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1.0 Water Quality Monitoring Parameter
1.1 In-situ Measurements

Dissolved Oxygen (DO)

Dissolved oxygen (DO) is a measure of the amount of oxygen dissolved in water.  Values for DO in water analyses are commonly provided in mg/L, although a percentage of saturation may also be used.  The concentration of DO in surface water is usually less than 10 mg/L (MELP 1998; EPA 2006).  The actual concentration will vary with other parameters such as temperature, elevation, photosynthetic activity, biotic activity, stream discharge, and the concentration of other solutes (Hem 1989, Michaud 1994).  The maximum solubility of oxygen (fully saturated) at sea level is 12.75 mg/L at 5o C and 8 mg/L at 25o C.  DO concentrations decrease within increasing temperatures or elevation (MELP 1998). 

Dissolved oxygen is derived from the atmosphere and photosynthetic production by aquatic plants.  Atmospheric oxygen is changed to dissolved oxygen when it enters the water, with more mixing occurring in turbulent waters.  Dissolved oxygen is essential for the respiration of fish and other aquatic organisms (Michaud 1994).  As water moves past their breathing apparatus (such as gills in fish), oxygen gas bubbles in the water (DO) are transferred from the water to their blood.  The transfusion is efficient only above certain concentrations.  Oxygen is also used for the decomposition of organic matter and other biological and chemical processes.  Anoxic waters have obvious detrimental effects on aerobic organisms.  These conditions can also lead to the accumulation of chemically reduced compounds, such as ammonium and hydrogen sulfide, in the bottom sediments that can be toxic to benthic organisms (Michaud 1994).  
Nutrient solubility and availability rely partly on DO levels, and thus it also affects the productivity of aquatic ecosystems.  In low-nutrient lakes, the deeper waters tend to have higher DO concentrations than the surface waters.  In comparison, in lakes with high nutrient concentrations, the surface waters tend to have higher concentrations of DO compared to the deeper waters (MELP 1998).  In streams, DO concentrations tend to be higher in faster moving waters.  During the summer, in particular, when discharges and velocities decrease in streams, DO concentrations can be quite low.
Pollution can cause decreases in average DO concentrations by contributing organic matter that uses oxygen or nutrients and stimulates the growth of algae.  
Secchi Depth

Secchi depth or secchi disk depth is a measure of water clarity.  It is primarily used as an indicator of algal abundance and general lake productivity.  The measurement is often made in a lake over time to monitor water clarity trends.  A secchi disk is a circular plate that is divided into alternating black and white painted quarters.  The disk is attached to a rope and lowered into the water until it is no longer visible.  This depth is then noted.  Secchi depth is usually reported in feet to the nearest tenth of a foot or meters to the nearest tenth of a meter.  Higher secchi depth readings mean that the disk is visible at greater depths and the water is clearer.  Lower readings indicate turbid or colored water.  Clarity is affected by numerous factors, including algae, soil particulates, and other suspended materials (Michaud 1994; EPA 2006).  
Clear water is important for aquatic life as it allows light to penetrate deeper in the lake than murky or cloudy water.  The light allows photosynthesis to occur and oxygen to be produced.  In general, light can penetrate 1.7 times the measured secchi depth.  Secchi depth naturally varies seasonally with changes in photosynthesis and algal growth.  As a result, secchi depth readings often are lowest in the summer when algal growth is greatest, and increase with cooler weather as growth decreases.  Secchi depths may also decrease in the fall with fall turnover.  Rainstorms that may increase suspended particulate concentrations in inflowing streams may also decrease secchi depth readings (Michaud 1994).
pH

A pH value is a measure of the activity of hydrogen ions in a water sample.  Various types of chemical reactions that occur in natural waters produce hydrogen ions, which are then consumed by participating in subsequent chemical reactions in the system.  These interrelated chemical reactions that produce and consume hydrogen ions control the pH value of a water body.  It is a useful index of the status of equilibrium reactions in which the water participates.  A pH of 7 is considered neutral, values less than 7 are acidic, and values greater than 7 are basic.  The units of pH are logarithmic; so a difference of one unit represents a 10-fold change in hydrogen ion concentration.  The higher the pH, the fewer free hydrogen ions are present in the water.  The pH of natural fresh waters ranges from 4.0 to 10.0, with most waters falling between 6.5 and 8.5 (EPA 1986; Hem 1989; MELP 1998).
The pH of water determines the solubility (the amount that can be dissolved in water) and biological availability (the amount that can be used by aquatic biota) of chemical constituents, such as nutrients (i.e. carbon, nitrogen and phosphorus) and heavy metals (i.e. lead, copper).  Unusually high or low pH can have adverse effects on aquatic biota.  Values above 9.5 and below 4.5 are considered lethal to aquatic organisms (EPA 1996; MELP 1998).  For heavy metals, the degree to which they are soluble determines their toxicity.  They tend to be more toxic when pH is lower because they are more soluble and bioavailable.   

The pH of water is naturally variable, although the amount of change in natural waters tends to be very small due to many chemical reactions.  This ability of the water to maintain a stable pH is called buffering capacity.  The initial pH of water is influenced by the geology of the watershed and the original source of the water.  In particular, alkalinity, which is typically low in granitic drainages, is usually the primary factor that influences pH values.  This causes the waters to be more acidic (pH <7.0) in these types of watersheds (Wetzel 2001).  The greatest natural cause for variation is the daily and seasonal changes in photosynthesis.  Photosynthesis uses up hydrogen molecules and therefore increases the pH.  The pH increases during the day (with maximum values up to 9.0) and decreasing at night.  Respiration and decomposition processes lower pH.  The pH also tends to be higher during the growing season when photosynthesis is greater.  As a result, most streams that drain coniferous forests tend to be slight acidic (6.5 to 6.8).  A pH may also vary with depth in a lake, due to changes in photosynthesis and other chemical reactions.  During the summer, the upper portions of a lake tend to have higher pH values, ranging between 7.5 and 8.5.  The lower portions of the lake where production by aquatic organisms is less tend to more acidic (pH ranging between 6.5 and 7.5) (Hem 1989; Michaud 1994; Wetzel 2001).  
Temperature

Ambient water temperature is a measurement of the intensity of heat stored in a volume of water and is generally reported in degrees Celsius (oC) or Fahrenheit (oF).  Natural heat sources include solar radiation, air transfer, condensation of water vapor at the water surface, sediments, precipitation, surface runoff, and groundwater.  Anthropogenic sources of heat include industrial effluents, agriculture, and forest harvesting, decrease in streamside vegetation coverage, urban development, and mining.  
Water temperature has important effects on aquatic biota.  Increased water temperature reduces oxygen solubility while elevating metabolic oxygen demand.  This causes lower oxygen concentrations that may be detrimental to some aquatic organisms.  Reproductive and other biological activities, such as migration, spawning, egg incubation, and fry rearing, are often triggered by water temperature.  A rise in water temperature can also provide conditions for the growth of disease-causing organisms.  Temperature also influences the solubility of many chemical compounds, thus affecting their toxicity to aquatic life (EPA 1986, MELP, 1998).  
Specific Conductance

Specific conductivity is a measurement of the ability of water to conduct an electric current and provides an estimate of the concentration of dissolved solids.  This property is related to water temperature and total ion content (e.g. chloride, sulfate, sodium, and calcium), and depends on the concentration of dissolved metals and other dissolved materials.  Water carries more current with increased ion content in the water.  Specific conductivity is lower in cooler waters.  Specific conductivity is measured in terms of resistance and reported in microsiemens per centimeter (m/cm) at 25oC.  Water source and geologic composition of the watershed are important controlling factors of specific conductivity.  Streams that flow through granite bedrock, for example, have lower conductivity than those that flow through limestone or clay soils.  The conductivity of pure waters is 0.055 S/cm.  The conductivity of freshwater at 25o C varies between 50 and 1,500 m/cm (Hem 1989; MELP 1998).  Specific conductivity measurements in streams flowing through granitic, siliceous, or other igneous rocks usually range between 10 and 50 S/cm.  In comparison, it generally ranges between 150 and 500 S/cm in streams that are flowing through limestones.   
Conductivity itself is not an aquatic health concern, but serves as an indicator of other water quality concerns.  
2.0 Laboratory Analysis Parameter

2.1 General Parameters

Calcium

Calcium (Ca) is the most abundant of the alkaline-earth metals and is a major constituent of many common rock minerals and of the solutes present in the water (Hem 1989).  It is generally the main cation in surface waters.  It is most commonly present as the calcium ion (Ca2+) and is generally derived from weathering or dissolution of minerals in soil and rocks.  Under conditions of high bicarbonate or sulfate concentration, calcium bicarbonate or calcium sulfate may exist (Hem 1989).  It contributes to the total hardness of water.  Calcium is reported in mg/L.  Water bodies with less than 
10 mg/L are considered calcium poor, whereas greater than 20 mg/L are considered calcium rich.  Average dissolved concentration in river waters ranges from 13.4 mg/L to 15 mg/L, but can vary substantially due to geology and climate (Hem 1989).  Although calcium is an important constituent of igneous rocks, its concentration in associated water bodies is generally low (Hem 1989) (0.039 mg/L for granitic watersheds, Wetzel 2001) due to slow decomposition rates of igneous rock materials (Hem 1989).

Calcium is an essential element for metabolism in most plants and animals (Hem 1989).  The distribution of many freshwater species, particularly invertebrates, is related to calcium concentration.  Significant changes in calcium concentration in a water body can influence the presence or absence of these organisms.  Most calcium in surface waters is derived from waters flowing over limestone, dolomite, gypsum, and other calcium-containing sedimentary rocks and minerals.  
Chloride

Chloride (Cl-) is among the important anions found in natural waters (Hem 1989).  Chloride is reported in mg/L.  It originates from the dissociation of salts, such as sodium chloride or calcium chloride, in water.  Concentrations tend to be low in fresh waters (8.3 mg/L, on average) (Schlesinger 1997; MELP 1998), and essentially zero in granite drainages (Wetzel 2001).  Water will taste salty when the chloride concentrations are greater than 250 to 400 mg/L.
Chloride influences osmotic salinity balance and ion exchange in aquatic organisms, thus making it an important ion for metabolic processes.  Increased chloride levels may reduce the toxicity of nitrite to aquatic life (MELP 1998).  Fish and invertebrates appear to be more sensitive to increases in chloride levels than aquatic plants.  High chloride content can adversely affect plant growth.  Fairly low concentrations can be lethal to fish (EPA 1986).  Chloride is common in areas with limestone deposits.  It is uncommon in most other soils, rocks, or minerals (Hem 1989).  Anthropogenic sources of chloride include municipal water supplies, sewage plant effluents, urban development, rock salt, agricultural runoff, and industrial effluents (MELP 1998).  
Hardness

The hardness of water is based on its content of calcium and magnesium salts, combined with bicarbonate and carbonate (temporary hardness) and with sulfates, chlorides, and other anions of mineral acids (permanent harness) (MELP 1989).  Hardness is expressed in degrees of hardness or mg/L of calcium carbonate (CaCO3).  Values greater than 120 mg/L are considered hard, while values less than 60 mg/L are considered soft (Hem 1989; MELP 1989).  The EPA (1986) utilizes the following hardness classification:

	Concentration CaCO3 (mg/L)
	Description

	<75
	Soft Water

	75-150
	Moderately Hard Water

	150-300
	Hard Water

	>300
	Very Hard Water


Water hardness can have indirect effects on aquatic biota, primarily affecting the toxicity of certain metals (MELP 1989).  The binding activity of major ions such as calcium and magnesium with metals such as copper, lead, and zinc, will lower the toxicity of these metals by decreasing the bioavailability.  Therefore, when water hardness is low, the toxic effects of these metals may increase.  
Hardness is influenced by the underlying rock-types, such as limestone.  Anthropogenic sources of hardness include the inorganic chemical industry and mines (EPA 1986). The effects of hardness on freshwater fish and other aquatic life appear to be related to the ions causing the hardness rather than hardness (EPA 1986).  For this reason, technical guidance groups recommend providing the concentrations of specific ions, rather than using hardness.
Magnesium

Magnesium (Mg) is a common alkaline-earth metal found in igneous, sedimentary, and other rock types.  It contributes to the total hardness of water.  Magnesium concentration is reported in mg/L or g/L.  It is much more soluble than calcium, with an average concentration of 5 mg/L in North American rivers (Schlesinger 1997) and 0.031 mg/L in granite drainage basins (Wetzel 2001). 
Magnesium is an essential nutrient in the metabolic activity of plants and animals.  It is commonly present as an ion (Mg2+) and is typically derived from weathering of ferromagnesian minerals in soil and rocks or dissolution of limestone.  Similar to calcium, magnesium may exist as magnesium bicarbonate or magnesium sulfate under certain conditions.  Magnesium concentrations are not strongly influenced by anthropogenic activities (Hem 1989).
Nitrate/Nitrite

Nitrate (NO3-) and nitrite (NO2-) ions are produced during nitrification of reduced and organic forms of nitrogen.  Nitrate and nitrite are typically reported in mg/L or g/L.  Nitrite is usually present in only minute quantities in water (<0.001 mg/L) because it in an intermediate, unstable form of nitrogen within the nitrogen cycle (MELP 1998).  It is formed from nitrate or ammonium ions by certain microorganisms found in soil and water (EPA 1986).  Nitrate is formed by the complete oxidation of ammonium by microorganism in the soil and water.  It is the most oxidized and stable form of nitrogen in water, and therefore is the principle form of combined nitrogen.  Most surface waters contain less than 0.01 mg/L of nitrite and less than 0.2 mg/L nitrate (MELP 1998; Wetzel 2001).  
Nitrate is the primary form of nitrogen used during plant growth.  Excessive amounts of nitrate may cause phytoplankton or macrophyte outbreaks.  Nitrite is toxic to aquatic life at relatively low concentrations (MELP 1998).  Although it is an essential plant nutrient, excessive nitrogen can cause proliferation of algae and macrophytes, resulting in eutrophic water conditions.  Eutrophication causes decreased oxygen levels which may cause stress or mortality of fish and invertebrates (EPA 1986).  Sources of elevated nitrate and nitrite come from municipal and industrial wastewaters, agricultural runoff, urban development, and automobile exhausts.  

Ammonia
Ammonia is found in two forms, ammonium (NH4+) that is not toxic and NH3, which is (ESA 1986).  Ammonium is readily adsorbed onto mineral surfaces (Hem 1989).  It is reported as mg/L or g/L, with typical surface water values less than 0.1 mg/L (MELP 1998; Wetzel 2001).  Ammonia as NH3 is reported to be toxic to various aquatic organisms over a range of concentrations (0.53 to 22.8 mg/L) (Oram 2007).
Complex nitrogen cycling and processes occur within aquatic systems.  Nitrogen is an essential plant nutrient which contributes to the productivity of a water body.  However, excessive ammonia over-stimulates the growth of algae and other plants, leading to eutrophication of a water body.  The resulting decrease of oxygen levels may cause stress and mortality of fish and invertebrates (EPA 1986).  High ammonia concentrations are also toxic to aquatic life.  The specific concentration at which ammonia is harmful to organism depends upon the temperature and pH of the water.  At higher temperatures and pH, a greater proportion of the total ammonia is present as NH3, increasing the toxicity of the water (EPA 1986).  The distribution of ammonia in surface waters varies spatially and seasonally depending upon productivity and the amount of organic matter.  Anthropogenic sources of ammonia include fertilizers, livestock wastes, residential effluents (e.g. cleaning products), mining, sewage treatments plans, and effluent from various types of industries (Oram 2007).
Total Kjeldahl Nitrogen

Total kjeldahl nitrogen (TKN) is a measure of both the ammonia and organic forms of nitrogen.  Organic nitrogen includes organic compounds, such as proteins, polypeptides, amino acids, and urea.  TKN is reported in mg/L or g/L (MELP 1998).  In lakes and reservoirs in the western United States, total phosphorus concentrations are usually between 0.01 and 3.52 mg/L (EPA 2000a).  In Sierra Nevadan rivers and streams, TKN values typically range between 0.025 and 0.65 mg/L (EPA 2000).
High ammonia concentrations can be deleterious to aquatic life, as it contributes to the eutrophication of water bodies.  Organic nitrogen is not biologically available.  As a result, it does not influence plant growth or water quality condition until it is transformed to the inorganic forms of nitrogen (MELP 1998).  Natural sources of TKN include decaying organic material such as plants and animals wastes.  Some species of streamside vegetation, such as alders, are nitrogen fixers.  Elevated nitrogen concentrations have been measured in waters with decaying alder leaves (Wetzel 2001).  Anthropogenic sources of TKN include effluents from sewage treatment plants and industry, agriculture (fertilizers), urban developments, paper plants, recreation, and mining.
Total Phosphorus

Phosphorus (P) is a nutrient that is essential for growth, and is a measure of both organic and inorganic forms of phosphorus.  It can be measured as total phosphorus or ortho-phosphate.  Total phosphorus is the total amount of phosphorus in the sample.  Ortho-phosphate is the portion that is available to organisms for growth.  Total phosphorus measurements include phosphorus that is in biological tissue, as well as the insoluble mineral particles (Michaud 1991; MELP 1998).  Phosphorus is fairly abundant in sediments, but concentrations are usually less than a few tenths of a milligram per liter in surface waters (Hem 1989).  In lakes and reservoirs in the western United States, total phosphorus concentrations are usually between 0 and 508 g/L (EPA 2000a).  Total phosphorus concentrations in the rivers and streams in the Sierra Nevadas typically range between 2.5 and 485 g/L (EPA 2000).  It is usually reported in g/L or mg/L.
Phosphorus is essential for plant growth and is often the most limiting nutrient for plant growth in surface waters.  As a result, inputs of phosphorus into surface waters can cause algal blooms.  In lakes unaffected by anthropogenic inputs, total phosphorus values are generally less than 10 g/L.  Lakes with total P values greater than 25 g/L are considered eutrophic (MELP 1998).  Anthropogenic sources of phosphorus include effluents from sewage treatment plants and industry, agriculture, and urban developments (EPA 1986; Hem 1989; MELP 1998). 
Ortho-phosphate

Ortho-phosphate (PO4) is a measure of the inorganic oxidized form of soluble phosphorus.  It is generally reported in mg/L or g/L.  Background concentrations of orthophosphate in surface waters generally average 10 g/L (Hem 1989).
Along with nitrogen, phosphorus is a necessary nutrient for plant growth.  Ortho-phosphate is the most readily available form of phosphorus for uptake during photosynthesis.  Animals obtain phosphorus through the consumption of plant materials.  Excess ortho-phosphate causes prolific algal growth, causing the same detrimental water conditions as described for nitrogen and total phosphorus (MELP 1998).  Since phosphorus is typically the most limiting nutrient for plant growth in fresh water, additions of this element are often the primary causes of eutrophication of water bodies.  Phosphate ions readily and strongly adsorb onto soils, suspended solids, and streambed sediments.  As a result, soil erosion can be a source of ortho-phosphate.  Other sources include agricultural, urban, and industrial wastewater effluents.  
Potassium 
Potassium (K) is a common element in most rock types, but occurs in generally lower concentrations and is less soluble than calcium and magnesium (Hem 1989).  Potassium is reported in mg/L or g/L, with an average concentration of 1.4 mg/L in North American rivers and 0.008 mg/L in granite drainage basins (Wetzel 2001).  
Potassium is important in the cellular ion transport and exchange processes of plants and animals, especially for algae growth (Wetzel 2001).  Potassium is derived during the weathering of feldspar and mica minerals from rocks and soil.  Another potential source of potassium is release through the decay of plant materials (Hem 1989).  The alteration of potassium concentration in natural waters is not common, except when effluent from industrial, agricultural, or urban sources exist or runoff from road salts reaches a water body (Wetzel 2001).  This type of pollution can cause significant alteration in the ionic composition of water bodies and ultimately change the balance of plant and animal productivity.
Sodium

Sodium (Na) is the most abundant of the alkaline-earth metals and is commonly found in solution (Hem 1989).  It generally has lower water concentrations than calcium, except in igneous dominated watersheds (Wetzel 2001).  Sodium is typically reported in mg/L, with concentrations that range from less than 1 mg/L to more than 500 mg/L.  An average sodium concentration of 9.0 mg/L is found in North American rivers (Schlesinger 1997) and 0.088 mg/L in granite drainage basins (Wetzel 2001).  
Sodium is important in the cellular ion transport and exchange processes of plants and animals (Wetzel 2001).  Certain species of cyanobacteria require high amounts of sodium for photosynthesis, metabolism, and nitrogen fixation.  The enrichment of water with high levels of sodium and phosphorus from domestic effluents can result in large cyanobacteria populations (Wetzel 2001).  Sodium is typically present as an ion (Na+) and is commonly derived from the weathering of rocks and soil or the dissolution of sodium salts (Hem 1989).  Similar to potassium, sodium concentrations in natural water bodies are not easily altered, except by pollutants such as road salts, industrial effluent, and agricultural runoff (Hem 1989; Wetzel 2001).  
Sulfate

Sulfate (SO42-) is a relatively common anion produced during geochemical weathering of sulfides (reduced form) from igneous and sedimentary rocks and soils (Hem 1989; Wetzel 2001).  Sulfate is reported in mg/L or g/L, with an average concentration of 20 mg/L in North American rivers (Schlesinger 1997) and 0.031 mg/L in granite drainage basins (Wetzel 2001).
Sulfur is essential for proper metabolic functioning of all organisms.  The primary sources of sulfur compounds to water bodies is atmospheric precipitation, which is largely due to the combustion of fossil fuels, oxidation of metallic sulfides, and smelting of ores (Hem 1989; Wetzel 2001).  Sulfate is naturally released from volcanic regions, during rock weathering, and through sulfur-reducing bacterial activity (Hem 1989; Wetzel 2001).  The most extensive natural occurrence of sulfate is in evaporate sediments and rocks.  Sulfate tends to form complex ions with sodium and calcium (Hem 1989).  Strong acids associated with sulfate are major contributors to acidifications of lakes and rivers (Hem 1989; Wetzel 2001).
Total Dissolved Solids

Total dissolved solids (TDS) is a measure of the concentration of inorganic salts (e.g. sodium, chloride, potassium, calcium, magnesium, and sulfate), small amounts of organic material, and dissolved materials in the water column and is reported in mg/L.  The value of TDS in fresh water naturally ranges from 0 to 1,000 mg/L (EPA 1986; MELP 1998).  Concentrations tend to be comparatively low in streams in granitic and sandstone-dominated watersheds than watersheds with abundant limestone.
The effect of elevated TDS levels on aquatic biota depends on the ionic composition of the dissolved material and the extent of the increase in concentration.  Under natural conditions, all aquatic life must be able to survive a range of TDS concentrations (EPA 1986).  Sources of total dissolved solids include sewage, stormwater and agricultural runoff, salts from roads, and industrial and water treatment plant wastewater discharges.  Total dissolved solids can also be derived from natural sources, including carbonate and salt deposits and mineral springs.  
Total Suspended Solids

Total suspended solids (TSS) is a measurement of particulate matter suspended in the water column and is typically reported in mg/L (MELP 1998).  Turbidity units (NTUs) correspond approximately to TSS concentrations.  Total suspended solids fluctuate with stream flow and may increase significantly during snowmelt and runoff from rain events.    Streams in forested watersheds tend to have low TSS concentrations, usually less than 50 mg/L, although concentrations can be naturally much higher in some streams and rivers (Windell 1992).  Waters with TSS concentrations less than 20 mg/L are usually considered to be clear.  Concentrations between 40 and 80 mg/L are considered to be cloudy.  Waters with concentrations greater than 150 mg/L appear dirty. 
High TSS concentrations can increase turbidity, resulting in reduced light penetration, reduced primary productivity, damage to fish gills, and impaired fish feeding ability.  Once the suspended solids settle on the stream or lake bottom, invertebrate and other benthic organisms and fish spawning can be adversely affected (EPA 1986).  
The freshwater aquatic life criterion for TSS set forth in the EPA’s Quality Criteria for Water (1976) states that ‘settable and suspended solids should not reduce the depth of the composition point for photosynthetic activity by more than 10 percent from the seasonally established norm for aquatic life.’  In other words, light penetration should not be decreased more than 10 percent.  
Turbidity

Turbidity is a measurement of the amount of light that is scattered or absorbed from a water sample. It is an indicator of suspended particulate matter in a water body.  More suspended particles in the water cause greater scattering.  Materials that contribute to turbidity include silt, clay, finely divided organic material, soluble organic compounds, and microorganisms (Michaud 1994; MELP 1998).  Turbidity values are reported in Nephelometric Turbidity Units (NTU).  In general, turbidity values in lakes of 10 NTU or less represent very clear water; 50 NTU is cloudy; and 100 to 500 NTU is very cloudy or muddy.  Rivers and streams in the Sierra Nevadas is typically very clear, with turbidity measurements ranging between 1.65 and 5.73 NTU (EPA 2000).
High turbidity levels can have adverse effects in aquatic ecosystems.  High turbidity reduces light penetration, which impairs photosynthesis of submerged vegetation and algae (MELP 1998; Michaud 1994).  A reduction in plant growth will reduce the production of aquatic invertebrates and fish species.  In addition, as particulates settle, they can adversely affect larvae by filling in the spaces between the rocks that may be used as habitat.  High turbidity also affects the ability of fish to find and capture food and can impair gill function in some fish under chronically high levels (Michaud 1994).  High turbidity also increases the total available surface area of suspended solids upon which metals and other pollutants can attach and bacteria can grow.
Turbidity values can be naturally variable.  Waters are often more turbid following rain events, which may increase erosion and urban runoff.  In lakes, variations in turbidity are often caused by seasonal changes in algal growth through the year.  These algal blooms may result from higher temperatures in the summer, longer daylight hours, or increased nutrients from decomposition (Michaud 1994).  Turbidity increases can also be caused by effluents from wastewater and septic systems, decaying plants and animals, and bottom-feeding fish.
TOC

Total Organic Carbon (TOC) is a measure of the dissolved and particulate organic carbon in water, which is primarily composed of humic substances and decomposing plant and animal materials.  Total organic carbon is reported as mg/L.  Values in natural waters are usually between 1 and 30 mg/L (Hem 1989; MELP 1998).  In small streams, the proportion of dissolved organic carbon relative to particulate organic carbon increases downstream as particles are broken down and decomposed.  In slower moving larger rivers, TOC can also be derived from phytoplankton growth and rooted plants (Schlesinger 1997).  
Carbon is required for biological processes.  Dissolved oxygen concentrations are inversely related to organic carbon concentrations.  The amount of TOC in the water varies with flow with generally higher concentrations at higher flows (Schlesinger 1997).  Natural sources include decomposing leaves and roots that may enter directly into a stream or waterbody, particularly from the adjacent riparian zone and floodplain.  Dissolved sources include soluble carbohydrates and amino acids that are leached from decomposing leaves and roots and humic acids from soil organic matter (Schlesinger 1997).  Sources of TOC include agriculture and municipal and industrial water discharges (MELP 1998).
Total Alkalinity (as CaCo3)
Alkalinity is a measurement of the ability of water to neutralize acids (buffering capacity).  Alkalinity is the concentration of bases in dissolved in water.  These bases are usually carbonate and bicarbonate, but can also be hydroxides.  These buffers are important because they slow the rate at which the pH changes.  The pH can change naturally as a result of photosynthetic activity of the aquatic vegetation.  When the pH is very high (greater than 9) hydroxide ions may also be present.  In addition, carbonate and bicarbonate reduce the toxicity of some toxic heavy metals (EPA 1986; Hem 1989; Wetzel 2001).  Alkalinity is typically expressed as an equivalent amount of calcium carbonate (CaCO3) in mg/L and generally ranges from 0 to 500 mg/L in fresh waters (MELP 1998).  Alkalinity levels up to 400 mg/L are not considered to be detrimental to human health (EPA 1986).  Alkalinity values less than 10 mg/L are considered very low and the pH of these waters is very susceptible to acid inputs.  Alkalinity values are often very low in granitic drainages (Wetzel 2001).  Values between 10 and 20 mg/L are considered moderately susceptible to acid inputs.
In general, very low or high alkalinity itself does not cause detrimental effects to aquatic organisms.  However, the concentration of the dissolved materials (alkalinity) and their ratio to one another determines the actual pH and buffering capacity in a given water system (EPA 1986; Wetzel 2001).  Waters with very low alkalinity values have little capacity to buffer acid inputs and are thus susceptible to acidification (MELP 1998).  As previously discussed, extreme pH values can adversely affect aquatic biota, particularly in low pH (acidic) waters.  Acidified drainage basins are known to possess increased sulfate and dissolved aluminum concentrations, as well as significant changes in the ion species and ratios (Wetzel 2001).  In some inland waters of extremely high salinity, hydroxide, borate, silicate, phosphate, and sulfide may be the major sources of alkalinity (Wetzel 2001).  Relatively few aquatic organisms are adapted to these unusual conditions.
2.2 Metals Dissolved

Arsenic

Arsenic (As) is a widely distributed element in the Earth’s crust (ATSDR 2007).  It is highly volatile and is an important component in many biochemical processes (Hem 1989).  In its elemental form, it appears as a metal-like substance but it is usually found in compounds with other elements and appears as white or colorless powder.  Inorganic arsenic results from compounds with elements such as oxygen, chlorine, or sulfur.  Organic arsenic results from compounds with hydrogen and carbon.  Organic arsenic is generally less harmful than inorganic arsenic (ATSDR 2007).  Arsenic is measured in g/L or mg/L.  Natural surface water normally contains an arsenic concentration of about 1 g/L.
Arsenic can be highly toxic to most organisms in excess concentrations.  Concentrations above 5 g/L have been shown to reduce growth and reproduction in aquatic invertebrates and algae (MELP 1998).  Concentrations of 550 g/L have produced mortality in fish (MELP 1998).  In addition, organic arsenic can bioaccumulate in fish and shellfish (ATSDR 2007).  Concentrations above 25 g/L can have negative effects on livestock and, therefore, are potentially toxic to wildlife (MELP 1998).  Arsenic is used as a preservative for wood, and is used in pesticides, metal alloys (especially in automobile batteries), and semiconductors and light diodes.  Anthopogenic sources of arsenic include coal-fired power plants, industrial water discharge, and agricultural runoff (Hem 1989).  It occurs naturally in soil and can enter water from wind-blown dust, runoff, and leaching.  Volcanoes are another natural source of arsenic (ATSDR 2007).  
Cadmium

Cadmium (Cd) is an element that occurs naturally in the environment.  It is usually found combined with other elements, such as zinc and leadm rather than occurring as a pure metal (MELP 1998; ATSDR 1999).  It can be measured in either the dissolved (as in this study) or in the total state in water.  It dissolves in water at varying degrees depending on which other elements it is combined.  Cadmium most easily dissolves in water when it is in a compound with chlorides and sulfates.  These compounds are usually present only in small amounts in the environment (ATSDR 1999).  It is reported in mg/L or g/L.  It usually found in very small concentrations (less than 0.1 g/L) (Wetzel 2001).  
Cadmium has highly toxic effects on aquatic plants and animals in all chemical forms.  It is extremely toxic to fish and zooplankton, and has been found to accumulate in plant cells and some aquatic organisms.  It also diminishes plant growth.  Its toxicity increases with the presence of other metals, including zinc and copper (MELP 1998; Odam 2007).  The majority of cadmium is released into the environment from natural sources, primarily from the weather of rocks that naturally contain various amounts of cadmium.  In addition, it can be releases into the environment by forest fires and volcanoes.  Anthropogenic sources of cadmium include industrial effluents, fossil fuels burning, and mining (ATSDR 1999).  
Copper

Copper (Cu) is a metallic element, which can occur as a free native metal or combined with ionic metals (Hem 1989).  It is measured in either the total or dissolved state in water samples, and reported in g/L or mh/L.  Copper is typically found in trace concentrations from 1 to 10 g/L (MELP 1998) and levels near 10 g/L are common in river water (Hem 1989).  The fresh water aquatic life criterion for copper depends on the hardness of the water body being tested.  Copper toxicity decreases with increasing hardness and increases with increasing pH (EPA 1986; Wetzel 2001).
Copper is an essential element in plant and animal metabolism, but quantities above normal trace concentrations are highly toxic to most aquatic life forms (MELP 1998).  Many of the deleterious effects of copper, such as inhibition of phosphorus uptake in green algae, are highly variable depending on other environmental conditions such as pH, alkalinity, total organic carbon, and water hardness (EPA 1986; Wetzel 2001).  Copper may be released during industrial, agricultural, and mining activities.  Other common sources include copper plumbing and equipment (Hem 1989; MELP 1998).
Iron

Iron (Fe) is the second most abundant metallic element in the Earth’s outer crust, but concentrations in water tend to be small (Hem 1989).  Iron can be measured in either the total or dissolved state and reported as g/L or mg/L.  Average iron concentrations of 40 g/L are found in the world’s lake and rivers.  The typical amount found in neutral and alkaline surface waters ranges from 0.05 to 0.20 mg/L (Wetzel 2001), with an average of 0.16 mg/L in surface waters in North America (Schlesinger 1997).  High concentrations of iron are generally only found in acidic waters (pH less than 3 to 4), such as in runoff of streams from strip mines (Wetzel 2001).  Concentrations of iron above 0.3 mg/L cause undesirable taste, and when precipitated out of solution due to oxidation, cause a reddish brown color to the water.  
Iron is an essential element in plant and animal respiration and its availability in lakes and streams can limit photosynthetic productivity (Wetzel 2001).  The chemical behavior of iron is highly dependent on oxidation intensity and is a function of pH and temperatures (Hem 1989; Wetzel 2001).  Iron is released in sediment when igneous rock minerals are broken down by water.  Iron is also present in organic matter in soils and can be processed into surface water through oxidation and reduction activities that often involve microorganism (Hem 1989).  Industrial effluent, acid mine drainage, and smelters are also sources of iron (MELP 1998).
Lead

Lead (Pb) is a metallic element, which is widely dispersed in sedimentary rocks, but has low natural mobility due to low solubility (Hem 1989).  The criterion for lead is expressed in terms of dissolved metal in the water column (MELP 1998).  Lead concentration is reported in g/L. The relative abundances of different species of lead are pH dependent and solubility increases with increasing alkalinity (EPA 1986).  The freshwater aquatic life criterion for lead depends on the hardness of the water body being tested.  The toxic effects of lead decreases as DO and hardness concentrations increase (MELP 1998).  
Lead is toxic to all animals (MELP 1998) and is particularly toxic to aquatic organism at relatively low concentrations (Wetzel 2001).  Fossil fuel combustion, especially of leaded gasoline, contributed greatly to the deposition of lead in waterways in the twentieth century.  Other sources of lead include industrial effluent, smelting and refining, batteries, and lead pipe used to transport drinking water (Wetzel 2001).  

Manganese

Manganese (Mn) is one of the more abundant metallic elements, although there is only one-fiftieth the amount of manganese in the Earth’s crust as there is iron (Hem 1989).  It does not naturally occur as a metal, but is found in association with various salts and minerals, often with iron compounds (EPA 1986).  Its chemical reactivity is very similar to that of iron and they behave much the same way in freshwater systems (Wetzel 2001).  It is a minor constituent of many igneous and metamorphic minerals (Hem 1989).  It can substitute for iron, magnesium, or calcium in silicate structures, but it is not an essential element of silicate rock minerals (Hem 1989).  Small amounts of manganese are often present in dolomite or limestone as a substitute for calcium.  Concentrations in lake basins range between 10 and 850 g/L, depending on lithology and other characteristics of the drainage basin.  The average concentration of manganese in surface waters is about 35 g/L (Wetzel 2001).  It is rarely found in surface waters at concentrations greater than 1 mg/L (EPA 1986).
Manganese is an essential nutrient for microflora, plants, and animals as an enzyme catalyst and as an important component of photosynthesis and nitrogen fixation (EPA 1986; Hem 1989).  High concentrations of manganese can have an inhibitory effect on cyanobacteria and green algae and tend to favor diatom growth (Wetzel 2001).  Divalent manganese is released into aqueous solution during weathering of rock and through organic processes (Hem 1989).
Nickel 
Nickel (Ni) is one of the five ferromagnetic elements.  It only occurs as a very small fraction (0.018%) in the Earth’s crust (HSDB 2007).  It can be combined with various other metals, including iron, copper, chromium, and zinc, and may substitute for iron in igneous rocks.  Nickel also may be precipitated with iron oxides and manganese oxides (Hem 1989; ATSDR 2005).  In addition, nickel can also be combined with other elements, most commonly sulfur, and oxygen.  Many of the compounds containing nickel easily dissolve in water (ATSDR 2005).  Concentrations in natural surface waters are usually low (10 g/L, Hem (1989)).  
Nickel is an essential element in some enzymes found in bacteria and plants.  It is an important component in nitrogen fixation and some enzymes (Wetzel 2001).  However, when it occurs in large quantities and is combined with some elements, for example nitrate, sulfur, and chloride, nickel can be very toxic to aquatic biota.  It may accumulate in some plants (ATSDR 2005).  The toxicity of nickel to aquatic biota is dependent on hardness.  Toxicity is greater when the water is softer compared to harder water conditions.  It can also be released from volcanoes.  Nickel is naturally found in all soils, and strongly attaches to particles that contain iron or magnesium.  When this occurs, it is not readily available for uptake by plants and animals.  Nickel is found in surface waters as a result of weathering of rocks containing nickel.  Anthropogenic sources of nickel include industrial effluent, oil-burning and coal-burning power plants, mining, and trash incinerators (ATSDR 2005).

Chromium 
Chromium (Cr) is naturally present in the environment and has a number of oxidation states.  The most common forms are chromium (0), trivalent (chromium (III)), and hexavalent (chromium (VI)).  Hexavalent chromium (chromium VI) compounds are the most toxic state.  It is usually measured as total chromium.  Naturally, chromium concentrations in surface water are usually less than 10 g/L (Hem 1989).
Chromium (VI) compounds adversely affect all aquatic biota, including algae.  It does not appear to bioaccumulate in plants and animals.  It is also a known human carcinogen (EPA 1986).  The toxicity of chromium (VI) increases as hardness and pH increase.  Chromium (III) is more toxic in soft waters.  Chromium naturally occurs in rocks and soil, but in very small amounts.  It is also released during volcanic eruptions.  Anthopogenic sources of chromium (0), (III) and (VI) include emissions from coal and oil burning and industrial effluents (ATSDR 2000).    
2.3 Metals - Total


Mercury

Mercury (Hg) is a trace element in the Earth’s crust that normally occurs in quantities of only 1 to 2 ng/L in natural waters (MELP 1998).  It may be present in the environment as elemental mercury (Hg0), inorganic mercury (Hg2+), or organic mercury (primarily methyl mercury, MeHg).  Elemental mercury was commonly used in thermometers.  Methyl mercury is the most toxic of these mercury compounds (EPA 1986).  It is a serious neuron-toxin and has been found in high concentrations in lakes far removed from sources of mercury (EPA 1986; USGS 2003).  Methyl mercury bioaccumulates, which is the process by which organisms that are exposed to chemicals either from their diet, water, or other sources accumulate and retain the chemicals.  Inorganic mercury does not accumulate in aquatic organisms.  Various chemical and biological processes can readily convert the various forms of mercury.  Anaerobic bacteria in sediments readily convert inorganic mercury into methyl mercury.  With the exception of gold mining areas where elemental mercury is used, mercury is typically present in surface waters, sediment, or soils as inorganic mercury.

Mercury is highly toxic and has a long retention time in animal cells.  Rates of methyl mercury production and bioaccumulation depend not only on the abundance of inorganic mercury but also on a complex assortment of environmental variables which affect the activities and species composition of the bacteria and the availability of the inorganic mercury for methylation (USGS 2003; HSDB 2007).  These variables include, but are not limited to, pH of the water, the length of the food chain, dissolved organic matter, soil type, and the proportion of wetlands in the watershed.  Once converted to methyl mercury by bacteria, it can bioaccumulate in aquatic organisms and be passed up the food chain (Hem 1989).  Temperature, pH, alkalinity, suspended sediment load, and the geomorphology of the watershed are known to affect the accumulation of mercury in fish (Klasing et al 2006).  In addition to bioaccumulating, methyl mercury also biomagnifies (higher concentrations at higher levels in the food chain) (USGS 2003).  Because bacteria mediate the rate of methyl mercury formation, fish living in even mildly contaminated waters are not safe to eat.  

Detectible levels of mercury are found in almost all fish, with more than 95% of it occurring as methyl mercury (Klasing et al 2006).  People primarily become exposed to methyl mercury by consuming fish (Klasing et al 2006).  Fish at the highest trophic levels (higher up the food chain) tend to have higher levels of methyl mercury than those lower in the food chain.  Larger and older fish of a given species also tend to have higher methyl mercury levels than smaller and younger fish of the same species.  It is particularly toxic to the fetus and young children and can cause serious neurological abnormalities to a fetus even without symptoms in the mother.  Recent studies indicate that the fetus is more sensitive to methyl mercury than adults.  As a result, the OEHHA has established separate ‘reference doses’, which is “the daily exposure likely to be without significant risk of deleterious health effects during a lifetime”.  The reference dose for women of childbearing age and children aged 17 and younger is 1x10-4 mg/kg-day.  For men and women beyond childbearing age, the reference dose is 3x10-4 mg/kg-day (Klasing et al 2006).  

Mercury contamination can occur from both natural processes and human activities.  Mercury is highly volatile and thus, atmospheric deposition is a major pathway into aquatic systems (Hem 1989; MELP 1998).  Impounded water and flooding also cause the release of sedimentary mercury (MELP 1998).  Sources of mercury contamination include coal combustion, water incineration, mining and smelting and production of fertilizers (MELP 1998; USGS 2003).  Mercury is typically measured as the total mercury in water, soil, or tissue samples.  Water samples containing just 5 to 10 ng/L are considered polluted (MELP 1998).  OEHHA has reviewed studies that have reported mercury levels in fish in numerous watersheds in the Sierra Nevadas and others near the MFP area.  In the Lower Feather River, mercury levels ranged between 0.13 to 2.26 ppm (ppm = mg/kg) in Sacramento pikeminnow (total length range: 256 to 500 mm), 0.18 to 2.35 ppm in large mouth bass (total length range: 305 to 495 mm), and 0.32 to 3.50 ppm in striped bass (total length range: 533 to 817 mm) (Klasing et al 2006).  In the lower American River and Lake Natoma, average mercury concentrations in rainbow trout was 0.02 ppm (average total length: 324 mm), 0.57 ppm in Sacramento pikeminnow (average total length: 292 mm), and 0.28 ppm in striped bass (average total length: 559 mm) (Klasing and Brodbery 2004).  In addition, composite mercury analyses were conducted on fish tissue samples from various reservoirs as part of the SMUD relicensing studies (FERC Project Number 2101).  Mercury levels in brown trout from Loon Lake, Gerle Creek Reservoir, and Slab Creek Reservoir were 0.137 ppm (fork length range: 342 to 374 mm), 0.321 ppm (fork length: 510 mm), and 0.595 ppm (fork length: 485 mm), respectively.  Mercury levels in rainbow trout in Ice House Reservoir were 0.036 ppm (fork length range: 214 to 340 mm).  In Chili Bar Reservoir, mercury levels in a composite of Sacramento pikeminnows was 0.075 ppm (fork length range: 238 to 325 mm) (SMUD 2005).  
2.4 Hydrocarbons

Methyl-tertiary Butyl Ether (MtBE)

MtBE is a chemical compound manufactured by the reaction of methanol and isobutylene.  It is produced in mass quantities and used as an additive to raise the oxygen content of gasoline.  It had been added to gasoline in relatively low concentrations beginning in the late 1970’s.  Since the 1990’s it has been added in considerably higher concentration (up to 15%) to reduce the emissions of carbon monoxide and other pollutants.  This has contributed to significant reductions in carbon monoxide and ozone levels in many areas in California (USGS 2007).  The EPA has not set a national standard for MtBE nor has the CTR set a standard.  MtBE is measured in parts per billion, mg/L, or g/L.

MtBE readily dissolves in water, can rapidly move through the soil and aquifers, and is not affected by microbial decomposition.  It is classified as a carcinogen by the EPA (USGS 2007).  Lakes subjected to recreational activities are at the greatest potential risk of ecological effects from MtBE (Zogorski et. al. 2001).  Recreational watercraft with two-cycle engines pass as much as 25% of their fuel into the water column through their exhaust.  Although MtBE seems to be relatively persistent in groundwater, it does volatilize from surface water.  Volatilization from surface waters is dependent on a number of factors, including the depth and flow velocity of the water.  Rates are slower in fast moving, shallow waters (Squillace et. al. 1998).  MtBE binds weakly to soils (Squillace et. al. 1998).  MtBE does not appear to bioaccumulate in fish and is rapidly metabolized or excreted.  The typical levels of MtBE that are found in surface waters are considerable less than those that would be toxic to various aquatic biota.  For example, negative affects were not observed in algae until concentrations reaches 2,400 mg/L. In invertebrates, amphibians, and fish, the lowest concentrations at which negative effects were observed were 44 mg/L, 2,500 mg/L, and 574 mg/L, respectively (Werner and Hinton 1998).  In addition to two-stroke engines, MtBE can enter surface waters from fuel spill, leaking storage tanks and pipelines, storm run-off, and precipitation from atmospheric MtBE (Squillace et. al. 1998; Zogorski et. al. 2001).
Total Petroleum Hydrocarbons

Total petroleum hydrocarbons (TPH) is a term used to describe a large family of chemical compounds originating from crude oil.  These chemical compounds are made up primarily of hydrogen and carbon and are called hydrocarbons.  It is impractical to measure each hydrocarbon individually because there are so many of them.  Instead, TPH are used to measure hydrocarbon contamination (ATSDR 1999b).  Some of the chemicals in TPH include hexane, benzene, toluene, xylenes, naphthalene, and flourene, as well as jet fuels and mineral oils (ATSDR 1999b).  

Total petroleum hydrocarbon compounds can affect the lungs, liver, kidneys, and central nervous systems of animals as well as reproduction and fetus development (ASTDR 1999b).  Total petroleum hydrocarbons can be released into water through spills or leaks or directly through storm runoff.  Sources include industrial release, automobiles, and manufacturing.

2.5 Oil and Grease
The ‘oil and grease’ category includes thousands of organic compounds with different physical, chemical, and toxicological properties.  Volatility, solubility, and persistence of the compound also vary considerably among the different compounds.  Petroleum and non-petroleum oils can occur throughout a lake or stream system, including floating on the water’s surface, emulsified in the water column, solubilized, or settled on the river or lake bottom (EPA 1986).  
Oil can be very toxic to various aquatic organisms, as well as birds.  Oil and gasoline spills, in particular, can be lethal to a wide variety of organisms.  Petroleum products can be harmful to aquatic organisms at low levels (as low as 1 g/L).  Oil pollutants may also be buried in the sediments, relatively unchanged, which can cause long-term detrimental effects to benthic organisms (EPA 1986).  
2.6  Bacteria

Total Coliform

Coliform bacteria are a group of several genera of relatively harmless microorganisms that live in soil, water, and the intestines of cold- and warm-blooded animals including humans (Murphy 2007).  Total coliform concentrations are reported as the number of bacteria colonies present per 100 mL of sample water (#/100 mL, Michaud 1994).  
Total coliform bacteria occur naturally in surface and shallow ground waters and are essential in the breakdown or organic matter in water.  Oxygen is not a requirement for these bacteria, but they can use it.  They produce acid and gas from the fermentation of lactose.  Coliform bacteria are not pathogenic and are only mildly infectious.  The total coliform group is relatively easy to culture in the lab, and therefore, has been selected as the primary indicatory bacteria for the presence of disease-causing organisms.  If large numbers of coliform bacteria are found in water, there is a high probability that pathogenic bacteria or organisms, such as Giardia may be present.  Coliform bacteria, rather than actual pathogens, are used to assess water quality because they are easier to isolate and identify (Murphy 2007).  
Fecal Coliform
Fecal coliform is a subgroup of the coliform bacteria that live in the intestinal tract and feces of warm-blooded animals (Murphy 2007).  The most common member of this group is Escherichia coli.  Fecal coliform concentrations are reported as the number of bacteria colonies present per 100 mL of sample water (#/100 mL, Michaud 1991).  Fecal coliform bacteria can multiply quickly under optimum growing conditions and die off rapidly when conditions change.  For this reason, fecal coliform counts are difficult to predict (Michaud 1994).

Fecal coliform species by themselves are not usually harmful, but are an indicator of the possible presence of pathogenic organisms, such as bacteria, viruses, and parasites, that live in the same environment (Windell 1992; Murphy 2007).  Thus, it is used as a parameter for testing the quality of waters used for recreation.  The presence of fecal coliform indicates contamination from the feces of humans or other animals.  Swimming in waters with high levels of fecal coliform bacteria (over 200 colonies/100 mL) presents a health risk of contracting diseases such as typhoid fever, hepatitis, gastroenteritis, ear infection, and dysentery (Windell 1992; Murphy 2007).  Some strains of E. coli, such as E. coli O157:H7, which is found in the digestive tract of cattle, can cause intestinal illness.  The major sources of fecal coliform to freshwater are wastewater treatment plant effluent, failing septic systems, and human and animal wastes.  Human and animal wastes can be washed into storm drains, streams, and lakes during storms (Michaud 1994; Murphy 2007).
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