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CHAPTER 1. TEMPERATURE

1.1 Introduction

Temperature is one of the most important envirortedenfluences on salmonid biology.
Most aquatic organisms, including salmon and seselhare poikilotherms, meaning
their temperature and metabolism is determinedhbyatbient temperature of water.
Temperature therefore influences growth and feedites, metabolism, development of
embryos and alevins, timing of life history evesi€h as upstream migration, spawning,
freshwater rearing, and seaward migration, anc#agability of food. Temperature
changes can also cause stress and lethality (lagah 1999). Temperatures at sub-
lethal levels can effectively block migration, le@dreduced growth, stress fish, affect
reproduction, inhibit smoltification, create diseggsoblems, and alter competitive
dominance (Elliott 1981, USEPA 1999a). Furthee, shressful impacts of water
temperatures on salmonids are cumulative and pelsitcorrelated to the duration and
severity of exposure. The longer the salmonikmeed to thermal stress, the less
chance it has for long-term survival (Ligon etE399).

A literature review was performed to evaluate terapge needs for the various life
stages of steelhead tro@r{corhynchus mykiss), coho salmon@ncorhynchus kisutch),
and Chinook salmorQncor hynchus tschawytscha). The purpose of this review was to
identify temperature thresholds that are proteativealmonids by life stage, as a basis
for evaluating stream temperatures in Californmagerature TMDLs within the North
Coast region.

This review included USEPA temperature guidancegons’ and Washingtons’
temperature standards reviews, reports that cothpild summarized existing scientific
information, and laboratory and field studies. Wipessible, species-specific needs
were summarized by the following life stages: migigaadults, spawning and
incubation/emergence, and freshwater rearing atgr Additionally, the effects of
temperature on disease and lethality are also siscll Some of the references reviewed
covered salmonids as a general class of fish, wellilers were species specific.
Information for fall run coho salmon, spring/sumpfetl, and winter steelhead, and
spring and fall run Chinook salmon are compilediteystage in Table 1 through Table
12.

1.2 Temperature Metrics

In considering the effect of temperature on salmeni is useful to have a measure of
chronic and acute (i.e. sub-lethal and lethal) terafure exposures. A common measure
of chronic exposure is the maximum weekly averageperature (MWAT). The MWAT
is the maximum seasonal or yearly value of the sratitical mean of multiple, equally
spaced, daily temperatures over a running severcaiasecutive period (Brungs and
Jones 1977, p.10). In other words, it is the hsglsengle value of the seven-day moving
average temperature. A common measure of acuteteffs the instantaneous maximum.
A third metric, the maximum weekly maximum temparat(MWMT), can be used as a



measure of both chronic and acute effects. The MWdvalso known as the seven-day
average of the daily maximum temperatures (7-DADAMY is the maximum seasonal or
yearlyvalue of the daily maximum temperatures over ainmeeven-day consecutive
period. The MWMT is useful because it describesrttaximum temperatures in a
stream, but is not overly influenced by the maxintemperature of a single day.

Much of the information reported in the literatwtearacterizes temperature needs with
terms such as “preferred” or “optimum”. Prefersticbam temperatures are those that
fish most frequently inhabit when allowed to fresbtect temperatures in a thermal
gradient (USEPA 1999a). An optimum range provilgégable temperatures for feeding
activity, normal physiological response, and norbellavior (without symptoms of
thermal stress) (USEPA 1999a). Optimal temperathase also been described as those
temperatures at which growth rates, expressed ightrgain per unit of time, are

maximal for the life stage (Armour 1991).

Salmonid stocks do not tend to vary much in th#arHistory thermal needs, regardless
of their geographic location. In the 2001 USEPAuWent,.Summary of Technical
Literature Examining the Physiological Effects of Temperature on Salmonids, the case is
made that there is not enough significant genetr@tion among stocks or among
species of salmonids to warrant geographicallyifipecater temperature standards.

Climate conditions vary substantially among regiohshe State and
the entire Pacific Northwest. ...Such [varying climptconditions
could potentially have led to evolutionary adamiasi, resulting in
development of subspecies differences in thermdkerdnce.
...[However,] the literature on genetic variation timermal effects
indicates occasionally significant but very smalffadlences among
stocks and increasing differences among subspespgs;ies, and
families of fishes. Many differences that had be#¢mbuted in the
literature to stock differences are now considetedbe statistical
problems in analysis, fish behavioral responsesutest conditions,
or allowing insufficient time for fish to shift fro field conditions to
test conditions (Mathur & Silver 1980, Konecki ét 8993, both as
cited in USEPA 2001).

Additionally:
There are many possible explanations why salmdrmage not made a
significant adaptation to high temperature in streaof the Pacific
Northwest. Temperature tolerance is probably odiett by multiple
genes, and consequently would be a core chardmtesfsthe species
not easily modified through evolutionary changehwaiit a radical shift
in associated physiological systems. Also, theonigj of the life
cycle of salmon and steelhead is spent in the oceanng phase,
where the smolt, subadults, and adults seek watiiistemperatures
less than 5% (15°C) (Welch et al, 1995, as cited in USEPA 2001).



As a result, literature on the temperature neeasld and Chinook salmon and
steelhead trout stemming from data collected iestis outside Northern California are
cited in this document and are considered reletcacharacterizing the thermal needs of
salmonids, which use Northern California rivers atréams.

1.3 Adult Migration and Holding

All of the adult migration and holding temperatmeeds referenced in this section can be
found in Table 1 through Table 3. Salmon and tregpond to temperatures during their
upstream migration (Bjornn and Reiser 1991). Delaymigration have been observed

in response to temperatures that were either tlwbazdoo warm. Most salmonids have
evolved with the temperature regime they histolyoased for migration and spawning,
and deviations from the normal pattern can affactigal (Spence et al. 1996).

In a 2003 USEPA document entitlE€A Region 10 Guidance for Pacific Northwest

Sate and Tribal Water Quality Standards, it is recommended that the 7-DADM should
not exceed 18C in waters where both adult salmonid migration ‘arah-core” juvenile
rearing occur during the period of summer maximamgeratures. The document does
not define what constitutes the “summer” periocbnitore juvenile rearing is defined as
moderate to low density salmon and trout rearingalig occurring in the mid or lower
part of the basin, as opposed to areas of hightgteesring which are termed “core”
rearing areas. This criterion is derived from gsigl and synthesis of past laboratory and
field research. The USEPA believes that this teatpee recommendation will protect
against lethal conditions, prevent migration blagkagprovide optimal or near optimal
juvenile growth conditions, and prevent high digeask by minimizing the exposure
time to temperatures which can lead to elevatesbdis rates.

A 7-DADM temperature of 20C is recommended by the USEPA (2003) for watertsodie
that are used almost exclusively for migration dgrthe period of summer maximum
temperatures.

EPA believes that a 2@ criterion would protect migrating juveniles
and adults from lethal temperatures and would prevaeigration
blockage conditions. However, EPA is concerned theers with
significant hydrologic alterations (e.g., rivers thvi dams and
reservoirs, water withdrawals, and /or significamér channelization)
may experience a loss of temperature diversityhenrtver, such that
maximum temperatures occur for an extended pefidiche and there
is little cold water refugia available for fish tescape maximum
temperatures. In this case, even if the river mae&t& C criterion for
maximum temperatures, the duration of exposure @°C2
temperatures may cause adverse effects in the fbrrimcreased
disease and decreased swimming performance insaduoltl increased
disease, impaired smoltification, reduced growtimd aincreased
predation for late emigrating juvenilegUSEPA 2003).



Therefore, the USEPA recommends a narrative piavi protect and, if possible,
restore the natural thermal regime accompany tha&D@M 20°C criterion for rivers
with significant hydrologic alterations.

In an exhaustive study of both laboratory and fatleies of temperature effects on
salmonids and related species, USEPA (1999a, Zbicjuded that temperatures of
approximately 22-24C limit salmonid distribution, i.e., they totallyiminate salmonids
from a location. USEPA (1999a) also notes thahgka in competitive interactions
between fish species can lead to a transition midance from salmonids to other
species at temperatures ZAlower than the range of total elimination.

1.3.1 Steelhead Trout Migration

In a 2002 review of numerous studies, WashingtateSDepartment of Ecology
(WDOE) concluded that daily average temperaturexle4° C are associated with
avoidance behavior and migration blockage in sesaltltrout. WDOE suggests that the
MWMT should not exceed 17-2&, and daily maximum temperatures should not
exceed 21-22C to be fully protective of adult steelhead migyati

Table 1:Effects of Temperature in Considering Adult Steathand Migration

C MIGRATION
24 l
23 | 21-24 Average daily temperaturg¢ 22-24 Temperature range which eliminates salmadnais an area (3,4)
29 associated with avoidance and
migration blockage (2) 21-22 Daily maximum temperature should not exceed
21 this to be fU”y protective (2) 18-22 Temperatureg
20 MWMT should not exceed this in waterbodies usleabst exclusively for migration. range at which
20 Should be used in conjunction with a narrative fgion about protecting/restoring the transition in
natural thermal regime for rivers with significamtdrologic alterations (1) dominance from
19 salmonids to othe
181 17-18 MWMT should not exceed 18 MWMT should not excegd this where migratioh SPecies occurs (4
. . and non-core rearing occur (1)
17 this to be fully protective (2)

Sources: (1) USEPA 2003, (2) WDOE 2002, (3) USEPA12 (4) USEPA 1999a

1.3.2 Chinook Salmon Migration and Holding

USEPA (2001) cited various literature sources ithettified thermal blockages to
Chinook salmon migration at temperatures rangiomf.9-23.9 C, with the majority of
references citing migration barriers at temperatareund 22C.

A radio tracking study on spring Chinook revealeat twvhen maximum temperatures of
21.1°C were reached, a thermal barrier to migratras established (Bumgarner et al.
1997, as cited by USEPA 1999a). Bell (1986) reei@warious studies and notes spring
Chinook migrate at water temperatures ranging fBoBr13.2C, while fall Chinook
migrate at temperatures of 10.6-19% Preferred temperatures for Chinook range from
7.2-14.8C (Bell 1986). Based on a technical literaturée@y WDOE (2002)

concluded that daily maximum temperatures shoutceroeed 21-22C during Chinook
migration.



Table 2: Effects of Temperature in Considering Adillinook and Migration and Holding

°C

MIGRATION

24

23

23 Klamath Basin fall Chinook begin
migration upstream at temperatures
high as 23C if temperatures are rapid

falling (6)

22

22 Klamath Basin fall Chinook will not
migrate upstream when mean daily,
temperatures are 22C or greater (6

21

Aas
ly22-24 Temperature range whid

eliminates salmonids from an
area (3,5)

21-22 Daily maximum temperature

21 Most references cite as
thermal block to migration (3)

should not exceed this range to be
protective of migration (2)

21 Klamath Basin fall Chinook

will not migrate upstream if

temperatures are 21C or aboV

and rising (6)

20 MWMT should not exceed this in waterbodies usatbst exclusively
for migration. Should be used in conjunction vatharrative provision

temperatures 18-22
causing thermal Temperature
blockage to | yange at which
e Mmigration (3) transition in
dominance
from

19-23.9 Range of

salmonids to
other species

O

20 about protecting/restoring the natural thermalmegfor rivers with oceurs ()
significant hydrologic alterations (1)

19

18 18 MWMT should not exceed thi
where migration and non-core

rearing occur (1)

17 16-17 MWMT should be below this

16 where Chinook are holding (2) 10.6-19.6 Temperature range|

15 where adult fall Chinook migratg

14 4) 13-14 Average daily temperature

should be below this where spring

13 Chinook are holding (2)

12 7.2-14.5 Preferred temperatures fo

11 Chinook (4)

10 3.3-13.3 Temperature range where

9 adult spring Chinook migrate (4

8

7

6

5

4

3

Sources: (1) USEPA 2003, (2) WDOE 2002, (3) USEPB12 (4) Bell 1986, (5) USEPA 19994, (6) Strangé&0

Utilizing radio telemetry to track the movementsl anonitor the internal body
temperatures of adult fall Chinook salmon duringjitiupriver spawning migration in the
Klamath basin, Strange (2006) found that fall Cbkwill not migrate upstream when
mean daily temperatures arg22C. Strange also noted that adult fall Chinookhia t



Klamath basin will not migrate upstream if temperas are 23C or above and rising,
but will migrate at temperatures as high a8Q@3¥ temperatures are rapidly falling.

Spring Chinook begin entering freshwater streamsdua relatively cool-water season
but must hold throughout the warm summer perio@itng cooler spawning
temperatures (ODEQ 1995a). The cumulative effefctsanagement practices such as
elevated water temperatures, reduced cover froge loody debris, and reduced resting
pool area due to pool filling increase the sustdpti of holding adult fish to mortality
from thermal effects (The Oregon Department of Estunental Quality [ODEQ)]

1995a). WDOE states that where spring Chinoolhalding over for the summer prior
to spawning the average daily water temperaturaldhze below 13-19C and the

MWMT should be below 16-1°C (WDOE 2002).

1.3.3 Coho Salmon Migration

Migration for coho is delayed when water tempegueach 21 9C, and the preferred
water temperatures for coho range from 11.7-9@.8Bell 1986). In California coho
salmon typically migrate upstream when water temjpees range from 4-2€ (Briggs,
1953 and Shapovalov and Taft, 1954, as cited bgleigsl987). WDOE reviewed
various studies and concluded that to be protedtivault coho migration, MWMTSs
should not exceed 18& (WDOE 2002).

Table 3: Effects of Temperature in Considering Adidho and Migration

°C MIGRATION
gg 22-24 Temperature range which eliminates salmanihs an

area (3,6
2 (3,6)

21| 21.1 Migration is delayed when temperatures rehishvalue (4)

=y

18-22 Temperature range at whig

20 MWMT should not exceed this in waterbodies weetbst

X o _ > X transition in dominance from
exclusively for migration. Should be used in comjion with a

20 - - X ) salmonids to other species occurs
narrative provision about protecting/restoring tia¢ural thermal (6)
regime for rivers with significant hydrologic alétions (1)
19
18 18 MWMT should not exceed this where migration and-core
rearing occur (1)
17
16 16.5 MWMT should not exceed this value to be fpltgtective (2)
15
14
13| 11.7-14.5 Preferred temperature
12 range (4) 4-14 Temperature range at which migration typicattgurs (5)
11
11.4 Preferred temperature (7)

Sources: (1) USEPA 2003, (2) WDOE 2002, (3) USEPA12 (4) Bell 1986, (5) Briggs 1953, Shapovalov and
Taft 1954, as cited by Hassler 1987, (6) USEPA 299B) Reutter and Herdendorf 1974



1.4 Spawning, Incubation, and Emergence

All of the spawning, incubation, and emergence tenafure needs referenced in this
section can be found in Table 4 through Tabl&fany sources have stated that
temperature affects the time of migration i adatid thus the time of spawning, which
influences the incubation temperature regime, windirn influences survival rates,
development rates, and growth of embryos and agWiurray and McPhail 1988).
USEPA Region 10 recommends that the 7-DADM tempeeatshould not exceed 4G
for salmonid spawning, egg incubation, and fry egeace (USEPA 2003). Optimum
temperatures for salmonid egg survival ranges 8eh0°C (USEPA 2001).

1.4.1 Steelhead Spawning, I ncubation, and Emergence

In a discussion paper and literature summary etialpgemperature criteria for fish
species including salmonids and trout, WDOE (2@02s studies showing that steelhead
were observed spawning in temperatures ranging 8@21.PC, and that the preferred
temperatures for steelhead spawning range froml2.8>-C. In a review of various
studies, Bell (1986) concludes that steelhead spepotcurs at water temperatures
ranging from 3.9-9.2C.

Steelhead and rainbow trout eggs had the highegtvalrates between 5-2C

according to Myrick and Cech (2001), and while tbag tolerate temperatures as low as
2°C or as high as P&, mortality is increased at these temperatureB.O& (2002)
reviewed literature on the survival of steelhead emnbow trout embryos and alevins at
various temperatures and concluded that the avevatgr temperature should not exceed
7-10°C throughout development, and the maximum dailyaye temperature should be
below 11-12C at the time of hatching (WDOE 2002).

Table 4: Effects of Temperature in Considering Btsd Incubation and Emergence

°C INCUBATION AND EMERGENCE

15 15 Steelhead and rainbow trout eggs can survitengteratures as high as this but mortality is high
compared to lower temperatures (3)

14

13 13 MWMT should not exceed this value to be protectf spawning, egg incubation, and fry

emergence (1)
ﬁ 11-12 Maximum daily average temperature shouldddevipthis range at the time of hatching (2)
10 .
. | 7-10 Average daily temperature shoyld
g 5-10 Steelhead and rainbow ?o%gaolr?\tcl)r::érg teg‘gﬁ:\?ﬁ;” not exceed this range throughout
trout eggs had the highest ~99 embryo development (2)

7 ) AR to hatching (4)

5 survival within this range (3)

5

4

3

5 2 Steelhead and rainbow trout eggs can survivenapératures as low as this but mortality is high
compared to higher temperatures (3)

Sources: (1) USEPA 2003, (2) WDOE 2002, (3) Myieki Cech 2001, (4) USEPA 2001



Table 5: Effects of Temperature in Considering Btd, Chinook, and Coho Spawning

°C Steelhead Chinook Coho All Salmonids
21
20
19
18
17
16
15
14.5 Majority
of refs. cite
13-15.5 Temp.| daily max
14 range at which temps.
pre-spawning associated
mortality with spawning
3.9-21.2 becomes below this 5.6-17.7
Steelhead pr(_)nounc_ed in level (2) Range of _
observed rpe spring temps. 13 Daily 13 MWMT not exceed
spawning in Chinook (4) associated | maximum temp. this value during
13| this temp. with not to exceed spawning, egg
range (2) spawning | this value to be incubation, and fry
from protective (6) emergence (1)
12 references
11 Re?cl)?r#nse.% ded reviewed (2) 4.4-13.3
5.6-12.8 temperature 10 MWAT not Typi_cal temps.
10 4.4-12.8 Recom- range for exceed this | during which
Preferred mended spawning (5) value to b% spawning
temp. range | temperature protective (6) oceurs (2)
9 :
8 for spawning range for 45-94
- 3.9-9.4 Temp. (2) spawning (4) Preferred
6 range where spawning
spawning temperature
i occurs (3) range (3)
3

Sources: (1) USEPA 2003, (2) WDOE 2002, (3) BeBa,94) ODEQ 19954, (5) Reiser and Bjornn 1979tasl &y Armour et al. 1991, (6) Brungs and Jonea719




1.4.2 Chinook Spawning, I ncubation, and Emergence

ODEQ (1995a) reviewed numerous studies and reconiegea temperature range of 5.6-
12.8°C for spawning Chinook. A discussion paper aratditure summary by WDOE in
2002 found that the literature reviewed noted aewahge of temperatures associated
with Chinook spawning (5.6-17°T), although the majority of these temperature
observations cite daily maximum temperatures bdld\8°C. A spawning temperature
range of 5.6-13.9C is recommended for spring, summer, and fall Colkrgalmon
populations in the Pacific Northwest (Reiser andrn 1979, as cited by Armour et al.
1991). When ripe adult spring Chinook females expee temperatures above 13-
15.5°C, pre-spawning adult mortality becomes pronour{CHIEQ 1995a).
Additionally, there is decreased survival of egg#ie eyed stage and alevin
development is inhibited due to the exposure ofithesfemale to warm temperatures,
even if the stream temperatures during the egagbavin development are appropriate
(ODEQ 1995a).

Table 6: Effects of Temperature in Considering ©hlnincubation and Emergence

°C INCUBATION AND EMERGENCE
20
19 17.5-20 The highest single day maximum temperathoaild not exceed this range to protect eggs armlyas
18 from acute lethal conditions (2)
17
16
15
14 13.5-14.5 Daily maximum 14 Moderate embryo survival (6)
temperatures. should not 13 MWMT should not exceed this
13 exceed this from value to be protective of spawning
fertilization through initial : ; y
fry development (5) egg incubation, and fry emergence (1)
12 11-12.8 Average
daily temperatures 1.7-16.7
should be below i%?ii\?sn
11 5.14.4 Recomd 11 High embryo survival (6 gg;i;a:]?r?gegft . these
mended temp. ; ; ge temps.
range for _ incubation (2) of temps. but
10 incubation (4) 9.;((_;) t())eglng\rlmvw?rl“tserrg% shouild 4-12 Lowest for normal mortality
9 ge (5) levels of egg . embryo is greatly
8-9 Seasonal ave. temps mortality at 6-10 Optimum develop- increased
should not exceed this range, .o temps. (3 temperature for ment (6) at the
8 from fertilization through ' salmonid eggs extremes
initial fry development (2) survival to 3)
8 High embryo survival (6) hatching (5)
7
6
5 5 High embryo survival (6)
4
3
2 2 Poor embryo survival (6)
1

Sources: (1) USEPA 2003, (2) WDOE 2002, (3) Myreki Cech 2001, (4) Reiser and Bjornn 1979, as byeirmour
et al. 1991, (5) USEPA 2001, (6) Murray and McPhai8



WDOE (2002) reviewed numerous references on treetsfiof various temperatures on
Chinook incubation and development and used theskes to derive the temperatures
that are protective of Chinook salmon from ferttibn through fry development. These
reviewed references include laboratory studiessagsg Chinook embryo survival at
various constant temperatures, studies attemptingrnic naturally fluctuating
temperatures experienced by incubating eggs, studiech have made stepwise
reductions in the incubation temperatures as irttab@rogressed to evaluate survival of
eggs, and studies on the effects of transferrimgg ég optimal constant incubation
temperatures after they had been exposed to highngreratures for various periods. As
a result of this review, WDOE (2002) recommends #varage daily temperatures
remain below 11-128C at the initiation of incubation, and that thessewal average
should not exceed 82€ in order to provide full protection from fertifiion through

initial fry development. The highest single dayxmaum temperature should not exceed
17.5-2(¢°C to protect eggs and embryos from acute lethalitons (WDOE 2002).

USEPA (2001) reviewed multiple literature sourced eoncluded that optimal

protection from fertilization through initial fryeelopment requires that temperatures be
maintained below 9-10C, and that daily maximum temperatures should ro¢ed 13.5-
14.5°C. Reiser and Bjornn (1979, as cited by Armouwale1991) recommended
temperatures of 5.0-1£€ for spring, summer and fall Chinook salmon indidrain

the Pacific Northwest. Myrick and Cech (2001) eswed studies on the Sacramento-San
Joaquin Riveand concluded that the lowest levefsSChinook egg mortality occurred at
temperatures between 492, and while eggs can survive at temperatures from
16.7°C, mortality is greatly increased at the tempegaxtremes.

Embryo survival was studied in a laboratory expenbtconducted by Murray and
McPhail (1988). They incubated five species ofifrasalmon, including Chinook, at
five incubation temperatures (2, 5, 8, 11°€C4. Chinook embryo survival was high at 5,
8, and 12C, but survival was moderate at°f@ and poor at 2C. As a result of their
study, Murray and McPhail concluded that the raofgemperatures for normal embryo
development is >2C and <12C (Murray and McPhail 1988).

1.4.3 Coho Spawning, Incubation, and Emergence

In 2002, WDOE found that several studies and litegareviews state that spawning
activity in coho may typically occur in the rangedo4-13.3°C. According to a review by
Bell (1986), preferred spawning temperatures rdraya 4.5-9.4°C. Brungs and Jones
(1977) used existing data on the optimum and rafgemperatures for coho spawning
and embryo survival to create criteria using proteérom the National Academy of
Sciences and National Academy of Engineering. rébaltant criteria were that the
MWAT should not exceed 10°C and the daily maximampgerature should not exceed
13°C to be protective of coho (Brungs and Jone3 19.16).

In a discussion paper and literature summary WDZIBZ) reviewed studies that
assessed the survival of embryos and alevin abwsitemperatures. Based on the
findings of these studies WDOE (2002) has deterdhthat the average daily
temperature during the incubation period shouldtb@ below 8-10°C to fully support
this coho salmon life stage. According to a revedwarious literature sources by Bell
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(1986), the preferred emergence temperatures for ange from 4.5-13.3°C. USEPA
(2001) concluded that to fully support pre-emergeages of coho development

MWMTs should not exceed 9-22.

Table 7: Effects of Temperature in Considering Chionibation and Emergence

°C INCUBATION AND EMERGENCE
14 14 Upper limit for normal embryo development (5)
13 MWMT should not exceed this value to be 13 Daily maximum temperature
13 protective of spawning, egg incubation, and fry | should not exceed this value to bg
emergence (1) protective (6)
12
11 9-12 MWMT should
8-10 Ave. daily : 10 MWAT should not 45-13.3
! not exceed this range to . .
10 6-10 Optimum temp. du_rmg be fully protective (4) exceed this to be protectie Preferred
temperature for incubation (6) emergence
9 salmonid eggs should be at or temperature
. below this to be range (3)
8 survival to supportive (2)
7 hatching (4)
6
5
4

Sources: (1) USEPA 2003, (2) WDOE 2002, (3) Be86,94) USEPA 2001, (5) Murray and McPhail 1988, (6

Brungs and Jones 1977

Murray and McPhail (1988) incubated five speciePatific salmon, including coho, at
five temperatures (2, 5, 8, 11,9@) to determine embryo survival at various
temperatures. Coho embryos suffered increasedalitprbove 12C although survival

was still high. They concluded that the uppertifar normal coho embryo development
is 14°C (Murray and McPhail 1988).

1.5 Freshwater Rearing and Growth

All of the freshwater rearing and growth temperataeeds referenced in this section can
be found in Table 8 through Table 10. Temperaafiects metabolism, behavior, and
survival of both juvenile fish as well as other atici organisms that may be food sources.
In streams of the Northern California Coast, inolgdhe Klamath River, young
Chinook, coho and steelhead may rear in freshviiater one to four years before
migrating to the ocean.

In an exhaustive study of both laboratory and fatldies of temperature effects on
salmonids and related species, USEPA (1999a) cdedlthat temperatures of
approximately 22-24C limit salmonid distribution, i.e., they totalljiminate salmonids
from a location. USEPA (1999a) also notes thahgka in competitive interactions
between fish species can lead to a transition midance from salmonids to other
species at temperatures Z=4lower than the range of total elimination.

To protect salmon and trout during summer juveraiging the USEPA (2003) for
Region 10 provided a single guidance metric desiggd 6°C as the 7-DADM
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temperature that should not be exceeded in areggnaged as “core” rearing locations.
Core rearing areas are defined as areas with ntederaigh densities of summertime
salmonid juvenile rearing generally found in thelntid upper portions of river basins.
This criterion will protect juvenile salmonids froethal temperatures, provide optimal to
upper optimal conditions for juvenile growth depeigdon the time of year, avoid
temperatures where salmonids are at a competibaeldantage with other fish species,
protect against increased disease rates causdevayezl temperatures, and provide
temperatures which salmonids prefer accordingignsi@ic studies.

1.5.1 Steelhead Freshwater Rearing and Growth

Nielsen et al. (1994) studied thermally stratifpgmbls and their use by juvenile steelhead
in three California North Coast rivers including tMiddle Fork Eel River, Redwood
Creek at Redwood National Park, and Rancheria Clteedted in the Navarro River
watershed. In detailed observations of juvenigektead behavior in and near thermally
stratified pools in Rancheria Creek, Nielsen e{E94) noted behavioral changes
including decreased foraging and increased aggeebghavior as pool temperature
reached approximately 22. As pool temperature increased abov&2uveniles left

the observation pools and moved into stratifiedpodnere temperatures were lower.

Wurtsbaugh and Davis (1977, as cited by USEPA 2@fiir)d that steelhead trout
growth could be enhanced by temperature incregsés 16.5C. Using a risk
assessment approach which took into account “tealeod estimates”, Sullivan et al.
(2000) report temperatures of 13-’CQMWAT), 14.5-22C (MWMT), and 15.5-23C
(annual maximum) will ensure no more than a 10%icgdn from maximum growth for
steelhead. Reduction from maximum growth will 293 for temperatures ranging
from 10-19.0C (MWAT), 10-24C (MWMT), and 10.5-26C (annual maximum).

A literature review was conducted by WDOE (2002)vimich studies to determine the
water temperature that would allow for maximum gitowf steelhead trout were
analyzed. These included laboratory studies coteduat constant and fluctuating
temperatures. One of the studies was conducted teseding rates comparable to those
observed in natural creeks, although most of therktory studies were conducted under
satiated feeding conditions. As a result of teidew of laboratory studies conducted at
constant temperatures, WDOE (2002) concludes ti@dgtrusatiated rations growth may
be maximized at temperatures as high as 17°2-1®Results from laboratory studies
using variable temperatures show maximum growtluigcat average daily temperatures
between 15.5-18BC, and that under feeding rates similar to nattwalitions at various
times of the year maximum growth rates occurradedn temperatures of 133 (spring
season), 15°Z (fall season) and 162 (summer season).
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Table 8: Effects of Temperature in Considering dileeSteelhead Rearing and Growth

°C REARING AND GROWTH
26 21-26
25 Annual
22-24 Temperature range which 21-24 -
A ) maximum
24 | totally eliminates salmonids from MWMT ¢ :
L A ) . emp. which
area, limiting their distribution (6 which will will ensure
23 >22 Juveniles left observation pools and moJecdensure no no more
to pools with lower temperatures (2) more than | 5004
22 Decreased foraging, 18-22 20% reduction
22 increased aggressive behavior Temperaturel reduction | ¢ oo
(2) range at from max rowth 4.
which growth (4) | 9 ®
21 trans.mon in
dominance
from
20 salmonids to
19 17-19 17.2-19 Growth | other species
i occurs (6
18 MWAT will may be urs (6) 15.5-21
ensure no maximized at
more than | temperatures as Annual
20% high as this maximum
ducti d tiated 14.5-21 temperature
reduction | - under saliated | 451 | wwMT | which wil
17 r%vvth ?4)' congi?ions? lab Average | Which will ensure no
9 o daily ensure no | more than
studies at o
temperatureg more than 10%
constant - :
at which 10% reduction
temperature (5) maximum reduction from
1?n§ rS;;(s)gsthuentgatR?se?ebmy te(r;)p. 13-17 16 MWMT growth from maximum
167 Moan tel?n " h.d?'ma MV\/-AT should not | occurs undef maximum | growth (4)
16 - owth occurféd d\lljvl’irl1 the X hicp| €xceed this value  satiated growth (4)
sur%mer lab studies using naturalraqlge e | e protective | feeding, lab
feedin 1conditions and v%r in o more | ofcore rearing studies at
9 ying|~ no more locations (1) varying
temps. (5) than 10% temps (5)
15.2 Mean temp. at which max| reduction P
growth occurred during the fall, from
15 ; ) : :
lab studies using natural feeding maximum
conditions and varying temps. (%) growth (4) 10.5-15.5
14 Anr_1ual
maximum
13.3 Mean temp. at which max 10-14.5 temperature
growth occurred during the MWMT which will
13 spring, lab studies using natural 10-13 which will ensure no
feeding conditions and varying| MWAT will ensure no | more than
temps. (5) ensure no more than 20%
12 more than 20% reduction
11 20% reduction from
reduction from maximum
10 from maximum | growth (4)
maximum growth (4)
growth (4)

Sources: (1) USEPA 2003, (2) Nielsen et al. 199%Wurtsbaugh and Davis 1977, as cited by USEPA 2@D Sullivan
et al. 2000, (5) WDOE 2002, (6) USEPA 1999a
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1.5.2 Chinook Freshwater Rearing and Growth

In a laboratory study, Brett (1952) demonstrated filvenile Chinook salmon,
acclimated to a temperature of°’20) selectively aggregated in areas where the
temperature was in the region of 12-C3

ODEQ (1995a), reviewed numerous studies and coedltwr juvenile spring Chinook
salmon rearing, positive growth takes place at traipres between 4.5-9@, and that
optimum rearing production is between 10.0-P&6 However, as the extremes of this
temperature range are reached growth reaches abrve and below these thresholds
growth becomes negative as feeding ceases andatgmpirates increase and/or decrease
rapidly.

After synthesizing data from several sources USER®1), came up with the same
recommended optimum temperature zone for all Clkirsadmon as ODEQ (1995a) of
10.0-15.6C. While there is research suggesting that sonieoBh stocks exhibit
adequate rearing capabilities above 2EFUSEPA (2001) conclude that anything over
this threshold significantly increases the riskraifrtality from warm-water diseases.

In a laboratory study Marine and Cech (2004) sulitie incremental effects of chronic
exposure to three temperature regimes (18@617-20°C, and 21-242C) on Chinook
juveniles during rearing and smoltification. Thimdings reflected that Chinook
juveniles reared at the 17-20 °C and 21-24 °C testyre ranges experienced
significantly decreased growth rates, impaired s$ificdtion indices, and increased
predation vulnerability compared with juvenilesreshat 13-16 °C.

In a field study Chinook grew faster in a streanevehitemperatures peaked at@6
compared to a stream where temperatures peak@@{@DFW 1992, as cited by
WDOE 2002). WDOE (2002) reviewed literature onr@ak growth including

laboratory studies conducted at a constant temperdaboratory studies conducted at
fluctuating temperatures, and field studies to eats the water temperature that would
be protective of Chinook and allow for maximum gtbwMost of the laboratory studies
were conducted under satiated feeding conditidtisgugh one of the studies was
conducted using feeding rates more comparableosethbserved in natural creeks. As a
result of this review of laboratory studies coneéulcat constant temperatures, WDOE
(2002) concludes that maximum growth is expecteatctmur with exposure to constant
temperatures from 15.6-1@. However, increased growth at temperatures abhb5\@C
was inconsistently greater, and under naturalmatibe temperatures at which maximum
growth occurs may decline by as much as@.2Recommendations based on the review
of two laboratory studies conducted at fluctuatexgperatures are that “...average
temperatures below 18 are necessary to support maximum growth rat€hinook
salmon, and that the average temperature that pesduaximum growth rates likely lies
between 15-18 (median 16.5C)".
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Table 9: Effects of Temperature in Considering dileeChinook Rearing and Growth

NG AND GROWTH

-+

21-24 Decreased growth, impaired
smoltification, increased predation
compared to juveniles reared at 13-1

(6)

18-22 Temperature
range at which
transition in
dominance from
salmonids to other
species occurs (7)

17-20 Decreased
growth, impaired
smoltification,
increased predation
compared to juveniles

reared at 13-16 (6)

16 Chinook grew
faster in a stream
where temperatures
peaked at 16 than
when they peaked at

19C (3)

16 MWMT should not
exceed this value to be
protective of core
rearing locations (2)

13-16 Increased
growth, unimpaired
smoltification, lower

predation compared tq
juveniles reared at 21
24, or 17-20 (6)

10-15.6 Optimal
temperature range fo
rearing (5)

12-13 Juvenile Chinool
acclimated to 20
selectively aggregate t
these water
temperatures (4)

A=)

°C REARI
gg 22-24 Temperature range which totally
eliminates salmonids from area, limiting the
22 distribution (7)
21
20
19 Temperatures
above this do not
19 support maximum
growth, lab studies af]
varying temperatures
3 15.6-19 Maximum
18 growth expected
according to lab
17 studies conducted a
constant temperature
15-18 Average and satiated rations
temperature where | Under natural feeding
maximum growth conditions maximum
occurs, lab studies | growth may occur at
16| conducted at varying| temperatures as mugh
temperatures (3) as 4.2C lower (3)
15
14 10-15.6 Temperature
13 range for optimal
growth. Anything over
this threshold
increases the risk of
12 mortality from warm
water disease (1)
11
10
9
8
7
6
5
4

4.5-19
Temperature
range at
which
positive
growth takes
place (5)

Sources: (1) USEPA 2001, (2) USEPA 2003, (3) WDO&2 (4) Brett 1952, (5) ODEQ 1995a, (6) Marine &sth
2004, (7) USEPA 1999a
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1.5.3 Coho Freshwater Rearing and Growth

In a study of juvenile coho presence and absenteiMattole watershed, Welsh et al.
(2001) used logistic regression to determine thaVi®8VAT greater than 16°& or a

MWMT greater than 18°C may preclude the presence of juvenile coho salmdme
stream. The criterion correctly determined thespnee or absence of juvenile coho in 18
of 21 streams. Welsh et al. (2001) also repottatjuvenile coho were found in all
streams with an MWAT less than 124G or a MWMT less than 16°G.

Sullivan et al(2000) reviewed sub-lethal and acute temperatuesiiolds from a wide
range of studies, incorporating information frorbhdeatory-based research, field
observations, and risk assessment approachesg bJsisk assessment approach based
on “realistic food estimates” Sullivan et al (20@@)ggest that MWATS ranging from
12.5-14.8C for coho will result in no more than a 10% redutfrom maximum growth,
and that a range for the MWAT of 9-18&%will reduce growth no more than 20% from
maximum. Sullivan et al. (2000) also calculatadperature ranges for MWMT (13-
16.5°C) and the annual maximum temperature (13<17).%hat will result in no more
than a 10% reduction in maximum growth. They fertbalculated ranges for MWMT
(9-22.5C) and the annual maximum temperature (9.8=23hat will result in no more
than a 20% growth loss.

In an attempt to determine the water temperataewiil allow for maximum growth of
coho salmon, WDOE (2002) reviewed literature omfatory studies conducted at a
constant temperature and fluctuating temperatares field studies. The two laboratory
studies reviewed were conducted under satiatednfigednditions. Shelbourn (1980, as
cited by WDOE 2002) found that maximum growth ocedrat a constant temperature of
17°C, while Everson (1973, as cited by WDOE 2002)$ish at different temperatures
and determined that coho had the greatest grovitredemperature test regime from
12.1-20.8C (median 16.8C). While the various field studies reviewed dat provide

an estimate of the temperature best for maximumwitrthey did allow for WDOE

(2002) to conclude that weekly average temperanifréd-15C were more beneficial to
growth than lower temperature regimes, and dailyimam temperatures of 21-26

were detrimental to growth.

Brett (1952) acclimated five different species @hson to various temperatures ranging
from 5-24C and found that coho salmon showed the greatefgrpnce for temperatures
between 12-14C. It was also determined that coho showed a géaeoidance of
temperatures above 45 even in fish who were acclimated to temperataseigh as
24°C.

Konecki et al. (1995a) raised two groups of juveibho salmon under identical regimes
to test the hypothesis that the group from a str@@mlower and less variable
temperature would have a lower and less variatdgemed temperature than the group
from a stream with warmer and more variable tentpeza. Results reflected that the
two groups tended to differ in their preferred temgture range as predicted above, but
the differences were slight. Konecki et al. (199&ancluded that the temperature
preference of juvenile coho salmon in their stucdsw0-12C.
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Table 10: Effects of Temperature in Consideringehite Coho Rearing and Growth

°C REARING AND GROWTH
26
25
24 22-24 Temperature range which totally
23 21-26 Daily maximum temperatures in thig eliminates salmé)iglt(r:iizlzrt?orz ?gn) area, limiting their
22 | range are detrimental to growth, accordingite
field studies (3)
17.5-23 Annual
21 maximum
18-22 Temperature range at tgmperature
20 which transition in will ensure no
: .. | more than 20%
19 dominance from salmonids reduction from
18.1 MWMT above this to other species occurs (9 maximum
may preclude the presenge 16.5-22.5 growth (2)
18 | of juvenile coho in steams MWMT will
(5) ensure no more
than 20%
reduction from | 17 Maximum growth at this
17 maximum constant temperature, at
growth (2) satiated rations in a lab study
(6)
16.8 MWAT above this may
preclude the presence of
12.1-20.8 juvenile coh_o in streams (5
16| 145185 MWAT will | Greatest growth 1fr§’afrzjver?{'ﬁ/lf\‘/’v”|\z$ o al
ensure no more than 20% occurs in this S S W SS 13.517.5
i . than this value (5)
reduction from maximum| temperature - Annual
16 MWMT not exceed this .
growth (2) range under ; maximum
satiated value to be protective of core temperature
" rearing locations (1) .
conditions, lab ~15 J | h will ensure no
study (7) > Juveniies show more than 10%
15 avoidance, even those reduction from
13-16.5 MWMT acclimated to 24C (4) .
. maximum
will ensure no 14-15 Weekly average growth (2)
more than 10% | temperatures in this range
reduction from are more beneficial than
maximum lower temperatures (3)
14 | 14.5 Juvenile coho found growth (2)
in all streams with MWAT
less than this value (5)
12 514 5 MWAT will 12-14 Preferred temperature
range (4)
13 ensure no more than 10%
reduction from maximum 9.5-13.5
| 9@ 0.3 T e
1 will ensure no | 10-12 Preferred temperature temperature
9-12.5 MWAT will ensure more than 20% range (8) will ensure no
10 no more than 20% reduction from more than 20%
reduction from maximum maximum . \
9 growth (2) growth (2) reduction from
max. growth
2

Sources: (1) USEPA 2003, (2) Sullivan et al. 2q@8)WDOE 2002, (4) Brett 1952, (5) Welsh et al. 20@) Shelbourn
1980, as cited by WDOE 2002, (7) Everson 1973jtad by WDOE 2002, (8) Konecki et al. 1995a, (9)BF3\ 1999a
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1.6 Lethality

All of the lethal temperatures referenced in tieist®n can be found in Table 11. WDOE
(2002) reviewed literature on three types of stsif@®nstant exposure temperature
studies, fluctuating temperature lethality studass] field studies ) and used this
information to calculate the MWMT that, if exceedethy result in adult and juvenile
salmonid mortality. The resultant MWMTSs for theseious types of studies are as
follows: constant exposure studies 22®4fluctuating lethality studies 23.95 , and

field studies 22.1&C.

1.6.1 Steelhead Lethality

Coutant (1970, as cited by USEPA 1999a) found@wdtimbia River steelhead, which
were acclimated to a river temperature o C9had a lethal threshold of 2C. Bell
(1986) reviewed various studies and states thdethal threshold for steelhead is
23.9°C. According to the California Department of Fasid Game (2001, p.419),
temperatures of 21°C have been reported as being lethal to adults.

1.6.2 Chinook Lethality

In a laboratory study, Brett (1952) acclimated filiferent species of juvenile salmon to
various temperatures ranging from 5224 At temperatures of 2€ and below there

was 100% survival of fish during the one-week dorabf the experiment. Brett (1952)
concluded that the lethal temperature (temperathiere survival becomes less than
100%) was between 24.0 and 2£5and the ultimate upper lethal temperature was
25.1°C (temperature at which 50% of the population sddafter infinite exposure). A
review of numerous studies led Bell (1986) to cadelthat the upper lethal temperature
for Chinook is 28C. Myrick and Cech (2001) reviewed literature tudges from the
Central Valley and found data to suggest that trerdc (exposure >7 days) upper lethal
limit for juvenile Chinook is approximately 26.

1.6.3 Coho Lethality

In a review of various literature sources, Bell§@Pfound that the upper lethal
temperature for coho is 2%.6. Brett (1952) concluded that the ultimate ugptral
temperature of juvenile coho salmon was 26.¢temperature at which 50% of the
population is dead after infinite exposure). Theratal. (1986) conducted a study to
determine the mortality of coho subjected to flating temperatures. It was determined
that the LT50 (the temperature at which 50% ofpbpulation will die) for fish
acclimated to a 10-28 cycle was 28C for presmolts (age-2 fish), and°3for age-0

fish.
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Table 11: Effects of Temperature in Consideringhaéty and Salmonids

°C

Steelhead

Chinook

Coho

All Salmonids

28

28 LT50 for age O-fish
acclimated to a 10-13C
cycle (6)

27

26

26 LT50 for presmolts (age
2-fish) acclimated to a 10-
13C cycle (6)

25

25.1 Upper lethal temp. at
which 50% of the population
would die after infinite
exposure, juvenile Chinook
acclimated to temperatureg
from 5-24C (4)

25.6 Upper lethal threshold
3)

25 Upper lethal threshold (3

25 Chronic (exposure >7
days) upper lethal limit for
juvenile Chinook (5).

25 Upper lethal temp. at
which 50% of the
population would die after
infinite exposure, juvenile
coho acclimated to temps
from 5-24C (4)

24

24-24.5 Survival becomes
less than 100% for juvenile
Chinook acclimated to
temperatures from 5-24C (4

23

23.9 Upper lethal
threshold for steelhead (3)

23.05 do not exceed this
value to prevent adult and
juvenile mortality, data from
fluctuating temp. studies (1

22

22.64 do not exceed this

value to prevent adult and
juvenile mortality, data from
constant exposure studies (

22.18 do not exceed this
value to prevent adult and
juvenile mortality, data from
field studies (1)

21

21.1 Temperature lethal
to adults (7)

21 Lethal threshold for
steelhead acclimated to
19C (2)

I Maximum temperature in the cycle at which 50% st occurred
Sources: (1) WDOE 2002, (2) Coutant 1970, as dited SEPA 1999a, (3) Bell 1986, (4) Brett 1952, ¥B)rick and Cech
2001, (6) Thomas et al. 1986, (7) California Depert of Fish and Game (CDFG) 2001

1.7 Disease

All of the effects of temperatures on disease inskalmonids referenced in this section
can be found in Table 12. WDOE (2002) reviewedlist of disease outbreak in
salmonids and estimates that an MWMT of less thiagoal to 14.38 (midpoint of
12.58-16.18 range) will virtually prevent warm wadiesease effects. To avoid serious
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Table 12: Effects of Temperature in Consideringe@e and Salmonids

°C Ich Ceratomyxosis Columnaris Disease (general)
26
25
>24 Lifecycle
24 takes less than
4 days (5) 21.26.7
Orgtr:g]el'”]:grt?g;p 23.3 Juvenile coho
i compilation of salmon ‘.'md ][ambow 23.3 Juvenile spring Chinook mortality was
23 21-23.9 Life temps. from trout time from 92%, and time from exposure to death was
cycle takes as| i ee references ©€XPOsure to death is 2.3 days (13)
few as 3-4 (3,4,5) 12.5 and 14 days '
days (5) Y respectively (9)
22 22.2 Mortality is 100% in juvenile sockeye
exposed teC. columnaris (10)
>21.1 Temperatures at this level are
21 associated with a 28-74% infection rate i
Chinook (11)
20.5 Mortality in juvenile steelhead and coho 18-20
6.7-23.3 . : Temperature
: from Columnaris was 100%, and 70% in :
20.5 Mortality is 84% Ju_venlle juvenile spring Chinook (13) range which
18.3-21.2 20 Lifecycle in ‘uvenile coho rainbow >20.88 MWMTs over this value | is associateg
20 Serious takes 1 week J d i@, shast trout have 20.5 In juvenile steelhead and coho timg can result in severe infections and with a high
outbreaks of (6) expose ) : & | little or no | from exposure to death was 1.6-1.7 days ({L3) catastrophic outbreaks (1) risk of
Ich occur (4) ' ability to | 20 Average water temperature at which Idw disease in
overcome| virulence strains show signs of outbreak (B, rearing
infection, 12) juveniles
19 and and
mortality migrating
18 varied adults (2)
from 75- 17.8 Mortality rates were 52, 92, and 99%  17.38 MWMT should not be
17 86% (9) for juvenile spring Chinook, steelhead anfl exceeded to avoid serious rates pf 14-17
coho respectively (13) infection and mortality (1) Temperature
16 16.1 Mortality is 30% in juvenile sockeye range which
exposed teC. columnaris (10) is associateg
>15.6 Associated with outbreals 15 Mortality is 22% in 15.6 Average water temperature at which with an
in salmonid fingerlings, juvenile coho exposec low virulence strains show signs of outbrepk elevated risk
15 especially Chinook (3) to C. shasta (9). (3) of dise_ase in
15.5 Lifecycle of Ich takes 2 15 Mortglity was 31, 56, and 513 for rearnng
' weeks (5) juvenile spring Chinook, steelhead, and cdho juveniles
respectively (13) and
” 14.38 MWMT will virtually ?&%ﬁf‘;'g’)

prevent all warm water disease (1)
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Table 12 (continued):Effects of Temperature in Gdering Disease and Salmonids

°C Ich Ceratomyxosis Columnaris Disease (general)
13 12-13 Temperaturg
12.8 After 7 days of infection mortality is 60-100% range which
(majority of tests 100%) (12) minimizes the risk
12 12.2 Mortality was 4-20% in juvenile spring Chinggkof disease in rearin
steelhead, and coho respectively. Time from juveniles and
exposure to death ranged from 7.6-12.2 days (1$)migrating adults (2
11 10-11C. shasta appears to be i _
_ come infective (4) 6.7-23.3 Juvenile rainbow
10 10 Lifecycle takes more than 5 _ trout have little or no
weeks (5) <10 Steelhead show evidenge ability to overcome
of C. shasta in ~38 days (8) | infection, and mortality
9.4 Juvenile coho time from varied from 75-86% (9)
9 exposure to death is 146
days, mortality is 2% (9)
8
7 7 Lifecycle takes 20 days (6)
<7 Lifecycle takes more than 5
weeks (7)
6 3.9-9.4 No mortality in spring Chinook, steelhead,
6.7 Juvenile rainbow trout coho from Columnaris (13)
time from exposure to
death is 155 days (9)
3.9-6.7 No mortality in
5 Juvenile coho exposed tp
4 C. shasta (9)
3

Sources: (1) WDOE 2002, (2) USEPA 2003, (3) BeBa,94) CDWR 1988, (5) Piper et al 1982, (6) Niliret al. 1976, as cited by Dickerson et al. 199%,Durborow et al. 1998,

(8) Leitritz and Lewis, 1976, (9) Udey et al. 1978)) Ordal and Rucker 1944, as cited by Pacha #9@0, (11) USEPA 1999a, (12) Pacha et al. 19/®), Holt et al. 1975
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rates of infection and mortality the MWMT shouldtmxceed 17.3& (midpoint of
15.58-19.18 range), and that severe infectionscataktrophic outbreaks become a
serious concern when the MWMTSs exceed 208@nidpoint of 18.58-23.18 range).

In a summary of temperature considerations, USERAJ) states that disease risks for
juvenile rearing and adult migration are minimiztdemperatures from 12-13,
elevated from 14-1°C, and high at temperatures from 18-Q0

Acknowledging that there are many diseases thatsalmonids, the following
discussion will focus on three which are commothmKlamath Basin:
Ichthyophthiriasis (Ich), Ceratomyxosis, and Colams |chthyophthirius multifiliisis a
protozoan parasite that causes the disease knoightagophthiriasis (Ich) The disease
ceratomyxosis is caused by a paragiratomyxa shasta (C. shasta). Columnaris
disease is a bacterial infection causedrlayobacterium columnare (synomyms

Bacillus columnaris, Chondrococcus columnaris, Cytophaga columnaris, Flexibacter
columnaris).

1.7.1 I chthyophthiriasis (I1ch)

Nigrelli et al. (1976, as cited by Dickerson etl#95) proposed that there are
physiological races of Ich, which are related ® tdmperature tolerance of the host
fishes. Thus, there are races of Ich that infelt-avater (7.2-10.8C) fishes such as
salmon, and others that infect warm-water (12.8-A@) tropical fishes. Bell (1986)
discusses Ich and states that at water temperathoe® 15.8C, this disease often
breaks out in salmon fingerlings, especially Chikno€DWR (1988) states that serious
outbreaks of Ich occur at temperatures from 18.2°41.

Numerous studies and reviews have been conductdteaptimal temperature for Ich.
Piper et al. (1982, p.316.) wrote that optimal teragures range from 21-238.

CDWR (1988) stated the optimum temperature foriddh the range of 25 to 28T,
while Bell (1986) states optimum temperatures atechfrom 21.2-26.9C.

Temperature is an important factor in the perstef Ich infections in salmonids. The
growth period varies from 1 week at 2Q to 20 days at ?C (Nigrelli et al. 1976, as

cited by Dickerson et al. 1995). Piper et al. @98316) state that at optimal
temperatures of 21-23€, the life cycle may take as few as 3-4 days. Gyode

requires 2 weeks at 1%.6, and more than 5 weeks atTD(Piper et al. 1982, p.316).
Durborow et al. (1998) note that to complete fisclycle, Ich requires from less than 4
days at temperatures higher thai® @4to more than 5 weeks at temperatures lower than
7°C. Although studies report varying lengths of tifoelch to complete its lifecycle at
similar temperatures, it is clear that the speesath Ich develops increases as
temperatures increase.

1.7.2 Ceratomyxosis

In reviewing the literature on Ceratomyxosis (eedse caused by the parasite, C. shasta),
it is clear that as water temperatures increagentiensity of the disease increases, and
the incubation period decreases (CDWR 1988, Laintt Lewis, Udey et al. 1975). At
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water temperatures greater thar? €CQ steelhead will show evidence of Ceratomyxosis in
approximately 38 days (Leitritz and Lewis 1976,54)L In a study of juvenile coho
salmon by Udey et al. (1975), time from exposurddath was more than 90%
temperature dependent, and increased from 12.5ad@a& 3 C, to 146 days at 9°C.
These results show the accelerating effect of miggraperatures on the progress of the
disease. The time from exposure to death of jugeainbow trout was nearly 97%
temperature dependent, increasing from 14 day3.8?@ to 155 days at 6°C (Udey et

al. 1975).

C. shasta appears to become infective at temperatures arbowid®C (CDWR 1988).
According to Leitritz and Lewis (1976, p.154), skead from the Klamath River are
quite susceptible t@. shasta infections and suffer severe losses when exposed

Udey et al. (1975) conducted a study to deternfiea¢lation of water temperature to
Ceratomyxosis in juvenile rainbow trout and cohlongen. Rainbow trout from the
Roaring River Hatchery, and coho from Fall Creekrfdéa Hatchery (both in Oregon)
were used in this experiment. Groups of 25 fighosed taC. shasta were transferred to
12.2°C water, and then were tempered to one of eightraxental temperatures from
3.9 t0 23.3C (2.8°C increments).

In the juvenile coho salmon experiment, Udey e(X875) found that percent mortality
increased progressively from 2% at 9Cito 22% at 15.9C and 84% at 20%C. No
deaths occurred in coho salmon maintained at 31%af C, indicating that
ceratomyxosis in coho can be suppressed by watgretatures of 6 7C or below (Udey
et al. 1975).

Tests conducted by Udey et al. (1975) on rainbowttjuveniles indicate that once
infection is initiated, juvenile rainbow trout halittle or no ability to overcomg. shasta
infections at water temperatures between 6.7 arRP23 Fatal infections varied from
75-86% at temperatures ranging from 6.7 to 26.QUdey et al. 1975). Mortality in
trout held at 20.5 and 228 were lower (72% and 52% respectively) due tods$som
Flexibacter columnaris, which occurred well before the onset of deathseduyC.
shasta, in spite of efforts to control it with terramycitddey et al. 1975). The results
from Udey et al. (1975) also reflected no deatlmioed in juvenile trout held at €.

1.7.3 Columnaris

The importance of temperature on infections of @wolaris has been demonstrated in
numerous laboratory studies. Ordal and Rucker4,184 cited by Pacha et al. 1970)
exposed juvenile sockeye salmorCtacolumnaris and studied the effect of temperature
on the disease. In these studies, the overallatitgrtanged from 30% in fish held at
16.1°C to 100% in those held at 22.2°C (Ordal andker 1944, as cited by Pacha et al.
1970). USEPA (1999a) cites studies that condustedeys of Columnaris infection
frequency on Chinook in the Snake River in July aady August of 1955-1957, which
revealed 28-75% of fish infected when water temjpeeawas >21.1°C.

Low virulence strains of Columnaris show signs atboeak when average water
temperatures are over 20 (Bell 1986, Pacha et al. 1970). Bell (1986)estdhat
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outbreaks of high virulence strains occur when ayemwater temperatures reach &6
and Pacha et al. (1970) found mortalities of 60%@Majority of tests 100%) occur at
temperatures of 12.8°C after 7 days of infecti@vith regard to strains of higher
virulence, while these strains are capable of eggqinfection and producing disease at
water temperatures as low as 12.8°C, the diseasess becomes progressively slower
as the water temperature is lowered (Pacha e9@0)1

Holt et al. (1975) performed a study on the relatdwater temperature to Columnaris in
juvenile steelhead trout and juvenile coho andngp@hinook salmon. Tests were
performed on groups of 25-35 fish at eight tempeest ranging from 3.9°C to 23.3°C
(2.8°C increments). At 20.5°C mortality was 100%uvenile steelhead trout and coho
salmon, 70% in juvenile spring Chinook salmon, ahtemperatures 23.3°C juvenile
spring Chinook mortality was 92% (Holt et al. 19.7B)ortality rates were 52, 92, and
99% at 17.8°C for juvenile spring Chinook, steethraut, and coho salmon
respectively, and mortality dropped to 31, 56, &fhéo at 15.0°C (Holt et al. 1975). At
12.2°C mortality varied from 4 to 20% among juvenibf the three species, and at
temperatures of 9.4°C and below, no deaths dusetexperimental infection with.
columnaris occurred (Holt et al. 1975). Holt et al. (197&te that these results indicate
that under the conditions of these experiments i@oaris disease was completely
suppressed by water temperatures of 9.4°C or below.

In general, data from laboratory studies indicthes as water temperatures increase, the
time to death decreases (Pacha et al. 1970). jWiémile steelhead trout and juvenile
coho and spring Chinook salmon as the temperatereased above 12.2°C, the disease
process was progressively accelerated, resultiagmmimum time to death at 20.5 or
23.3°C and a maximum at 12.2°C (Holt et al. 197B)these juvenile salmonids Holt et
al. (1975) found the mean time to death decreasaa 7.6-12.2 days at 12.2°C to 1.6-
1.7 days at 20.5°C for juvenile coho and steelhaad,2.3 days at 23.3°C for juvenile
spring Chinook (Holt et al. 1975).

1.8 TMDL Temperature Thresholds

Currently there are no numeric temperature staisdartheWater Quality Control Plan

for the North Coast Region (Basin Plan). Thus, information from this literasgueview

will be utilized by Regional Water Board staff telected chronic and acute temperature
thresholds for evaluation of stream temperaturddibLs. Chronic temperature
thresholds (MWMTSs) were selected from the USEP AudoentEPA Region 10

Guidance For Pacific Northwest Sate and Tribal Temperature Water Quality Sandards
(2003), and are presented in Table 13. The Relfiaguidance is the product of a three-
year interagency effort, and has been reviewedotly independent science review

panels and the public. Acute lethal temperaturestiolds were selected based upon best
professional judgment of the literature, and assented in Table 14.
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Table 13: Life Stage Temperature Thresholds

Life Stage MWMT (°C)
Adult Migration 20
Adult Migration plus Non-CoreJuvenile Rearing 18
Coré Juvenile Rearing 16
Spawning, Egg Incubation, and Fry Emergence 13

! Non-Core is defined as moderate to low densityealand trout rearing usually occurring
in the mid or lower part of the basin (moderate wdnot defined).

2 Core is defines as areas of high density reahigh(is not specifically defined).

Source: USEPA 2003

Table 14: Lethal Temperature Thresholds

Lethal Threshold* (°C)
Life Stage Steelhead| Chinook Coho
Adult Migration and Holding 24 25 25
Juvenile Growth and Rearing 24 25 25
Spawning, Egg Incubation, and Fry Emergence 20 20 0 2

! The lethal thresholds selected in this table aregglly for chronic exposure (greater than
seven days). Although salmonids may survive lp@fods at these temperatures, they are
good benchmarks from the literature for lethal dtods.

In some cases it may be necessary to calculate M8N@éTa given waterbody, and
compare these to MWAT thresholds. USEPA (2003gstthat for many rivers in the
Pacific Northwest the MWMT is about 3°C higher thbha MWAT (USEPA 2003, as
cited by Dunham et al. 2001and Chapman 2002). ér#tlan list MWAT thresholds in
this document using the 3°C difference suggestegegglihe Regional Water Board will
consider stream temperatures within each individddDL waterbody. Thus the
Regional Water Board will calculate both MWMTs adtiVATSs for the waterbody, and
characterize the actual difference between thespdeature metrics for the watershed
using an approach similar to that used in Sullietal. (2000). Once this relationship is
understood, MWAT thresholds for each life stage lmamdentified and compared to the
watershed MWATS.

The freshwater temperature thresholds presenttuisisection are applicable during the
season or time of year when the life stage of spelties is present. Periodicity
information is not discussed in this document artb& presented in each individual
TMDL staff report. Where life history, timing, afwl species needs overlap, the lowest
of each temperature metric applies.
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CHAPTER 2. DISSOLVED OXYGEN and TOTAL DISSOLVED GA S
2.1 Introduction

Adequate concentrations of dissolved oxygen irfsgater streams are critical for the
survival of salmonids. Fish have evolved veryaiint physiological mechanisms for
obtaining and using oxygen in the water to oxygeiia blood and meet their metabolic
demands (WDOE 2002). Reduced levels of dissolxgden can impact growth and
development of different life stages of salmon|udag eggs, alevins, and fry, as well as
the swimming, feeding and reproductive ability wfg¢niles and adults. Such impacts
can affect fithess and survival by altering embneubation periods, decreasing the size
of fry, increasing the likelihood of predation, athekcreasing feeding activity. Under
extreme conditions, low dissolved oxygen conceiminatcan be lethal to salmonids.
High levels of total dissolved gas concentratiofi3G), including dissolved oxygen, can
result in gas bubble disease and death for salreonid

Literature reviewed for this analysis included EAdance, other states’ standards,
reports that compiled and summarized existing sifiemformation, and numerous
laboratory studies. When possible, species-spa@fjuirements were summarized for
the following life stages: migrating adults, inctiba and emergence, and freshwater
rearing and growth. The following information ajeglto salmonids in general, with
specific references to coho, Chinook, steelhead oéimer species of salmonids as
appropriate.

2.2 Effects of Low Dissolved Oxygen Concentratiorsn Salmonids

2.2.1 Adult Migration

Reduced concentrations of dissolved oxygen cantiwegjaaffect the swimming
performance of migrating salmonids (Bjornn and Bei®991). The upstream migration
by adult salmonids is typically a stressful endeav®ustained swimming over long
distances requires high expenditures of energytlzr@fore requires adequate levels of
dissolved oxygen. Migrating adult Chinook salmorthe San Joaquin River exhibited
an avoidance response when dissolved oxygen waw de? mg/L, and most Chinook
waited to migrate until dissolved oxygen levels&vat 5 mg/L or higher (Hallock et al.
1970).

2.2.2 Incubation/Emergence

Low levels of dissolved oxygen can be directly &tfo salmonids, and can also have
sublethal effects such as changing the rate of yoidgical development, the time to
hatching, and size of emerging fry (Spence et396). The embryonic and larval stages
of salmonid development are especially susceptiblew dissolved oxygen levels as
their ability to extract oxygen is not fully develed and their relative immobility inhibits
their ability to migrate to more favorable conditso The dissolved oxygen requirements
for successful incubation of embryos and emergehésy is tied to intragravel dissolved
oxygen levels. Intragravel dissolved oxygen igdglhy a function of many chemical,
physical, and hydrological variables, includinge thissolved oxygen concentration of the
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overlying stream water, water temperature, sulessiae and porosity, biochemical
oxygen demand of the intragravel water, sedimeggen demand, the gradient and
velocity of the stream, channel configuration, degth of water. As a result the
dissolved oxygen concentration within the gravels be depleted causing problems for
salmonid embryos and larvae, even when overlyinfase water oxygen levels are
suitable (USEPA 1986a).

Studies note that water column dissolved oxygereainations are typically estimated
to be reduced by 1-3 mg/L as water is transmitbe@dds containing developing eggs
and larvae (WDOE 2002). USEPA (1986a) concludet dissolved oxygen levels
within the gravels should be considered to beatl8 mg/L lower than concentrations in
the overlying water. ODEQ (1995b) expect the lofsan average of 3 mg/L dissolved
oxygen from surface water to the gravels.

2.2.3 Incubation Mortality

Phillips and Campbell (1961, as cited by Bjornn &eiser 1991) concluded that
intragravel dissolved oxygen must average 8 mgilefobryos and alevins to survive
well. After reviewing numerous studies Davis (1p3tates that a dissolved oxygen
concentration of 9.75 mg/L is fully protective afvae and mature eggs, while at 8 mg/L
the average member of the incubating populatiohexthibit symptoms of oxygen
distress, and at 6.5 mg/L a large portion of tloelliating eggs may be affected. Bjornn
and Reiser (1991) reviewed numerous referencesemodhmend that dissolved oxygen
should drop no lower than 5 mg/L, and should bar atear saturation for successful
incubation.

In a review of several laboratory studies, ODER@&S) concluded that at near optimum
(10°C) constant temperatures acute mortality to salthembryos occurs at relatively
low concentrations of dissolved oxygen, near oowe? mg/L. Field studies reviewed
by ODEQ (1995b) demonstrate that embryo surviveiwswhen the dissolved oxygen
content in the gravels drops near or below 5 marid survival is greater at 8 mg/L.

Silver et al. (1963) performed a study with Chin@akmon and steelhead trout, rearing
eggs at various constant dissolved oxygen condenrtsaand water velocities. They
found that steelhead embryos held at@.&nd Chinook salmon embryos held atd.1
experienced complete mortality at dissolved oxygmmcentrations of 1.6 mg/L.
Survival of a large percentage of embryos rearexkygen levels as low as 2.5 mg/L
appeared to be possible by reduction of respiraates and consequent reduction of
growth and development rates.

In a field study Cobel (1961) found that the suaVief steelhead embryos was correlated
to intragravel dissolved oxygen in the redds, \kitfher survival at higher levels of
dissolved oxygen. At 9.25 mg/L survival was 62%t furvival was only 16% at 2.6
mg/L. A laboratory study by Eddy (1971) found tR&tinook salmon survival at 10.4
mg/L (13.5°C) was approximately 67%, however at dissolved exygvels of 7.3 mg/L
(13.5°C) survival dropped to 49-57.6%. At temperaturesarsuitable for Chinook
incubation (10.53C) Eddy (1971) found the percent survival remainiggh (over 90%) at
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dissolved oxygen levels from 11 mg/L to 3.5 mg/bwever, as dissolved oxygen levels
decreased, the number of days to hatching increms#the mean dry weight of the fry
decreased substantially. WDOE (2002) also poiatsiat the studies above did not
consider the act of emerging through the reddstlaadnetabolic requirements to emerge
would be expected to be substantial. Therefois likely that higher oxygen levels may
be needed to fully protect hatching and emergethes, to just support hatching alone.

2.2.4 Incubation Growth

Embryos can survive when dissolved oxygen is bedaturation (and above a critical
level), but development typically deviates frommat (Bjornn and Reiser 1991).
Embryos were found to be smaller than normal, atdhing either delayed or
premature, when dissolved oxygen was below saturdéiiroughout development
(Doudoroff and Warren 1965, as cited by Bjornn Redser 1991).

Garside (1966) found the number of days it tookr&mbow trout to go from fertilization
to hatching increased as dissolved oxygen condesrtsaand water temperature
decreased. In this study, rainbow trout were iatedh at temperatures between 2.5 -
17.5C and dissolved oxygen levels from 2.5 - 11.3 mgAt.10°C and 7.8C the total
time for incubation was delayed 6 and 9 days rasmdy at dissolved oxygen levels of
2.5 mg/L versus embryos incubated at approximdi@ly mg/L.

Silver et al. (1963) found that hatching of stealth&rout held at 9”& was delayed 5 to 8
days at dissolved oxygen concentrations averag®gig/L versus embryos reared at
11.2 mg/L. A smaller delay of hatching was obsdratoxygen levels of 4.2 and 5.7
mg/L, although none was apparent at 7.9 mg/L. Gfonook salmon held at 1C,

Silver et al. observed that embryos reared at axygeels lower than 11 mg/L
experienced a delay in hatching, with the mostiBagnt delay in those reared at
dissolved oxygen levels of 2.5 mg/L (6 to 9 dayEe size of both Chinook and
steelhead embryos increased with increases inldegsoxygen up to 11.2 mg/L.
External examination of embryos revealed abnortnattiral development in Chinook
salmon tested at dissolved oxygen concentratiodscoing/L, and abnormalities in
steelhead trout at concentrations of 1.6 and 24 mghe survival of Chinook salmon
after hatching was only depressed at the 2.5 nmey/él] the lowest level at which
hatching occurred, with lower mortalities occurraighigher velocities. Post hatching
survival of steelhead trout could not be determidiee to numerous confounding factors.

Shumway et al. (1964) conducted a laboratory stadietermine the influence of oxygen
concentration and water movement on the growthegfllsead trout and coho salmon
embryos. The experiments were conducted at a tatype of 10C and oxygen levels
generally ranging from 2.5 - 11.5 mg/L and flowsnir 3 to 750 cm/hour. It was
concluded that the median time to hatching decrteasd size of fry increased as
dissolved oxygen levels increased. For exampe]lstad trout embryos reared at 2.9
mg/L hatched in approximately 41 days and had awegjht of 17 mg, while embryos
reared at 11.9 mg/L hatched in 36 days and weiBe8img. The authors found that a
reduction of either the oxygen concentration ontlager velocity will reduce the size of
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fry and increase the incubation period, althoughatfiect of various water velocities
tested was less than the effect of the differesdaved oxygen concentrations tested.

WDOE (2002) reviewed various references and fohat at favorable incubation
temperatures a mean oxygen concentration of 10/& wag result in a 2% reduction in
growth. At other oxygen concentrations, growtheiduced as follows: 8% reduction at
oxygen levels of 9 mg/L, 10% reduction at 7 mghg a 25% reduction at 6 mg/L.

2.2.5 Incubation Avoidance/Preference

Alevin showed a strong preference for oxygen cotraéons of 8 - 10 mg/L and moved
through the gravel medium to these concentrati@av@ding concentrations from 4 - 6
mg/L (WDOE 2002).

2.2.6 Emergence Mortality

“The hatching time, size, and growth rate of depiglg embryos is proportional to the
dissolved oxygen concentrations up to 8 mg/L oaggre The ability of fry to survive
their natural environment may be related to the siry at hatch (ODEQ 1995b).”
McMahon (1983) recommends dissolved oxygen levets & mg/L for high survival
and emergence of fry. In a review of controllezldiand lab studies on emergence,
WDOE (2002) states that average intragravel oxygercentrations of 6 - 6.5 mg/L and
lower can cause stress and mortality in developmgryos and alevin. It is also noted
that field studies on emergence consistently oiiagravel oxygen concentrations of 8
mg/L or greater as being associated with or necg$sasuperior health and survival,
oxygen concentrations below 6 - 7 mg/L result 50& reduction in survival through
emergence, and oxygen concentrations below 5 nagilltrin negligible survival.
According to various laboratory studies, the thodédlior complete mortality of emerging
salmonids is noted to occur between 2 - 2.5 mg/DQE 2002).

After reviewing numerous literature sources, th&eB& (1986a) concluded that the
embryonic and larval stages of salmonid developméhéexperience no impairment
when water column dissolved oxygen concentratioasd mg/L. This translates into an
intragravel dissolved oxygen concentration of 8Im{@§/SEPA assumes a 3 mg/L loss
between the surface water and gravels). Tabledlb the USEPA (1986a) lists the
water column and intragravel dissolved oxygen cotreions associated with various
health effects. These health affects range fromroduction impairment to acute
mortality.

Table 15: Dissolved oxygen concentrations and &fé@cts salmonid embryo and larval stages

Level of Effect Water Column DO (mg/L) Intragravel DO
(mg/L)
No Production Impairment 11 8*
Slight Production Impairment 9 6*
Moderate Production Impairment 8 5*
Severe Production Impairment 7 4*
Limit to Avoid Acute Mortality 6 3*

* A 3 mg/L loss is assumed between the water coldimsolved oxygen levels and those intragravel.
Source: USEPA 1986a
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2.2.7 Freshwater Rearing and Growth

2.2.7.1 Swimming and Activity

Salmonids are strong active swimmers requiring lgigRygenated waters (Spence
1996), and this is true during the rearing peridewthe fish are feeding, growing, and
avoiding predation. Salmonids may be able to serwhen dissolved oxygen
concentrations are low (<5 mg/L), but growth, famshversion efficiency, and swimming
performance will be adversely affected (Bjornn &wsdser 1991). Davis (1975) reviewed
numerous studies and reported no impairment tanggaalmonids if dissolved oxygen
concentrations averaged 9 mg/L, while at oxygeel&wof 6.5 mg/L “the average
member of the community will exhibit symptoms ofygen distress”, and at 4 mg/L a
large portion of salmonids may be affected. Datglst al. (1968) state that at
temperatures near 20 any considerable decrease in the oxygen contemtizelow 9
mg/L (the air saturation level) resulted in somaution of the final swimming speed.
They found that between dissolved oxygen conceobtsbf 7 to 2 mg/L the swimming
speed of coho declined markedly with the decreaskssolved oxygen concentration.

In a laboratory study, Davis et al. (1963) repottet the maximum sustainable
swimming speeds of wild juvenile coho salmon weduced when dissolved oxygen
dropped below saturation at water temperature®018, and 20C. Air-saturation
values for these dissolved oxygen concentrations wiged as 11.3, 10.2, and 9.2 mg/L
respectively. They found that the maximum susthswimming speeds (based on first
and second swimming failures at all temperatureseweduced by 3.2 - 6.4%, 5.9 -
10.1%, 9.9 - 13.9%, 16.7 - 21.2%, and 26.6 - 33&dissolved oxygen concentrations
of 7, 6, 5, 4, and 3 mg/L respectively. The awhadso conducted tests on juvenile
Chinook salmon and found that the percent redustiom maximum swimming speed
at temperatures ranging from 11 td@5vere greater than those for juvenile coho. At
the dissolved oxygen concentrations listed aboumeving speeds were decreased by
10%, 14%, 20%, 27%, and 38% respectively.

WDOE (2002) reviewed various data and concludetisivanming fitness of salmonids
is maximized when the daily minimum dissolved oxyfgvels are above 8 - 9 mg/L.
Jones et al. (1971, as cited by USEPA 1986a) foadwimming speed of rainbow
trout was decreased 30% from maximum at dissolxgden concentrations of 5.1 mg/L
and 14C. At oxygen levels of 3.8 mg/L and a temperatafr22°C, they found a 43%
reduction in the maximum swimming speed.

2.2.7.2 Growth

In a review of constant oxygen exposure studies \E[PZD02) concluded salmonid
growth rates decreased less than 10% at dissokygpen concentrations of 8 mg/L or
more, less than 20% at 7 mg/L, and generally lems 22% at 5 - 6 mg/L. Herrmann
(1958) found that the mean percentage of weight iggjuvenile coho held at constant
dissolved oxygen concentrations was 7.2% around/2,m3.6% at 3 mg/L, 55.8% near
4 mg/L, and 67.9% at or near 5 mg/L. In a labasastudy Fischer (1963) found that the
growth rates of juvenile coho exposed to constaggien concentrations ranging from
2.5 to 35.5 mg/L (fed to satiation, temperaturemiroximately 18C) dramatically
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decreased with decreases in the oxygen concemtiaiow 9.5 mg/L (air saturation
level). WDOE (2002) concludes that a monthly oeldg average concentration of 9
mg/L, and a monthly average of the daily minimumaantrations should be at or above
8 - 8.5 mg/L to have a negligible effect (5% oishesn growth and support healthy
growth rates.

Food conversion efficiency is related to dissoleggigen levels and the process becomes
less efficient when oxygen concentrations are belowt.5 mg/L (ODEQ 1995b).

Bjornn and Reiser (1991) state that growth, foaaveosion efficiency, and swimming
performance are adversely affected when dissolxgdem concentrations are <5 mg/L.
The USEPA (1986a) reviewed growth data from a sttahducted by Warren et al.

(1973) where tests were conducted at various teatyress to determine the growth of
coho and Chinook. USEPA cites that, with the eioepf tests conducted at 2€, the
results supported the idea that the effects ofdmsolved oxygen become more severe at
higher temperatures.

Brett and Blackburn (1981) performed a laboratouglg to determine the growth rate
and food conversion efficiency of young coho anckege salmon fed full rations. Tests
were performed at dissolved oxygen concentratianging from 2 to 15 mg/L at a
constant temperature of A5, the approximate optimum temperature for growth o
Pacific Salmon. Both species showed a strong dkgree of growth on the
environmental oxygen concentrations when levelsvetow 5 mg/L. For coho, zero
growth was observed at dissolved oxygen conceatrsf 2.3 mg/L. The mean value
for maximum coho growth occurred at 4 mg/L, andissolved oxygen concentrations
above this level growth did not appear to be depenhdn the dissolved oxygen. Sockeye
displayed zero growth at oxygen levels of 2.6 mag#thd reached the zone of
independence (growth not dependant on dissolvedarxievels) at 4.2 mg/L. Brett and
Blackburn (1981) conclude that the critical infleatfrom oxygen dependence to
independence occurs at 4 - 4.2 mg/L for coho ackese.

Herrmann et al. (1962) studied the influence ofores oxygen concentrations on the
growth of age 0 coho salmon held at’®0 Coho were held in containers at a constant
mean dissolved oxygen level ranging from 2.1 -rABdL and were fed full rations. The
authors concluded that oxygen concentrations b&lovg/L resulted in a sharp decrease
in growth and food consumption. A reduction in thean oxygen levels from 8.3 mg/L
to 6 and 5 mg/L resulted in slight decreases inl fomnsumption and growth. Weight
gain in grams per gram of food consumed was sliglepressed at dissolved oxygen
concentrations near 4 mg/L, and were markedly redat lower concentrations. At
oxygen levels of 2.1 and 2.3 mg/L, many fish diad &he surviving fish lost weight and
consumed very little food.

USEPA (1986a) calculated the median percent reatuati growth rate of Chinook and
coho salmon fed full rations at various dissolvgggen concentrations. They calculated
no reduction in growth at dissolved oxygen conains of 8 and 9 mg/L, and a 1%
reduction in growth at 7 mg/L for both species. 6Ahg/L Chinook and coho growth
were reduced by 7% and 4% respectively. Dissobyggien levels of 4 mg/L result in a
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29% reduction in growth for Chinook salmon and 2E4uction in growth for coho. At
3 mg/L there was a 47% decrease in Chinook gromthaa37% reduction in coho
growth. USEPA (1986a) states that due to the bditiinherent in growth studies the
reductions in growth rates seen above 6 mg/L aresurlly statistically significant,
while reductions in growth at dissolved oxygen Is\eelow 4 mg/L are considered
severe.

2.2.7.3 Avoidance and Preference

Salmonids have been reported to actively avoidsangtn low dissolved oxygen
concentrations, which is likely a useful protectmechanism that enhances survival
(Davis 1975). Field and laboratory studies hawmtbthat avoidance reactions in
juvenile salmonids consistently occur at conceinatof 5 mg/L and lower, and there is
some indication that avoidance is triggered at eatrations as high as 6 mg/L.
Therefore these dissolved oxygen levels shouldbsidered a potential barrier to the
movement and habitat selection of salmonids (WDO&22.

Spoor (1990) performed a laboratory study on te&itution of fingerling brook trout in
dissolved oxygen concentration gradients. Sixtgadients between 1 and 8.9 mg/L
were used for the study to determine what levelisgolved oxygen is preferred by the
brook trout. It was found that in the absence gfaient with dissolved oxygen
concentrations at 6 mg/L or more throughout théesgsthe fish moved freely without
showing preference or avoidance. Movement fromtlmWwigher oxygen concentrations
were noted throughout the study. Fish moved away fvater with dissolved oxygen
concentrations from 1 - 1.9 mg/L within one hougwed away from water with
dissolved oxygen concentrations of 2 - 2.9 mg/Lhwitl - 2 hours, and moved away
more slowly from concentrations of 3 - 3.9 mg/Lroiis his study, Spoor (1990)
concluded that brook trout will avoid oxygen concations below 4 mg/L, and preferred
oxygen levels of 5 mg/L or higher.

Whitmore et al. (1960) performed studies with juleenoho and Chinook salmon to
determine their avoidance reaction to dissolvedyeryconcentration of 1.5, 3, 4.5, and
6 mg/L at variable river water temperatures. Jugdbhinook salmon showed marked
avoidance of oxygen concentrations near 1.5, 34amdng/L in the summer at mean
temperatures ranging from 20.7 - ZZ8but no avoidance to levels near 6 mg/L at a
mean temperature of 18@. Chinook did not show as strong an avoidandkdse
oxygen levels in the fall when water temperaturesewower, ranging from 11.8 -
13.2C. Chinook showed little avoidance of dissolvegigen concentrations near 4.5
mg/L during the fall, and no avoidance to concerurs near 6 mg/L. In all cases
avoidance became progressively larger with redastio the oxygen concentration
below 6 mg/L. Seasonal differences of avoidaneaevaust likely due to differences in
water temperature. At temperatures ranging fromd 18 9C juvenile coho salmon
showed some avoidance to all of the above oxygeoestrations, including 6 mg/L.
Their behavior was more erratic than that of Chkn@mnd their avoidance of
concentrations near 4.5 mg/L and lower was notrasqunced at corresponding
temperatures. The juvenile coho often started @mering water with low dissolved
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oxygen and then darted around until they found tlvaly out of the experimental
channel.

USEPA (1986a) performed a literature review anescihe effects of various dissolved
oxygen concentrations on salmonid life stages dtiear embryonic and larval (Table
16). These effects range from no impairment ag8.no acute mortality at dissolved
oxygen levels below 3 mg/L.

Table 16: Dissolved oxygen concentrations and #fé@cts on salmonid life stages other than
embryonic and larval

Level of Effect Water Column DO (mg/L)

No Production Impairment

Slight Production Impairment

Moderate Production Impairment

Severe Production Impairment

wW|h|o1|Ov|00

Limit to Avoid Acute Mortality

Source: USEPA 1986a

2.2.8 Lethality

Salmonid mortality begins to occur when dissolveggen concentrations are below 3
mg/L for periods longer than 3.5 days (USEPA 198@esummary of various field
study results by WDOE (2002) reports that signiftaaortality occurs in natural waters
when dissolved oxygen concentrations fluctuatedhge of 2.5 - 3 mg/L. Long-term
(20 - 30 days) constant exposure to mean dissaxggen concentrations below 3 - 3.3
mg/L is likely to result in 50% mortality of juvdrisalmonids (WDOE 2002).
According to a short-term (1 - 4 hours) exposuuel gty Burdick et al. (1954, as cited
by WDOE, 2002), in warm water (20 - 1) salmonids may require daily minimum
oxygen levels to remain above 2.6 mg/L to avoidisicant (50%) mortality. From these
and other types of studies, WDOE (2002) conclutiatljuvenile salmonid mortality can
be avoided if daily minimum dissolved oxygen coricaion remain above 3.9 mg/L,
and the monthly or weekly average of minimum cotregions remains above 4.6 mg/L.

2.3 Effects of High Total Dissolved Gas Concentrains on Salmonids

High levels of total dissolved gas (TDG), includitigsolved oxygen, can be harmful to
salmonids and other fish and result in “gas bulidease”. This occurs when dissolved
gases in their circulatory system come out of smhuand form bubbles which block the
flow of blood through the capillary vessels (USEP#86b). There are several ways
TDG supersaturation can occur, including excessigal photosynthesis which can
create supersaturated dissolved oxygen conditld8&PA 1986b). Thus, to protect
salmonids and other freshwater fish the USEPA &aaergeria for TDG stating that
levels should not exceed 110% of the saturationeval

Numerous studies have been conducted to detertmenmadrtality rate of salmonids
exposed to various levels of TDG. Mesa et al. @@@nducted laboratory experiments
on juvenile Chinook and steelhead, exposing thedifterent levels of TDG and found
no fish died when held at 110% TDG for up to 22sdaywhen fish were exposed to
120% TDG, 20% of juvenile Chinook died within 40120 hours while 20% of juvenile
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steelhead died within 20 to 35 hours. At TDG lewal 130% Chinook mortality reached
20% after 3 to 6 hours and steelhead mortality 208 after 5 to 7 hours. Gale et al.
(2001) held adult female spring Chinook at mean Ti®&ls ranging from 114.1% to
125.5% and found the time to first mortality randem 10 to 68 hours.

USEPA (1986b) discusses various studies on theteftd TDG on salmonids. The
following studies are all cited from the USEPA 13&&ter quality criteria document.
Bouck et al. (1975) found TDG levels of 115% andwabto be acutely lethal to most
species of salmonids, and levels of 120% TDG agrlialethal to all salmonids.
Conclusions drawn from Ebel et al. (1975) and Raliiand Abel (1971) include the
following:

* Adult and juvenile salmonids confined to shallowtevg1l m) with TDG levels
above 115% experience substantial levels of moytali

» Juvenile salmonids exposed sublethal levels TD@rsapuration are able to
recover when returned to normally saturated watbile adults do not recover
and generally die.
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CHAPTER 3. AMMONIA
3.1 Introduction

According to the USEPA (1986b, p.17), acute conmegions of ammonia can cause loss
of equilibrium, hyperexcitability, increased braath cardiac output and oxygen uptake,
and, in extreme cases, convulsions, coma, and déé#ih. Lower concentrations of
ammonia can result in reduced hatching successceddyrowth and morphological
development, and pathologic changes in tissueslsflgvers, and kidneys.

The information in the following sections was ektel from the USEPA document
titled: 1999 Update of Ambient Water Quality Criteria for Ammonia. The information
presented applies to salmonids in general.

3.2 Ammonia Speciation

Ammonia in water exists primarily in two forms, torized ammonia (Nkj and
ammonium ion (N (USEPA 1999b, p.2). The fraction of each of éhtwgo forms, or
ammonia speciation, varies markedly with tempeeatund pH (USEPA 1999Db, p.2).
The pH-dependence of the relative amounts of urr@ohammonia and ammonium ion
at 25C are presented in Figure 1 below (USEPA 1999h, pAlnmonia speciation also
depends on ionic strength, although in freshwétisreffect is much smaller than the
effects of temperature and pH (USEPA 1999b, p.3)

Un-ionized Ammonia ,* Ammonium Ion

Fraction of Total Ammonia

1 1 1 1 1
é 7 8 9 10
pH

Figure 1: Chemical Speciation of Ammonia
Source: USEPA 1999b, p.3
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3.3 Ammonia Toxicity

These speciation relationships are important to aniantoxicity
because un-ionized ammonia is much more toxic #mmonium
ion. The importance of un-ionized ammonia was fiestognized
when it was observed that increased pH caused aatatonia to
appear to be much more toxic (Chipman 1934; Wuhnmamd
Woker 1948). It is not surprising that un-ionizedraonia is the
more toxic form, because it is a neutral molecule thus is able to
diffuse across the epithelial membranes of aquaganisms much
more readily than the charged ammonium ion. Ammanimique
among regulated pollutants because it is an enadaginproduced
toxicant that organisms have developed varioustegfies to
excrete, which is in large part by passive diffas@f un-ionized
ammonia from the gills. High external un-ionized raomia
concentrations reduce or reverse diffusive gradiand cause the
buildup of ammonia in gill tissue and blood (USEP299b, p.3).

Because of the importance of un-ionized ammonidetame a
convention in the scientific literature to expr@ssmonia toxicity
in terms of un-ionized ammonia, and water qualityeda and
standards followed this convention. However, tremes reasons to
believe that ammonium ion can contribute signiftbanto
ammonia toxicity under some conditions. Observatiahat
ammonia toxicity is relatively constant when exgegbsin terms of
un-ionized ammonia come mainly from toxicity test;iducted at
pH>7.5. At lower pH, toxicity varies considerablyh&n expressed
in terms of unionized ammonia and under some ciomditis
relatively constant in terms of ammonium ion (Esck 1985).
Also, studies have established that mechanismst darsthe
transport of ammonium ion across gill epithelia (al993), so
this ion might contribute significantly to ammonéxchange at
gills and affect the buildup of ammonia in tissuke#s external
concentration is sufficiently high. Thus, the vegme arguments
employed for the importance of un-ionized ammoraa also be
applied in some degree to ammonium ion. This istactay that
ammonium ion is as toxic as unionized ammonia,rhtiter that,
regardless of its lower toxicity, it can still b@portant because it
is generally present in much greater concentratioas un-ionized
ammonia (USEPA 1999b, p.3,4).

3.4 Ammonia Criteria
The USEPA has utilized the above information tategH-dependant acute and pH-

and temperature-dependent chronic criterion fad tanmonia (NHand NH") as
nitrogen in freshwater (Tables 17, 18, 19).
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Table 17: pH-Dependent Values of the Criterion Maxin Concentration (CMC) of
Total Ammonia as Nitrogen (mg N/L) in FreshwaterantSalmonids are Present

Acute Criterion?®

pH CMC Total NH3 mgN/L pH CMC Total NH3 mgN/L
6.5 32.6 7.8 8.11
6.6 31.3 7.9 6.77
6.7 29.8 8.0 5.62
6.8 28.1 8.1 4.64
6.9 26.2 8.2 3.83
7.0 24.1 8.3 3.15
7.1 22.0 8.4 2.59
7.2 19.7 8.5 2.14
7.3 17.5 8.6 1.77
7.4 15.4 8.7 1.47
7.5 13.3 8.8 1.23
7.6 11.4 8.9 1.04
7.7 9.65 9.0 0.885

1 The one-hour average concentration of total amannitiogen (NH and NH") should not
exceed this value more than once every 3 years.
Source: USEPA 1999b, p.86

Table 18: Temperature and pH-Dependent Valueseo€titerion
Continuous Continuation (CCC) for Total AmmoniaNigogen
(mg N/L) in Freshwater when Fish Early Life Stages Present

Chronic Criterion *
CCC for Fish Early Life Stages Present, mg MN/L
Temperature, C
PH (8] 14 16 18 20 22 24 26 28 30
5.5 6.67 6.67 6.06 5.33 4.68 412 3.62 3.18 280 246
5.6 6.57 6.57 597 525 4.61 4.05 3.56 313 275 242
8.7 6.44 6.44 5.86 515 4.52 3.98 3.50 3.07 270 237
5.8 6.29 6.29 572 503 4.42 3.89 3.42 3.00 2.64 232
5.9 6.12 6.12 5.56 4.89 4.30 378 3.32 292 257 225
T.0 5.91 5.91 537 472 415 3.65 3.21 2.82 248 218
71 5.67 5.67 5.15 4.53 3.98 3.50 3.08 2.70 2.38 209
T2 5.39 5.39 4.90 4.31 378 3.33 292 257 226 1.99
7.3 5.08 5.08 4.61 4.06 3.57 3.13 276 2.42 213 1.87
7.4 473 473 4.30 378 3.32 292 2.57 226 1.98 1.74
7.5 4 .36 4. 36 3.97 3.49 3.06 2.69 237 2.08 1.83 1.61
76 3.98 3.95 3.61 3.18 279 2.45 216 1.90 1.67 1.47
7.7 3.58 3.55 3.25 2.86 2.51 2.21 1.94 1.71 1.50 1.32
7.8 3.18 3.18 2.89 2.54 2.23 1.96 1.73 1.52 1.33 117
79 2.80 2.80 2.54 224 1.96 1.73 1.52 1.33 117 1.03
8.0 2.43 2.43 2.21 1.94 1.71 1.50 1.32 1.16 1.02 0897
81 2.10 2.10 1.91 1.68 1.47 1.29 1.14 1.00 0.879 0773
82 1.79 1.79 1.63 1.43 1.26 111 0973 0.855 0.752 0661
83 1.52 1.52 1.39 1.22 1.07 0.941 0827 0727 0.639 05862
84 1.29 1.29 117 1.03 0.906 0796 0700 0615 0.541 0475
85 1.09 1.09 0990 0870 0765 0672 0591 0520 0457 0401
86 0920 0920 0836 0735 0646 0568 0499 0439 0386 0339
87 0778 0778 0707 0622 0547 0480 0422 0371 0.3268 0287
8.8 0.661 0.661 0601 05238 0464 0408 0359 0315 0277 0244
89 0.565 0.565 0513 0451 0397 0349 0306 0269 0237 0208
9.0 0.486 0486 0442 0389 0342 0300 0284 0232 0204 0179

The thirty-day average concentration of total amimg¢NH; and NH")
should not exceed this value more than once eveegtyears.
Additionally, the highest four day average withie thirty-day period
should not exceed 2.5 times the CCC (USEPA 19987)p




Table 19: Temperature and pH-Dependent Valueseo€titerion
Continuous Continuation (CCC) for Total AmmoniaNigogen
(mg N/L) in Freshwater when Fish Early Life Stages Absent

Chronic Criterion *

CCC for Fish Early Life Stages Absent, mg N/L

Temperature

pH

o-7 8 9 10 11 12 13 14 15% 16*
6.5 10.8  10.1 951 B892 836 T84 T35 068 646 6.06
6.6 10.7 999 937 879 824 772 T.24 6.79 6.36 597
6.7 105 9.81 920 862 808 758 711 666 625 586

6.8 10.2 958 898 842 790 740 694 651 610 572
6.9 993 931 873 819 7688 720 675 633 593 556
7.0 960 900 843 791 741 695 652 611 573 537
71 920 863 809 758 7.1 667 625 586 549 515
7.2 875 820 769 721 676 634 594 557 522 490
7.3 824 773 7.25% 679 637 597 560 525 482 461
7.4 7.69 T7.21 6.76 6.33 594 557 522 489 459 430
7.5 709 664 623 584 548 513 481 451 423 397
76 645 6.0% 567 532 499 468 438 411 385 361
77 5.81 545 511 479 449 421 395 370 347 325
7.8 517 484 454 426 399 374 351 3.29 3.09 289
79 454 426 399 374 351 329 309 289 271 254
8.0 395 370 347 326 305 286 268 252 236 221
8.1 341 319 299 281 263 247 231 217 203 191
8.2 2.91 273 256 240 225 211 198 185 174 163
8.3 247 232 218 204 1.9 1.79 168 158 148 139
8.4 2.09 196 184 173 162 152 142 133 125 117
8.5 1.77 166 155 146 137 128 120 113 1.06 0990
8.6 1.49 140 1.31 123 115 108 1.01 0951 0892 0836
87 1.26 118 1.1 104 0976 0915 0858 0805 0754 0707
88 1.07 1.01 0944 0885 0829 0778 0729 0684 0641 0601
89 0917 0860 0806 0.756 0709 0664 0623 0584 0548 0513
9.0 0.790 0.740 0.694 0651 0610 0572 0536 0503 0471 0442

The thirty-day average concentration of total amim@¢NH; and NH™)
should not exceed this value more than once eveegtyears.
Additionally, the highest four day average withie thirty-day period
should not exceed 2.5 times the CCC.

Source: USEPA 1999b, p.88




CHAPTER 4. pH

4.1 Introduction

The pH of freshwater streams is important for adoll juvenile salmonid development.
Chronic effects from low pH can occur at levels @u@ not toxic to adult fish but that
impair reproduction including altered spawning babiga reduced egg viability,
decreased hatchability, and reduced survival ottrdy life stages (Jordahl and Benson
1987). The early life stages of salmonid developnaee most vulnerable to low pH
(Jordahl and Benson 1987). Chronic high pH leirefseshwater streams can decrease
activity levels of salmonids, create stress respsndecrease or cease feeding, and lead
to a loss of equilibrium (Murray and Ziebell 1984 agner et al. 1997). Additionally,
high temperatures can exacerbate the effects bfgtiblevels on salmonids (Wagner et
al. 1997). If pH reaches extremely low or highdisy death can occur (Wagner et al.
1997).

Literature reviewed for this analysis included nuous laboratory and field studies. The
following information applies to salmonids in gesler

4.2 Effects of High pH

Wagner et al. (1997) conducted laboratory and s&ldlies and found that pH values of
greater than 9.4 will result in the death of ramiiocout, especially at temperatures
ranging from 19-22 C. Fresh water pH values ofdd.Qreater resulted in significant
stress responses in rainbow trout.

Wilkie and Wood (1996) found that Lahontan cutthroaut exposed to high pH waters
(9.4) permanently lowered their rate of nitrogenaaste production to avoid the
potentially toxic build-up of internal ammonia. Wever, rainbow trout, kokanee, and
brown trout were unable to adapt to the high pH died.

Murray and Ziebell (1984) found that rainbow tramé not able to acclimate to pH levels
of 10.0 or higher and that their ability to tolergtH above 9.0 depends on the rate of
acclimation. Gradual acclimation (0.2 to 0.4 gfthunit/day) allowed rainbow trout to
acclimate to a pH of 9.8 and continue feeding,aalgt they showed signs of distress and
their activity was greatly reduced by the end of4s when the pH reached 9.9 (Table
20). The maximum pH tolerated before fish begangiywas 10.2.

Rapid acclimations tests conducted by Murray amth&li (1984) yeilded the following
results:

Rainbow trout mortalities were 40% or greater ialipninary acclimation

tests in which pH was increased to 9.6 and 9.7 an® 5 hours. These
results were comparable to previous shock testpufulished data).

Consequently, in later experiments, acclimationetiwas increased to 6
hours and pH values were lowered to 9.3 and 9.5.
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Trout in the pH 9.5 experiments exhibited advergactions and
mortalities were similar to those seen in prelimyngests at pH 9.6 and
9.7. All fish began to show marked signs of stregkin 12 hours, and
within 24 hours the mortalities in replicated expemts were 30, 40, and
50% respectively. At 49 hours the last deaths @eduthat brought
mortalities to 50% in each replicate. All remainitiging fish were
distressed and did not feed. After 72 hours hagseld the survivors
resumed feeding and their condition improved uh&@ experiments were
terminated at 120 hours.

In the pH 9.3, 6-hour acclimation experiments trexiibited only minor

adverse reactions. The primary behavioral change® & decrease in
swimming activity and a temporary loss of appetititer 48 hours all fish

resumed normal feeding and became progressivelye nactive. No

mortalities occurred in any of the replicated expents, and all fish

behaved normally when the experiments were terméhat 120 hours
Murray and Ziebell (1984).

Table 20: Reactions of 10 rainbow trout to variptslevels during gradual acclimation
experiments (0.2 to 0.4 of a pH unit/day)

Day pH Range Reactions and Condition of Trout
1 8.6-8.9 Normal
2 8.9-9.2 Activity decreased but feeding normal
3 9.2-9.7 Activity further decreased but feedingtowued
4 9.7-9.9 Minor distress shown but feeding contithue

Some fish lost equilibrium at 10.0, and feedingsee Loss
of equilibrium increased at 10.1 and eyes of saste f
developed corneal opacities; 50% of fish lost elgilm at
pH 10.2 and mortality was 60% at pH 10.3

Source: Murray and Ziebell (1984)

5 9.9-10.3

4.3 Effects of Low pH

“Chronic effects of low pH on fish populations magcur at pH levels that are not toxic
to adult fish but that impair reproduction, andrattely lead to population extinction
(Jordahl and Benson 1987).” A study was condubted/einer et al. (1986) to
determine the effects of low pH on the reproductivecess of rainbow trout. It was
determined that exposure of adult salmonids to gldes below 5.5 negatively effected
reproduction. Adult rainbow trout were exposeg@kb4.5, 5.0, 5.5, and 6.5-7.1 during
the final 6 weeks of reproductive maturation. Véeiet al. found that pH values of 5.5
and below impaired the creation of eggs in femateksperm in males.

Jordahl and Benson (1987) report that reprodud#ilere occurred in adult brook trout
due to low pH in a freshwater stream with pH levalsging from 5.0-5.8, while trout in
a reference stream with pH ranging from 6.1-7.2raitlexperience reproductive failure.
Additionally, brook trout were absent from a highlgidic freshwater stream with pH
ranging from 4.7-5.4 leading Jordahl and Bensarotclude that breeding females may
avoid acidic tributaries.
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In addition to effecting adult salmonids, highlydic freshwater (low pH) can have a
detrimental effect on eggs and juvenile salmonM&iner et al. (1986) determined that
juvenile rainbow trout mortality was greatly incsed at pH levels of 5.5 and below, and
that no eggs survived when exposed to pH leve®bdl5. Hulsman and Powels (1983)
found the mortality of rainbow trout yolk-sac laevapproached 100% within 5 days of
exposure to pH 4.6 and 5.4, whereas exposure ®.pkesulted in less than 3%
mortality.

Jordahl and Benson (1987) conducted a study tordete the effect of low pH on
juvenile brook trout survival and found that susalivates were highest in a freshwater
stream with pH values ranging from 6.1-7.2 and lowecidified streams with pH levels
of 4.7-5.8. At pH values of 5.0 and lower, growtas retarded and the development of
yolk-sac larvae was considerably prolonged. Addily, larval activity was depressed,
pigmentation was reduced, and incomplete hatchiaxgjabserved in streams with low
pH values of 4.7-5.8, but not in the stream withrpHging from 6.1-7.2. Jordahl and
Benson concluded that mean pH values of 5.0-5.4£aase acid stress on developing
juveniles, while pH levels from 6.1-7.2 are aboarges that negatively effect juvenile
brook trout development and survival.
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