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Figure 9—Mean daily dissolved oxygen.

Figure 8—Mean daily water temperature.
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the data collection period, never falling below 87 percent at any of the sites. Values 
less than 93 percent were unusual, occurring only a few days each year at all sites 
except the Mad River gage, where the lowest measurement was 95 percent.

Specific Conductivity
As with pH, specific conductivity (SC) decreased sharply during the annual  
snowmelt-generated high-flow period. Accordingly, the lowest instantaneous and 
mean monthly values occurred in May and June at all sites (table 4). Highest 
instantaneous SC occurred in the Mad River, where values approached 160 µS/cm 
in both 2007 and 2008. These values reflect high SC in Tillicum Creek, which joins 
the Mad River at RM 2.4. During the September 2008 reconnaissance surveys 
described previously, SC was measured as 156 and 89 µS/cm in Tillicum Creek  
and at the Mad River gage respectively. At the Entiat gage, instantaneous and  
mean daily specific conductivities were somewhat lower than at the Mad River 
gage, but were otherwise similar (fig. 10). Instantaneous and mean daily specific 
conductivities at the Ardenvoir and North Fork gages were markedly lower than  
at the Mad and Entiat gages. Daily means rarely exceeded 60 µS/cm at Ardenvoir  
or 50 µS/cm at North Fork (fig. 10).

Figure 10—Mean daily specific conductivity.
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Discussion
pH
Factors that affect river pH include the watershed’s soil and bedrock chemistry, 
water contact time with soil and bedrock, land-use effects, exposure of river water 
to sunlight, and biological processes (Hem 1985). Evaluation of the relative influ-
ence of these factors on observed pH is beyond the scope of this study; however, 
some observations may help guide future investigations. During daylight hours, 
periphyton photosynthesis removes carbon dioxide from river water, leaving free 
hydroxyl ions (OH -) to combine with hydrogen, thereby reducing the concentration 
of free hydrogen ions (H+) and increasing pH. Daytime pH values greater than 9 are 
common in surface water, although pH commonly drops at night as photosynthesis 
declines (Welch et al. 1998). Periphyton photosynthesis has been suggested as a 
possible cause of elevated pH in the Entiat River, where large diurnal variation in 
the summer may result from increased sunlight (increased photosynthesis) (CCCD 
2004).

Land use effects that can stimulate periphyton productivity include enrich-
ment in nutrients, such as nitrogen and phosphorus. Common sources of nutrient 
enrichment include nonpoint agricultural sources, septic tank effluent, and live-
stock waste. Soluble forms of phosphorus and nitrogen are commonly delivered 
to streams by runoff or irrigation return flow and can reach shallow groundwater 
through infiltration of precipitation and irrigation water. In addition, phosphorus 
can be readily delivered to surface water when bound to mobile soil particles 
(Fuhrer et al. 2004, Welch et al. 1998, Williamson et al. 1997).

Methods of reducing nutrient enrichment include control of contaminant 
sources and enhancement of nitrogen-fixing riparian vegetation. Periphyton bio-
mass can be reduced by substrate disruption and scour during high flows, especially 
flows with high loads of entrained sediment (Fuhrer et al. 2004, Welch et al. 1998). 
Invertebrate grazing is another important control of periphyton that interacts with 
nutrient availability in complex ways. Therefore, control of insecticide contamina-
tion and maintenance of high-quality invertebrate habitat can be important methods 
of limiting periphyton biomass (Fuhrer et al. 2004, Murphy 1998, Welch et al. 
1998).

Although patterns of high pH in the Entiat and Mad Rivers are consistent with 
photosynthetic forcing, nutrient enrichment has not been identified as a concern 
in the WDOE Freshwater Monitoring Unit’s monthly sampling program at the 
Entiat gage (WDOE 2009). Concentrations of ammonia-nitrogen, nitrate-nitrogen, 
total nitrogen, orthophosphate, and total phosphorus measured from October 
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2006 through December 2008 are, in general, similar to what would be expected 
in streams draining relatively undisturbed watersheds (McCutcheon et al. 1993). 
Ratios of total persulfate nitrogen to total phosphorus in this same data set range 
from 6.9 to 68.4 (WDOE 2009).

Periphyton biomass can respond strongly to small concentrations of nutrients, 
depending on water temperature and velocity, solar radiation, invertebrate grazing, 
and other factors; therefore, streams with low phosphorus concentrations can be 
very sensitive to enrichment (Murphy 1998, Welch et al. 1998). Concentrations  
of total phosphorus as low as 0.005 mg/L can cause excessive algal growth 
(McCutcheon et al. 1993, Murphy 1998). At the Entiat gage, total phosphorus 
concentrations that exceed the usual range of data, measured by WDOE since 
October 1996, include 15 values ranging from 0.017 to 0.054 mg/L (WDOE 2009). 
Therefore, despite relatively low measured nutrient concentrations, further investi-
gations will be required to fully assess the effects of nutrients on periphyton 
productivity and pH in the Entiat subbasin.

Geology can be an important factor influencing river pH. In the Entiat valley, 
accumulation of till, glacial outwash, and other alluvium creates a valley-bottom 
aquifer (Dixon 2003). This aquifer creates a setting for shallow groundwater to 
interact chemically with the large mineral surface area present in fragmented till 
and outwash. Newton et al. (1987) found that groundwater pH increased substan-
tially after exposure to a similar geologic setting in the Adirondack Mountains. In 
the Mad River valley, no till is mapped farther down valley than approximately RM 
20 (Dragovich et al. 2002, Tabor et al. 1987). However, Faux and Archibald (2002) 
noted deep glacial till in the Mad River valley bottom as far down river as Cougar 
Creek (approximately RM 15). This lower elevation limit of till distribution approx-
imately coincides with the marked decline in rate of pH increase we measured from 
RM 15.0 to RM 12.5 (fig. 7). These and other geologic characteristics of the Entiat 
subbasin may warrant further investigation with respect to effects on pH, although 
future studies would need to consider confounding land use effects.

Bedrock characteristics in the Entiat subbasin may provide other opportunities 
for enhanced chemical interactions with groundwater that affect pH. These char-
acteristics include prominent bedrock fractures in the dominant intrusive igneous 
and high-grade metamorphic rocks (Dragovich et al. 2002, Tabor et al. 1987). These 
fractures can act as storage zones and groundwater pathways. In the Mad River 
watershed, much of the river closely follows the contact between the Entiat pluton 
and the high-grade metamorphic rocks of the Mad River terrane (Dragovich et al. 
2002, Tabor et al. 1987). If bedrock has been altered by contact metamorphism or 
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fracturing along this zone, then chemical interaction between bedrock and ground-
water may be enhanced, potentially affecting pH. The spatial scale of our data 
collection did not reveal consistent relations between pH and subbasin geology as 
currently mapped. Possible effects of geology on water quality will remain hypo-
thetical until more detailed investigations are done.

Wildfire is one of the major disturbance processes affecting the Entiat subbasin; 
however, consistent relations between mapped fire intensity (USDA FS 2009) and 
river pH are not apparent. For example, in the Mad River, rapid increase in pH from 
RM 12.5 to 9.0 correlates with a zone of high-intensity 1994 wildfire on the west 
side of the valley. However, similar correlations elsewhere in the subbasin are lack-
ing. For example in the Entiat valley, areas of high and moderate 1994 fire intensity 
have no apparent effect on river pH between the North Fork gage and RM 16.8.

Wildfire, geology, soils, periphyton photosynthesis, and land use effects, both 
current and historical, all play a role in river pH in the Entiat subbasin. A thorough 
examination of the contribution of each of these factors will require additional 
investigations beginning with more detailed surveys to identify specific sources 
of high- or low-pH water. In addition, more intensive measurements of periphyton 
biomass would allow more conclusive testing of linkages to river pH. For example, 
analyses of chlorophyll-a dry mass in periphyton samples would further refine 
determination of functional algal biomass (McCutcheon et al. 1993, Steinman and 
Lamberti 1996). Similarly, more detailed measurements of the spatial and temporal 
distribution of nutrients would help define controls on periphyton productivity.

This report summarizes results from the first 2 years of a trial approach to 
subbasin-scale status and trend monitoring of fundamental water quality parame-
ters important to salmon recovery in the ICRB. This approach has clear advantages 
over the commonly employed federal Clean Water Act compliance monitoring, 
which is generally conducted at much lower spatial and temporal intensity. Spatially 
distributed measurements at points that integrate critical drainage areas within 
the subbasin allow inferences to be made regarding the source and distribution of 
water quality extremes. This allows investigators to efficiently locate more intensive 
measurement programs that may be needed. Measuring variation in water quality 
parameters at frequencies of 1 hour or less allows temporal trends and cycles to be 
identified that clarify the duration and severity of extreme values. This temporal 
intensity of measurement can be a great aid in identifying potential causes and 
mechanisms of problems and relationships to other factors such as river discharge, 
temperature, solar exposure, or seasonality. This study further demonstrates that 
water quality monitoring of this intensity is logistically and economically feasible 
as part of the broader salmon recovery monitoring program in the ICRB.
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English Equivalents
When you know:	 Multiply by:	 To find:

Centimeters (cm)	 0.394	 Inches
Square centimeters (cm2)	 0.155	 Square inches
Kilometers (km)	 0.6214	 Miles
Square kilometers (km2)	 0.3861	 Square miles
Milligrams (mg)	 3.527 × 10-5	 Ounces
Milligrams per square centimeter	 0.000228	 Ounces per square inch 
	  (mg/cm2)
Milligrams per liter (mg/L)	 0.0010	 Ounces per cubic foot
Liters (L)	 0.0353	 Cubic feet
Cubic meters per second (m3/s)	 35.315	 Cubic feet per second
Siemens or mhos	 1.0000	 1/ohm
MicroSiemens per centimeter (µS/cm)	 2.5400	 Micromhos per inch

Degrees Celsius	 (1.8 °C) + 32	 Degrees Fahrenheit
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