APPENDIX A






3. WATER QUALITY OBJECTIVES

pH

The pH shall conform to those limits listed in

Table 3-1. For waters not listed in Table 3-1 and
where pH objectives are not prescribed, the pH shall
not be depressed below 6.5 nor raised above 8.5.
Changes in normal ambient pH levels shall not exceed
0.2 units in waters with designated marine (MAR) or
saline (SAL) beneficial uses nor 0.5 units within the
range specified above in fresh waters with designated
COLD or WARM beneficial uses.

Dissolved Oxygen

Dissoived oxygen concentrations shall conform to
those limits listed in Table 3-1. For waters not listed in
Table 3-1 and where dissolved oxygen objectives are
not prescribed the dissolved oxygen concentrations
shall not be reduced below the following minimum
levels at any time. ‘,

Waters designated WARM, MAR, or SAL .....5.0 mg/l

Waters designated COLD ..........cccevvnvinnnnn 6.0 mg/l
Waters designated SPWN...........c.ccininne 7.0 mgfi
Waters designated SPVN during critical
spawning and egg incubation periods ......... 9.0 mg/
Bacteria

The bacteriological quality of waters of the North Coast
Region shall not be degraded beyond natural
background levels. in no case shall coliform
concentrations in waters of the North Coast Region
exceed the following:

In waters designated for contact recreation (REC-1),
the median fecal coliform concentration based on a
minimum of not less than five samples for any 30-day
period shall not exceed 50/100 ml, nor shall more than
ten percent of total samples during any 30-day period
exceed 400/100 ml (State Department of Health
Services).

At all areas where shellfish may be harvested for
human consumption (SHELL), the fecal coliform
concentration throughout the water column shall not
exceed 43/100 ml for a 5-tube decimal dilution test or
49/100 ml when a three-tube decimal dilution test is
used (National Shelifish Sanitation Program, Manual of
Operation).

Temperature

3-4.00

Temperature objectives for COLD interstate waters,
WARM interstate waters, and Enclosed Bays and
Estuaries are as specified in the "Water Quality
Controi Plan for Control of Temperature in the Coastal
and Interstate Waters and Enclosed Bays of California”
including any revisions thereto. A copy of this plan is
included verbatim in the Appendix Section of this Plan.
In addition, the following temperature objectives apply
to surface waters:

The natural receiving water temperature of intrastate
waters shall not be altered unless it can  be
demonstrated to the satisfaction of the Regional Water
Board that such alteration in temperature does not
adversely affect beneficial uses.

At no time or place shall the temperature of any COLD
water be increased by more than 5°F above natural
receiving water temperature.

At no time or place shall the temperature of WARM
intrastate waters be increased more than 5°F above
natural receiving water temperature.

Toxicity

All waters shall be maintained free of toxic substances
in concentrations that are toxic to, or that produce
detrimental physiological responses in human, plant,
animal, or aquatic life. Compliance with this objective
will be determined by use of indicator organisms,
analyses of species diversity, population density,
growth anomalies, bioassays of appropriate duration,
or other appropriate methods as specified by the
Regional Water Board.

The survival of aquatic life in surface waters subjected
to a waste discharge, or other controllable water quality
factors, shall not be less than that for the same water
body in areas unaffected by the waste discharge, or
when necessary for other control water that is
consistent with the requirements for "experimental
water" as described in “Standard Methods for the
Examination of Water and Wastewater”, 18th
Edition (1992). As a minimum, compliance with this
objective as stated in the previous sentence shall be
evaluated with a 96-hour bioassay.

~ In addition, effluent limits based upon acute bioassays

of effluents will be prescribed. Where appropriate,
additional numerical receiving water objectives for
specific toxicants will be established as sufficient data
become available, and source control of toxic
substances will be encouraged.
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3. WATER QUALITY OBJECTIVES

TABLE 3-1
SPECIFIC WATER QUALITY OBJECTIVES FOR NORTH COAST REGION
Specific : Total
Conductance . - | Dissolved - Dissolved : Hydrogen Hardness - Boron
(micromhos) Solids Oxygen. v Ion (mg/l) (mg/l)
@ T7°F. _ (mg/l) (mg/y . .. (pH) : ‘
90%  50% 0% - 50% . 90% = 50% . 50% 90% - 50%
Upper "Upper Upper Upper Lower Lower L ’ Upper Upper Upper
__Waterbody Limit' Limi* Limi¢* Limi® Min Limif® Limi® Max Min  Limi#  Limif® Limi¢
LostRiver HA ~ ~ ©~ © T : S R S
Clear Lake Reservoir 300 ¢ 200 o S50 - 80 90 7.0 60 C 0.5 0.1
& Upper Lost River : : : ; : : :
Lower Lost River - 1000 : - 700: o o 5.0 - 9.0 7.0 - 0.5 0.1
_ Other Streams 250 150 = . 7.0 8.0 84 7.0 50 0.2 0.1
Tule Lake © 1300 900 5.0 - 90 7.0 400 - -
Lower Klamath Lake - 1150 850 L 50 . -, %0 700 . 400 e -
Groundwaters * 1100 500 R - . 85 70 250 03 02
Butte Valley HA ’ o . : . ; _
Streams 150 . 100 7.0 90 85 70 30 01 0.0
Meiss Lake ‘ 12000 1300 _ 70 © 80 ¢ 90 75 ©O100 03 01
Groundwaters . 800 400 : ‘ - - . 85 65 120 02 0.1
Shasta Valley HA . T . S L
Shasta River 800 600 7.0 - 9.0 85 7.0 220 . 1.0- 05
Other Streams 700 400 7.0 9.0 85 ».7.0 - 200 . 05 -~ 01
Lake Shastina. . : . .300 . 250 ‘ 6.0 e 900 .85 7.0 0 120 - .04 0 02
" Groundwaters ¢ 800 500 . - - 85 7.0 180 1.0 0.3
Scott River HA v , ‘
Scott River ' ' 350 25 a 7.0 9.0 85 7.0 . 100 04 0.1
Other Streams* " 400 275 ' 7.0 9.0 85 7.0 T 120 S 02 01
Groundwaters ¢ 500 250 - - e - - 80 7.0 120 © 01 - 01
Salmon River HA . T : ‘ ‘ 5 C = : ‘
All Streams 150 125 e 9.0 10.0 85 7.0 60 - 0d 0.0
Middle Klamath River HA
Klamath River above Iron
Gate Dam including Iron .. N : g , v ‘ . L ,
Gate & Copco Reservoirs 425 . 275 ‘ 70 . 1000 85 70 . 60 03 0.2
Klamath River below Iron ‘ ' o o ; AR o ,
Gat¢ Dam ., 350 @ 275 o 80 C100 85 70 L 80 05 0.2
Other Strearns ‘ 300 - 150 SR 10 9.0 85 7.0 60 0 0.0
Groundwaters * T80 600 ' - - 85 75 200 03 01
Applegate River HA - ’ . R R i : :
All Streams 250 175 -0 70 0 0 907 85 070 0 . 60 e
Upper Trinity River HA . ST e . R ‘
Trinity River® ;200 . 175 - : - 7.0 - 100 -85 .70 .8 0l 0.0
Other Streams 200 150 . ,70 . 100 85 70 . 60. . 00 00
Clair Engle Lake ‘ ' N v N o o - . o
and Lewiston Reservoir ~ 200 150 - D X 10.0 85 7.0 60 0.0 0.0
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3. WATER QUALITY OBJECTIVES
TABLE 3-1 (CONTINUED)
SPECIFIC WATER QUALITY OBJECTIVES FOR NORTH COAST REGION

Specific Total :
Conductance Dissolved ~ Dissolved ) Hydrogen Hardness Boron
{micromhos) Solids ) Oxygen : Ton (mg/) (mg/)
@ T1°F - (mg/l) (mg/l) (pH)
20% 50% 90% 50% 0% 50% . 50% 920% 50%
o Upper Upper Upper Upper Lower Lower ‘ ) Upper Upper Upper
_Waterbody" Limit* Limit* Limit® Limit* Min Limi¢® Limit* Max Min Limit*  Limit® Limit?
Hayfork Creek Y . , e
Hayfork Creek . 400 275 L 170 .90 85 70 . 150 0.2 0.1
Other Streams 300 250 7.0 9.0 85 7.0 125 0.0 0.0
Ewing Reservoir 250 . 200 7.0 90 80 65 150 01 - 00
Groundwaters * 350 225 - - 85 7.0 100 ... 02 0.1
S.F. Trinity River HA
S.F. Trinity River 275 200 7.0 10.0 85 7.0 100 0.2 0.0
Other Streams 250 175 . 7.0 90 85 70 . 100 0.0 0.0 -
Lower Trinity River HA .
Trinity River 275 200 8.0 10.0 85 170 100 0.2 0.0
Other Streams 250 . 200 9.0 10.0 85 7.0 100 0.1 0.0
Groundwaters * 200 - 150 - - 85 7.0 75 0.1 0.1
Lower Klamath River HA ) . - : : . .
Klamath River 3006 200° 8.0 10.0 85, 7.0 758 0.5 0.2
Other Streams 200° : 125° - - 8.0 © 100 857 65 256 0.1° - 0.0°
Groundwaters * 300 225 : - ) - 85 6.5 100 0.1 0.0
Illinois River HA
All Streams 200 125 8.0 10.0 85 7.0 75 0.1 0.0
Winchuck River HU . : : .
All Streams 2000 - - 125° - 8.0 10.0 85 7.0 508 0.05 . 0.08
Smith River HU - ‘ :
Smith River-Main Forks 200 125 8.0 11.0 85 7.0 - 60 0.1 0.1
Other Streams 1508 125 . 7.0 10.0 85 7.0 60° 0.1 0.0
Smith River Plain HSA
Smith River : 2008 . 150° 80 . 110 - 85 7.0 60° 0.1° 0.0°
Other Streams 1505 125° 7.0 10.0 85 65 - 60° . 0.1° 0.0
Lakes Earl & Talawa ‘ - - : . S 700 . 9.0 8.5 6.5 - - -
Groundwaters ¢ 350 100 - - 8.5 6.5 75 . 1.0 0.0
Crescent City Harbor - -
Redwood Creek HU
Redwood Creek 2208 1258 115¢ 758 7.0 75 100 85 65
Mad River HU . .
Mad River 3008 1508 1608 90¢ 7.0 75 100 85 6.5
Eureka Plain HU : v . ) ] oo D
Humboldt Bay ) - - .- - .60 62 7.0 8.5 7.
Eel River HU . o L .
Eel River 3758 2258 . 2758 1406 7.0 75 100 85 6.5
Van Duzen River 375 175 200 100 7.0 75 100 85 65
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WATER QUALITY OBJECTIVES

TABLE 3-1 (CONTINUED)
SPECIFIC WATER QUALITY OBJECTIVES FOR NORTH COAST REGION

Specific Total . . :
Conductance Dissolved Dissolved " Hydrogen ‘Hardness Boron
(micromhos) Solids ‘ Oxygen ‘ ~Tom* (mg/l) (mg/l)
@.77°F (mg/) . - (mg/l) ; (pH) R
9% 50% 90%  50% 0% 50% 50% 90%  50%
Upper Upper Upper Upper Lower Lower Upper Upper Upper
- Waterbody! Limit' Limit* Limi* Limi! Min Limif® Limi# Max Min ~ Limit Limit® - Limit?
South Fork Eel River - 350 2000 200 120 70 75 00 85 165
Middle Fork Eel River . ' 450 '~ 200 © 230 130 70 75 100 85 65
Outlet Creek 400 200 230 125 70 75 100 85 65
Cape Mendocino HU a
Bear River - 390° 2555 24050 150° 7.0 75 10.0 85 65
Mattole River 300° 170 170° 105 70 - 75 100 85 65
Mendocino Coast HU : .
Ten Mile River - - - - 70 75 100 85 65
Noyo River 1855 150° - 120° 1055 7.0 75 100 85 6.5
Jug Handle Creek - - - - 7.0 7.5 10.0 85 6.5
Big River 3000 195°  190°  130° 7.0 75 100 85 65 R S
Albion River - - . - 7.0 75 100 85 "65 P
Navarro River ' 2856 . 250° 1705  150° 700 7.5 100 85 6.5
Garcia River' - - - - - 7.0 1.5 10.0 8.5 6.5
Gualala River - - - - 7.0 7.5 10.0 8.5 6.5
- Russian River HU : ti o
(upstream) ® 320 250 170 150 70 75 100 85 65
(downstream) ° 3755 2855 2000 170° 70 75 100 85 65
Laguna de SantaRosa - - e 7.0 7.5 10.0 85 .65
Bodega Bay - - - - 60 62 7.0 85 7
Coastal Waters ' ' - . 11 11 11 1212

Water bodies are grouped by hydrologic unit (HU), hydrologic area (HA), or hydrologic subarea (HSA). : ! ‘
50% upper and lower limits represent the 50 percentile values of the monthly means for a calendar year. 50% or more of the -

'monthly means must be less than or equal to an upper limit and greater than or equal to a lower Limit.

90% upper and lower limits represent the 90 percentile values for a calendar year. 90% or more of the values must be less than -
or equal to an upper limit and greater than or equal to a lower limit. : L N E
Value may vary depending on the aquifer being sampled. This value is the result of sampling over time, and as pumpéed, from-
more than one aquifer.

Daily Average Not to Exceed Period River Reach
60°F - July 1 - Sept. 14 Lewiston Dam to Douglas City Bridge
56°F Sept. 15 - Oct. 1 Lewiston Dam to Douglas City Bridge
56°F Oct. 1 - Dec. 31 Lewiston Dam to confluence of North Fork Trinity River

Does not apply to estuarine areas.’ .

pH shall not be depressed below natural background levels.

Russian River (upstream) refers to the mainstem river upstream of its confluence with Laguna de Santa Rosa.

Russian River (downstream) refers to the mainstem river downstream of its confluence with Laguna de Santa Rosa.

The State's Ocean Plan applies to all North Coast Region coastal waters.

Dissolved oxygen concentrations shall not at any time be depressed more than 10 percent from that which occurs naturally.
pH shall not be changed at any time more than 0.2 units from that which occurs naturally. - '

no water body specific objective available, : - k 3
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CHAPTER 4. DISSOLVED OXYGEN SOURCE AND LINKAGE
ANALYSIS

4.1 Introduction

This chapter identifies the processes that affect dissolved oxygen concentrations of the
Shasta River and its tributaries and establishes a linkage between these processes and
measured dissolved oxygen concentrations. First, the various processes that can affect
dissolved oxygen concentrations in a surface waterbody are reviewed. Secondly, the
chapter identifies the anthropogenic sources (or factors) that are affecting these processes
and controlling dissolved oxygen concentrations in the Shasta River and its tributaries.
The contributions from these sources are then quantified in Chapter 7.

4.1.1 Processes Affecting Dzssolved Oxygen in Surface Waters
Dissolved oxygen levels in surface waters are controlled by a number of interacting

processes (Figure 4.1), including:
e Photosynthesis;
Respiration;

Nitrogenous deoxygenation ;

Nitrification; '

Reaeration;

Sediment oxygen demand; and
' Methanotrophy. :

Carbonaceous deoxygenatlon within the water column ;

Reaeration

/ Water Surface Level

Photosynﬂiesis'

NG Aquatic
Vegetatioin

Respiration

SOD

Nitrogenous

Deoxygenation Niqification

[ Organic N> NH, | [ NH, 2 NO, D> N0, | (

I\/Ietll.mou ophy

// ///ﬁ Stream Bed

///////////

Legend

Dissolved Oxygen Sources |———‘——J>

® Reaeration
® Photosynthesis

Dissolved Oxygen Sinks
® Regpiration .
= Sediment Oxygen Dem:md (SOD)
® Methnnotr opln
®  Coibonaceous Déoxyeenation (CBOD)
b Nitoacnom Deoxyg aunhon nnd

" Nitiification (NBOD)

Figure 4.1: Physical, Chemical, and onloglcal Processes Affecting Dissolved Oxygen

in Surface Water Bodies

Staff Report for the Action Plan for the Shasta River Watershed
Dissolved Oxygen and Temperature Total Maximum Daily Loads

Dissolved Oxygen Source
and Linkage Analysis
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* Photosynthesis is the process by which solar energy is stored as chemical energy in
organic molecules. In this process, oxygen is liberated and carbon dioxide is
sequestered. .

* The organic matter produced by photosynthesis then serves as an energy source for
nearly all other living organisms in the reverse processes of respiration and - '
decomposition whereby oxygen is bonded with other elements.

e Carbonaceous deoxygenation is the technical term for decomposmon 1nvolv1ng the

~ consumption of oxygen by bacteria during the breakdown of organic material.
Carbon dioxide is released as a byproduct of carbonaceous deoxygenation. When this
oxidation is exerted on carbonaceous organic material that is suspended in the water
column, it is measured as biochemical oxygen demand (BOD), typically measured as
the amount of oxygen consumed during a five- day test perlod (BODs).

o Nitrogenous deoxygenatzon involves the conversion of organic nitrogen to ammoma
(NH4") by bacteria, a process that consumes oxygen.

¢ Nitrification is the process by which ammonia is oxidized to nitrite (NOZ) and
subsequently to nitrate (NO>); a process that also consumes oxygen. ‘

® Reaeration is the process whereby atmospheric oxygen is transferred to a waterbody

e Sediment oxygen demand refers to the consumption of oxygen by sediment and
organlsms (such as bacteria and invertebrates) through both the decomposmon of
organic matter and respiration by plants, bacteria, and invertebrates. Slmphstlcally,
sediment oxygen demand is carbonaceous deoxygenatlon and resplratlon occurrlng in
the sediments.

o Methanotrophy is the process by which methane (CH4) is biologically oxidized in
aerobic environments, a process that consumes oxygen and forms carbon dioxide and

- water. Methanotrophy can occur in sediments and at the sediment-water interface.
Where methanotrophy occurs, it can be measured as part of the overall sedlment
‘oxygen demand.

In addltlon to these processes, dissolved oxygen concentrations are affected by water
temperature, salinity, and atmospherlc pressure. Oxygen is soluble, or “dissolved” in
water. ‘The solubility of oxygen is a function of water temperature, salinity, and
atmospherlc pressure; decreasmg with rlsmg temperature and sahnlty, and increasing
with rising atmospheric pressure. At sea level (1 atm of pressure) fresh water has a
saturation dissolved oxygen concentration of about 14.6 mg/L at 0°C and 8.2 mg/L at
25°C. The connection between dissolved oxygen concentration and water temperature is
important given the fact that the Shasta River is impaired by both h1gh water
temperatures and low dlssolved oxygen concentrations.

4.2‘Sources of Information

Much of the data and mformatlon used in the development of the dissolved oxygen
TMDL was collected during the summers 02002, 2003, and 2004 by Regional Water
Board staff, with assistance from the U.S. Geological Survey and UC Davis Aquatic
Ecosystems ‘Analysis Laboratory. These data included: -

¢ Hourly dissolved oxygen measurements at 16 51tes

e Hourly temperature measurements at 19 sites; o L ‘
Staff Report for the Action Plan for the Shasta River Watershed Dissolved Oxygen Source

Dlssolved Oxygen and Temperature Total Maximum Dally Loads co * and Lmkage Analysis
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Introduction .

Adequate concentrations of dissolved oxygen in fresh water streams are critical for the survival of
salmonids. Fish have evolved very efficient physiological mechanisms for obtaining and using
oxygen in the water to oxygenate the blood and meet their metabolic demands (WDOE 2002).
However, reduced levels of dissolved oxygen can impact growth and development of different
life stages of salmon, including eggs, alevins, and fry, as well as the swimming, feeding and
reproductive ability of juveniles and adults. Such impacts can affect fitness and survival by
altering embryo incubation periods, decreasing the size-of fry, increasing the likelihood of .
predation, and decreasing feeding activity. Undet extreme conditions, low dissolved oxygen
concentrations can be lethal to salmonids.

Literature reviewed for this analysis included EPA gﬁidancé, other states’ Standérds, reports that
compiled and summiarized existing scientific information, and numerous laboratory studies.
When possible, species-specific requirements were summarized for the following life stages:
migrating adults, incubation and emergence, and freshwater rearing and growth. The following
information applies to salmonids in general, with specific references to coho, Chinook, steelhead,
and other species of salmonids as appropriate. ‘

EFFECTS OF LOW DISSOLVED OXYGEN CONCENTRATIONS ON SALMONIDS

Adult Migration

Reduced concentrations of dissolved oxygen can negatively affect the swimming performance of
migrating salmonids (Bjornn and Reiser 1991). The upstream migration by adult salmonids is
typically a stressful endeavor. Sustained swimming over long distances requires high
expenditures of energy and therefore requires adequate levels of dissolved oxygen. Migrating
adult Chinook salmon in the San Joaquin River exhibited an avoidance response when dissolved
oxygen was below 4.2 mg/L, and most Chinook waited to migrate until dissolved oxygen levels
were at 5 mg/L or higher (Hallock et al. 1970).

Incubation/Emergence _ _
Low levels of dissolved oxygen can be directly lethal to salmonids, and can also have sublethal

effects such as changing the rate of embryological development, the time to hatching, and size of
emerging fry (Spence et al. 1996). The embryonic and larval stages of salmonid development are
especially susceptible to low dissolved oxygen levels as their ability to extract oxygen is not fully
developed and their relative immobility inhibits their ability to migrate to more favorable
conditions. The dissolved oxygen requirements for successful incubation of embryos and
emergence of fry is tied to intragravel dissolved oxygen levels. Intragravel dissolved oxygen is
typically a function of many chemical, physical, and hydrological variables, including: the
dissolved oxygen concentration of the overlying stream water, water temperature, substrate size
and porosity, biochemical oxygen demand of the intragravel water, sediment oxygen demand, the
gradient and velocity of the stream, channel configuration, and depth of water. As a result the
dissolved oxygen concentration within the gravels can be depleted causing problems for salmonid
embryos and larvae, even when overlying surface water oxygen levels are suitable (USEPA
1986a).

Studies note that water column dissolved oxygen concentrations are typically estimated to be
reduced by 1-3 mg/L as water is transmitted to redds containing developing eggs and larvae
(WDOE 2002). USEPA (1986a) concluded that dissolved oxygen levels within the gravels
should be considered to be at least 3 mg/L lower than concentrations in the overlying water.
ODEQ (1995) expect the loss of an average of 3 mg/L dissolved oxygen from surface water to the
gravels. ‘




Incubation mortality

Phillips and Campbell (1961, as cited by Bjornn and Reiser 1991) concluded that 1ntragravel
dissolved oxygen must average 8 mg/L for embryos and alevins to survive well. After reviewing
numerous studies Davis (1975) states that a dissolved oxygen concentration of 9.75 mg/L is fully
protective of larvae and mature eggs, while at 8 mg/L the average member of the incubating -
population will exhibit symptoms of oxygen distress, and at 6.5 mg/L a large portion of the
incubating eggs may be affected. Bjornn and Reiser (1991) reviewed numerous references and
recommend that dissolved oxygen should drop no lower than 5 mg/L, and should be at or near
saturation for successful incubation.

In a review of several laboratory studies, ODEQ (1995) concluded that at near optimum (10°C) -
constant temperatures acute mortality to salmonid embryos occurs at relatively low
concentrations of dissolved oxygen, near or below 3 mg/L. Field studies reviewed by ODEQ
(1995) demonstrate that embryo survival is low when the dissolved oxygen content in the gravels
© .drops near or below 5 mg/L, and survival is greater at 8 mg/L. :

Silver et al. (1963) performed a study with Chinook salmon and steelhead trout, rearing eggs at
various constant dissolved oxygen concentrations and water velocities. They found that steelhead
embryos held at 9.5°C and Chinook salmon embryos held at 11°C experienced complete
mortality at dissolved oxygen concentrations of 1.6 mg/L. Survival of a large percentage of
embryos reared at oxygen levels as low as 2.5 mg/L appeared to be possible by reduction of
respiration rates and consequent reduction of growth and development rates.

In a field study Cobel (1961) found that the survival of steelhead embryos was correlated to
intragravel dissolved oxygen in the redds, with higher survival at higher levels of dissolved -
oxygen. At 9.25 mg/L survival was 62%, but survival was only 16% at 2.6 mg/L. A laboratory
study by Eddy (1971) found that Chinook salmon survival at 10.4 mg/L (13.5 °C) was
approximately 67%, however at dissolved oxygen levels of 7.3'mg/L (13.5 °C) survival dropped
to 49-57.6%. At temperatures more suitable for Chinook incubation (10.5 °C) Eddy (1971) found
the percent survival remained high (over 90%) at dissolved oxygen levels from 11 mg/L to 3.5
mg/L; however, as dissolved oxygen levels decreased, the number of days to hatching increased
and the mean dry weight of the fry decreased substantially. WDOE (2002) also points out that
the studies above did not consider the act of emerging through the redds, and the metabolic
requirements to emerge would be expected to be substantial. Therefore, it is likely that higher
oxygen levels may be needed to fully protect hatching and emergence, than to just support
hatching alone. ‘

Incubation growth

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

Garside (1966) found the number of days it took for rainbow trout to go from fert1llzat1on to
hatching increased as dissolved oxygen concentrations and water temperature decreased. In this
study, rainbow trout were incubated at temperatures between 2.5 - 17.5°C and dissolved oxygen
levels from 2.5 - 11.3 mg/L. At 10°C and 7.5°C the total time for incubation was delayed 6 and 9



days respectively at dissolved oxygen levels of 2.5 mg/L versus embryos incubated at
approximately 10.5 mg/L

Silver et al. (1963). found that hatchmg of steelhead trout held at 9.5°C was delayed 5t08 days at
dissolved oxygen concentrations averaging 2.6 mg/L versus embryos reared at 11.2 mg/L. A
smaller delay of hatching was observed at oxygen levels of 4.2 and 5.7 mg/L, although none was -
apparent at 7.9 mg/L. . For Chinook salmon held at 11°C, Silver et al. observed that embryos
reared at oxygen levels lower than 11 mg/I: experienced a delay in‘hatching, with the most
significant delay in those reared at dissolved oxygen levels of 2.5 mg/L (6 to 9 days). Thesize of
both Chinook and steelhead embryos increased with increases in dissolved oxygenup to 11.2:
mg/L. External examination of embryos revealed abnormal structural development in Chinook
salmon tested at dissolved oxygen concentrations of 1.6 mg/L;, and abnormalities in steelhead
trout at concentrations-of 1.6 and 2.6 mg/L. The survival of Chinook salmon after hatching was
only depressed at the 2.5 mg/L level, the lowest level at which hatching occurred, with lower -
mortalities occurring at.higher velocities. Post hatchmg survival of steelhead trout could notbe
determined due to numerous confounding factors. :

Shumway et al. (1964) conducted a laboratory study to-determine the influence of oxygen
concentration and water movement on the growth of steelhead trout and coho salmon embryos.
The experiments were conducted at a temperature of 10°C and oxygen levels generally ranging
from 2.5 - 11.5 mg/L and flows from 3 to 750 cm/hour. It was concluded that the median time to
hatching decreased and size of fry iricreased as dissolved oxygen levels increased. For example,
steelhead trout embryos reared at 2.9 mg/L hatched in approximately 41.days and.had a wet -
weight of 17 mg, while embryos reared at 11.9 mg/L hatched in 36 days and weighed 32.3 mg
The authors found that a reduction of either the oxygen concentration or the water veloclty will -
reduce the size of fry and increase the incubation period, although the affect of various water -
velocities tested was: less than the effect of the different dissolved oxygen concentrations tested

WDOE (2002) rev1ewed various references and found that at favorable incubation temperatures a
. mean oxygen concentration of 10.5 mg/L will result in a 2% reduction in growth. At other.
oxygen concentrations, growth is reduced as follows: 8% reduction at oxygen levels of 9 mg/L
10% reduction at 7. mg/L, and a 25% reductron at6 mg/L

Incubatton avozdance/preference .

Alevin showed a strong preference for OXygen concentratlons of 8 - 10 mg/L and moved through
the gravel medlum to these concentrations, avoiding concentrations from 4 - 6 mg/L (WDOE
2002).

Emergence mortality

“The hatching time, size, and growth rate of developing embryos is proport10na1 to the dlssolved
oxygen. concentratlons upto 8 mg/L or greater.. The, ability of fry to survive their natural :
environment may be related to the size of fry at hatch (ODEQ 1995) ” McMahon (1983) -
recommends dissolved oxygen levels-be > 8 mg/L for high survival and emergence of fry. Ina-
review of controlled field and lab studies on emergence, WDOE (2002) states that average . -
intragravel oxygen concentrations of 6 - 6.5 mg/L and lower can cause stress and mortality in
developing embryos and alevin.. It is also noted that field studies on emergence consistently cite
1ntragrave1 oxygen concentrations of 8 mg/L or greater as bemg associated with or necessary for -
superior health and survival, oxygen concentratrons below 6 - 7 mg/L result in a 50% reduction in
survival through emergence, and oxygen concentratlons below 5 mg/L result in neghglble N




survival. According to various laboratory studies, the threshold for complete mortality of
emerging salmonids is noted to occur between 2 - 2.5 mg/L (WDOE 2002).

After reviewing numerous literature sources, the USEPA (1986a) concluded that the embryonic
and larval stages of salmonid development will experience no impairment when water column
dissolved oxygen concentrations are 11 mg/L. This translates into an intragravel dissolved
oxygen concentration of 8 mg/L (USEPA assumes a 3 mg/L loss between the surface water and
gravels). Table 1 from the USEPA (1986a) lists the water column and intragravel dissolved
oxygen concentrations associated with various health effects. These health affects range from no
production impairment to acute mortality.

Table 1: Dissolved oxygen concentrations and thelr effects salmonid embryo and larval stages (USEPA,
1986a).

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 column dissolved oxygen levels and those mtragravel

Freslrwater'Rearing and Growth

Swrmmmg and acttvzty

Salmonids are strong active swimmers requiring hlghly oxygenated waters (Spence 1996), and
this is true during the rearing period when the fish are feeding, growing, and avoiding predation.
Salmonids may be able to survive when dissolved oxygen concentrations are low (<5 mg/L), but
growth, food conversion efficiency, and swimming performance will be adversely affected
(Bjomn and Reiser 1991). Davis (1975) reviewed numerous studies and reported no impairment
to rearing salmonids if dissolved oxygen concentrations averaged 9 mg/L, while at oxygen levels
of 6.5 mg/L “the average member of the ‘community will exhibit symptoms of oxygen distress”,
and at 4 mg/L a large portion of salmonids may be affected. Dahlberg et al. (1968) state that at
temperatures near 20°C any considerable decrease in the oxygen concentration below 9 mg/L (the
air saturation level) resulted in some reduction of the final sw1mm1ng speed. They found that
between dissolved oxygen concentrations of 7 to 2 mg/L the swimming speed of coho declmed :
markedly with the decrease in dissolved oxygen concentration.

In a laboratory study, Davis et al. (1963) reported that the maximum sustainable swimming
speeds of wild juvenile coho salmon were reduced when dissolved oxygen dropped below
saturation at water temperatures of 10, 15, and 20°C. Air-saturation values for these dissolved
oxygen concentrations were cited as 11.3, 10.2, and 9.2 mg/L respectlvely They found that the
maximum sustained swimming speeds (based on first and second swimming failures at all
temperatures) were reduced by 3.2 - 6.4%, 5.9 - 10.1%, 9.9 - 13.9%, 16.7 - 21.2%, and 26.6 -
33.8% at dissolved oxygen concentrations of 7, 6, 5, 4, and 3 mg/L respectively. The authors
also conducted tests on juvenile Chinook salmon and found that the percent reductions from
‘maximum swimming speed at temperatures ranging from 11 to 15°C were greater than those for
juvenile coho. At the dissolved oxygen concentrations listed above swimming speeds were
decreased by 10%, 14%, 20%, 27%, and 38% respectively.



WDOE (2002) reviewed various data and concluded that swimming fitness of salmonids is
maximized when the daily minimum dissolved oxygen levels are above 8 - 9 mg/L. Jones et al.
(1971, as cited by USEPA 1986a) found the swimming speed of rainbow trout was decreased
30% from maximum at dissolved oxygen concentrations of 5.1 mg/L and 14°C. At oxygen levels
of 3.8 mg/L and a temperature of 22°C, they found a 43% reduction in the maximum swimming
speed. :

Growth : ' :
In a review of constant oxygen exposure stud1es WDOE (2002) concluded salmonid growth rates
decreased less than 10% at dissolved oxygen concentrations of 8 mg/L or more, less than 20% at -
7 mg/L, and generally less than 22% at 5 - 6 mg/L. Herrmann (1958) found that the mean
percentage of weight gain in juvenile coho held at constant dissolved OXygen concentrations was
7.2% around 2 mg/L, 33.6% at 3 mg/L, 55.8% near 4 mg/L, and 67.9% atornear 5mg/L. Ina
laboratory study Fischer (1963) found that the growth rates of juvenile coho exposed to constant
oxygen concentrations ranging from 2.5 to 35.5 mg/L (fed to satiation, temperature at
approximately 18 °C) dramatically decreased with decreases in the OXygen concentration below .
9 5 mg/L (air saturation level). . WDOE (2002) concludes that a monthly or weekly average
concentration 0of 9 mg/L, and a monthly average of the daily minimum concentrations should be
at or above 8 - 8.5 mg/L to have a neghgrble effect (5% or less) on growth and support healthy
growth rates.

Food conversion efficiency is related to dissolved oxygen levels and the process becomes less
efficient when oxygen concentrations are below 4 - 4.5 mg/L (ODEQ 1995). -Bjornn and Reiser
(1991) state that growth, food conversion efficiency, and swimming performance are adversely
affected when dissolved oxygen concentrations are <5 mg/L. The USEPA ( 1986a) rev1ewed
growth data from a-study conducted by Warren et al. (1973) where tests were conducted at’
various temperatures to determme the growth of coho and Chinook. USEPA cites that, with the
exception of tests conducted at 22 °C, the results supported the idea that the effects of low
dlssolved oxygen become more seVere at hrgher temperatures

Brett and Blackburn (198 1)) performed a laboratory study to determme the growth rate and food
conversion efﬁc1ency of young coho and sockeye salmon fed full rations. Tests were performed
at dlssolved oxygen concentratrons ranging from 2 to 15 mg/L ata constant temperature of 15°C,
the approximate optimum temperature for' growth of Pacific Salmon Both species showed a
strong dependence of growth on the environmental oxygen concentratlons when levels were
below 5 mg/L For coho, zero growth was observed at d1ssolved oxygen concentrations of 2. 3
mg/L. The mean value for maximum coho growth occurred at 4 mg/L, and at dissolved oxygen
concentrations above this level growth did not appear to be dependant on the dissolved oxygen.
Sockeye dlsplayed Zero growth at oxygen levels of 2.6 mg/L, and reached the zone of
independence (growth not dependant on dissolved oxygen levels) at 4.2 mg/L Brett and
Blackburn' (198 1) conclude that the critical inflection from oxygen dependence to 1ndependence ‘
occiurs at 4 - 4 2 mg/L for coho and sockeye

Herrmann etal. (1962) studied the influence of various oxygen concentrat1ons on the growth of '
age 0 coho salmon held at 20 °C Coho were held in containers ata constant mean dissolved
oxygen Jevel ranging from 2.1- 9.9 mg/L and were fed full rations. The authors concluded that ‘
oxygen concentrations below 5 mg/L resulted in a sharp decréase in growth and food -
consumption. A reduction in the mean oxygen levels from 8.3 mg/L to 6 and 5 mg/L resulted in
slight decreases in food consumption and growth. Welght gain in grams per gram of food
consumed was slightly depressed at dissolved oxygen concentrations near 4 mg/L, and were




markedly reduced at lower concentrations. At oxygen levels of 2.1 and 2.3 mg/L many fish died
and the surviving fish lost weight and consumed very little food.

USEPA (1986a) calculated the med1an percent reduct1on in growth rate of Ch1nook and coho
salmon fed full rations at various dissolved oxygen concentrations: They calculated no reduction
in growth at dissolved oxygen concentrations of 8 and 9 mg/L, and a 1% reduction in growthat 7
mg/L for both species. At 6 mg/L Chinook and coho growth were reduced by 7% and 4% _
respectively. Dissolved oxygen levels of 4 mg/L result in a 29% reduction in growth for Chinook
salmon and 21% reduction in growth for coho. At 3 mg/L there was a 47% decrease in Chinook
growth and a 37% reduction in coho growth. USEPA (1986a) states that due'to the variability
inherent in growth studies the reductions in growth rates seen above 6 mg/L are not usually
statistically significant, while reductions in.growth at dissolved oxygen levels below 4 mg/L are
considered severe. '

Avoidance and preference

Salmonids have been reported to actlvely avoid areas with low dissolved oxygen concentrations,
which is likely a useful protective mechanism that enhances survival (Davis 1975). Field and
laboratory studies have found that avoidance reactions in juvenile salmonids consistently occur at
concentrations of 5 mg/L and lower, and there is some indication that avoidance is triggered at
concentrations as high as 6 mg/L. Therefore these dissolved oxygen’ levels should be considered
a potential bamer to the movement and hab1tat selectlon of salmomds (WDOE 2002)

Spoor (1990) performed a laboratory study on the d1str1but10n of fingerling brook trout in
dissolved oxygen concentration gradients. - Sixteen grad1ents between 1 and 8.9 mg/L were used
for the study to determine what level of dissolved oxygen is preferred by the brook trout. It was
found that in the absence of a gradient with dissolved oxygen concentrations at 6 mg/L or more
throughout the system, the fish moved freely without showing preference or avoidance. '
Movement from low to higher oxygen concentrations were noted throughout the study. Fish
moved away from water with dissolved oxygen concentrations from 1 - 1.9 mg/L within one
hour, moved away from water with dissolved oxygen concentrations of 2 - 2.9 mg/L within 1 - 2
hours, and moved away more slowly from concentrations of 3 - 3.9 mg/L. From his study, Spoor
(1990) concluded that brook trout will avoid oxygen concentratlons below 4 mg/L, and preferred
oxygen levels of 5 mg/L or h1gher

Whitmore et al. (1960) performed studies with juvenile coho and Chmook salmon to determine
their avoidance reaction to dissolved oxygen concentration of 1.5, 3, 4.5, and 6 mg/L at variable
river water temperatures. Juvenile Chinook salmon showed marked avo1dance of oxygen
concentrations near 1.5, 3, and 4.5 mg/L in the summer at mean temperatures ranging from 20.7 -
22.8°C, but o avoidance to levels near 6 mg/L at a mean temperature of 18.4°C. Chinook did
not show as strong an avoidance to these oxygen levels in the fall when water temperatures were
lower, ranging from 11.8 - 13.2°C. Chinook showed little avoidance of dissolved oxygen
concentrations near 4.5 mg/L during the fall, and no avoidance to concentrations near 6 mg/L. In
all cases avoidance became progressively larger with reductions in the oxygen concentration
below 6 mg/L. Seasonal differenceés of avoidance are most likely due to differences in water
temperature. At temperatures ranging from 18.4 - 19°C juvenile coho salmon showed some
avoidance to all of the above oxygen concentrations, including 6 mg/L. Their behavior was more
erratic than that of Chinook, and their avoidance of concentrations near 4.5 mg/L and lower was
not as pronounced at corresponding temperatures. The juvenile coho often started upon entering
water with low dissolved oxygen and then darted around until they found their way out of the
experimental channel.



USEPA (1986a) performed a literature review and cites the effects of various dissolved oxygen
concentrations on salmonid life stages other than embryonic and larval (Table 2). . These effects
range from no 1mpa1rment at 8 mg/L to acute mortality at dissolved oxygen levels below 3 mg/L.

Table 2 Dissolved oxygen concentrations and their effects on salmonid life stages other than embryomc
and larval (USEPA 1986a).

Level of Effect . . Water Column DO (mg/L) .
No Productlon Impairment : : ‘, : ;- '

Slight Production Impairment .

Moderate Production Impairment

Severe Production Impairment

7 TN KO PN P

Limit to Avoid Acute Mortality

Lethality

Salmonid mortality begins to occur when dissolved oxygen concentrations are below 3 mg/L for
periods longer than 3.5 days (USEPA 1986a). A summary of various field study results by ,
WDOE (2002) reports that significant mortallty occurs in natural waters when dlssolved oxygen v
concentratlons fluctuate the range of 2. 5-3 mg/L Long-term (20 30 days) constant exposure to
mean dissolved oxygen concentrations below 3 - 3.3 mg/L is likely to result in 50% mortahty of
Juvenlle salmomds (WDOE 2002) According to a short-term (1 - 4 hours) exposure study by
Burdick et al. (1954 as cited by WDOE, 2002), in warm water (20 - 21°C) salmonids may
require daily minimum oxygen levels to remain above 2.6 mg/L to avoid 51gn1ﬁcant (50%)
mortality. From these and other types of studies, WDOE (2002) concluded that juvenile salmonid
mortality can be avoided if dally minimum dlssolved oxygen concentratlon remain above 3.9,
mg/L, and the monthly or weekly average of r minimum concentrations remains above 4.6 mg/L

EFFECTS OF HIGH TOTAL DISSOLVED GAS CONCENTRATIONS ON SALMONIDS

High levels of total dlssolved gas (TDG) mcludmg dlssolved oxygen can be harmful to . -
salmonids and other fish and result in “gas. bubble disease”, . This occurs when dissolved gases in
their c1rcu1atory system come out of solutlon and form bubbles wh1ch block the flow of blood |
through the caplllary vessels (USEPA 1986b) There are several ways TDG supersaturatlon can
occur, including excessive algal photosynthesis which can create . supersaturated dissolved oxygen
conditions (USEPA 1986b). Thus, to protect salmonids and other freshwater fish the USEPA has
set criterja for TDG stating, that levels should not exceed 1 10% of the saturation value.

Numerous studles have been conducted to determme the mortahty rate of salmonlds exposed to
various levels of TDG Mesa et al. (2000) conducted laboratory experlments on juvenile Chmook
and steelhead, exposmg them to different levels of TDG and found no fish died when held at-
110% TDG for up to 22 days. When fish were exposed to 120% TDG, 20% of _]uvenlle Chmook
died within 40 to 120 hours while 20% of Juvemle steelhead d1ed within 20 to 35 hours., At TDG
levels of 130% Chmook mortahty reached 20% after 3 to 6 hours and steelhead mortahty was ‘
20% after 5 to 7 hours ‘Gale et al. (2001) held adult female spring Chinook at mean TDG levels
rangmg from 114. 1% to 125 5% and found the tlme to ﬁrst mortahty ranged from 10 to 68 hours.

USEPA (1986b) drscusses various studles on the effects of TDG on salmomds The followmg
studies are all cited from the USEPA 1986 water quality crlterla document Bouck et al. (1975)
found TDG levels of 1 15% and above to be acutely lethal to most species of salmomds and
levels of 120% TDG are rapldly lethal to all salmonids. Conclusrons drawn from Ebel et al.
(1975) and Rulfison and Abel (1971) include the following;




Adult and juvenile salmonids confined to shallow water (1 m) with TDG levels above
115% experience substantial levels of mortality.

Juvenile salmonids exposed sublethal levels TDG supersaturation are able to recover -
when returned to normally saturated water, while adults do not recover and generally die.
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Ambient Water Quality Criteria for Dissolved Oxygen
_ FRESHWATER AQUATIC LIFE
I. Introduction 7

A sizable body of literature on the oxygen requirements of freshwater
aquatic 1ife has.been thoroughly summarized (Doudoroff and Shumway, 1967,
1970; " Warren et al., -1973; 'Davis, 1975a,b; and Alabaster and Liocyd, 1980).
These reviews and other documents describing .the dissolved oxygen requirements
of aquatic organisms (U.S. Environmental Protection Agency, 1976; -Inter=
national Joint Commiséion, 1976; Minnesota. Pollution Control Agency, 1980) and
. more recent data were considered in the preparation of this document. The

references cited below are limited to those considered to be the most defin-
itive and most representative of the preponderance of scientific evidence
“concerning the dissolved oxygen requirements’of"freshwater organisms. .The
" quidelines used in deriving aquatic life’ criteria for toxicants (Federal
Register,v45'FR'79318; November 28, 1980) are not appIicable‘because'of'the
different nature of the data bases. Chemical toxicity data bases rely on

standard 96-h LCS0 tests and standard chronic tests; there are very few data .
. of either type on-dissolved oxygen. - . - ) . :

~ Over the last-10 years_the dissolved oxygen criteria proposed by -various
agencies and “ researchers have generally reflected two basic. schools of
‘thought. One maintained that a dynamic approach should be.used so that the
criteria would vary with natural ambient dissolved oxygen minima in the waters
. of concern (Doudoroff and Shumway, 1970) or with dissolved oxygen requirements
of fish expressed in terms of percent saturation (Davis, 1975a,b). The other
maintained . that, while not ideal, a sin91evminimum~allowab1e concentration
should adequately protect-the diversity of aquatic life in fresh waters (U:.S.
Environmental ' Protection Agency, 1976). Both approaches relied on a simple
minimum allowable dissolved oxygen concentration as the basis for their
criteria. A simple minifum dissolved oxygen concentration was also the most
practicable approach in waste load allocation models of the time.

‘Expressing the criteria in terms of the actual amount of dissolved oxygen
available to agquatic organisms in milligrams per Titer (mg/1) is considered
more direct and easier to administer compared to expressing the criterid in
terms of percent saturation. Dissolved oxygen criteria expressed as percent
saturation, such as discussed by Davis (1975a,b), are more complex’ and could -
often . result in unnecessarily stringent criteria in the. cold months and -
potentially unprotective Criteria‘during-periods of high. ambient temperature
or at high elevations. - Oxygen. partial pressure js subject to the same

temperature problems as percent saturation.




Tpe approach recommended by Doudoroff and Shyniway (1970), in which the
.criten1§ vary seasonally with the natural minimum dissolved oxygen concentra~
tions in the waters of concern, was adopted by the National Academy of
Sciences and National Academy of Engineering- (NAS/NAE, 1973).. This approach
has some merit, but the lack of -data (natural minimum concentrations) makes
its application difficult, and it can also produce unnecessarily stringent or
unprotective criteria during periods of extreme temperature. '

The more éimpIistic“ approach to dissolved oxygen criteria has been
supported by the findings of a select committee of scientists specifically

established by the - Research Advisory Board of the International Joint-

Commission to review the dissolved oxygen criterion for the Great Lakes

(Magnuson et al., 1979). The committee concluded that a simple criterion (an

average criterion of 6.5 mg/1 and a minimum criterion of 5.5 mg/1) was

preferable to one based on percent saturation (or oxygen partial pressure) and.

‘was scientifically sound because the rate of oxygen transfer across fish gills
is directly dependent on the mean difference in oxygen partial pressure .across
- the gill. "Also, the total amount of oxygen delivered to the gills is a more
specific limiting factor than is oxygen partial pressure per se. The format
of this otherwise simple  criterion .was more sophisticated than earlier
criteria with the introduction of a two-concentration criterion comprised of
both a mean and a minimum. This ‘two-concentration criteria structure is
similar to that currently used for toxicants (Federal Register, 45 FR 79318,
November 28, -1980). EPA - agrees with the International Joint Commission's
conclusions "and will recommeénd -a two-number criterion for dissolved oxygen.

The national criteria presented herein represent the best. estimates,
based on the data available, of disso]vedHoxygen,concentrations‘necessary to
protect aquatic 1ife and its uses. Previous water quality criteria have
either emphasized (Federal Water Pollution "Contral Administration, 1968) or
rejected (National Academy of Sciences and National Academy of Engineering,
1972) separate dissolved .oxygen criteria for coldwater and warmwater biota. A
warmwater-coldwater dichotomy is made in this criterion. To simplify ‘discus-

sion, however, the text.of the document 'is split .into, salmonid and non- .

salmonid sections. The salmonid-nonsalmonid dichotomy is predicated on the
much: greater knowledge regarding. the dissolved oxygen - requirements of
salmonids and on the critical influence of intergravel dissolved oxygen

concentration on salmonid embryonic and larval development.' Nonsalmonid. fish

include many other coldwater and coolwater fish plus all warmwater fish. Some
of  these species are. known to‘be'1esswsensitive.than‘sa1moniQS to low dis-
solved oxygen - concentrations.. - Some other ' nonsalmonids -may prove to be at
least as sensitive to low dissolved oxygen concentrations as the salmonids;

-among the nonsalmonids of likely sensitivity are the herrings (Clupeidae), the -

-smelts. (Osmeridae), the pikes (Esocidae), -and the . sculpins (Cottidae):
Although - there is 1little published data regarding the dissolved oxygen
requirements of most nonsalmonid species, there is apparently enough anecdotal
information to suggest that many coolwater species are more sepsitive to

. dissolyed oxygen depletion than are warmwater .species. " 'According to the

American Fisheries Society (1978), the term "coolwater fishes" is not vigor-

ously defined, but it refers generally to those species which are distributed

by temperature preference between the "coldwater" salmonid communities to the

north and the more diverse, often centrarchid-dominated “warmwater” assem~




_blages ‘to the south. Many states héve'_mgcg“'sirjngent dissolved oxygen

standards for colder waters,'wété#ﬁ'that‘contanﬁ'either salmonids, nonsalmonid
coolwater fish, or the sensitive centrarchid, the smallmouth bass. .

) - The research and sociological emphasis for dissolved oxygen has been
.. biased towards fish, especially the more economically important species- in the
family Salmonidae. Several authors (Doudoroff and -Shumway, .1970;. Davis,
1975a,b) have discussed this bias in considerable - detail. and have drawn
similar conclusions regarding the effects of low.dissolved oxygen on fresh-
water invertebrates. - Doudoroff and Shumway (1970) stated that although some
‘invertebrate species are .about as- sensitive as the moderately susceptible
fishes, all invertebrate species need not be protected in order to protect the
food source for fisheries because many invertebrate species, inherently more
tolerant than fish, would increase in abundance. Davis (1975a,b) also
~ concluded that jnvertebrate species would probably be adequately protected if
the fish populations are protected.. He stated that the ‘composition of
invertebrate communities may shift to.more tolerant forms selected from the
resident community .or recruited from outside the community. In general,
stream invertebrates that are ‘requisite riffle-dwellers probably have a higher
dissolved oxygen requirement than other aquatic invertebrates. The riffle.
habitat maximizes .the potential dissolved oxygen flux to organisms living in.
the high. water velocity by rapidly replacing the -water in the immediate .
vicinity. of. the organisms. This may be especially -important for orgahisms
that .exist clinging to submerged substrate in the riffles. 1In the absence of.
data to the contrary, EPA will follow the assumption that a dissolved oxygen -
_ criterion protective of fish will be adequate. N o
" ‘One’ of the most difficult problems faced during this attempt .to gather,
interpret, assimilate, and generalize the scientific data base for dissolved

- -oxygen effects on Tish has been the variability in test conditions used by-

investigators.  Some toxicological methods for. measuring the effects of -
chemicals on aquatic life have been standardized for nearly 40 years; this has
_not been true of dissolved oxygen ‘research. Acute .lethality tesis. with
" “dissolved oxygen vary in the extreme with respect to types of exposure
(constant vs. ~declining), duration of- exposure (a few hours vs. a week or
more), - type of endpoint (death vs. Tloss of “equi
control (nitrogen stripping vs. vacuum degassing), and type of exposure
chamber (open to the atmosphere ‘vs. sealed). In addition there are the normal
sources of variability that influence standardized toxicity tests, including
‘seasonal differences in the condition of test fish, acclimation or lack of
acclimation to test conditions, ;type and level of feeding, test temperature,
age of test fish, and stresses due to .test conditions. Chronic toxicity tests
are typically of two types, full 1ife cycle tests or early life stage tests.
These have come to be rather rigorously standardized and are essential to the
toxic chemical criteria established by EPA. These tests routinely are assumed
to include the most sensitive life stage, and the criteria then presume .to .
protect all 1life stages. With dissolved oxygen research, very few tests would
be considered legitimate chronic testis; either they fail to. include a full
1ife cycle, they fail to include both embryo. and larval stages, or they fail
to include an adequate period of post-larval feeding and growth. S

1ibrium), type of oxygen-



. .Instead of.establishing yea}-roﬁnd criteria to protect all lifé'stages,
it may be possible to establish seasonal criteria based on the life stages

present. Thus, special early life stage'crjteria'are routinely accepted for:

Such présance/absence data must be more site-specific than national in scope,-

50 that temperature, habitat, or calendar specifications are not possible in
this. document. In thHe -absence of such site~specific determinations " the
default criteria would be those that would protect all 1ife stages year-round;
this is consistent with the present format’ for toxic chemical criteria.

II. S.a]mbhids'

The effects of various dissolved oxygen'concentrat'ioﬁs-_onAthe well-being
of aquatié organisms have been studied more extensively for fish of the family

Salmonidae - (which - includes the genera Coregonus, - Oncorhynchus, - Prosopium,
Salmo, Salvelinus, Stenodus, and ThymalTus) tﬁan:.or‘:any other -family of'

organisms. Nearly.all these studjes ave ‘been conducted under labaratory

conditions, simplifying cause and effect analysis, but minimizing or eliminat-
ing potentially important environmental factors, such as physical and chemical

stresses associated . with -suboptimal water- quality, as well as competition,’

behavior, . and other related activities. "Most . laboratery stydies on the
effects - of dissolved- oxygen concentrations on salmonids ' have emphasized
growth, physiology, " or embryonic development. - Other studies have described
-acute Jethality or the effects of dissolved oxygen concentration.on swimming
performance. . o o e PR c :

A. »Phxsio"ldgz -

Many studies have reported a wide variety of physiological responses to
low dissolved- oxygen .concentrations. Usually, these investigations were .of
short duration, . measuring cardiovascular  and metabolic -alterations resulting
Trom hypoxic exposures of relatively rapid onset. Whileé these data provide
only minimal guidance for establishing environmentally acceptable dissolved
oxygen concentrations, they do provide considerable insight into the mechan-
isms responsible for the overall effects observed in the entiré organism. For
example, 'a good correlation .exists between oxygen dissociation curves for
rainbow trout- blood - (Cameron, 1971) and curves depicting the reduction in
growth of salmonids (Brett and Blackburn, 1981; Warren et al., 1973) and the
reduction 1in swimming ability of salmonids (Davis et al., 1963). These
correlations indicate that the: blood's reduced oxygen loading capacity at
lower dissolved oxygen concentrations 1imits the ‘amount of oxygen delivered to

the tissues, restricting the ability of fish to maximize metabolic perform-.

ance.

. In general, the ‘significance . of ‘mét'abolic’and ph‘ys'idlog'i'cal' studies on
the establishment of dissolved oxygen criteria.must be.indirect, because their

‘applicability to. environmentally acceptable dissolved oxygen concentrations -

requires greater extrapolation and more assumptions than those required for
data on growth, swimming, and _survival._ . :
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B. Acute Lethal Concentrations’

Doudoroff and Shumway (1970) gummarized studies on lethal concentrations
of dissolved oxygen for calmonids; analysis of these data indicates that the
test procedures were highly variable, differing in duration, exposure regime,
and reported endpoints.’ Only in a few cases could.a 96~hr LC50 be calculated.
MortaIity]or loss of equilibrium usually oécurred at concentrations between 1
and.3 mg/1. ’ ; ' : '

Mortality of brook trout has occurred in. less than one hour at 10°C at
dissolved oxygen concentrations below 1.2 mg/1, and no fish survived exposure
at or below 1.5 mg/1 for 10 hours (Shepard,'1955). Lethal dissolved oxygen
concentrations jncrease .at higher water. temperatures and longer exposures..-A
3.5 hr exposure killed 211 trout at 1.1 and 1.6 mg/1 at 10 and 20°C, respec-
‘tively (Downing and Merkens, 1957). A 3.5-day exposure killed all trout at-
1.3 and 2.4 mg/1 at 10 and 20°C, respectively. The corresponding no-mortality
levels were 1.9 and 2.7 mg/1. The difference between dissolved oxygen
concentrations causing total mortality and those allowing complete. survival
was about 0.5 mg/1 when exposure duration was less than one week. If the
period of exposure to low dissolved oxygen concentrations is limited to less .
“than 3.5 days, concentrations of dissolved oxygen of .3 mg/1 or higher should
produce no direct mortality of salmonids. : c ’

More recent studies ‘confirm these lethal levels in chronic tests with
_early life stages of salmonids (Siefert et al., 1974 siefert and Spoor, 1973;
Brooke and -Colby, 1980); although studies- with lake trout (Carlson and .
siefert, 1974) indicate that 4.5 mg/1-is lethal -at 10°C (perhaps a marginally

acceptab]e temperature for embryonic lake trout). .
C. - Growth ' |

~ Growth of salmonids is most susceptible to- the effects of low dissolved .
oxygen concentrations when: the metabolic demands or- opportunities are great-
est. This is demonstrated by the greater sensitivity of growth -to low
‘dissolved oxygen concentrations. when temperatures are high and food most
plentiful (Warren et al., 1973). A total of more .than 30 -growth tests have
been reported by Herrmann et al. :(1962), Fisher (1963), Warren'et al. (1973),
Brett and Blackburn (1981), and Spoor (1981). Results of these tests:are not
easily compared because the tests encompass a wide range of species, tempera-
_tures, food types, and fish sizes. .These factors produced a variety of
control growth rates which, when combined with a wide range of test durations.
and fish numbers, resulted in an array of statistically diverse test results.

The results from most. of these 30-plus tests were. converted to growth
rate data for fish exposed to’ low ‘dissolved oxygen concentrations and were
compared to control growth rates by curve-fitting procedures (JRB Associates;
1984). Estimates of .growth rate reductions were similar regardless of the

type of curve employed, but the quadratic model was judged to be superior and
was used in the growth rate analyses. contained in this document. . The apparent
relative sensitivity of. each "species to. dissolved oxygen depletion may be
jnfluenced by fish size, test duration, temperature, and diet. Growth rate
data (Table 1) from these tests with salmon and trout fed unrestricted ratjons
indjcated median growth rate reductions of 7, 14, and 25 percent for fish held
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at 6, 5; and 4 mg/, respectively tJRB Associates, 1984). However,'median
growth rate reductions for the various species ranged from 4 to 9 percent at &
mg/1, 11 to 17 percent at 5 mg/1, and 21 to 29 percent at 4 mg/1.

Table 1. PEPCEnt‘reductiOn in growth rate of salmonids at various dissolved

oxygen concentrations expressed as the median value from n tests

" with each species (calculated from JRB Associates, 1984).

o Species (number of tests)
Dissolved ' :

Oxygen Chinook Coho - -~ Sockeye Rainbow Brown Lake
{mg/1) ~ Salmon (6) ‘Salmon.(12) Salmon (1) Trout (2) Trout (1) Trout. (2)
9 0o 0 0 0 0. 0
8" 0 0 0 1 0 0.
7 1 1. 2 ‘5 1 2
6 7 4 g 9 6 7
5 16 : 11 ‘ 12 K 17 13 16
4 29 21 22 25 . 23 29
3 47 7 33 37 - 36 47
Median Lo L o : o
Temp. (°C) 5 s 5 12 - L1200 12

ﬁ Considering the Vafiability‘ inherent 1in - growth : studies,” the apparent
reductions in growth rate sometimes seen above 6 mg/1 are not usually statist-
ically significant. The reductions in growth rate occurring at_dissolved

oXygen concentrations below about 4 mg/1 should be considered severe; between .

4 mg/1 and the threshold of effect, which variably appears to be. between -6 and
10 mg/1 “in individual tests, the effect on growth rate is moderate to slight
if the exposures are sufficiently Tong. = - k ' e

Within .the growth data presented by Warren et al. (1973), the greatest
effects and highest thresholds of effect occurred at high temperatures (17.8
to 21.7°C). In two tests. conducted at about 8.5°C, the growth rate reduction
at 4 mg/1 of dissolved oxygen averaged 12 percent. Thus, even at the maximum

feeding Tevels in these tests, dissolved oxygen levels down to § mg[1vprobab1y ‘

have little effect on growth rate at temperatires below 10°C. .

Growth data from War;en'eﬁ al.-(1973)-iné1uded chinook salmon‘tesf§

conducted at various temperatures.’ These data-(Table 2) indicated that growth
‘tests conducted at 10-15°C would underestimate the effects of low dissolved
oxygen concentrations . at higher temperatures by a significant margin. For

example, at 5 mg/1 growth was not affected at 13°C but was reduced ‘by 34

percent if temperatures were as high -as 20°C. ' Examination of the test'

temperatures “associated with the growth rate reductions listed in Table 1
shows that most data represent temperatures -between 12 and 15°C. . At the
higher temperatures often associated with Tow dissolved oxygen concentrations,

‘the growth rate reducfions“woulduhave been greater if ‘the generalizations of
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the chinook salmon data are applicable to salmonids in general. .Coho salmon
growth studies (Warren et al., 1873) showed. & 5imilar result over a range of
temperatures from 9 to 18°C, but the trend was reversed in two tests near 22°C
(Table 3). Except for the 22°C coho tests, the coho and chinook -salmon
results support the idea that effects of low dissolved oxygen become .more
- gevere ‘at higher temperatures. This' conclusion is supported by data on
largemouth- bass (to be discussed later) and by the increase in metabolic rate

produced by high temperatures. .-

Table 2. Influence of témperature on:grbwth rate of chinook salmon held at
various dissolved oxygen concentrations (calculated from Wirren et
al., 1973; JRB Associates, 1984). : S

Dissolved _ o Percent Reduction in Growth Rate at

Oxygen e -
-(mg/1) g.4°C ~ 13.0°C, ~ 13.2°C .17:8°¢ - 18.6°C ~  21.7°C
9 0 0 0 0 0 0
8. 0 0 0 0 "2 0
7 . 0 0 4 » 0 . 8 2
6 0 0 8 5 - 19 .4
5 . 0 0 16 - 16 34 34
4 7 4 25 - 33 53 65

3 26 22

3% 57 T 100

' Table'B: Influence of. temperature -on growth rate of coho salmon held at
various dissolved oxygen concentrations (calculated from Warren et
. al., 1973; JRB Associates, 1984). B o L

‘Dissolved ) . Percent Reduction in Growth Rate at

Oxygen . — . :
(mg/1) 8.6°C 12.9°C .  13.0°C 18.0°C 21.6°C 21.8°C .
10 0 0 ' 0 0 0 0
g 0 0 . o . . 5 0 0
8 .0 1 "2 : 10 0 0
7 1 4 6 - 17. 0 6
6 4 10 13 27 0. 1
5 9 18 " 23 . 38 0 7
4 17 29 36 51 4 19
3 28 6 37

42 51 67

- Effects of dissolved oxygen concentration on the growth rate of- salmonids
fed restricted rations have been less intensively investigated. Thatcher
(1974) conducted a ceries of tests with coho salmon at 15°C over a wide range
of food consumption rates at 3, 5, and 8 mg/l of dissolved oxygen. The only
significant reduction in growth rate was observed at 3 mg/1 and food consump-

7




tion rates greater than about 70 percent of maximum. . In these studies',
Thatcher noted that fish at 5 mg/1 appeared to expend less energy in swimmi ng
activity than those at 8 mg/1. 1In natural conditions, where fish may he
rewarded for energy expended defending preferred territory or searching for

food, a dissolved oxygen concentration of 5 .mg/1 may restrict these activ- .

ities.

The effect of forced activity and dissolved oxygen concentration on the
growth of coho salmon was studied by Hutchins (1974). The growth rates of
salmon fed to repletion at a dissolved oxygen concentration of 3 mg/1 and held.

at.current velocities of 8.5 and 20 cm/sec were reduced by 20 and 65 percent,
respectively. At 5 mg/1, no reduction of growth rate was seen at’'the slower
velocity, but a 15 percent decrease occurred at the higher velocity.

The effects of various dissolved oxygen concentrations on. the grawth rate’
of coho salmon (~ 5 cm long) in laboratory streams with an average current

velocity of 12 cm/sec have been reported by Warren et al. (1973). 1In this
series of nine tests,.salmon consumed aquatic. invertebrates 1iving in the
streams. -Results ‘at temperatures from 9.5° to 15.5°C supported the results of

earlier 1laboratory studies;. at higher growth rates (40 to 50 mg/g/day), -

dissolved oxygen levels below 5 mg/1 reduced growth rate, but at lower growth
ra';?s (0. to 20 mg/g/day), no effects were seen at concentrations down ‘to 3
mg/1. ‘

' The app]fc.abi 1ity of these growth data from 'Iabérato_r_y Jtes'ts'depends 6n

the available food and required activity in natural situations. Obviously,

these -factors will be highly variable depending. on duration of exposure,
growth - rate, species, habitat, season, and size 'of fish. However, unless
effects of these variables are examined for the site in question, the labora-

tory results should be used. The attainment of critical size is vital to the-

smolting of anadromous salmonids and may be important for all salmonids if

size-related transition to feeding on larger or more diverse food organisms is
an advantage. In the absence of more.definitive site-specific, species-

specific growth data, the data summary in Tables 1, 2, and 3 represent the -

best estimates of the .effects of dissolved ‘oxygen concentration on  the
potential growth of salmonid fish. ' - :

b. . Regroduction.

No studies were found that désci-.ibed the effects of low dissolved oxygen
on the reproduction, fertility, or fecundity of salmonid fish.

E. Early Life Stages

Determining the dissolved oxygen requirements for salmonids, many of
which have embryonic and larval stages that develop while buried ir the gravel
of streams and lakes, is complicated by complex relationships between' the
dissolved oxygen supplies in the gravel and the overlying water.” The dis-
solved oxygen supply of embryos and larvae can be depleted even when the

. dissolved. oxygen concentration .in the .overlying body of water is otherwise

acceptable. Intergravel. dissolved oxygen is dependent . upon the balance

" between the combined: r‘espir‘ation‘of gravel-dwelling organisms, from bacteria
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to fish embryos, and the rate gf.di§so1ved oxygen supp\y,‘which js depéndent
upon rates of ~water perco\ation'and_convection,_and dissolved oxygen qif-

-« fusion.

Water flow past salmdnid eggs influences ‘the dissolved oxygen supply to -
the microenvironment surrounding each egg. Regardless of dissolved oxygen
concentration in the gravel, flow rates below 100 cm/hr directly influence the.

- oxygen -supply” in the microenvironment and hence the size at hatch of salmonid

fish. At dissolved oxygen levels below 6 mg/1 the time from fertilization to
hazc? is longer as water flow-decredses (Silver et al., 1963;. Shumway et al.,
1963). . : : _ .

The . dissolved oxygen. requirements for Qro&th of"éa1monid embryos . and -
larvae have not been shown to differ appreciably from those of older sal-
monids. Under conditions of adequate water flow (2100 cm/hr), the weight.

* attained by salmon and trout larvae prior to feeding (swimup) 15 decreased

less than 10 percent by continuous exposure 1o concentrations down to 3 mg/1
(Brannon, 1965; Chapman and Shumway, 1978). The considerab1e.deve1opmenta1
delay which occurs at low dissolved oxygén conditions could have .survival and
growth implications if the time of emergence-from‘grave1, or first feeding, .is
critically related to the presence of specific food organisms, stream flow, or
other factors (Carlson and Siefert, 1974; siefert. and. Spoor, 1974). Effects
of low dissolved oxygen on early life stages are probably most significant
during later embryonic development when critical dissolved oxygen concentra-

tions are highest (Alderdice et al., 1958) and during the first few months'.‘

post-hatch when growth rates are usually highest. The latter authors-studied
the effects .of ~7-day exposure of ' embryos to low dissolved oxygen at various
stages during incubation at otherwise high dissolved oxygen concentrations.
They found no effect of 7-day exposure at concentrations above 2 mg/1 (at =

water flow of 85 cm/hr).

Embryos of mountain whitefish suffered severe mortality at a mean
dissolved oxygen concentration of 3.3 mg/1 (2.8 mg/1 minimum) and some
reduction in survival was noted at 4.6 mg/1 (3.8 mg/1 minimum); at 4.6 mg/l,
hatching was delayed by 1 to 2 weeks (Sieffert et al., 1974). Delayed

_hatching resulted in poorer. growth at the end of the test, even at dissolved-

oxygen concentrations of 6 mg/1.

Evaluating ‘jntergravel dissolved’ oxygen concentrations is “difficult
because of the great spatial and temporal variability produced by differences

in. stream flow, bottom topography, and gravel composition. Even within the
same redd, dissolved oxygen concentrations. can vary by 5 or 6 mg/1 at a given .

time (Koski, 1965). Over several months, Koski - repeatedly ‘measured the’
dissolved oxygen'COncentrations in over 30 coho salmon redds and the overlying
stream water in three small, forested (unlogged) watersheds. The.results of
these measurements jndicated that the average jptraredd dissolved oxygen
concentration was about 2 mg/1 below that of the overlying water. The minimum
concentnations'meaSured in the redds averaged about 3 mg/%t below those of the
overlying water and probably occurred during the latter period of intergravel
development when water temperatures were warmer, larvae larger, and overlying
d4issolved oxygen concentrations lower. - ’




Coble (1961) ‘buried steelhead trout eggs _in streambed gravel, monitored

. nhearby intergravel dissolved oxygen and ‘water ‘velocity, and noted embryo
survival. There was a positive correlation betweer dissolved oxygen concen-
tration, water velocity, and embryo survival. Survival ranged from 16 to 26
percent whenever mean intergravel dissolved oxygen concentrations were below 6
mg/1 or velocities were below 20 cm/hr; at  dissolved oxygen concentrations

above 6 mg/1 and ve.'locit'les over 20 cm/hr, survival ranged from 36 to 62

intergravel waters averaged about 5 mg/1 " as compared to .the 2 mg/1 average
reduction. observed by Koski (1965) in the same stream. . One explanation for .

the different results is ~that the intergravel water flow may have been hi gher
in the natural pedds. studied by Koski. (not_determined) than in the artificial
redds of Coble's investigation. - Also, the density of eggs near the sampling
point may have been greater in Coble's simulated .redds- ’ - ‘

A study of .dissolved oxygen concentrations in brook trout redds was
conducted in Pennsy'lvam‘a,»(Ho'l‘lander., "1881). Brook trout generally prefer
areas of groundwater upwelling for spawning sites (Witzel and MacCrimmon,
1983). Dissolved oxygen and temperature data offer no indication:of ground-
water flow in Hollender's study areas, -however, so that differences between .
water .column and intergravel dissolved oxygen concentrations probably repre-
sent intergravel di ssolved‘oxygen depletion. Mean dissolved oxygen concentra-’
tions in.redds averaged 2.1, 2.8, and 3.7 mg/liter less than the surface water
in the three portions of the study. . Considerable "variation of intergravel.

dissolved oxygen concentration was observed between redds and within'a'single
redd. - Variation from one year to another suggested that dissolved oxygen:
concentrations will show. greater intergravel depletion during years of low
water flow. R o v ' o

. Until more data are available, the dissolved oxygen concentration in the.

intergravel environment shoild be considered to be-at least 3'mg/1 lower than "

the oxygen concentration in the overlying water. The 3 mg/1 differential is
assumed in the criteria, since it reasonably represents the only two available
studies based on observations in natural redds (Koski, 1965; Hollender, 1981).
When siltation loads are high, such as in logged“or’ag‘ricu]tura]-watersheds,
lower water velocity. within the gravel could additionally reduce dissolved
oxXygen concentrations around the. eggs. . 1If eitheér greater or lesser differen-
tials are known or expected, the criteria should be altered accordingly.’

F. Behavior
. Ability of chinook and coho salmon to detect and ‘avoid abrupt, differences
in dissolved oxygen concentrations was demonstrated by Whitmore et al. (1960).
In laboratory troughs, both species showed strong preference for oxygen levels
of 9 'mg/1 or higher over those near 1.5 mg/1; moderate selection against 3.0
mg/1 was common and -selection against 4.5 and 6.0 mg/1 was sometimes detected.

The response of young Atlantic salmon and brown trout to Tow dissolved

oXygen depended on . their age; larvae were apparently unable to detect and .

avoid water of low dissolved oxygen concentration, but fry 6-16 weeks of age:
showed a marked -avoidance. of concentrations up to 4 mg/1 (Bishai, 1962).

- 0lder fry (26 weeks of age) showed avoidance of concentrations up to"‘3 mg/1.
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In a recent study of: the rainbow trout.sport fishery of Lake Taneycomo,
Missouri, Weithman and Haas (1984) have reported that reductions in minimum
daily dissolved oxygen concentrations below 6 mg/1 are related to a decrease
in the harvest rate of ‘rainbow trout from the lake. Their data suggest that
Jowering the daily minimum from 6 mg/1 to 5, 4, and 3 mg/1 reduces the harvest
rate by 20, 40, and 60 percent, respectively. The authors hypothesized that
the reduced catch was a result of reduction in feeding activity. This mechan-
jsm of actien is consistent with Thatcher's (1974) observation -of “Tower
activity of coho salmon at 5-mg/1 in laboratory growth- studies and the finding
of Warren et al. (1973) that growth impairment produced by low dissolved
. oxygen appears to be primarily a function of lower food intake. o

A three-year study of a fishery on planted. rainbow -trout was published by’
Heimer (1984).. This study found that the catch of planted trout ‘increased
during periods of Tlow dissolved oxygen in American Falls reservoir:; on the
Snake River in Idaho. The author concluded that the fish avoided areas of low
_ dis§o1ved oxygen and high temperature arid the increased catch rate was a

result of the fish concentrating in areas of more suitable oxygen supply and
temperature. - : ' : o :

G.  Swimming

Effects of dissolved oxygen concentrations on swimming have been demon- - .

strated by Davis et al. (1963). In their studies, the maximum sustained
swimming speeds (in the range of 30 to 45 cm/sec) of juvenile coho saimon were
reduced by 8.4, 12.7, and 19.9 percent at dissolved oxygen concentrations of
6, 5, and 4 mg/1, respectively. - Over a. temperature range from 10 to 20°C,

‘effects were. slightly more severe at cooler temperatures. dJones (1971) -
reported 30 and 43 percent reductions of maximal swimming speed of rainbow
trout at dissolved oxygen concentrations of 5.1 {14°C) and 3.8 (22°C) mg/1,
respectively. At Jower swimming speeds (2 to 4 cm/sec), coho -and chinook
salmon at 20°C were generally able to swim for 24 hours at dissolved oxygen
concentrations of 3 mg/1 and above (Katz et al., 1958). Thus, the signif-
jcance of lower dissolved oxygen concentrations on swimming depends on the.
level of swimming performance required for the survival, growth, and reproduc-
tion. of §a1monids._.Fai1ure to escape from predation or to negotiate a swift
portion of a spawning migration route.may be considéred an indirect tethal’
effect and, in this regard, reductions of maximum swimming performance can be
very important.. With these exceptions, moderate levels of swimming activity .
required by salmonids are apparently 1little affected by concentrations of
dissolved ‘oxygen that are otherwise acceptable for growth and reproduction.

~ H. Field Studies

Field studies -of . salmonid populations ‘are almost non-existent with
.respect to effects of dissolved oxygen conqentrations. Some 'of the systems
studied by El1is -(1937) contained trout, but of those river systems in which
trout.or other salmonids were most 1ikely (Columbia River and Upper Missouri
River) no stations were reported with dissolved oxygen concentrations betow 5

mg/1, and 90 percent of the values eéxceeded 7 mg/1. :




-

III.. Non-Salmonids

The amount of data describing effects of low dissolved oxygen on non-
salmonid fish is more limited than that for salmonids, yet must cover.a group
of fish with much greater taxonomic and physiological variability. - Salmonid
criteria must provide -for the protection and propagation of 38 species in 7

closely related genera; the non-salmonid criteria must provide for the protec-
tion and: propagation of some 600 freshwater -species in over '40- diverse

taxonomic familjes. Consequently, the‘need for ‘subjective technical Judgment.

- is greater for the non-salmonids. .

. Many of the fecent,‘most.pehtinehi data have been bbtained-for'severaf_
species of Centrarchidae (sunfish), northern Pike, channel catfish, and the

fathead minnow. These data demonstrate that the larval stage is generally the

. most sensitive life stage. Lethal effects on larvae have been observed. at
dissolved ' oxygen ~concentrations ‘that may only . slightly affect .growth of

Juveniles of the same species. R : : o .

A. Phxsio]ogx

Several studies of  the relationship between low dissolved oxygen toﬁcen-
trations and resting oxygen consumption rate constitute the bulk of the

physiological data relating to the effect of hypoxia on nonsalmonid fish. A -

reduction . in the resting metabolic rate of .fish is generally beiieved to
represent a marked decrease in the scope for growth and activity, a net
decrease in.the supply of oxygen to the tissues, and -perhaps a partial shift
to anaercbic energy sources. . The - dissolved oxygen concentration at. which
reduction in resting metabolic rate first appears “is termed the critical
oxygen concentration. ) I N IR : o
Studies with brown bullhead (Grigg, 1969), largemouth bass (Cech et al.,
1979), and goldfish.and carp (Beamish, 1964), produced estimates of critical

disso]ved,oxygen,concentrations.for these species.  For largemouth bass,. the.

* critical dissolved oxygen concentrations were 2.8 mg/1 at 30°C, < 2.6 mg/1 at
25°C, and < 2.3 mg/1 at 20°C. . For brown bullheads the critical- concentration
was about 4 mg/1. Carp displayed Critica1'oxygenrconcentnatiQns;near 3.4 and
2.9 mg/1 -at 10 and 20°C, respectively, and goldfish cniticé]'concentrations of
dissolved oxygen were about 1.8 and 3.5 mg/1 at 10 and ZOQC;‘respeptiVe]y.#_A
general summary of these data suggest critical dissolved oxygen concentrations
between 2 and 4 mg/1, with higher'temperatures usually causing higher critical
concentrations. ' : S T L .

Critical evaluation of the data of Beamish (1964) suggest that the first
sign of hypoxic stress is not ‘the decrease in oxygen consumption, but rather
an increase, perhaps as a result of metabolic cost of passing an increased
ventilation volume over the gills. These increases were seen in carp at 5.8
mg/1 at 20°C and at 4.2 mg/1 at 0°c. . DA ‘ : o

B.  Acute Lethal Conééﬁtfations'}

‘Based on the sparse data base: describing acute effects: of low dissolved

oxXygen concentrations  on nonsalmonids, many non-salmonids appear to be

.considerably less sensitive than salmonids. Except for larval forms, no
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non-salmonids appear, to be more ‘sensitive  than salmonids. Spoor (1977)

.observed lethality of largemouth bass larvae at a dissolved oxygen concenira-
tion of 2.5 mg/1 after only a 3-hr exposure. Generally, adults and, juveniles
of all species studied survive for at least a few hours at concentrations of
. dissolved oxygen as low as 3 mg/1. In most cases, no mortality results from
* acute exposures to 3 mg/1 for the 24- to 96-h duration of the acute tests.
Some non-salmonid fish appear to be able to survive a several-day exposure to
concentrations below 1 mg/1 (Moss and Scott, 1961; Downing and Merkens, 1857),
_put so little is known about the latent effects of such exposure that short-
term survival cannot now be used as' an indication of ‘acceptable dissolved,
oxygeh concentrations.. In addition to the unknown latent effects of -exposure
to very low dissolved oxygen concentrations, there are no data on the effects’
of repeated short-term exposures. Most importantly, data on the tolerance to
low dissolved oxygen concentrations are available for only a few. of ‘the
numerous species of non-salmonid fish. -

. €. Growth ' .

. Stewart et al. (1967) conducted several growth studies with juvenile
largemouth bass and observed reduced growth at 5.9 -mg/1 and lower concentra-
tions. Five of six experiments jncluded dissolved oxygen concentrations
between- 5 and 6 mg/1; dissolved oxygen concentrations of 5.1 and 5.4 mg/1
produced reductions in growth” rate of .20 and 14 percent, respectively, but -~

concentrations of 5.8 and 5.9 mg/1 had essentially no effect on growth. The .

efficiency of food - conversion was not reduced until dissolved oXygen -concen-
. trations were- much lower, indicating that decreased ‘food consumption was the
primary cause of reduced growth. . ' S

. When channel catfish fingerilings ‘held at 8, .5, and 3 mg/). were fed as
much as they could eat in three daily feedings, there were significant
reductions in feeding and weight gain (22 percent) after a 6 week exposure_ to
5 mg/1 (Andrews et al., 1973). At a lower feeding rate, growth aftér 14 weeks
was reduced -only at 3 mg/V. Fish exposed to. 3 mg/] swam lethargically, fed-.
poorly and had reduced response to loud noises. Raible (1975) ‘exposed channel -

catfish to several dissolved oxygen concentrations .for up to 177 days.and
observed a graded reduction in growth at'qach.concentration below 6 mg/l.
However, ‘the growth pattern for 6.8 mg/1 was comparable to that at 5.4 mg/1.
He concluded that each mg/1 increase in dissolved oxygen concentrations’

_ between 3 and 6 mg/1 increased growth by 10 to 13 percent.

Carlson et al. (1980). studied  the effect of dissolved oxygen concentra= -
tion-on the growth of juvénile channel catfish and yellow perch. Over periods
of about 10 weeks, weight gain of channel catfish was lower than that of
control fish by 14, 39, and 54 percent at dissolved oxygen concentrations of
5.0, 3.4, and 2.1.mg/1, respectively. These differences were' produced by
decreases .in growth rate of 5, 18, and 23 percent (JRB Associates, 1984),
pointing.out the importance of differentiating between effects on weight-gain .
and effects on growth rate. When of sufficient duration, small reductions in

growth rate can have large effects on relative weight gain. Conversely, large’
effects on growth rate may have little effect on annual weight gain if they

occur only over a small proportion of the -annual growth period. Yellow perch

cppeared to be more ‘tolerant to low dissolved oxygen concentrations, with

reductions in weight gain of 2, 4, and 30 percent at dissolved oxygen concen-

‘trations of 4.9, 3.5, and 2.1 mg/1, respectively. T .

. R
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Figure 1. Effect of continuous exposure to various mean dissolved oxygen

concentrations ‘on survival.of embryonic and-larval stages of eight
species of nonsalmonid fish. Minima recorded in these ‘tests

averaged about»0.3‘mg/‘l below the mean concentrations. . P




. The data of Stewart et al. (1967), Carison-et al. (1980), and Adelman and
- Smith (1972) were analyzed- to determine the relationship between growth rate
. and ' dissolved oxygen concentration (JRB. Associates, 1984). - Yellow ‘perch
appeared to be very resistant to influences of low dissolved oxygen concentra-
tions, dorthern pike may be about as sensitive as salmonids, while Yargemouth
bass and channel catfish are intermediate in their response (Table 4). The
- growth rate relations modeled from Adelman-and Smith are based on only four
data points, with none in the critical dissolved oxygen region from 3 to 5
mg/1. - Nevertheless, these growth data for porthern pike are the best avail-
able for nonsalmonid coldwater fish. Adelman and Smith observed ahout a 65
percent reduction in growth of juvenile northern pike after 6-7 weeks at
dissolved oxygen concentrations of 1.7 and 2.6 mg/1. At the next higher

concentration (5.4_mg/1), growth was reduced 5 percent.

Table 4. Percent reduction in growth rate of some nonsalmonid fish held at
various dissolved oxygen concentrations expressed as the median
value from n tests with each species (calculated: from JRB
Associates, 1984). .

Species (number of -tests).

Dissolved

Oxygen Northern © " Largemouth . Channel Yellow
(mg/1) Pike (1) Bass (6) Catfish (1) ' Perch &)
9 0 -0 0 0

8 1 0 0 - 0 -
7 4 (I 1 0
6 9 . 0 3. 0
5 16 1 7 0
4 25 9 13 o -
3. 35 17 20 7
2 -- 51 29 22
Median ' : :
- Temp (°C) 19 26 25 .20

Brake (1972) conducted a series of studies on juvenile largemouth bass in
two artificial ponds to determine the effect of reduced dissolved oxygen
concentration on consumption of mosquitofish and growth during ‘10 2-week
. exposures. The dissolved oxygen in the control pond was maintained near

air-saturation (8.3 to 10.4 mg/1) and the other pond contained mean dissolved
- oxygen concentrations from 4.0 to 6.0 mg/1 depending upon the individual test.’
The temperature, held near the same level in both ponds for each test, ranged
from 13 to .27°C. Food - consumption and growth rates of the juvenile bass,
maintained on moderate densities of. forage fish, increased with temperature
and decreased at-the reduced dissolved oxygen concentrations excepi at 13°C.
Exposure to that temperature probably slowed metabolic processes of the bass -
so much that their total. metabolic rates were not Jimited by dissolved oxygen

' .except at very low concentrations. These largemouth bass studies clearly

support the jdea that higher temperatures exacerbate the adverse effects of
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low. dissolved oxygen on. the  growth rate of fish (Table 5). ' Comparisons of °

Brake's pand studies with the laboratory growth studies of Stewart et al.
(1967) suggest that laboratory growth studies may significantly underestimate
the adverse effect of low dissoived oxygen on Tish growth. . Stewart's six

studies with Targemouth bass are summarized in Table 4 and Brake's data are.
presented’ in Table 5. A1l of Stewart's tests were conducted at 26°C, about -

the highest temperature in Brake's studies, but comparison of the data show

convincingly that at dissolved oxygen concentrations between 4 and 6 mg/1 the

growth rate of bass in ponds was reduced 17 to 34 percent rather than the 1 to
9 percent seen fn the laboratory studies. These results suggest that the ease
of food capture in laboratory studies may result in underestimating effects of -

Tow dissolved oxygen on growth rates in nature. - R

Tap]e 5. Effect of iemperature 6n the percent reductidn in gfowth rate of

largemouth ‘bass exposed to various dissolved oxygen concentrations

in ponds (after‘Brake,‘1972; JRB Associaté§, 1984).

N ‘Percent Reduction in Growth Rate at
. Temperature

(°c) 4.2%+0.2mg/1 . 4.9 % 0.2 'mg/1 5.8 £ 0.2 mg/1
13.3 I S [ L S
13.6 L et o . - A 7.
16.3 . L e = 718 . , -
16.7 . - : . - - 15
18-1 . ' hatd 19 - . ' -
18.6 == ‘ 34 --

18.7 - 18 - o -
23.3° 26 -- L=
26.7 - . R - R 17
27.4 31 A . -- . -~

Brett and Blackburn (1981) reaha]yzed the growth data previously pub-:
lished by other authors for largemouth bass, carp, and coho salmon .in addition.
to_their own results for young coho and sockeye salmon. They concluded for

all species that above a eritical 1leve] ranging from 4.0 to 4.5 mg/1,
decreases in growth rate and food conversion efficiency were not .statistically
significant in these tests of relatively short duration (6 to 8 weeks) under
the pristine. conditions. of - laboratory testing. EPA ‘believes that a more

accurate estimate of the:dissolved oxygen  concentrations that have no effect.
on growth and a better estimate of concehtration:effect,relationships‘can.be‘_
obtained by curve-fitting procedures (JCB Associates, 1984) and by examining .
these results from a large number of studies. Brett and .Blackburn added an-
additional qualifying statement that it ‘'was not the purpose of their study to

seek evidence on.the acceptable level of dissolved oxygen in nature because of
the problems “of environmental complexity involving all 1ife' stages. and

functions, the riecessary levels of activity to survive in a competitive world,
and the interactionjof:Water quality ,(or Tack of it) with varying dissolved.
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" oxygen concentrations. Their cautious concerp

regarding the extrapolation ta
atory conditions is consistent’

the real world of results obtained under 1abor
with that of numerous investigators. - .

D. Reproduction .

A 1ife-cyc1e3exposuré of the fathead minnow begihning with 1= to-2-month .

- old juveniles was conducted and effects of continuous low dissolved oxygen

concentrations on various life stages. indicated that the most sensitive stage -
was the larval stage (Brungs, -1971). -No spawning occurred at 1 mg/1, and the
number of eggs produced per female was reduced at 2 mg/1 but not.at higher
concentrations. Where spawning -occurred, the percentage hatch of embryas
(81-89 percent) was not affected when the embryos ‘were exposed to the same
concentrations as their parents. Hatching time varied with temperature, which
was not ' controlled, but with decreasing dissolved oxygen concentration: the

average incubation time increased gradually from the normal 5 to nearly 8

. days. Mean larval survival was 6 percent at 3 mg/1 and 25 percent at 4 mg/1.

Mean survival of larvae at 5 mg/1 was 66 percept as compared to 50 percent at

. control dissolved oxygen concentrations. - queVer,'mean'growth of surviving

larvae at'5 mg/1. was about 20 percent lower than' control ‘larval growth. .
Siefert and Herman (1977) . exposed mature black crappies to constant dissolved

_oxygen concentrations from 2.5 mg/1 to saturation and temperatures of 13-20°C.

Number of spawnings; ‘embryo viability, hatching success, -and survival - through
swim-up were similar at all-exposures. . L e

E. . Early Life Stages

"~ Larval * and juvenile non-salmonids are frequently - more sensitive to’
exposures to low dissolved oxygen than are other life -stages. Peterka and
Kent (1976) conducted semi-controlled experiments-at.natural‘spawning sites of
northern pike, bluegill, ‘pumpkinseed, and’ smallmouth ~bass in Minnesota.

_Dissolved .oxygen concentrations were measured 1 and 10 cm from the bottom,

with observations being made on hatching success and survival of embryos, sac
larvae, and, in some instances, larvae. Controlled exposure for up to 8 hours
was performed in situ 5h small.chambers with the dissolved oxygen controlled

"’ by nitrogen- stripping. . For all species tested, . tolerancé to short-term.
. exposure ' 'to low. concentrations decreased from embryonic to- larval ‘stages.

Eight-hour exposure of embryos and larvae of northern pike to dissolved oxygen

concentrations caused no mortality of embryos at 0.6 mg/1 but was 100 percent’
lethal to sac-larvae and larvae. The most sensitive stage, the larval stage,

suffered complete mortality following 8 -hours at 1.6 mg/1; ‘the next higher

concentration, 4 mg/1,. produced RO mortality. Smallmouth bass were at least

as sensitive, with nearly complete mortality of sac-larvae resulting from

6-hour exposure to 2.2 mg/1, but no mortality occurred after: exposure to 4.2 .
mg/1. Early life stages of bluegill were more .hardy, with embryos tolerating
4-hour exposure to 0.5 mg/1, a concentration lethal to sac-larvae; sac-larvae’
survived similar exposure to 1.8 mg/1, however. Because the most sensitive
stage .of ngrthern'pike.was the later larval stage, and because the younger
sac-larval stages of smallmouth bass and bluegill were the oldest stages
tested, the tests with these latter species may not have included the most
sensitive stage. Based on these tests, 4 mg/1 is tojerated, at least briefly,

by northern pike and may be tolerated by smallmouth bass, but concentrations
as high as 2.2 mg/1 are Tethal. - ’
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" Several studies have provided ‘evidence of mortality or other significéﬁt'
damage to young non-salmonids as a result of a few weeks exposure to dissolved

oxygen concentrations in the 3 to 6 mg/1 range. Siefert et al.’ (1973) exposed.

larval northern pike to.various: dissolved oxygen concentrations .at 15 and 19°C
and observed reduced survival at concentrations as high as 2.9 and 3.4 mg/1.
Most of the mortality at these concentrations occurred at the time the larvae
initiated feeding. Apparently the added stress of activity at that time or a
greater oxygen requirement for that 1ife stage was the determining factor.

There was .a marked decrease in growth at concentrations below 3 mg/1.” "In a ...

similar study lasting 20 days, ‘survival of walleye embryos and larvae: was.

reduced -at 3.4 mg/1 (Siefert and. Spgor, 1974), and noné survived at lower =

concentrations. A 20 percent reduction in the. survival of smallmouth bass

embryos and 1larvae occurred at a concentration of 4.4 mg/1 (Siefert et al., -
- 1974) and at 2.5 mg/1 all larvae died in the first 5 days after hatching. At

4.4 mg/1 hatching occurred eariier than in..the contrels and growth among

survivors was reduced. Carlson and Siefert (1974) ‘concluded that concentra-" .
tions from 1.7 %o 6.3 mg/1 ‘reduced the growth of early stages of the large-.

mouth bass by 10 to '20 percent. At concentrations as high as 4.5 mg/1,

hatching was premature and fTeeding was delayed; both factors could indirectly

influence survival, especially if other stresses were to occur simultaneously.
Carlison et al. (1974) also observed that embryos and larvae of channel catfish

are sensitive to low dissolved oxygen during 2- or 3-week exposures. Survival’

at '25°C was slightly reduced at 5 mg/1 and significantly reduced at 4.2 mg/1.
At 28°C survival was slightly reduced at 3.8, 4.6, and 5.4 mg/1; total

mortality occurred at 2.3 mg/1. At all reduced dissolved oxygen concentra- -

tions at both temperatures, embryo pigmentation was lighter, incubation period

was extended, feeding was. delayed, and - growth was reduced. No effect of

dissolved oxygen concentrations as low as 2.5 mg/1 was seen on survival of
. embryonic. and larval black -crappie (Sieffert and Herman, 1977). Other
tolerant species are the white bass’ and the white sucker, both of which
evidenced adverse effect to embryo Tarval exposure only at dissolved oxygen

concentrations of 1.8 and 1.2 mg/1, respectively (Sieffert et al.,’ 1974;

. Sieffert and Spoor, 1974).

" Data (Fighre 1) ﬁn the effects of dis'so'lv"edv"o_"xyg.en' ‘on the survival of
embryonic and larval ‘nonsalmonid fish show some species to be tolerant
(1argemouth bass, white sucker, black crappie, ‘and white bass) and others

nontolerant (channet catfish, walleye, northern pike, smallmouth bass). The -

latter three species are often included with salmonids in a grouping of

sensitive coldwater fish; these data.tend to support ‘that placement.

F. .. Behavior

_ Largemouth bass 1in_laboratory studies. (Whitmore et al., 1960) showed a

slight tendency to avoid concentrations of dissolved oxygen of 3.0 and 4.6

mg/1 and a definite avoidance of 1.5 mg/1. Bluegills avoided a concentration

of 1.5 mg/1 but not higher concentrations. The environmental significance of .

such a response is unknown, but if large areas are deficient in ‘dissolved

oxygen this avoidance would- probably not greatly enhance survival. - Spoor

-(1877) exposed largemouth bass embryos- and larvae to low dissolved oxygen for

brief exposures of a few hours. At 23 to 24°C'and ‘4 to 5 mg/1, the normally:
quiescent, bottom-dwelling. yolk-sac larvae 'be’cam'e very ; active and swam
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“vertically to a -few inches above the substrate. Such behdvior in natural
systems would probably cause significant losses. due to predation and simple
displacement from the nesting area. . : .

. G. '.Swimming'

. Effects of low dissolved oxygen on the swimming performance of largemouth.

bass were studied 'by Katz et al. (1959) and Dahlberg et al. (1968). The
results in the former study were highly dependent upon season-and temperature,
with summer tests at 25°C” finding no effect on continuous swimming for 24 hrs
at 0.8 ft/sec unless dissolved oxygen concentrations fell -below. 2 mg/1. In
the, fall, at 20°C, no fish were able to swim for a day at 2.8 mg/1, and in the
winter and 16° no fish- swam for 24 hours at % mg/1.. These results are
consistent with those seen in salmonids‘in that swimming performance appears
_ to be more sensitive to low dissolved oxygen at lower temperatures.

Dahlberg et al-. (1968) looked at the effect of dissolved oxygen on
maximum swimming speed at temperatures near 25°C. They reported slight
effects (less than 10% reduction in maximum swimming speed) at conceritrations
between 3 and 4.5 mg/1, moderate reduction (16-20%) between 2 and 3 mg/1 and
severe reduction (30-50%) at 1 to 1.5 mg/1. o - .

H. Field Studies

 Elis (1937) reported results of field studies conducted at.982 stations
on freshwater streams and rivers during the months of Jume through September,
1930-1035. During this time, ~numerous determinations of dissoived oxygen
- - concentrations were made. He concluded that 5 mg/1 appeared to be the lowest
 concentration which may reasonably be expected to maintain varied warmwater
fish species in good condition in inland streams. Ell1is (1944) restated his
earlier conclusion ‘and also added'that his study had included the- measurement
of dissolved gxygen concentrations at night and ‘various seasons. ‘He did not
specify the freguency or proport1on_of'diurna1 or seasonal sampling, but the .
mean -number " of samples over the’ 5-year study was about seven samples per:
station. ' . - . | |

Brinley (1944) .discussed a 2-year biological survey of the Ohio River
Basin. ~He concluded that in the zone where dissolved oxygen is between 3 and
5 mg/1 the fish are more abundant than at. lower concentrations; but show .a
téndency to sickness, deformity, and parasitizationg The field results show
that the. concentration of 5 mg/1 seems to represent a general dividing 1ine
between good and bad conditions for fish. . ’

A three-year study of fish populations in the Wisconsin River indicated
ds and centrarchids) constituted a significantly greatéer
proportion of the fish population at sites having mean summer dissolved oxygen

concentrations greater than 5 -mg/1 than at cites averaging below 5 ma/1
(Coble, 1982). The differences could not be related -to any observed habitat
variables other than dissolved oxygen concentration. . )

"These three field studies all jndicate that increases in dissoived oxjgen
concentrations above 5 mg/1 do not produce noteworthy improvements in the
composition, abundance, oOTr condition of nonfsalmonid fish_populations, but
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that sites with dissolved oxygén concentrations -below 5 mg/T have fish
assemblages with increasingly poorer population charactéristics as . the
. dissolved oxygen concentrations become lower. It cannot be stressed too
strongly that these field studies lack definition with respect to the actual
exposure conditions experienced by the resident populations and.the lack of
good estimates for mean and minimum exposure concentrations over various
periods precludes the establishment of numerical criteria based .on these

with the criteria derived_'lai".er‘ in this document.

studies. The results of these semi-quantitative field studies are consistent -

IV. "Invertebrates

As ‘state.d ear]ier", | ‘
tolerance of the many - forms of freshwater invertebrates to low dissolved
~oxXygen. Most available data describe the relationship between oxygen concen-:

tration and oxygen consumption or short-term survival of aquatic larvae of:

insects. These data are further restricted by “their emphasis on species
representative of relatively fast-flowing mountain streams. ) R

One rather startling feature ‘of these data is the apparently . high-

dissolved oxygen reguirement for the survival of some species. Before
extrapolating from these data one should be ' cautious in evaluating ‘the
- respiratory mode(s) of the speries, its natural environment, and the test
environment. Thus, many nongilled species respire aver their entire _body
surface while many other species are gilled. Either form is dependent upon
the gradient of oxygen across the respiratory surface, a gradient at least
partially dependent upon the rate of replacement of the water immediately
surrounding the organism. ' Some insects, such as some members of -the mayfly
‘genus, Baetis, are found on rocks in extremely swift currents: testing their
tolerance to low dissolved oxygen in laboratory apparatus at slower flow rats
may contribute to their inability to 'survive at high dissolved oxygen concen-

trations. In addition, species of insects that utilize gaseous oxygen, either’

from bubbles. or surface atmosphere, may not be reasonably tested for tolerance
- of hypoxia if their source of gaseous oxygen ¥s deprived in the laboratory
tests. : : T S ' B : N

In spite of these potential problems, the dissolved oxygen requirements»

for "the survival of many species of aquatic insects are almost: certainly
greater than those of most fish 'species. ' Early indication of the high
-dissolved oxygen requirements of some aquatic insects appeared in the research

. of Fox et al. (1937) who reported critical dissolved oxygen concentrations for"
mayfly nymphs in a static test" system. Critical’ concentrations for six.

species ranged from 2.2 mg/1 to 17 mg/1;- three of the species had critical
concentrations in excess of air saturation. These data suggest possible
~extreme sensitivity of some species ‘and also the probability of .unrealistic
conditions of water flow. ' More recent studies in water flowing at 10 cm/sec
“indicate critical dissolved oxygen.concentrations for four spécies of stonefly
-are between 7.3 and 4.8 mg/1 (Benedetto, 1970). Lo S

- In a recent study of 22 species of aquatic insects, Jacob et al. (1984)
reparted 2-5 hour LC50 values at unspecified "low to moderate" flows in a

stirred exposure chamber, but apparently with no flow of "replacement water. -

Tests were-'run at one or more of five temperatures- from ‘12 to 30°C; some
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1,species:were tested at only ong.temperature,'others:at as many as four. ‘The
"median of the 22 species mean LC50s was about 3 mg/1, with eight species

having an’ average LC50 below 1 mg/1 aAd four if-excess of 7 mg/1. The four

- most sensitive species were two mayfly species and two caddisfly -species. The

studies of Fox et al. (1937), Benedetto (1970), and Jacob et al. (1984) were
all conducted with European species, but probably have general relevance to
| North American habitats. A ‘similar oxygen consumption study of a Novth
*American stonefly (Kapoor and Griffiths, 1975) indicated a possible critical
dissolved oxygen concentration of ‘about 7 mg/1 at a flow rate of 0.32 cm/sec
and a temperature of 20°C. B : g

One. type of behavioral observation provides evidence of hypoxic stress in
“aquatic insects. As dissolved oxygen concentrations decrease, many species of’
. aquatic insects can be seen to increase their respiratory movements, movements
that provide.for increased water flow over the respiratory surfaces. Fox and
 Sidney (1953) reported caddisfly respiratory movements over a range of
. dissolved oxygen from 9 to 1 mg/1. A dissolved oxygen decrease to 5 mg/1
‘. " doubled the number of movements and at 1 to 2 mg/1 the increase was 3- to
- 4-fold. ’ oo . .

Similar data were published by Knight and Gaufin (1963) who studied a
stonefly common in the western United States. Significant increases -occurred
" below 5 mg/1 at 16°C and below 2 mg/1 at 10°C. Increases . in movements
occurred at higher dissolved oxygen concentrations” when water flow was 1.5
cm/sec than 7.6 cm/sec, again indicating the importdnce -of :water flow rate on
the respiration of aquatic insects. A subsequent paper by Knight and Gaufin
© (1965) indicated that species of stonefly lacking. gills are more sensitive to

Jow- dissolved oxygen than are gilled forms. . ' o

Two studies that provide, ihe preponderance,df'thefcurrent data on the

.. acute effects of low dissolved oxygen concentrations on aquatic insects are
" tnose of Gaufin (1973) and Nebeker (1972) which together provide reasonable

g96=hr LC50 dissolved oxygen concentrations for 26 species of aquatic insects
(Table 6). The two studies contain variables that make them difficult to
compare or evaluate Tully. Test temperatures were 6.4°C in-Gaufin's study and

~18.5°C in Nebeker's. Gaufin used a vacuum degasser while Nebeker used a

30-foot stripping column that probably- produced an unknown degree of super-
saturation with nitrogen. The water velocity is not given in either paper,
~ although flow rates are given but- test chamber dimensions are not c1§%§1y

specified. The overall similarity of the test results suggests that potential

supersaturation ' and Tower flow volume in Nebeker's tests did not have a-
significant effect on the results. *’

Because half of the insect species tested had 86-h LC50 dissolved oxygen
concentrations between 3 and 4 mg/1 it appears that these species (collected
- in Montana .and Minnesota) would require at least 4 mg/1 dissolved oxygen to

ensure their survival. The. two most sensitive species represent surprisingly -
diverse habitats, E hemerella doddsi is found in .swift rocky streams and has
an LC50 of 5.2 mg/1 while the pond mayfly, Callibaetis montanus, has an LC50

of 4.4 mg/1. It is possible that the test conditions represented too slow a
flow for E. doddsi and too stressful flow conditions for C. montanus.




Table 6.

insects.

Acutely ietha] concentrations

of dissolved oxygen to aquétic

Species

896-h LCS0
(mg/7)

Stonef]x

Acroneuria ac1f ca .
el leuria g____. L
Acroneuria ycorias
Kcrxnogtegxz aurea

Arcynopteryx parallela
_Diura knowltoni o

Saowitom
Nemoura cinctipes

APteronarcxs californica
teronarcys californica .

Pteronarcys dorsata ‘
Fterunarce la bad1a

Mé¥f1x

, Baetisca 1aurent1na

Callibaetis montanus
Ephemere] 1a dodds i
Ephemerella grandis

nemereIWa subvaria

| Hexagen 3 “Timbata
‘Hexagenia ]imbata

LeEtoghl ebia nebulosa

Cadd1sflx

. -Drusinus sp.

g,

Hydropsyche sp.
Hydropsyche betteri
Hydropsyche betteri

-Hydropsyche betteri

Hydropsyche betteri
Lepidostoma sp. S
Limnophilus ornatus
Neophylax sp. -
Neothremma alicia .

D1Etera

Simulium v1ttatum '

Tanztarsu ‘dissimilis

Brachycentrus occ1denta11s -
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Other freshwater jnvértebratés have beei subjected to acute hypoxic
.stress -and their LC50 values ‘determined. Gaufin (1973) reported a 96-h LC50
for the amphipod Gammarus Timnaeus of < 3 mg/1. Four other crustaceans were
Ztuﬂed by ﬁSpra%ue’ ( 19063_75 wh}a.| reﬂorte?_l the following 24-}1] LC50s: 0.03 m%] ,
Asellus intermedius; 0./ mg/i, yalella azteca; 2.2 mg/i, Gammarus Qse o-
ljmnaeus; and 4.3 mg/1, Gammarus fasciatus. [he range of acute sensitivities
of these species appears similar to that reported for aquatic insects. '

There are few long-term studies of freshwater invertebrate tolerance to
low dissolved oxygen‘concentrations. Both Gaufin (1973) and Nebeker (1972)
conducted Tong-term survival studies with insects, but both are- questioned
because of starvation and potential nitrogen.supgrsaturation, respectively.
. Gaufin's data for eight Montana species and 17 Utah species stggest that 4.9
mg/1 and 3.3 mg/1, respective1y,-waqu provide for 50 pencent‘survivaI for
from -10 to 92 days. Nebeker 1ists 30-d LC50 values for five species, four
between 4.4 and 5.0 mg/1 and one < 0.5 mg/1. ~Overall, these data indicate
that prolonged exposure to dissolved oxygen concentrations below 5.mg/1 -would
" have deterimental effects on a large proportion of the aquatic insects common
in areas 1ike Minnesota, Montana, and Utah. Information from other habitat
types and geographic locations would provide a broader picture of invertebrate
dissolved oxygen requirements.

. A more classic foxicological protocol was used by Homer and Waller (1983)
in a study of the effects of low dissolved oxygen on Daphna magna. In a 26-d
chronic exposure test, they reported that 1.8 mg/1 signiticantly reduced
fecundity and 2.7 'mg/1 caused .a 17 .percent reduction -in - final weight of
adults. No.effect was.seen at 3.7 mg/1..

: In summarizing the state of knowledge regarding the relative sensitivity
of fish and invertebrates’ to low dissolved oxygen, it seems. that some species
of insects and other crustaceans are killed at concentrations survived by all.
species of fish tested. Thus, while most.fish will survive exposure to 3
mg/1, many species of invertebrates are killed by concentrations as high as 4
mg/1. The extreme sensitivity of a few species of aquatic inects may be an
artifact of the testing environment. Those sensitive species common to swift
flowing, coldwater streams may require very high concentrations of dissolved
oxygen. On' the other hand, those stream habitats are probably among the least
1ikely to suffer significant dissolved oxygen ‘depietion. - '

Long-term impacts of hypoxia are less well known for jnvertebrates than
for fish. Concentrations adequate to avoid impairment of fish production
probably will " provide reasonable protection for jnvertebrates. as Tong as.
Jethal concentrations are avoided.

-V, ‘Other Considerations

A. Effects of F]uctpations.

. Natural dissolved oxygen concentrations fiuctuate on a seasonal and daily
" basis, while in most laboratory studies the oxygen levels are held essentially
. constant. In two studies on the effects. of daily oxygen cycles the authars’
concluded that .growth of fish fed unrestricted rations was markedly less than

would be estimated from the daily mean dissolved oxygen concentrations
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(Fisher, 1963; Whitworth, 1568). The growth of these fish was only $1ightly
above that attainable durj ng constant exposure to the minimum concentrations
. of the daily cycles. A diurnal dissolved oxygen pulse to 3 mg/1 for 8 hours

per day for 9 days, with a concentration of 8.3 ing/1 for.the remainder of the -
time, produced a significant stress pattern in the serum protein fractions of .

‘bluegill and largemouth bass but not yellow bullhead (Bouck and Ball, 1965).
During periods of low dissolved oxygen the fish lost their natural color,
increased their ventilation rate, and renained very quiet. At these times
food was ignored. Several times, during the low dissolved oxygen concentra-
tion part of the cycle, ‘the fish vomited food which they had eaten as much as
12 hours earlier. -After comparable exposure of the rock bass, -Bouck (1972)
observed similar results on electrophoretic. patterns and feeding behavior.

Stewart et al. (1967) - exposed juvenile largemouth bass to.patterns of
- diurnally-variable dissolved oxygen concentrations with daily minima near 2
mg/1 and dai 1y maxima from 4 to 17'mg/1. Growth under any fluctuation pattern
was almost always ‘less than the growth that presumably would have occurred had
the fish been held at a constant concentration equal to the mean concentra-
tion. ' SR ‘ ‘ ; ‘ :
Larlson et al. (1980) conducted constant and diurnally fluctuating
exposures with juvenile channel catfish and yellow perch. At mean constant
concentrations of 3.5 mg/1 or less, channel catfish consumed less food -and

growth was significantly reduced. Growth of this species was not. reduced at "

fluctuations from about 6.2 to 3.6 and 4.9 to 2 mg/1, but was significantly
impaired at a fluctuation from about 3.1 to 1.mg/1. Similarly, at’ mean
constant concentrations near 3.5 mg/1, -yellow pérch consumed less food but
growth was not impaired until concentrations were near 2 mg/1. Growth was not
affected by ‘fluctuations: from about 3.8 to 1.4 mg/1. " No dissdived oxygen-
related mortalities were observed. In both the channel catfish and the yellow
perch experiments, growth rates during the tests with fluctuating dissolved
oxygen were considerably below the rate, attained in the constant exposure
tests. As . a result, the fluctuating and constant exposures could not be
compared. -Growth would presumably have been more sensitive in the Tluctuating
tests if there had been higher rates of control growth. R

Matire black crappies were, exposed to constant ‘and fluctuating dissolved

oXxygen' concentrations (Carison and Herman, '1978). . Constant concentrations |

were near 2.5, 4, 5.5, and 7 mg/1 and fluctuati ng concentrations ranged from
0.8 to 1.9 mg/1 above and below these original concentrations. -Successful

spawning. occurred at- all exposures except the_'f_'luctuation betweep 1.8 and 4.1

mg/1. .

In considering daily or longer=term cyclic ~exposures to low dissolved
oxygen concentrations;, the minimum values may be more important than the mean
levels. The importance of the daily minimum as a determinant of growth rate
is common to the results of Fisher (1963), Stewart (1967), and Whitworth

(1968). Singe annual 1low dissolved oxygen concentrations normally occur.

during warmer months, the significance of reduced growth rates during the
period in question must be considered. If growth rates are normally low, then

the effects of low dissolved oxygen'concentrati;on: on growth‘.co:.ﬂd,be minimal;
.. if normal growth rates are high, the effects could be significant, especially
if the majority of .the annual growth occurs during the period in .question.
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. B. Temperature and Chemical Stress -
- When fish were exposed to lethal temperatures, their survival times were
reduced when the dissolved, oxygen concentration was lowered from 7.4 to 3.8
mg/1 (Alabaster and Welcomme, 1962). - Since: high temperature and low dissolved
oxygen commonly occur together in natural environments, this likelihood of
-additive or’ synergistic - effects of these two potential stresses - is a most
important consideration. . . . -

High temperatures almost certainly -increase the - adverse effects of low
dissolved oxygen concentrations.  However, the spotty, ' irregular acute
lethality data base provides little basis for quantitative, predictive
analysis: Probably the most complete study is that on rainbow trout, perch,

_and roach conducted by Downing and Merkens (1957). Because their study was

spread over an 18-month period, seasonal effects -could have influenced the
effects at the various- test temperatures., Over a range from approximately'lo
to 20°C, the . Tethal dissolved oxygen concentrations inereased by an average
factor of about 2.6, ranging from 1.4 to 4.1 depending on fish species tested
and test duration. The influence of temperature on chronic. effects of low
~ dissolved oxygen concentrations are not well known, but requirements for
dissolved oxygen probably increase to some degree with increasing temperature.
_This generalization is supported by analysis of salmon studies reported by
warren et al. (1973) and the largemouth bass studies of Brake (1972). -

Because most laboratory tests are conducted at temperatures near the
mid-range of a species ;emperature.to]erance, criteria.based .on these test
data will tend to be under-protective at: higher temperatures “and over-
protective at lower temperatures. concern for this temperature effect was a
‘consideration in establishing these criteria,. especially in the establishing:

of those criteria intended to prevent short-term Tethal effects.

A detailed discussion and ‘model for evaluating interactions among
temperature, dissolved oxygen, ammonia, fish size, and ration on the resulting
growth of {ndividual fish (Cuenco et al., 1985a,b,c) provides an excellent,
in-depth evaluation of potential effects of dissolved oxygen on fTish growth.

Several laberatory studies evaluated the: effect of reduced dissolved
oxygen concentrations ‘on the toxicity of various chemicals, some of which
occur commonly in oxygen-demanding wastes. Lloyd (1961) observed that the
toxicity of zinc, lead, copper, and monohydric phenols was increased at
dissolved oxygen concentrations ‘as high as approximately 6.2 mg/1 as compared
to 9,1 mg/l. At 3.8 mg/1, the toxic effect of these chemicals was even
greater. The toxicity of ammonia was enhanced by low dissolved oxygen more
than. that of other toxicanis. "Lloyd theorized that the increases in toxicity
of the chemicals were due to increased, ventilation at low dissolved oxygen
concentrations; :@s Aa consequence of increased -ventilation, more water, and
. therefore more toxicant, passes the fish's gills. Downing and Merkens (1955)
reported that survival times of rainbow trout at Jethal. ammonia concentrations
jncreased markedly over a range of dissolved oxygen concentrations from 1.5 to
8.5 mg/1. ,Ninety-six-hr'LCSO values for rainbow trout indicate that ammonia
became .more toxic with decreasing dissolved oxygen concentrations .from 8.6 to
2.6 mg/1 (Thurston et al., 1981). The maximum increase in toxicity was by
about a- factor of 2. They also compared ammonia LC50 values at reduced
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dissolved oxygen concentratiocns aftar 12, 24, a8, and 72 hrs. The shorterrfhe ‘

time period, the more pronounced the positive relationship between the LC50
and dissolved oxygen concentration.  The authors recommended that dissolved
oxygen standards for the protection .of salmonids should reflect background
concentrations of ammonia which may be present and the 1ikelihood of - temporary
increases "in those concentrations. Adelman and Smith (1972) observed that

decreasing ‘dissolved oxygen concentrations increased the toxicity of hydrogen -

sulfide to' goldfish. When the goldfish were acclimated to the reduced
dissolved oxygen concentration before- the exposure to hydrogen sulfide began,
mean 96-hr LC50 values were 0.062 and. 0.048 mg/1 at dissolved oxygen concen-
trations of-6 and 1.5 mg/1, respectively. When there was no prior. acclima-
tion, the LC50 values were 0.071 and 0.053 mg/1 at the same dissolved oxygen
- concentrations. These results demonstrated a less than doubling -in toxicity

-of hydrogen sulfide and ‘1ittle difference with regard to prior acclimation to -

reduced dissolved oxygen concentrations. Cairns and Schejer (1957) observed
that bluegills were less tolerant to zinc, naphthenic ‘acid, and potassium

cyanide at periodic low dissolved oxygen concentrations. Pickering (1968)

. reported that. an increased mortality of bluegills exposed to zinc resulted
from the added stress of low dissolved oxygen concentrations. The difference

in mean LC50 values between low (1.8 mg/1) and high (5.6 mg/1) dissolved

oxygen concentrations was a.factor of 1.5.

Interactions between other.stresses and low dissolved oxygen concentra-
tions can greatly increase mortality of trout larvae. For example, subiethal:

concentrations of pentachlorophenol and oxygen combined to produce 100 percent
mortality of trout larvae held at an oxygen concentration of 3 'mg/1. (Chapman
and Shumway, 1978). The survival of chinook salmon embryos and larvae reared

at marginally high temperatures was reduced by any reduction in dissolved

oxygen, especial]y‘at'concentyationsvbelow 7 mgll»(Eddy;'1972).

In general, the occurrence of toxicants in the water hass, in combination

with low dissolved oxygen concentration, may lead to a potentiation of stress
responses on the part of aquatic organisms (Davis, 1975a,b). Doudoroff and
Shumway ¢1970) recommerided that ‘the disposal of toxic pollutants must be

controlled so that their concentrations would not be unduly harmful at .

prescribed, acceptable. concentrations of dissolved oxygen, and these accept-
able dissolved oxygen" contentrations -should be independent of existing or
highest permitted concentrations of toxic wastes. I

C. Disease Stress -

In a study of 5 years of cése‘ ‘records at fish farms,ﬂ Meyer (1970)

observed that incidence of infection with ‘Aeromonas liguefasciens (a comman
bacterial pathogen of fish) was most prevalent during June, July, and August.
He considered low oxygen stress to be a major factor in outbreaks of Aeromonas
disease during summer months. "Haley et al. (1967) concluded that a ki1l of
American and threadfin shad in the San Joaquin River occurred as a result of
Aeromonas infection the day after the dissolved oxyden was between 1.2.and 2.6
mg/1. In this kill the ‘lethal agent was Aeromonas but the ‘additional stress
of the Tow dissolved oxygen may have been a significant factor. ‘




-

Wedemeyer (1974) reviewed the ‘role of stress as a predisposing factor in
fish diseases and concluded.that,iacu1tativehfish'pathogens are. continuously
present in most  waters. Disease.” problems seldom occur, _however, unless
environmental guality and the host defense systems' of the fish also deter-
jorate. He listed furunculosis, Aeromonad and Pseiudomonad hemorrhagic
septicemia,’ and vibriosis as diseases -for which low dissolved oxygen is one
environmental factor predisposing fish to epizootics. He stated "that to
optimize fish health, dissolved oxygen concentrations should be 6.9 mg/1 or
higher. Snieszko (1974) also stated that outbreaks of diseases are probably
more likely if the occurrence of stress coincides with the. presence of
pathogenic microorganisms. '

V1. Conc]usions'.

~ The primary determinant for the criteria is ‘laboratory data describing
effect on growth, with. developmental rate and survival fincluded in embryo and
.1arval production levels. For the purpose of deriving criteria, growth in the
laboratory and production in nature are considered .equally sensitive to low
dissolved oxygen. Fish -production in natural communities actually may be
significantly more, oOT Tess, sensitive than growth jn the laboratory, which
. represents only. one simplified facet of production. .

The dissolved oxygen criteria are based primarily on data developed in .

the Taboratory under conditidns which are  usually artificial in several
important respects. First, they routinely preclude or- minimize most environ-
mental stresses. and biological interactions that under natural conditions are
likely to increase, to a variable and unknown extent, the effect of Tow
dissolved oxygen concentrations. Second, organisms are usually given no
opportunity to acclimate to low dissolved oxygen concentrations prior to tests
nor can they avoid the test exposure. Third, food availability is unnatural
 because the fish have easy, often unlimited, access to food without signif-
jeant energy. expenditure .for search’ and cdpture. Fourth, dissolved oxygen
concentrations are kept nearly constant so that each exposure represents both
. a minimum and an .average concentration. This circumstance - compiicates
 application of the data to natural systems with fluctuating dissolved oxygen
concentrations. I S B .

Considering the latter problem. only, .if the Jaboratory data are applied
directly as minimum allowable criteria, the criteria will presumably be higher
than necessary because the mean dissolved oxygen concentration will often be
significantly higher than the criteria. If applied as a mean, the criteria
could allow complete anoxia and total mortality during brief periods of very
. low dissolved oxygen or could allow. too many consecutive daily minima near the
lethal threshold. If only a minimum or a mean can be given as a general
criterion, the minimum must be chosen ‘because averages are too independent of
. the extremes. ' . ) . .

Obviously, biological effects of low dissolved oxygen concentrations
depend upon means, minima, the duration and frequency "of the minima, and the -
period of averaging. 1In many respects, the effects appear to be independent
of the maxima; for example, including supersaturated dissolved oxygen values
in the average. may produce mean dissolved oxygen concentrations that are
misleadingly high and unrepresentative of the true biological stress of the
dissolved oxygen minima. ' - . '
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cycles are of a sinusoidal curve shape and not a square-wave variety. )

The "existing data allow a tentative theoretical dosing model for fluctu-

ating dissolved oxygen only as applied to fish growth. The EPA believes that

ably represented by calculating the mean of the daily cycle using as a maximum

the data of Stewart et al. (1967) suggest that effects on growth are reason-.

. value the dissolved oxygen concentration which represents. the threshold effect .

concentration during continuous exposure tests. For example, with an effect
- threshold of 6 mg/1, all values in excess of 6 mg/1 should be averaged as
though they were .6 mg/1. - Using this procedure, the growth effects appear to
be a reasonable function of the mean, as.long as the minimum is not' lethal.
Lethal thresholds are highly dependent.upOn‘gxpOSure‘duration, species, age,
life stage, temperature, and a wide variety of other factors. Generally the
threshold is between 1 and 3'mg/1. e . w -
A most critical and poorly documented -aspect of a dissolved oxygen cri-
terion is the question of acceptable and unacceptable minima during dissolved

oxygen cycles of varying periodicity. “Current ability to predict effects of
exposure to a constant dissolved oxygen level is only fair; the: effects of
regular, daily :dissolved oxygen cycles can only be poorly estimated; and
predicting the effects of -more stochastic patterns of dissoived - oxygen
fluctuations requires an ability to integrate constant ard cycling effects.

and laboratory data. ‘Some. of these conclusions differ from earlier ones in
the literature, but the recent data discussed in this document have provided
" additional detail and perspective. : : : o

Several geﬁeraI'conc1usioﬁs’fesu1t fromjthe'synihééié‘pf ava11§b1e>fié1d

Naturally-occurring dissolved oxygen concentrations may occasionally fall
below target- criteria levels due ‘to a combination of low flow, high
temperature, and natural oxXygen demand. These naturally-occurring

- conditions represent a normal situation in which the productivity of fish
or other. aquatic organisms may not be ‘the ‘maximum possible under ideal

circumstances, but which' represent the maximum productivity “under the
particular sét of natural conditions.” Under these circumstances the

o

"~ numerical .criteria ‘should be considered “unattainable, ,but'\naturally-y
occurring conditions which fail to meet ‘criteria - should not be inter-

preted.as violations: of criteria. Although further reductions in dis-
solved ‘oxygen_may be inadvisable, effects of ‘@ny reductions should be
compared’ to natural ambient ‘conditions " and ‘not to6  jdeal conditions.

Situations " during which attainment of appropriate criteria is most
critical include periods when attainment of .high fish growth rates is a
priority, when tempgratures.approach'hpper-]éth&]']eve1s, when pollutants
are present ‘in near-tpxic_quantitiés;~or'when*other'significant stresses
are ‘suspected. DR T B R R
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° Reductions in growth _rate produced by a given low dissolved oxygen
' concentration are probably more severe as temperature increases. Even
during periods when growth rates are normally low, high temperature
stress .increases the sensitivity of aquatic:- organisms to disease and
_ toxic pollutants, making the attainment of proper. dissolved -oxygen
criteria particularly important. For these reasons, periods of highest
temperature represent a critical portion of the year with respect to- -
dissolved oxygen requirements. . . - S '

~In salmonid spawning habitats, intergravel ‘dissolved.oxygen concentra<

tions.are significantly reduced by respiration of fish embryos and other

~ organisms. Higher water column concentrations of dissolved oxygen are.
required to provide protection of fish embryos and larvae which develop
in- the intergravel environment. A 3 mg/l difference is used in the
criteria to account for this factor. : .

°©  The early life stages, especially the larval stage,~bf'nbn-salmonid.fish.'
. are usually most sensitive to reduced dissolved oxygen stress. Delayed -
development, reduced larval survival, and reduced larval and post-larval
. growth are the observed effects. A separate early I&fe,stage;criterion
_ for non-salmonids is established to protect these more sensitive stages
and is to apply from spawning through 30 .days after hatching. ©

¥

© - QOther 1ife stages of salmonids appear to be somewhat more sensitive. than.
other 1ife stages of the non-salmonids, but this difference, resulting in
" a 1.0 mg/1'differencé in the criteria for other 1ife stages’, may be due
to - a more complete and precise data.base for’ salmonids. Also, this
difference is at Jeast.partially die to the colder water temperatures at
- which salmonid tests are conducted and the resultant higher dissolved’
.. oxygen concentration in oxygen-saturated control water. ‘ .

° Few appropriate data are. available on the effects of reduced dissolved
- oxygen on freshwater jnvertebrates. However, historical concensus states
that, if all 1ife stages of fish are protected, the invertebrate commu-
nities, although not necessarily unchanged, should" be adequately pro-
tected. This is a.generalization-fo-which there .may, be exceptions of
environmental significance. Acutely lethal concentrations of dissolved
oxygen appear to be higher for many aquatic insects-than for fish. .

° Any dissolved oxygen criteria should include absolute minima to prevent
mortality due to the direct effects of hypoxia, but such minima alone may’
not be sufficient protection for the long-term.persistence of sensitive
populations under natural conditions. Therefore, the. criteria minimum
must also provide reasonable- assurance "that - regularly repeated or

. prolonged exposure for days or weeks at the allowable minimum will avoid
' significant physiological stress of sensitive organisms.

. Several earlier dissolved oxygen criteria were presented in the form of-a
‘family of curves (Doudoroff and Shumway, 1970) or equations (NAS/NAE, 1973)
which yielded various dissolved .oxygen requirements depending on.the quali= .
tative degree of fishery protection or risk deemed suitable at a given site. .
.Although dissolved oxygen concentrations that risk significant loss of fishery
production are not consistent with the intent of water quality criteria, a

29




qualitative protecfion/risk éésessment for a range of diss§1ved' oxygen
concentrations has considerable value to resource managers. Using qualitative
descriptions similar to those presented in earlier criteria of Doudoroff.and

Shumway (1970) and Water Quality Criteria 1972 (NAS/NAE, 1973), four 1ev§15 of

risk are Tisted below:

No Production Impairment. Representing nea'rTy' maximal protection of fi§hery
resources. ' ' - ‘

Slight Production Impairment. . Representing a ‘high level of protection of
*isking on]y'slight\impairmen; of production -

important fishery re30urces, riski

in most cases.

Moderate Production Impairment. Protecting the persistence of existing fish
. Populations but causing considerable loss of production. L

Severe Production Impairment. For low level protection of fisheries of some
- value but whose protection in ‘comparison with other water uses cannot be
- a major objec;ive.of3pOIIUtion‘control. _ L N

levels of effect requires some degree of judgment based largely upon examina-

tion of growth and survival data, generalization of response ‘curve shape, and

"hSe1ection'0f disso]ved oxygen cbncentrations equivalent to each of these

assumed app]wcabi}ity_pf laboratory responses to natural popuJat1ops. Becguse.

the rééq]tant dissolved oxygen concentration-biological effect estimates are
. most applicable 'tb'essentia11yfcqnstant'exposure41eve1s.‘although they may
adequately represent mean concentrations as well. S o

The production impairment. values are ‘necessarily subjective, and the
definitions taken from Doudoroff and Shumway (1970) are more descriptive than
the accompanying terms "slight," “moderate," and "severe." The impairment
values for other 1ife stages are derived predominantly from the growth. data
summarized in the text and tables in Sections II and III. ' In general, slight,
moderate, and severe impairment  are equivalent to 10, 20, and 40 percent
growth impairment,.respective1y. Growth ‘impairment.of -50 percent or greater
is often accompanied by mortality, and conditions allowing a combination of
severe growth impairment‘and‘mortality‘are considered as -no protection. -

Production impa%rment va]ués for invertebrates are based on survival in -
-both long-term and short-term studies. = There are :no studies of warmwater

species and few of lacustrine species.

- The' following is'a summary of the dissolved oxygen concentrations (mg/1)
judged to be equiVaIgnt to the various quaTitatiye_leve]s‘of gffeqt'dgscribed




1. Salmonid Waters

-

a. Embryo dnd Larval Stages. -

No Production Impairment ' 11%°(8).:

e - -

° Slight Production Impairment. ='-9% (6)

e Moderate Production Impairment = 8* (5)

e Severe Production Impairment = 7% (4)
' timit to Avoid Acute Mortality = 6% (3)

“(* Note: These are water column concentrations recommended to achieve the
required intergravel dissolved -oxygen .concentrations shown in
parentheses. The 3 mg/1.difference is discussed in the criteria,
document.) . : '

b. .Other Life Stages

o No. Production Impairment =8
° S1ight Production Impairment = 6 -
° Moderate Production Impairment = 5
° Severe Production Impairment = 4
° Limit to Avoid Acute Mortality = 3
2. Nonsalmonid Watefg
_ a. Early Life Stagés -
©  No Production Impairment .  =/6.5.
° S1ight Production Impairment = 5.5,
° Moderate Production Impairment = 5 _
e Severe Production Impairment = 4.5
e Limit to Avoid Acute Mortality = 4 =
b. Other Life Stages '
° No Production Impairment =h -
.° $1ight Production Impairment =5 .
° Moderate Production Impairment = 4
e Severe Production Impairment = 3.5
° Limit to Avoid Acute Mortality = 3
3 Invertebrates . ' .
‘e No Production Impairment. =8 :
° Seme Production Impairment - =3
=3

e Acute Mortality Limit

Added Note

-~ Just prior to final publication of this criteria. document, a paper
appeared (Sowden and Power, 1985) that provided an interesting .field valida-
tion .6f the salmonid early life stage criterion and production impairment
estimates. A total of 19 rainbow trout redds were observed.for a. number of
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parameters including percent survival of embryos, ‘dissolved oxygen concentra- |
tion, and calculated intergravel water velocity. The results cannot be - F
considered a rigorous evaluation of the criteria because of the paucity of .
dissolved oxygen determinations per redd (2-5) and possible inaccuracies in

. determining percent surviva) and velogity. Nevertheless, the quaiitative
validation is' striking. . S '

The generalization drawn from Coble's (1961) study that good survival |
occurred when mean intergravel dissolved oxygen concentrations exceeded 6.0 !
mg/1 and velocity exceeded 20 cm/hr was confirmed; 3 of the 19 redds met this l
criterion and averaged 29 percent embryo survival. The survival in the other
16 redds averaged only 3.6 pertent. The data from the study are summarized in :
Table 7. The critica]‘intgrgraveI“water‘velocity-frdmfthis study appears to F
be about 15 cm/hr.: Below:this velocity even apparently good dissolved oxygen '

Table 7. Survival of rainbow trout embryos as a function of intergravel (S

‘ ’ dissolved oxygen concentration and water velocity (Sowden and Power,

. 1985) as compared to dissolved oxygen concentrations established as i

: : criteria ‘or estimated,as“producingvvariods‘Ievels of production '
impairment. R C :

Dissolved Oxygen -~ - S ‘ . ( g

Concentration . ..+ Mean:
mg/1 ' Water © Survival
Percent Velacity, (Flow - [
Criteria Estimates Mean Minimum ° Survival cn/hr - > 15 cm/hr) . ‘
Exceeded Criteria 8.9 8.0 . 22.1 53.7
' © 7.7 7.0 43,5 83.2 29.0 1
. 7.0 6.4° 1.1 9.8 - | l
6.9 . 5.4 21.3 - .20.6
Slight Production 7.4 4.1 0.5 7.2 |
Impairment 7.1 4.3 21.5 16.3
. 6.7 4.5 4.3 5.4 . 15.6 g
6.4 4.2 0.3 . 7.9 n
6.0 4.2 .9.6. 17.4
Moderate Production ° 5.8 3.1 13.4 21.6 i
Impairment ' 5.3 3.6 " 5.6 16.8 - 6.5 . {-
5.2 - 3.9 0.4 71.0 : .
Severe Production 4.6 4.1 0.9 18.3 0.9 |,
Impairment - 4,2 - 3.3 0.0 0.4 ’
Acute Mortality 3.9 2.9 .0.0 111.4
3.6 2.1 0.0- 2.6 A
2.7 1.2 0.0 4.2 - 0.0 [!'
2.4 0.8 - 0.0 1.1 .
2.0. 0.8 0.0 "192.0




- characteristics do not produce redsonable survival. At water velocities im
excess of 15 .cm/hr the average percent survival in the redds that had
dissolved oxygen concentrations that-met the criteria was 29.0 percent. There
was no survival in' redds that had dissolved oxygen minima below the acute
“mortality limit. Percent survival .in redds with greater than 15 cm/hr flow
averaged 15.6; 6.5, and 0.9 percent for redds meeting slight, moderate, -and -
severe production impairment levels, respectively. S
Based on an average redd of 1000 eggs, these mean percent survivals would
be equivalent to 290, 156, 65, 9, and 0 viable larvae entering the environment
to produce food for other fish, catch for fishermen, and eventually a new
generation of spawners to replace' the parents of the embryos in the redd.
‘Whether or not these survival numbers ultimately represent the impairment
definitions is moot in the 1ight of further survival and growth uncertainties,
but the quantitative field results and the qualitative and quantitative
impairment and criteria values are surprisingly similar. S .

VII. National Criterion

_The.natipna1=criteria for ambient dissolved oxygen concentrations for the
protection of freshwater aquatic 1ife are presenited in Table 8. The criteria
-are derived from the production impairment estimates on the preceding page
which are in turn based primarily upon growth data and information. on tempera-
“ture,. disease, and pollutant stresses. The average dissolved oxygen concen-
trations selected are values 0.5 mg/1-above the slight production impairment -
values and represent values between .no production impairment. and slight

production impairment. Each criterion may thus be viewed as an estimate of
the threshold concentration below which detrimental effects are expected.”

_ Criteria for coldwater fish are intended to apply to waters containing a
population of one or' more species in the family Salmonidae (Bailey et al.,
1970) or to waters containing other coldwater or coolwater fish deemed by the -
user to be closer to salmonids in sensitivity than to most warmwater species.
Although the - acute Jethal  Timit for salmonids: is-at or below 3 mg/1, the
coldwater minimum has been established at -4 mg/1 because .a significant
proportion of the insect species common to salmonid habitats are less tolerant
of acute ‘exposures to low dissolved oxygen than are salmonids. Some coolwater
species may require more protection than that afforded by the other life stage
criteria for warmwater fish and it may .be desirable to protect sensitive
coolwater spécies with the coldwater - criteria. Many states have ‘more
stringent dissolved oxygen standards for cooler waters, waters that contain
either Salmonids,;nonsa]monid coolwater fish, or the sensitive centrarchid,
the smallmouth bass. The warmwater- criteria are necessary to protect early
1ife stages of warmwater fish as censitive as channel catfish and to protect
other life stages of fish as sensitive as largemouth bass. .Criteria for early
1ife stages are intended to apply only where and- when these stages occur.
These criteria represent dissolved oxygen concentrations which EPA believes
?ngide a reasonable and adequate degree of protection for freshwater aquatic

ife. ,

" The criteria do not represent assured no-effect levels. - However, because -

the criteria represent worst case conditions (i.e., for wasteload allocation .
_ and waste treatment plan design), conditions will be better than the criteria-
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Table 8. Water quality critgria for ambient dissolved oxygén concentration.

, Coldwater Criteria . Warmwater Criteria
Early Life'  other Life " Early Lite Other Life
| ~ Stagesl:2 ‘Stages Stages? - Stages
30 Day Mean oNAe . 6.5-_ . N 5.5
7 Day Mean 9.5 (6.5) . _NA . -, 8,0 . NA
7 Day Mean " NA - s0. . M g
Minimum o o . B L
1 Day Minimumes5. 8.0 (5.0) 4.0 5.0 30

! These are water cqumﬁ‘C§n;entpations recommended to achieve the required
intergfavel dissoIVed oxygen concentrations shown in parentheses.  The 3

mg/1 differential is discussed in the criteria document. For species that.

havé early 1life stages exposed directly to the water column, tha figures in
parentheges‘app]y.“ . 5 : oL ,

2 Includes all eﬁbnyo;iq and jarval,stagés and‘aTl'jUVenfie;forms to 30-days

‘following hatching.
3:NA (not app]jcab]e)i |

4-§§§ highly manjpulatable dischargés,'furthef.reStrictfohs,apply (see ‘page

5 A1l minima should be consiﬁered'vas instantaneous. concentrations. to be
achieved at all times. I N -

neafi&fall the time at most sites. In situationslyheﬁe criteria conditions.

are just maintained for considerable periods, the criteria represent some risk
of -production impairment. This impairment would Probably be slight, but would
depend . on innumerab1efother-factors. I slight production impairment or a
small but undefinable risk of. moderate production impairment s 'unacceptabie,
thenﬁcontinuous.exposure conditions should use thé no production impairment
" values as means and the slight Production impairment values as minima. - ‘

The -criteria represent annual worst case dissolved oxygen concentrations
believed to protect the more sensitive “Populations of' organisms against
potentially damaging’production“impairment. The dissolved oxygen concentra-
tions in the criteria are intended to be protective. at typically high seasonai
environmental temperatures for the appropriate taxonomic and life ' stage
classifications, temperatures which are often higher than those used in the
research from which the criteria were-generated,-e5pecia11y for other than
early life stages., - - S




~ Where natural conditions 'alone create dissolved “oxygen concentrations
Jess than 110 percent of the applicable critéfia means or minima or both, th
minimum acceptable concentration js 90 percent of the natural concentration.
These . values are similar to those presented graphically by ‘Doudoroff an
Shumway (1970) and those calculated from Water Quality Criteria 1972 (NAS/NAE,
1973). Absolutely no anthropogenic dissolved oxygen depression in the
potentially Jethal area below the 1-day minima chould be allowed unless
special care is -taken to ascertain the tolerance of resident species to 1o
dissolved oxygen. -] : S : . '

If daily cyclés of .dissolved oxygen are essentially sinusoidal, a
 reasonable daily.average is calculated from the day's high and low dissolved
oxygen -values. A time-weighted: average may be required if the dissolved
oxygen cycles are decidedly non-sinusoidal. Determining the magnitude of
daily dissolved ‘oxygen . cycles requires at least two appropriately timed
measurements daily, and characterizing the shape of the cycle requires several
more appropriately spaced measurements. )

_ Once a series of daily mean dissoived oxygen concentrations are calcu-
lated, an average of these daily means can be calculated. (Table 9). -For
embryonic, larval, and- early life stages, the averaging period should not
exceed 7' days. . This short time is needed to adequately protect these often

Table 9. Sémp]e .ca1cu‘latio'n5' for determining daily means and. 7-day mean
dissolved oxygen concentrations (30-day averages are calculated in a
similar fashion using 30 days data). L

‘ _ Dissolved Oxygen (mg/1) . L\,
6ay Daily Max. . Dé.ﬂy_,Min. " Daily Mean
1 9.0 . 7.0 _ 8.0
2 10.0 . 7.0 . 8.5
3 11,0, 8.0 §.5 -
s i 12.0 8.0 9.5°
5 10.0 . . 8.0 9.0
6 ll.Da ) 9.0 ].C).Clc
7 12.0° . 10.0 10.5
z . 57.0° 65.0
i-day Minimum c . 1.0
7-day Mean Minimum % T
7-day Mean ‘ ' - . 9.3

3 ppove air saturation concentration (assumed to be 11.0 mg/1 for this
b example). - : T ‘ . )
c (11.0 + 8.0) + 2.

(11.0 +10.0) = 2.




short duration, most sensitive']ife stages. Other life stages can probably be
adequately protected by 30-day averages. Regardiess of the averaging period,

the average should be considered a moving average rather than a calendar-week
or calendar<month average. : . _ ‘

.. The ériteria have beén established on the ‘basis that the maximum dis-
solved oXygen value actually used in calculating "any daily mean should not

. eXceed the air saturation value. - This consideration is based primarily on-

-analysis of studies of cycling dissolved oxygen and the growth of Targémouth
bass (Stewart et al., 1967), which indicated that high dissolved oxygen lavals
¢ 6. mg/1) had no benefitia] effect on growth. T
During periodic cycles offdiéso]Ved,oXygen“cohcentrations, minima lower
than acceptable constant‘exposure levels are tolerable so long as: L

1. - the average concentration attajned meets or éXceeds thé'cfiterion;

2. the average diséoived oxygen concentration is calculated- as ﬁecqmmended'

in Table 9; and

,3. ' the minima are not unduly stressful and-c]éar]y‘arg not lethal: -

A daily miniﬁhm'haS'beeh'incIuded'to~make-Certain that no acﬁie‘mbrta]ity‘

of sepsitive species occurs as a result of lack of oxygen. Because repeated
exposure . to .dissolved oxygen concentrations at or near the acute lethal
threshold will be stressful and -because stress can’ indirectly produce mortal-
ity: or other adverse effects (e.g.;  through disease), the criteria’ are
- designed to prevent significant epiSodes;of continuous_or‘regu]ar1y»necurring

stages at the subacute lethality threshold, by the use of a 7-day averaging

period for early life stages, by stipulating a 7-day mean minimum value for
other life stages, and by recommending additionat—rtmtz=ror manipulatable
discharges. . o ' A

The previous EPA criterion for dissolved ' oxygen published in Quality
. Criteria;ng.Water.(USEPA, 1976) was a minimum of 5 mg/1-(usually applied as a
: which_ is similar to the current criterion minimum except for other life
- stages of warmwater fish which now allows a 7-day mean minimum of 4 mg/1. The
new criteria are similar to those contained in the 1968 "Green Book! of the

Federal Water Pollution Control Federation (FWPCA, 1968).

A. 'The Crfterigvand quitoring and Design Conditions

- but some deviation below these values would probably pot cause significant
‘harm. Deviations below the mean wiil probably be serially correlatedand
hence apt to occur on consecutive days. The significance of deviations below
the mean will depend on whether they occur continuously or- in daily cycles,
the former being more adverse than the latter. Current knowledge regarding
such deviations is’1imitedvpr1mari1y-to 13boratory.grthh.experimentsvand by
extrapolation to other activity-related phenomena. : ‘ I

The acceptable mean concentrations should be attained most -of the time;
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Under conditions where large daily cycles of dissolved oxygen occur, it
is possible to meet the criteria mean values and consistently violate the mean
minimum criteria. Under these conditions the mean minimum criteria will .
clearly be the 1imiting regulation unless alternatives such as nutrient -
control can dampen the daily cycles. ’ . : .
 The significance of conditions which fail to meet the recommended
dissolved oxygen criteria depend largely upon Tive factors: (1) the duration
of the event; (2) the magnitude of the dissolved oxygen depression; (3) the
frequency of recurrence; - (4) the proportional area of the-site failing to meet-
the criteria; and (5) the biological significance of the site where .the event
occurs. Evaluation of an event's significance must be largely case- and
gite-specific. Common sense would dictate that the magnitude- of the depres-

‘sion would be the single most important factor in genera1,,especia11y if the

acute value is vioclated. A logical extension of these considerations is that.

the event must be considered in the context of the level of resolution of the -
monitoring or modeling effort. Evaluating the extent,_duration,.and magnitude
of an event must be a function of the spatial and- temporal frequency of the
data. Thus, a single deviation below the criterion takes on considerably less:
- gignificance where continuous monitoring occurs than where sampling fis*
comprised of once-a-week grab samples. This is so because based on continuous
_monitoring the event is provably small, but. with the much less freguent

sampling- the event is not provably small and can be considerably worse than
jndicated by the sampie. . ' e o
. The' frequency of recurrence is of considerable interest to those modeling
dissolved oxygen concentrations because the return period, or period between
. pecurrences, is a primary modeling consideration contingent upon probabilities
of receiving water volumes, waste loads, temperatures, etc. It should.be
apparent that return period cannot be isolated from' the other -four factors
discussed above. Ultimately, the question of return period may be.decided on
a site-specific basis taking into account the other factors (duration,
magnitude, areal 'extent,.and biological significance) mentioned above. Future
studies of temporal patterns of dissolved oxygen concentrations, both within
and between -years, must be conducted to provide a better basis for selection

of the appropriate return period.

In conducting waste load allocation and treatment plant design computa-
tions, the choice of temperature in the models will be important. Probably -
the best option would be to use temperatures consistent with those expected in
fhe receiving water over the critical’ dissolved oxygen period for the biota.

" B. The Criteria and Manipulatable Discharges

If daily minimum- disselved oxygen concentrations are perfectly serially
cofrelated, i.e., if the annual lowest daily minimum dissolved oxygen concen~
‘tration is adjaceni in time to the next lower daily minimum dissolved oxygen
concentration and one of these two minima is adjacent to the third Towest.
.daily minimum dissolved oxygenh concentration, etc., then in order to meet the
_7-day mean minimum criterion it is unlikely that there will be 'mare than three
or four consecutive daily minimum values below the acceptable 7-day mean
minimum. Unless the dissolved oxygen pattern ‘is extremely erratic, it-is also

-unlikely that the Towest disso]ved,oxyggn.concentration will be appreciably
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below the acceptable 7-day mean minimum or that daily minimum values below the
7-day mean minimum will occur in more than one or two weeks-each year. For
some discharges, the distribution of dissolved oxygen concentrations can be
manipulated to varying degrees. Applying the daily minimum to manipulatable
discharges would allow repeated weekly cycles of minimum acutely acceptable
..dissolved oxygen values, a condition of probable- stress and possible adverse

biological effect. If risk of protection impairment is to be minimized, the .

the 7-day mean minimum. For such. controliled discharges; it i5 recommended .
that the occurrence of .daily minima below the acceptable 7-day mean minimum be
limited to 3 weeks per year.or that the accéeptable one~day minimum be
increased to 4.5 mg/1 for coldwater' fish and* 3.5 .mg/1 for warmwater fish.
- Such decisions could be site-specific based upon the extent -of control; serial
correlation, and.the resource at risk. . T :
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