaw da Sl Ll
(1661) uesiapuy % opueln Q[ 3 £'87 = uepawt dda L90 Ll ADJDS OWbg
(9L61) wiooly 0T — 0077 = 28um da  skep 7 W D.€-T SI-€1 aifondp snyoudii0ouQ
(1661) uos1apuy % spuely Q[ — €97 = uerpaw da L90 L1 sspyduu snyoudifaoou0)
uﬁﬂ_:.o_.:“um, h—_Ew.m
(gL61) Aomag pueunidiy 01  0'€L'6'1€E="D"0 £'7¢ = uetpowt da T sz 1ugspd spdosjonN
suprundA) Aiwe
& suppriol s W
(Lg61) e@spPLL 01 #9'0 A aa 1 43 x P saprous s W
P suoprioyf s W
(Lg61) 1@ sppPLL 01 90 1'op dd 1 43 x & saplou]ps s
(L861) ‘e splRId Ol L60 1'6€ da I z€
(sg61) 190D 0 €90 1'6€ dd I (B+°0) 9t
(cg61) 18900 8 9S0 8'8€ da “ (8007) 0¢
(s861)180nD g 45870 T8E da [ B16)0g supprioy
(sg61)1sanD 01 €90 ¥'6E da I (@s0)og  saprouyos snaardosoiy
(L861) B SpRL 01 09'0 £LE da I €
(sg61) 800D 01 €90 £6€ dd I (8+0) ot
(sggr)isann £ 9T0 1'6€ aa | (8312) 0t
(sggi)isonn g 870 6'8€ da 1 (B9°¢) 0¢ saplowps
(sg61) 190D 01 JAE0 86 da 1 (Bos0) o  saprowpos snasrdosoly
(cL61) Somog apueunitH  0I  S'LE'6°¢E= 00 $'6E = ueipow da z Sz smapaoa0pw spuoda]
oepiyaIenua)) K[iue
u as ueaw
adualgay D, ‘BUIIXEW [BY)I] JTUOIY)) jurodpua jsa, -ABp D1V o Sl ik soloadg

'q yduosiadns ay £q pajouap o1z SHWI| SOUIPYUDD 0466 10 SIOLA prepur)s paystjqnd

woyy pajenofes ((IS) SUONBIASD PIEPUE]S "PAIEIIPUL SSIAMISI0 SSI[UN SUOIIPUOD AI0JEIOQE] JUESUOD Wol) 21k (UWN[0D puooss) amyeradua) uonew[20y ‘sfeLy Suunp
asgotour aumeraduis) Jo ajel pue amjeradwo) uonewfaoE 159301d sopnfour Anuo yoeq 'A[Iwey Aq saYSY I2IBMYSIY UBDLISWY (UON J0J BWIXEW [BUA] MUCIYD "p 2/quf



263

‘pauiodas azom Surpas) Jo uonessad pue FOT ‘Ueap o} =oc=uvu uj,

(z861) ensad % puegeys

I :
g e vdd [ ¥T SHUDZI[aq X0SAUO|AG
(z861) Jensad % pueyeys 9 3 ; aepuI[1900g AjTure]
_ 7o [ 8 da I §T ‘ds smwojsoddgy
(z861) Yensad 79 pueyeys 9 0 o' oepreapo] Aqureg
1dd 1 6T SRODAIDG SOLDLD)
(z861) Yensad 7% puepeys 9 0 &6 oepILIR[) Afiwe]
(z861) yensag % pueyeqs 6 oo = dd I 82 porquinssow vidojy
(Z861) eusad % pueygeys 6 L0 b 1dd I ST uouatyjouvjou vrdojLy
(6861) A108010 W o[ez [ JOS[EW T G _MM I ST avgow pydoyy]
(6861) K&108010 29 98z ZIJOS[EMIT — = uempew .mﬁ I (*%¢¢€) 0T
(6861) Aw0da1p @ 3Rz Z[Jo P T —  ¢=uepem oo I (°%07) 02
(6861) L108210) 9 o[eZ ZlJospEm g e <= Em,_uoE _.mn_ I (*%9°11) 0T
(6861) 10901 p o[ez  TIJOS[EIN T L. edtiew _mn_ I (*%¢) 0T
(z861) Jensad % puepeys 0z 0 oy ! 1 (o%0 = Amuss) g
(z861) >fensag 7 pusgeys 9 c0 &6 dd I 87 SN2AND SO0
(z861) ensad 7 puepgeys 61 +0 e dd | &4 SHIDJHODUIIG SHULOMITUBE]
(z861) Nensag % pueyeys 9 i e a 1 44 W RODUILY DUOSD)
(7861) yensaq % puegeys 6 e S .MM__ I 0z winip1osnfo1a0 butoso)
(7861) yensag % pueyeys 9 00 o' ' ! ST 1Yo PUOSDIYIID)
(z861) Fensad % pueyeys €1 60 68 i ! 0f  wnpnSound putosopol)
(2361) Yensad 7 pueyeys € v0 e e ! 1z Hobiutq Dusosoyyor
ol I 8T SHID]]A00 SHIOUOLSY
(sg61) 15900 3 E ’ . epIyRL) Aty
(s861) 15900 b= Sao Te dd 1 o @9) o1
(s861) 38900 & - 6% ol aa 1 Joununs (3 0.) 0
(s861) 35900 bl gex ot 4a 1 seumms (39°01) 01 suoprioyf
(s861) 159mD) 8 - ol o 1 sewwns(3¢0) 01 sapiowos sniaidosoyy
(5861) 189m0 g . 381 e o 1 s (3789) 01
(s861) 151D 8 z - 4o 1 Jewums (867.) 01
(sg61) 159N ol 60 i R (e 1 sownums (8 £4) 01 sopjounps
. . da 1 seununs (30°0) 01 saprowps sniaidosoy
u as ugaw EPIYIBHUI) AJIe]
20UMIAJAY D, “BWILUINI [BUIA] DIUOIYD yuodpua 1591, -AeP D1V o, toseps | ol
"paInooo

H.MWQM”H»: “Mbomﬂﬂuﬂa:sﬁ.u“u.ﬁmom n“%mv = d(J "PRIEOIPUL ISIMIDYIO SSI[UN SUOHIPUOD AlojeIoqe] WoJ) a1 (UWn[0d puodas) samyeraduwa) uonEwN[ooY 's[eLy Suun;
3 pue amjeiaduwia) uoneudoe jsajo1d sopnjour Anua yoes ‘Afiuey Aq SaUSY 191BMYSAI UROLIDWY YHON 10] BUINUILT _mﬁo_, uEPE,\W ¢ mhwu.h_u



264

Wb of puibdabang

Tea w2 162 tea2
Yoor

Figure 5. Number of publications reporting original dynamic
temperature tolerance data for fishes by five-year intervals since
1960, n = 80.

each only a single temperature tolerance value at one
acclimation temperature was reported for each species.

Coverage by family and species

In their Atlas of North American Fishes, Lee et al.
(1980) list 56 families containing 775 species of fishes
extant in North America. Mexico was excluded from
their coverage. Dynamic temperature tolerance data
were found for 19 or about 1/3 of the families and
116 species, 7 subspecies and 7 hybrids (130 fishes),
or approximately 1/6 of North American freshwater
fish species. For eight of the 19 families (Table 6)
dynamic temperature tolerance data are published for
only one or two species. Not surprisingly, for the most
species — rich North American fish family, Cypinidae
(minnows), we found the most dynamic temperature
tolerance data: 37 species, 3 subspecies and 1 hybrid
which represents about 1/5 of the total number of North
American cyprinids. In five other families (Centrar-
chidae, Cichlidae, Cyprinodontidae, Poeciliidae and
Salmonidae), temperature tolerance data have been
published for 10 or more fishes.

Investigators have concentrated their research efforts
on (i) a few key game fish species, e.g., largemouth
bass, Micropterus salmoides (6 studies), bluegill,
Lepomis macrochirus (6 studies), channel catfish,
Ictalurus punctatus (5 studies), and rainbow trout,
Oncorhynchus mykiss (6 studies); (ii) smaller fishes
such as minnows (family Cyprinidae), in particular
the red shiner, Cyprinella lutrensis (8 studies) and the

fathead minnow, Pimephales promelas, a United States
Environmental Protection Agency recommended test
species which has been the subject of 8 studies, (iii) the
genera Etheostoma (10 studies) and Gambusia (7 stud-
ies), and (iv) fishes with large thermal tolerances, in
particular the family Cyprinodontidae (10 studies). In
contrast, we found no dynamic temperature tolerance
data for fishes in some of the most primitive fish fam-
ilies, e.g., Petromyzontidae, Lepisosteidae, Amiidae
and Acipenseridae. Similarly, published dynamic tem-
perature data were not discovered for numerous game
species including white bass, Morone chysops, white
and black crappies, Pomoxis annularis and P. nigro-
maculatus, and yellow perch, Perca flavescens. Sur-
prisingly, only a single CTmaximum exists for gold-
fish, Carassius auratus, which was the subject of the
original ILT study of Fry et al. (1942) and, is the first
species for which an ILT temperature tolerance poly-
gon was developed.

Coverage by experimental method

This review summarizes 74 papers containing pub-
lished CTmaxima for 108 fishes (96 species, 7 sub-
species and 5 hybrids) representing 16 families and
CTminima for 21 fishes (15 species, 3 subspecies and
3 hybrids) from 8§ families (Tables 2, 3 and 6). Sixty-
one papers reported only CTmaxima, 5 contained only
CTminima and 7 papers gave both CTmaxima and
CTminima (Table 7). The large disparity between the
number of reported CTmaxima and CTminima can be
explained by several observations. First, CTmaxima
are easier to experimentally measure than CTminima.
Difficulties arise in achieving a constant linear rate of
temperature decrease as water temperatures approach
0°C and in identifying a clear-cut test endpoint as
fish are cooled during CTminima determinations,
mentioned by numerous investigators including Otto
(1973), Beitinger & McCauley (1990) and Bennett &
Judd (1992). Second, the ultimate lower temperature
tolerance of most North American fishes approaches
0°C, whereas upper temperature tolerances are more
interspecifically variable. Third, the prevailing percep-
tion is that high environmental temperatures are more
likely to limit fishes than low temperatures. Neverthe-
less, CTminima are important since more fish kills in
nature are caused by exposure to rapidly decreasing
temperatures than rapidly increasing temperatures.
We found CLmaxima (Table 4) for 11 fishes (7
species, 2 subspecies and 2 hybrids) from 3 families
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Table 6. Summary of dynamic temperature tolerance data of North American freshwater fishes.
Values listed within the tables are the numbers of species, subspecies and hybrids, respectively, for

each family.
Family Temperature tolerance method Total species,
subspecies, hybrids
CTmaxima CTminima CLmaxima CLminima

Atherinidae 2 0 0 0 2
Catostomidae &' 0 0 0 6
Centrarchidae 10,2,2 2 1,2,2 0,2 14
Characidae 0 1 0 0 1
Cichlidae 1 1 0 11 12
Clariidae 0 0 0 1 1
Clupeidae 1 0 0 0 1
Cottidae 1,1 0 0 0 2
Cyprinidae 37.3,1 4,3 1 0 42
Cyprinodontidae 11 2 0 0 11
Esocidae 1,0,1 0 0 0 2
Gasterosteidae 1 0 0 0 1
Ictaluridae 4 1 0 0 4
Loricariidae 0 0 0 1 1
Percichthyidae 1,0,1 0 0 0 ;.
Precidae 7 0 0 0 7
Poeciliidae = 3,0,3 0 1 10
Polyodontidae 1 0 0 0 1
Salmonidae 8,1 1 5 0 10
Total families 16 8 3 5 19
Total species 96 15 7 14 116
Total subspecies 7 3 2 2 7
Total hybrids 5 3 2 0 7
Total fishes 108 21 11 16 130

Table 7. Number of publications containing original dynamic temperature tolerance data for fishes
(species, subspecies and hybrids) by experimental methods and direction of temperature change,

n = 80.

CTmaximum CTminimum Both CLmaximum CLminimum Both CTmaximum &
only only only only CLmaximum
61 5 7 3 2 1 1

and CLminima (Table 5) for 16 fishes distributed
among 5 families, reported in a total of 7 publications
(Table 7). Fourteen of the 16 CLminima were measured
by Shafland & Pestrak (1982) in species of the fami-
lies Cichlidae, Clariidae, Poeciliidae and Loricariidae,
exotics which have been introduced into the State of
Florida.

Comparison of CTM and CLM
Although both the CT and CL methodologies expose

fish to changes in temperature during tolerance tri-
als, i.e., temperature dynamic methods (versus the ILT

where test temperature are static), these two dynamic
temperature tolerance methods differ in both endpoint
and AT.

Slower temperature change rates (1 to 2°Cd~,
Tables 4 and 5) and hence, longer exposure times, char-
acteristic of the CLM may allow the temperature tol-
erance acclimation state of a fish to change during a
trial. This approach may generate a better estimate of
the ultimate upper and lower temperature tolerances
of a species and may allow tolerance to be indepen-
dent of the pretest acclimation temperature; however,
it simultaneously allows more time for heat to exert
its lethal effects at any particular temperature. The
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former would be expected to increase, whereas the lat-
ter would be expected to decrease temperature toler-
ance limits. Comparison of CTM and CLM endpoints
for a species would indicate which of the above compet-
ing processes predominates. Unfortunately, relatively
few species have been tested by both methods. We
found only five cases where both CT and CL meth-
ods were applied to the same species. The CTmin-
imum of 9.4°C (Jenning 1991) and CLminimum of
10.3°C (Shafland & Pestrak 1982) for blackchin tilapia,
Tilapia melanotheron, are similar especially when con-
sidering tilapia were acclimated to 21°C in the former
and 25°C in the latter study. Although the lower lethal
temperatures for the northern subspecies of largemouth
bass, Micropterus salmoides salmoides, were measured
both as CLminimum (Guest 1985) and CTminimum
(Currie et al. 1998), the large difference in acclima-
tion temperatures preclude direct comparisons of these
data. A single CLmaximum (median = 35.5°C) for
bluegill, Lepomis macrochirus, acclimated to 21.5°C
by Hickman & Dewey (1973) fits nicely between
CTmaxima of 31.5 and 37.5°C for bluegill acclimated
to 16 and 24°C, respectively (Murphy et al. 1976).
In contrast to the examples listed above, there are
two cases where CTmaxima are larger than CLmax-
ima for the same species. Grande & Andersen (1991)

reported a CLmaximum of 26.3°C for rainbow trout,
Oncorhynchus mykiss, acclimated to 17°C which is
approximately 3°C less than CTmaxima reported by
both Strange et al. (1993) and Currie et al. (1998)
for rainbow trout acclimated to 15°C. Similar results
were reported by Fields et al. (1987) which is the
only study where both CTmaxima and CLmaxima were
measured in a fish acclimated to the same temperature.
The CTmaxima for the northern and Florida subspecies
of largemouth bass acclimated to 32°C were 3.6 and
2.7°C higher, respectively, than CLmaxima for these
subspecies. Although not conclusive, results of these
latter studies suggest that any gain in temperature toler-
ance acclimation occurring during the slower tempera-
ture change rates of CLM trials is offset by the increased
thermal stress owing to the increased amount of expo-
sure time at each test temperature. When acclimated to
the same temperature, we predict that the CTminimum
would be lower than the CLminimum and the CTmax-
imum would exceed the CLmaximum for a species.

High temperature tolerance

Highest CTmaximum for each species in each of
the 16 families (Figure 6) fall out as expected. The

No. of S,
Farnily fishes | 27 28 29 30 31 32 33 34 35 36 37 I8 39 40 41 42 43 44 45
Cottidae 2 A b i
Salmonidae 9 = ¥ 9 Y SN
Cichlidae 1
Clupeidae 1 .
Polyodontidas 1 _—
Atherinidae 2 .
E 2 & - — -
Catostomidae & &
| Percidae 7 Yok s
Cyprinidag 41 R R
Gasterosteidae 1 o
Centrachi 14 _ " o . - 1
A 4 = r W A 7 .
st 2 .
Poeciliidag 4 S :
Cyprinodontidae 1 . . . T
57 28 29 80 91 82 &3 34 35 36 9/ 3B 39 40 41 42 43 44 45 |
CTmaxima, "C

Figure 6. Highest reported mean or median CTmaximum (°C) for 108 fishes (species, subspecies, hybrids) grouped by family (from

Table 4).



Salmonidae, along with the Cottidae, had the low-
est tolerance of high temperatures and also had the
least variation in highest CTmaxima. Eight of the nine
salmonids.have highest CTmaxima between 29.2 and
30.0°C. This finding suggests that upper temperature
tolerance in this group is phylogentically conserva-
tive. These CTmaxima are about 4 to 5°C higher than
reported ILUTS for these species which again demon-
strate the overshoot inherent in the CTM. The highest
tolerance of high temperatures occur in the families
Poeciliidae and Cyprinodontidae.

Twenty-two fishes have a highest reported CTmax-
ima of 40°C or higher (Table 8). These fishes belong
to six families: Centrarchidae, Cyprinidae, Ictaluri-
dae, Percichthyidae, Poeciliidae and Cyprinodontidae.
Nine of the 11 listed cyprinodontids are in this group,
including the four highest CTmaxima reported. Three
belonged to the genus Cyprinodon, the Balizian pupfish
C. artifons 45.4°C (Heath et al. 1993), the sheepshead
minnow C. variegatus 45.1°C (Bennett & Beitinger
1997) and the desert pupfish C. macularius 44.6°C
(Lowe & Heath 1969); the fourth is the mummichog,
Fundulus heteroclitus 44.1°C (Bulger 1984, Bulger &
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Tremaine 1985). These extreme upper temperature tol-
erances apparently establish the upper biokinetic limit
for aquatic ectothermic vertebrates (Brock 1985). The
only cyprinodontid species to have sub 40°C CTmax-
ima are Fundulus olilvaceus and F. sciadicus; however,
both species were tested only at an acclimation temper-
ature 0f 26°C. If acclimated to higher temperatures, it is
likely that both of these species would have CTmaxima
exceeding 40°C.

In contrast, 9 species had highest reported CTmax-
ima less than 30°C. This group included one cottid,
Cottus cognatus gracilis, one cyprinid, Notropis cum-
mingsae which was tested at an acclimation temper-
ature of only 8°C, and 7 of the 9 salmonid tested.
Consequently, the highest reported CTmaxima of the
majority of fishes (67 of 130 or 51%) extend between
30.0 and 39.9°C. -

These data are limited by the acclimation tempera-
tures used in these studies. Few studies have attempted
to determine the highest CTmaximum for a species
(for exceptions see Otto 1974, Bulger & Tremaine
1985, Heath et al. 1993, Bennett & Beitinger 1997).
Recent research indicate that in CTmaximum trials

Table 8. Fish with reported highest CTmaximum °C equaling or exceeding 40°C.

Family Species Highest Reference
CTmaximum, *C
Cyprinodontidae  Cyprinondon artifons 454 Heath et al. (1993)
Cyprinodontidac ~ Cyprinondon variegatus 45.1 Bennett & Beitinger (1997)
Cyprinodontidae ~ Cyprinondon macularius 44.6 Lowe & Heath (1969)
Cyprinodontidae ~ Fundulus heteroclitus 44.1 Bulger (1984),
Bulger & Tremaine (1985)
Poeciliidae Gambusia affinis 437 Otto (1973)
Cyprinodontidae ~ Floridichthys carpio 43.6 Heath et al, (1993)
Cyprinodontidae  Cyprinondon sp. 436 Otto & Gerking (1973)
Cyprinodontidae  Cyprinondon nevadensis 433 Feldmuth et al. (1974)
Poeciliidae Gambusia yucatana 424 Heath et al. (1993)
Ictaluridae Ictalurus punctatus 421 Bennett et al. (1998)
Centrachidae 3 M.s. salmoides x $M.s. floridans  41.9 Fields et al. (1987)
Centrachidae Micropterus salmoides floridans 41.8 Fields et al. (1987)
Centrachidae PM.s. salmoides x 3M.s. floridans  41.6 Fields et al. (1987)
Cyprinodontidae ~ Fundulus notatus 41.6 Rutledge& Beitinger (1989)
\ Q- AN —  Centrachidae Lepomis macrochirus 414 Holland et al. (1974),
b Murphy et al. (1976)
" ™~ Centrachidae M. salmoides salmoides 40.9 Fields et al. (1987)
Vev§ Percichthyidae Morone saxatilis x M. chrysops 40.5 Woiwade & Adelman (1992)
Cyprinodontidae ~ Cyprinondon elegans 40.5 Gelbach et al. (1978)
Cyprinidae Pimephales promelas 40.4 Richards & Beitinger (1995)
Cyprinidae Hypophthalmichthys nobilis x 40.3 Bettoli et al. (1985)
Ctenopharyngodon idella
Poeciliidae Gambusia holbrooki 40.1 Meffe et al. (1995)
Cyprinidae Hybognatus placitus 40.0 Matthews & Maness (1979)
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loss of righting response (LLR) was exhibited before
onset of muscle spasms in all 24 fish species tested by
Lutterschmidt & Hutchison (1997a). The mean onset of
muscle spasms occurred at temperatures 3.2°C higher
than LLR. Use of higher acclimation temperatures,
i.e., >30°C and onset of muscle spasms instead of
loss of equilibrium as an endpoint would substantially
increase the number of North American freshwater fish
species with CTmaximum exceeding 40°C.

Low temperature tolerance

For reasons discussed earlier, data concerning toler-
ance of fishes to low temperatures are far more limited.
Tables 3 and 5 contain CTminima and CLminima data
for 21 and 16 fishes, respectively. Reported low temper-
ature tolerances range from 0.0 (Oncorhynchus mykiss)
to 12.9°C (4stronotus acellatus). Whereas the majority
of published CTminima were measured in native North
American fishes and are generally 5°C or less, 14 of the
16 reported CLminima were measured in exotic species
found in Florida. CLminima in these fishes (11 Cich-
lids, and 1 each of the families Clariidae, Loricariidae
and Poeciliidae) average 9.44-2.2 (SD)°C. Information
concerning low temperature tolerance is necessary to
estimate whether or not these species can overwinter
in the United States and to predict possible distribution
throughout North America.

Acclimation temperature

Among the myriad of biotic, chemical and physical fac-
tors influencing temperature tolerance (see Hutchison
1976), acclimation temperature is probably the most
critical. In a majority of the fishes listed in Tables 5
through 7, only a single temperature tolerance value
at one acclimation temperature was reported. Some
of these are bioassay studies where controls yield
a single CTmaximum or CTminimum for a species
(Watenpaugh et al. 1985, Strange et al. 1993, Heath
et al. 1993), whereas others survey a relatively large
number of species at a single acclimation tempera-
ture (Kowalski et al. 1978, Smale & Rabeni 1995,
Lutterschmidt & Hutchison 1997a).

In the few species that have been tested over a
range of acclimation temperatures, a 10°C or more

change is seen in both CTminima, e.g. Cyprin-

odon variegatus, Lepomis gibbosus and Pygocentrus
natteri and CTmaxima, e.g., Fundulus heteroclitus,
Pimephales promelas and Gambusia affinis. In studies
in which three or more acclimation temperatures were

employed, regression models were cither taken from
the text or calculated from mean temperature tolerance
values reported at each acclimation temperature. Both
CTminima and CTmaxima are strongly linearly related
to acclimation temperature for nearly all species. Lin-
earity may be an outcome of the observation that
CTmaxima and CTminima were measured mainly at
acclimation temperatures that are within the middle of
the temperature tolerance zone of each species, e.g., 10
to 30°C for warm-water species. If acclimated to tem-
peratures either above or below this range, it is pos-
sible that the linear relationship between acclimation
and CTM tolerance temperatures will not hold.

The effect of acclimation on temperature tolerance is
reflected mathematically by the magnitude of the slopes
relating these two variables. The slope reflects the
change in temperature tolerance for each 1°C change
in acclimation temperature. As acclimation temper-
ature is increased, both CTmaxima and CTminima
increase. The former represents a gain in heat toler-
ance and the latter, a loss of ‘cold’ tolerance. The pup-
fish, Cyprinodon nevadensis, appears to possess the
most unusual relationship between acclimation and tol-
erance temperatures. It has the smallest slopes for both
CTminima, 0.17, and CTmaxima, 0.13, of all species
summarized. Although this cyprinodontid species pos-
sesses a wide tolerance of temperature, the magnitude
of these slopes suggest that temperature tolerance is
not strongly effected by acclimation temperature. Over
an acclimation temperature range of 30°C, CTminima
and CTmaxima of the desert pupfish change by only
3.9 and 5.1°C, respectively.

Although few species were acclimated to tem-
peratures low enough to produce CTminima close
to 0°C, we used CTminima-acclimation temperature
regression models to estimate (extrapolate) an accli-
mation temperature which would be equivalent to a
CTminimum of 0°C for six species (Table 9). This
manipulation assumes that the ultimate CTminimum,
i.e., absolute lowest temperature that could be toler-
ated, equals 0°C in these species. Estimated acclima-
tion temperature for these six species ranged from 10.5
to 16.1°C. If these extrapolations hold, they suggest
that these species have a large amount of protection
against temperature decreases. For example, if sub-
jected to CTM-like temperature decreases, the pump-
kinseed sunfish, Lepomis gibbosus, would need to have
a temperature tolerance acclimation state in excess of
13.2°C before an endpoint is reached.

Eliminating data for Cyprinodon nevadensis (already
discussed) and the three species (Etheostoma
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Table 9. Estimated (extrapolated) acclimation temperatures equivalent to CTminimum = 0°C from linear regres-
sion models relating acclimation temperature to CTminima (See Table 6).

Reference

Species Range of acclimation  Estimated acclimation

temperature, °C temperature where

CTminimum = 0°C

Lepomis gibbosus 15-30 13.2 Becker et al. (1977)
Micropterus salmoides salmoides ~ 20-30 15.6 Currie et al. (1998)
Gila bicolor mohavensis 18-30 10.5 McClanhan et al. (1986)
Cyprinodon nevadensis 15-30 11.3 Feldmuth et al. (1974)
Ictalurus punctatus. 20-30 16.1 Currie et al. (1998)
Oncorhynchus mykiss 20-30 14.8 Currie et al. (1998)

blennoides, E. caeruleum and E. fabellare) measured
only under field temperatures, yield surprisingly sim-
ilar slopes relating CTmaxima and acclimation tem-
perature for the remaining 20 species. Slopes for these
species which represent 9 distinct families, range from
0.27 to 0.50 with a mean®SD of 0.41+0.07°C.

Although dynamic temperature data were found for
130 fishes, only a single dynamic, tolerance poly-
gon has been published for a species, the sheepshead
minnow, Cyprinodon variegatus (Bennett & Beitinger
1997). Over an acclimation range of 5 to 38°C, this
eurythermal species has a CTM temperature tolerance
polygon of 1470°C? which is 5% larger than the tol-
erance polygon measured by ILT methods for this
species. With the above exception, no single study has
measured both CTminima and CTmaxima over a wide
enough range of acclimation temperatures to gener-
ate CTM tolerance polygons. However, enough data
are available for at least a few species, e.g., large-
mouth bass, channel catfish, desert pupfish and rain-
bow trout, to creatively estimate CTM temperature
tolerance polygons.

Summary

Studies of temperature tolerance of fishes have more
than a 100 year history and have resulted in the
evolution of two generally accepted techniques to
quantify temperature tolerance of fishes: the incipient
lethal temperature (ILT) and critical thermal method
(CTM). Although the ILT and CTM are quantitatively
expressed as a temperature, determined with fishes
acclimated to known temperatures and involve both
time and temperature as major test variables, these two
methods do not quantify the same response. Both meth-
ods generate valuable information concerning temper-
ature tolerance of fishes.

In the CTM approach, test fish are either heated or
cooled at a constant linear rate from a pretest accli-
mation temperature until an obvious sublethal but near
lethal, incapacitation occurs, usually either loss of equi-
librium (LOE) or the onset of muscular spasms (OS).
The water temperature at this endpoint is the CTmax-
imum or CTminimum. If fish at this point are quickly
returned to their pretest acclimation temperature, 100%
survival is expected. CTmaximum or CTminimum are
usually summarized as the mean of a trial. The rate
of temperature change during a trial needs to be con-
stant, linear and fast enough to prevent tolerance from
being gained during the trial and slow enough to allow
the fish’s body temperature to closely track water tem-
perature. Empirical findings indicate a constant, linear
temperature change of 0.3°C min~' meets these crite-
ria. Although some controversy exists concerning the
most appropriate CTM endpoint, particularly OS ver-
sus LOE, we believe that the chosen endpoint, as long
as it satisfies CTM endpoint criteria, should be selected
by the investigator relative to the responses of the test
species during temperature change exposures.
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