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ABSTRACT

The primary objective of this study was to investigate and

compare the effects of a controlled burn on water quality against

the effects measured in a previous study on a wildfire. A secondary

objective was to develop a set of empirical equations to predict water

quality changes following fire.

Fluoride, calcium, magnesium and pH in the water were found

to increase and the sodium absorption ratio to decrease following the

controlled burn. Concentrations of calcium, magnesium, sodium, nitrate,

as well as the sodium adsorption ratio, following the wildfire were

significantly different, to allow the water to be considered of lesser

quality.

Prediction equations were developed from the controlled burn

data for the pH, sodium and the sodium adsorption ratio. However,

these equations are not considered accurate predictors and should

be used only as indications of possible trends.

vii



INTRODUCTION

Proper management of water resources is especially important in

the semiarid southwestern United States. Such management has gone beyond

public debate and been mandated into public laws. The Clean Water Act

of 1969 (PL92-500) created the framework within which both government

agencies and private interests must operate. Further augmenting the

1969 legislation, the Federal Water Pollution Control Act (including

section 208, Nonpoint Source Pollution Planning) was passed in 1972.

In the southwestern United States, federal and state agencies manage

vast land areas; thus, their management decisions can greatly influence

water quality. To ensure wise land use decisions, baseline information

on water quality-land management relationships needs to be gathered.

One major problem for land managers is the role of fire, specif-

ically its effect on water quality. The evolution of ponderosa pine

(Pinus ponderosa), the dominant upland forest caver type in the South-

west, most certainly was affected by fire. Fire scar studies indicate

that, prior to 1900, fire occurred at an average interval of every

10 to 11 years (Arno 1976, McBride and Laven 1976). However, during

the first 50 to 70 years of the twentieth century, fire suppression

resulted in unnatural fuel accumulation and potentially even greater

wildfire suppression problems (Vankat 1977).

In addition to destroying valuable timber, wildfires may also

severely deplete the forest's nutrient supply. Large losses in total

nitrogen from the forest floor have been reported (Grier 1975, Welch
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and Klemmedson 1975). Lesser percentages of calcium, magnesium, potas-

sium and sodium have also been reported lost (Cole et al. 1975, Grier

1975).

Controlled burning has recently become an acceptable forest

management scheme to reduce excess fuels, thereby decreasing the likeli-

hood of destructive wildfires (Beauf ait et al. 1975). In Arizona,

controlled burns have produced other desirable effects, such as thinning

overdense tree stands and increasing wildlife populations (Ffolliott

et al. 1977, Kallander 1969). Although controlled burns are now

being employed by forest managers, the effect of this practice on

nonpoint water pollution, nutrient cycling, plant succession, physical

soil properties, and water yield have not yet been ascertained (Eakle

1976, Klemmedson 1976).

Previous studies have indicated that higher intensity fires

produce greater changes on water flow and quality characteristics than

do low intensity fires. Higher intensity fires consume more forest

litter and vegetation, reduce more soluble ions to ash, and expose more

soil to erosion (Campbell et al. 1977, Cole et al. 1975, Zwolinski 1971).

Therefore, it was hypothesized that relatively low intensity fires would

have little effect on water quality as compared to high intensity fires.

It was further hypothesized that if other parameters (slope, precipitation,

volume of runoff and time from burn) were also considered, a set of

empirical equations might be derived for use as a land management tool.



DESCRIPTION OF STUDY

In spite of a large volume of literature related to aspects

of fire hydrologic response, there are still no widely uséd working

models quantifying effects of fire on surface water quality (Settergren

1967). This study attempts to quantify relationships between fire and

water quality of surface runoff from ponderosa pine forests.

Objectives

The specific objectives of this study were:

1. to investigate effects of the 1977 Spencer Canyon controlled

burn on surface water quality;

2. to develop a set of empirical equations which will predict

water quality changes over time following fire;

3. to compare the Spencer Canyon controlled burn relationships

with those determined after the Rattle Burn wildfire, and

to test the empirical equations at  Spencer Canyon with the

Rattle Burn data.

Study Area 

The primary data were obtained from the Spencer Canyon study

area, located about 20 miles (32 kilometers) northeast of Tucson,

Arizona, in the Santa Catalina Mountains within the Coronado National

Forest (Figure 1). The area, ranging in elevation from 8000 to 8300

feet (2438 to 2530 meters), is located in an eastward flowing tributary

of the main Spencer Canyon drainage. Slopes are steep (8 to 44 percent),

3



•••••n,.

n11101n1111 - nn•n•	 n1n1111n6 nnn11 .11n10IMMID nnn 	

▪

 .1nn////

FLAGSTAFF
ffi 0

PHOENIX
0

- 11•nn 	 .1n11i

ARIZONA

0
TUCSON

4

• nnn

- 

nnn

- 

nnn

Figure 1. Location of the study areas.
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averaging 23.5 percent, with thin soils formed from the underlying

quartz monzonite parent material. Ponderosa pine is the dominant forest

cover. Limber pine (P. flexilis) and to lesser extents Douglas-fir

(Pseudotsuga menziesii), white fir (Abies concolor) and silver-leafed

oak (Quercus hypoleucoides) also grow on the area.

Annual precipitation averages 30 inches (76.2 centimeters), with

snow accounting for approximately 30 percent of the total (Sellers and

Hill 1973). Although small scale logging operations have been conducted

in the Santa Catalinas since 1918, when the first dirt road was built

into forested areas (Cowgill 1975), the Spencer Canyon study area does

not appear to have been logged. Furthermore, no severe forest fires have

been recorded in the study area since effective suppression was initiated

about 40 years ago. The preburn basal area was approximately 115

square feet per acre (23.5 square meters per hectare), the preburn

surface fuel was 24.7 tons per acre (56.2 metric tons per hectare) dry

weight, with a mean depth of 2.19 inches (5.56 centimeters) and an

average moisture content of 18.5 percent.

A second study are, Rattle Burn, covers 722 acres (290 hectares)

of ponderosa pine forest land in the Coconino National Forest, about 18

miles (29 kilometers) southwest of Flagstaff, Arizona, on the West Fork

of Oak Creek. The elevation ranges from 6850 to 7100 feet (2O88 to 2164

meters), with slopes ranging from 0 to 20 percent, averaging 10 percent.

The soils are derived from the Kaibab limestone caprock. As in Spencer

Canyon, ponderosa pine is the predominant forest cover. Scattered

Englemann spruce (Picea engelmannii), white fir, and Douglas-fir are
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found in the steep moist canyons. There are also some Gambel oak

(a. gambelii) and a few widely scattered alligator junipers (Juniperus 
deppeana).

Annual precipitation between 1972 and 1975 was about 29 inches

(73.6 centimeters) per year, with snow accounting for over one-half of

the total (Campbell et al. 1977). The Rattle Burn area was logged

during the summer of 1971, leaving a remaining average basal area

of 67 square feet per acre (13.7 square meters per hectare) and

approximately 20 tones per acre (45.5 metric tons per hectare) of

scattered or piled slash.

Field Procedures 

Prior to the Spencer Canyon burn, 18 randomly located runoff

plots, seven by eight feet (2.1 by 2.4 meters), were established.

These plots used a covered gutter to drain surface runoff into a 30

gallon (114 liter) plastic bag that was changed after each sample

collection (Figure 2)'. The plots were stratified to the extent that

nine were located on a north aspect and nine on a south aspect.

A total of 67 preburn and 119 postburn 0.11 gallon (0.4 liter)

samples were collected as soon as possible following individual runoff

producing storm events. The preburn water quality samples were collected

following the December 1, 1977 burn, between December 27, 1977 and

October 26, 1978. Total runoff volume was also measured when each plot

was sampled. In addition, after the Rattle Burn wildfire on May 7-9,

1972, a total of 15 runoff discharge and water quality samples were

collected on three different occasions: July 8 and October 4-19, 1972
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Figure 2. One of 18 runoff plots used for collection of water samples
at Spencer Canyon.
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To calculate fire intensity, 72 fuel samples were collected

adjacent to the 18 runoff plots 24 hours prior to the Spencer Canyon

furn, and then oven dried for 24 hours at 185° F (85 ° C).
Byram's (1959) formula for determining fire intensity, often

referred to as the fire line intensity, was calculated on the 18

random plots. This relationship is given by:

I = HWR	 (1)

where: I = fire intensity in British thermal units (BTUs),

H = heat yield in BTUs (approximately 8500 BTUs per pound

of ponderosa pine litter less total water heat loss),

W = oven dry weight of available fuel in pounds per square

foot,

R = rate of spread in feet per second.

The effect of water content of ponderosa pine fuel on the

number of BTUs produced from each pound of ponderosa pine fuel is

given by the equation:

y = 565 -I- 10.0(X)
	

(2)

where: y = the predicted number of BTUs used in vaporizing water,

X = percent of water content.

Brown's (1972) rate of fire spread regression formula for

mixed ponderosa pine-Douglas-fir fuels was used to calculate the

individual probable rates of spread, since it was not possible to

1. One British thermal unit is equal to the quantity of heat
required to raise the temperature of one pound of water by one
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measure the rate of spread for all the scattered plots as they burned.

Brown's regression equation is:

y - 0.109X, + 2.01X 2 + 0.00827X3 - 1.97X4	(3)

where: y = rate of fire spread in feet per second,

X1 = surface area of zero to one centimeter fuel size class

per square foot of ground,

X2 = total fuel loading in pounds per square foot,

X3 = wind speed in feet per second, and

X4 = fuel bulk density in pounds per cubic foot.

Two average rate of spread values were calculated for each plot,

one based on a three mile per hour wind speed and the other on no wind.

These values were applied to Byram's equation (2) to give the probable

range of fire intensity from which to calculate average fire intensity.

Three additional variables were measured to further characterize

the Spencer Canyon fire:

1. fire temperature ranges were measured both at ground level and

at three feet (one meter) above the surface with mica tempilaque

pyrometers (small thin mica wafers striped with tempilaque

paint formulated to melt at specific temperatures);

2. forest density measurements in square feet of basal area per

acre were taken using a ten factor prism wedge;

3. percent of slope was measured with an Abney hand level.

The Rattle Burn wildfire burned 717 acres (287 hectares) of

ponderosa pine stands between May 7-9, 1972. Following the fire, per-

sonnel from the Rocky Mountain Forest and Range Experiment Station
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(USDA Forest Service, Flagstaff, Arizona) collected 15 chemical and

sediment measurements on three small catchments--one severely burned,

one moderately burned and one unburned (the control).

Fires intensity estimates were based on fuel loading measure-

ments from similar stands, using Byran's equation, and on wind speed

and rate of spread measured at the fire (Campbell et al. 1977). No

temperature measurements were taken as the Rattle Burn was an unexpected

wildfire.

Laboratory Analysis 

All water samples from both study areas were analyzed by the

Department of Soils, Water and Engineering, University of Arizona,

Tucson. The eleven constituents analyzed from Spencer Canyon were as

follows: calcium (Ca++), magnesium (Mg++), sodium (Na+), chloride (C1- ),

sulfate (SO4-), bicarbonate (ac03-), fluoride ( F-), nitrate (NO3- ),

hydrogen ion pH, total soluble salts and electrical conductivity.

Sodium adsorption ratio was also calculated for both study areas.

Only Ca++, Mg 	and NO
3 

were common to both study areas.

Statistical Analysis 

To expediate statistical analyses, an integrated system of

computer programs, The Statistical Package for the Social Sciences (SPSS),

was used (Nie et al. 1975). These statistical programs, available at

the University of Arizona's computer center, provide a variety of

statistical tests. All statistical tests conducted in this study

were evaluated at the 0.05 level of significance.
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Means and Ranges

For initial statistical analysis of the Spencer Canyon water

quality, the data were divided into four catagories: preburn south

aspect, postburn south aspect, preburn north aspect and postburn north

aspect. These catagories were chosen to represent the two primary

sources of variation within the Spencer Canyon study. Means, ranges,

and confidence intervals were calculated for each of the twelve water

quality parameters.

Analyses of Variance of Spencer Canyon Data

Analyses of variance of the Spencer Canyon data were conducted

to determine the significance of the following:

1. aspect, using plot within aspect as the error term;

2. treatment preburn and postburn, using day within treatment as

the error term;

3. aspect-treatment two-way interaction, using mean square error

as the error term;

4. plot within aspect, using mean square error as the error term;

and

5. day of event within treatment, using mean square error as the

error term.

Comparison of Spencer Canyon and Rattle Burn
Mean Water Quality Concentrations

The mean postburn water quality parameters common to both

Spencer Canyon and the Rattle Burn study areas were compared. All post-

burn Spencer Canyon data were used in calculating these mean values,
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while only seven Rattle Burn samples taken during one runoff event were

collected. A two-tailed t-test shown below for unpaired observations

and unequal variances was used (Steel and Torrie 1960):

dt =
C 	sd

where: tc = calculated t values;

a . the difference between the mean Spencer Canyon and the mean
Rattle Burn concentration;

s- = the estimated standard deviation for both means.d

The estimated standard deviation for both means (sd) is calculated as

follows:

s- =
d

s2	 s 2
1 4. 2

n
1 n

2
(5)

2where: s1 = the estimated variance of the postburn Spencer Canyon data;

s2 = the estimated variance of the October 18 and 19 Rattle Burn2

data;

n1 = number of postburn samples taken at Spencer Canyon; and

n2 = number of October 18 and 19 Rattle Burn samples taken.

Finally, the significance of the tc at a given level can be

calculated using the following formula (Steel and Torrie 1960);

(4)

(6)
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where: t s = replacement of tabular t statistic;

t1 = value of Students t for ni -1 degrees of freedom; and

t 2 = value of Students t for n2 -1 degrees of freedom.

Regression Analysis

A stepwise multiple regression analysis was used to develop empir-

ical equations to predict the water quality concentrations for the twelve

parameters measured at the Spencer Canyon burn. It was hypothesized

that mean concentrations could be predicted using the mean values ob-

tained from each plot over the ten-month postburn study period if the

concentrations were not time dependent.

Correlation analysis was conducted to determine if significant

correlations existed between the 12 water quality components measured

and time from the burn over the ten-month postburn Spencer Canyon study

period. The correlation coefficients were tested to determine whether

they were significantly different from zero by the t statistic, given

below (Steel and Torrie 1960):

tc =	
(1-r

2 ) 	(7)

n-2

where: t = calculated t-statistic,

r = the sample correlation coefficient,

= the number of observational pairs.



14

Nine of the twelve paramters tested showed no significant cor-

relation with time; therefore, the mean values were used in the multiple

regression analysis attempt to produce a set of empirical equations.

Mean fire intensity, maximum temperature of the fire, slope, runoff,

precipitation, basal area, and the number of days since the fire were

used as independent variables to predict the nine water quality param-

eter. The general linear regression model was:

i	 0	 1 iY =B +BX .+BX. + ...BX 	 ZE22i 	n ni
	 (8)

is
where: Yi 	= the ith observed mean concentration of a water

quality parameter,

= the intercept,
0

B l' 2** Bn = the regression parameters,* 

X, X
2i
...X = the values of the independent variables cor-

li	 ni

responding to the ith observation,

ZE = the sum of the error terms.

Three of the twelve paramters showed significant correlations

with time and, therefore, all water quality data (not means) were used

as dependent variables with volume of runoff, volume of precipitation,

and the number of days since the burn were used as independent variables.

Test of Empirical Equations on Rattle Burn Data

The confidence intervals for the predicted means were calculated

from the Spencer Canyon equations. The equation used is:

is

Y ± (547E) (t
1 - a/2)
	

(9)
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where:	 Y,= predicted mean,

t
1 -a/2 = tabular value for n-2 degrees of freedom, and

MSE = mean square error for the empirical equation.

Confidence intervals were also calculated for the October 18 and 19, 1972

runoff event at the Rattle Burn catchments using:

x s-tx 1- a /2 (10)

where: x = sample mean;

t = two tailed t value; and

s— = estimated Standard error of the mean.

Then, confidence intervals of the Rattle Burn data were compared

to the confidence interval ranges for the predicted means. If the

ranges calculated by the Spencer Canyon empirical equations overlap the

ranges calculated from the Rattle Burn data, the equations can be con-

sidered predictors of the mean water quality levels.



RESULTS AND DISCUSSION

Normally, controlled burns in the Santa Catalina Mountains would

be conducted in October and November, when the fuel moisture content and

temperature ranges minimize danger of losing control of the fire. How-

ever, the Spencer Canyon controlled burn was postponed until December

1, 1977, because of an exceptionally wet autumn. At the time of the

burn, air temperatures were in the mid-fifties and wind speed ranged from

zero to three miles per hour.

The Rattle Burn occurred in early May during the normal spring

dry season. Fires in May and early June which occur before the summer

rains are especially dangerous in Arizona, as warm air temperatures

and gusty winds are common.

Fire Intensity 

The calculated Spencer Canyon controlled burn fire intensity

ranged from 112 to 1078 BTU's per foot per second (392 to 3773 kJoules

per second per meter), with a mean of 480 BTU's per second per foot

(1680 kJoules per second per meter). Thus, even the areas of highest

intensity were still less than one-half the 2000 BTU's per foot per

second (7000 kJoules per second per meter) intensity estimated for

a moderately burned catchment at Rattle Burn and almost ten times

less than the 10,000 BTU per second per foot (35,000 kJoules per

second per meter) fire intensity of the severely burned catchment.

Although some overstocked stands of pulpwood-sized trees were

destroyed during the Spencer Canyon burn, little sawtimber was lost, as

16
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the fire was generally confined to the forest floor (Figure 3). On

the other hand, the moderately burned Rattle Burn catchment lost 50

percent of its pulpwood and seven percent of its sawtimber; the

severely burned catchment lost 90 percent of its pulpwood and 50 per-

cent of its sawtimber (Figure 4) (Campbell et al. 1977).

Fire Temperature 

Although soot deposits made it difficult to determine if the

templiaque paints had melted, the mean ground temperature measured

was 7080 F (378° C). Sixteen out of 18 ground level pyrometers
showed tempilaque paints formulated to melt between 6000 and 750° F
(316 ° to 399° C) were melted, and two showing ranges between 900°
and 1050° F (482° to 566° C) had also melted. Ten of the 18 pyro-
meters placed three feet above the ground surface showed indicator

stripes between 1500 and 300° F (66° and 149° C) had melted. Seven

showed strips indicating temperatures between 300° and 6000 F (149 o

and 3160 C) melted, and only one showed a temperature between 7500

and 9000 F (3990 and 4820 C). No temperature readings were recorded

at the Rattle Burn area since it was an unplanned wildfire.

Water Quality 

Preburn Spencer Canyon and unburned Rattle Burn water samples

showed water quality levels within Environmental Protection Agency

(EPA), United States Public Health Service (USPHS) and/or World

Health Organization (WHO) drinking water standards for: fluoride

(EPA 1.4 - 2.4 mg/1 depending on air temperature), nitrate (ERA 10 mg/1),

magnesium (WHO 125 mg/1), and sulfate (WHO, USPHS 500 ppm) (Anon. 1976,

Anon. 1961, Anon. 1962).
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Figure 3. Spencer Canyon controlled burn in progress and a panoramic
view of Spencer Canyon following the burn.



1.

I

m

Figure 4. Moderate and severely burned Rattle Burn catchments, five
years following the wildfire.
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None of the other ions tested in either Spencer Canyon or

Rattle Burn are included in published water standards. Mean amounts

of fluoride, magnesium, sulfate, chloride, nitrate, and total soluble

salts in postburn Spencer Canyon and Rattle Burn water sampled were

also within drinking water standards and cannot be considered detri-

mental to health.

Initial Statistical Analysis

The initial statistical analysis showed that three of the water

quality parameters on Spencer Canyon had changed: fluoride, calcium

and magnesium. The fluoride concentration increased in water yielded

from postburn south aspect, calcium showed increase in concentration

on the north aspect, while magnesium showed increased concentrations on

both north and south aspects (Figures 5, 6, and 7) 2
. The following

analysis of variance established the significance of these findings.

Analysis of Variance of Spencer Canyon Data 

Analysis of variance of the Spencer Canyon samples showed

several cases where significant differences existed in the data. First,

all postburn water quality parameters were tested using aspect as the

source of variation and plot number within aspect as the error term.

This test proved significant for fluoride, but nonsignificant for all

other parameters. Therefore, aspect in this test can be considered of

2. Appendix A presents water quality parameters which did not
appear to show changes following the Spencer Canyon burn.
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little importance on the overall postburn water quality, excepting

fluoride which showed greater concentrations on the south aspect.

Next, the postburn water quality parameters were tested using

treatment (preburn andpostburn) as the source of variation and days

since burn within treatment as the error term. This test showed

significant differences only for calcium, magnesium and the sodium

adsorption ratio, implying that the treatment (the controlled burn)

had no significant effect on the other water quality parameters examined.

Finally, aspect and treatment, plot within aspect and day within

treatment were tested as sources of variation with residual-mean square

for all samples as the error term. When aspect and treatment were

combined as the sources of variation, pH, fluoride, and magnesium showed

differences. When plot within aspect was used as the source of variation,

pH, magnesium, sodium sulfate, bicarbonate, and the sodium adsorption

ratio showed differences; this indicated that individual plots (even 
on

the same aspect) had highly variable concentrations for 
these parameters.

When number of days since burn within treatment was used for the

source of variation, total soluble salts, pH, calcium, chloride, mag-

nesium, sulfate, bicarbonate, nitrate, and fluoride showed significant

differences, implying that different runoff events on different dates

(both before and after the burn) showed significantly different ionic

concentrations.
3

The analysis of variance tests showed that the Spencer Canyon

burn (the treatment) produced significantly increased concentrations for

3. Appendix B shows the analysis of variance of the twelve
Spencer Canyon water quality parameters.
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fluoride, calcium, magnesium and pH, with a decrease in the sodium

adsorption ratio (SAR). No significant increases or decreases were

found for any of the other parameters tested with respect to treatment.

The SAR is an indicator of sodium hazard in water used for

irrigation and is defined as:

Na
+

SAR = 
++	 ++Ca + Mg

2

Higher SARs are less desirable and indicate that increased amounts of

sodium rather than of calcium plus magnesium will be adsorbed on soil

cation exchange sites; this can lead to the breakdown of soil aggregates,

eventually causing soils to become less permeable (Donahue et al. 1977).

Thus, land management policies which could reduce non-point sodium

hazard (by lowering the SAR) are very desirable.

The mean SAR calculated for the Spencer Canyon data showed a

significant decrease from the preburn mean of 0.26 to the postburn mean

of 0.16. Both values are below maximum acceptable levels for irrigation

water.

The significant increases in calcium and magnesium found in the

Spencer Canyon area following the burn can be considered beneficial

to water used for irrigation of agricultural crops. Increasing calcium

and magnesium while decreasing or maintaining a constant concentration

of sodium, as was the case in Spencer Canyon, caused the SAR to be

lowered.

The increase in fluoride concentration shown can also be con-

sidered a beneficial increase apparently caused by the Spencer Canyon
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controlled burn. Numerous studies report that maintaining a 0.8 to 1,5

milligram per liter concentration of fluoride in drinking water aids in

reduction of tooth decay CtIcKee and Wolf 1963). As plants absorb very

little fluorides from the soil (Greenwood 1956; Mitchell and Edman.

1953), it is likely that increases in fluoride following the controlled

burn were due to erosion within the plots.

Although pH showed a significant increase following the Spencer

Canyon burn (from 6.18 to 6.38), both values can be considered only

slightly acidic. Waters of this pH range would be especially suitable

for irrigation of basic southwestern soils.

One last noteworthy result shown by the Spencer Canyon study is

that nitrate did not decrease significantly in the surface runoff water;

this implies the mean ground level temperature measured during the burn

(7800 F, 376° C) may not have been hot enough to volitalize large

amounts of nitrogen. Burns having temperatures greater than 11120 F

(6000 C) have been shown to volitalize 94 to 96 percent of the nitrogen

from slash fires in Douglas-fir forests of the Pacific Northwest (Grier

1975).

Comparison of Spencer Canyon and Rattle Burn 
Mean Water Quality Concentrations 

Mean postburn water quality parameters common to both Spencer

Canyon and the October 18 and 19, 1972, runoff event at Rattle Burn are

presented in Table 1. Water samples from the severely burned Rattle

Burn catchment showed a decrease in calcium and an increase in sodium

when compared to the Spencer Canyon means. Magnesium showed lower values

from the moderately burned catchment. Decreases in calcium and magnesium
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Table 1.	 Mean post fire water quality concentrations common to both
Spencer Canyon and Rattle Burn.

Parameters Spencer Canyon Rattle Burn
Moderate	 Severe

Ca(mg/1) 9.04 4.58 3.78

*
Mg(mg/1) 2.47 0.93 1.47

Na(mg/1) 2.08 5.24* 2.74

NO3 (mg/1) 0.20 0.68 0.08

SAP. 0.16 0.04 1.73*

* Indicates that the mean is significantly different at the 0.05 level

of significance from the Spencer Canyon value.
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concentrations and increases in sodium following a burn in a ponderosa

pine forest located in north-central Washington have been reported by

Grier (1975). These results were attributed to greater surface leaching

of sodium with respect to calcium and magnesium, which are held more

tightly by the soil particles; this may also explain the higher SAR

calculated for the severely burned watershed (Table 1).

Regression Analysis 

The results of the stepwise multiple regression analysis using

mean values for the nine parameters not associated with time produced

only three significant equations from the Spencer Canyon data. Equations

for PH , 

sodium, and the sodium adsorption ratio (SAR) are as follows:

6.60 - 0.00854(R0) - 0.00137(F1) + 4.19(PP) - 0.550(SL) +

0.000140(MT) - 0.000372(BA) - 0.000899(DB)	 (12)

r
2 
= .70

1Zâ. = 11.0 - 0.0142(DB) - 0.672(R0) - 0.00438(BA) + 14.8(PP) -

0.00227(F1) - 0.002	 (13)

r2 = .61

IrZk = 0.764 - 0.0543(RO) - 0.00226(DB) 	 0.000363(BA) +

0.983(PP) - 0.000113(F1) - 0.0000257(MT) + 0.001	 (14)

r
2 = .68

where: = hydrogen ion in pH units,

= sodium in milligrams per liter,

= sodium adsorption ratio,

RO = total runoff volume per storm event in liters per five

square meters,
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DB = number of days since burn,

BA = basal area of timber within and surrounding plot in meters
per hectare,

PP = total precipitation per storm event in millimeters,

FI = fire intensity in kJoules sec. -1 meter2 ,

MT = maximum fire temperature in degrees

SL = slope in percent.

Calcium, sulfate, and fluoride were found to be correlated with

time and, therefore, could not be included in the multiple regression

described above. Instead, only volume of runoff, volume of precipitation

and the number of days since the burn were used as the independent vari-

ables. This second multiple regression produced no significant equations

from the Spencer Canyon data.

Test of Empirical Equations on Rattle Burn Data 

Only the Spencer Canyon equations developed for sodium and

sodium adsorption ration were common to measurements taken following the

Rattle Burn wildfire. These equations, representing mean Spencer Canyon

values, were then applied to mean Rattle Burn values measured for one

runoff event which occurred on October 18 and 19, 1972. This event was

selected to test the equations as the data represented both the rising

and falling arms of the hydrograph, which is important in calculating

mean concentrations. Furthermore, the event fell within the ten months

following the fire, which is the duration of the Spencer Canyon study

from which the empirical equations were derived. Using the equations

beyond the ten-month period would be speculative.
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During this runoff event, five water samples were collected on

the moderately burned catchment at Rattle Burn and two were collected.

on the severely burned catchment. Mean measured and predicted concen-

trations from empirical equations are shown in table 2. It was neces-

sary to estimate mean maximum temperatures as no temperatures were

measured during the wildfire.

When the confidence intervals of the empirical equations were

compared to the confidence intervals of the Rattle Burn means, they

overlapped on three instances (Table 2). Sodium overlapped on both the

moderately and severely burned catchments, and the sodium adsorption

ratio overlapped on the moderately burned catchment.

It should be moted that the mean measured values on the severely

burned catchment were based on only two samples, resulting in a wide

confidence interval. Therefore, only on the moderately burned catchment

can the empirical equations used be shown to approximate the sodium

value measured at the Rattle Burn.

Several watershed modeling approaches add credibility to the

use of runoff plot storm response water quality concentrations to indi-

cate ephemeral stream water quality. Partial area or variable source

modeling approaches explain surface water storm response as being derived

from relatively small portions of watersheds which are either impermeable

or near saturation at the beginning of the storm event. These saturated

zones are usually closely associated with the stream channels (Batson 1964,

Freeze 1974). With the exception of piping, subsurface flow is simply

too slow to have a large impact on storm response, even from relatively

small catchments. Channel processes, soil characteristics, lithology,



Table 2. Mean and predicted water quality parameters of sodium and the
sodium adsorption ratio on two Rattle Burn catchments.

CONCENTRATIONS

Mean Measured
Na(mg/1)	 SAP.

Predicted
Na(mg/1) SAP.

Moderately
Burned

Severely
Burned

5.24

2.74

±	 1.14

± 24.15

3.16

1.69

±	 0.24

± 12.58

4.74

-0.06

± 2.19

± 2.19

0.06

-0.22

± 0.15

± 0.15

* Predicted sonfidence intervals at the 0.05 overlap measured confidence
intervals.
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and basin have been shown to be additional important factors affecting

storm response. Therefore, the empirical attempt to predict water

quality levels presented in this study cannot be considered highly

accurate, although the levels predicted may indicate the relative magni-

tude of changes which can be expected.



SUMMARY AND CONCLUSIONS

Both the preburn and postburn water quality constituent concen-

trations in Spencer Canyon were within published drinking water standards;

this appears meaningful because the high fuel accumulation and steep

slope conditions in Spencer Canyon probably represent the extreme con-

ditions under which controlled burns would be conducted in Arizona. It

is the author's opinion that properly conducted controlled burns in

Arizona ponderosa pine forests will cause little or no water quality

impairment of the parameters tested.

Water samples following the Rattle Burn wildfire were also of

acceptable drinking water quality for the parameters measured. However,

an increase in sodium levels for Rattle Burn above Spencer Canyon post-

burn value, a decrease in the calcium and magnesium levels from the

moderately burned catchment and a decrease in the nitrate level from the

severely burned catchment indicate that undesirable changes had occurred.

It is speculated that the areas limestone soils, with characteristically

high infiltration capacities, may have minimized surface wash of ions

into the stream channel, thereby reducing the impact of the wildfire on

surface water quality.

Finally, the empirical equation for sodium developed with Spencer

Canyon data approximated the Rattle Burn measurements on the moderately

burned catchment for the one storm measured. The empirical equation for

SAR did not approximate the measured mean value within the selected

confidence interval range. The equation for pH was not tested. Therefore,

33



these equations cannot be considered accurate predictors and should be

used only as indicators of possible trends.
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APPENDIX A

WATER QUALITY PARAMETERS NOT SHOWING A CHANGE

FOLLOWING THE SPENCER CANYON BURN
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Figure A.1. Spencer Canyon electrical conductance (in pmhos) ranges,
means and confidence intervals.
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Figure A.2. Spencer Canyon soluable salts concentration ranges, mpAng

and confidence intervals.
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Figure A.4. Spencer Canyon sodium concentration ranges, means and
confidence intervals.
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Figure A.7. Spencer Canyon bicarbonate conentration ranges, means and
confidence intervals.
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APPENDIX B

ANALYSIS OF VARIANCE OF THE TWELVE SPENCER CANYON

WATER QUALITY PARAMETERS
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Table B.1. Analysis of variance of electrical conductivity.

Error
Tern*

Source of
Variation

Degree of
Freedom

Sum of
Squares

Mean
Square Value

P/A A 1 .000 .000 .000

DIT T 1 .014 .014 2.333

MSE AT 1 .000 .000 .000

MSE P/A 16 .201 .013 1.750

MSE D/T 14 .432 .006 0.750

MSE 70 .581 .008

P 3 Plot number
A = Aspect (north and south)
T = Treatment (pre and postburn).
D = Day of sample collection
P/A = P within A
AT = A and T
MSE = the mean square error

** Significant at the 0.05 level.
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Table B.2. Analysis of variance of soluble salts

Error Source of Degree of Sum of Mean F
Term * Variation Freedom Square Square Value

P/A A 1 205.345 205.345 .076

D/T T 1 3966.178 3966.178 1.440

MSE AT 1 11.235 11.235 .003

MSE P/A 16 37,660.746 2353.797 .642

MSE D/T 14 192,524.278 13,751.734 3.750
**

MSE 70 256,689.015 3666.986

* P = Plot number
A = Aspect (north and south)
T = Treatment (pre and postburn)
D = Day of sample collection
P/A = P within A
AT = A and T
MSE = the mean square error

** Significant at the 0.05 level.
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Table B.3. Analysis of variance of hydrogen ion pH.

Error
Term*

Source of
Variation

Degree of
Freedom

Sum of
Squares

Mean
Square Value

P/A A 1 .335 .335 2.659

D/T T 1 .855 .855 1.601

MSE AT 1 .424 .424 6.424**

MSE P/A 16 2.014 .126 1.909**

MSE D/T 14 7.459 .534 8.091**

MSE 70 4.623 .066

* P = Plot number
A = Aspect (north and south)
T = Treatment (pre and postburn)
D = Day of sample collection
P/A = P within A
AT = A and T
MSE = the mean square error

** Significant at the 0.05 level.
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Table B.4.	 Analysis of variance of calcium.

Error
Term*

Source of
Variation

Degree of
Freedom

Sum of
Squares

Mean
Square Value

P/A A 1 4.078 4.078 .036

DIT T 1 1,791.841 1,791.841 5.451**

MSE AT 1 101.428 101.428 .568

MSE P/A 16 1,818.317 113.645 .637

MSE D/T 14 4,601.677 328.691 1.842**

MEE 70 12,489.475 178.421

* P = Plot number
A = Aspect (north and south)
T = Treatment (pre and postburn)
D = Day of sample collection
P/A = P within A
AT = A and T
MSE = the mean square error

** Significant at the 0.05 level.
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Table B.5. Analysis of variance of magnesium.

Error	 Source of	 Degree of	 Sum of	 Mean
Term*	Variation	 Freedom	 Squares	 Squares	 Value

P/A	 A	 1.	 6.695	 6.697	 2.375

DIT	 T	 1	 54.341	 54.341	 8.472**

MSE	 AT	 1	 7.178	 7.178	 8.525**

MSE	 P/A	 16	 45.124	 2.820	 3.349**

MSE	 D/T	 14	 89.789	 6.414	 7.618**

MSE	 70	 58.968	 0.842

P = Plot number
A = Aspect (north and south)
T = Treatment (pre and postburn)
D = Day of sample collection
P/A = P within A
AT = A and T
MSE = the mean square error

** Significant at the 0.05 level.
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Table B.6. Analysis of variance of sodium.

Error Source of Degree of Sum of Mean
Term * Variation Freedom Squares Square Value

P/A A 1 12.442 12.442 .748

DIT T 1 16.620 16.620 .083

MSE AT 1 0.749 0.749 .010

MSE P/A 16 232.946 14.559 3.237**

MSE DIT 14 200.664 14.333 3.187

MSE 70 314.894 4.498

* P = Plot number
A = Aspect (north and south)
T = Treatment (pre and postburn)
D = Day of sample collection

• P/A = P within A
AT = A and T
MSE = the mean square error

** Significant at the 0.05 level.
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Table B.7. Analysis of variance of chloride.

Error Source of Degree of Sum of Mean
Term * Variation Freedom Squares Square Value

P/A A 1 24.180 24.180 1.318

D/T T 1 9.053 9.053 .172

MSE AT 1 1.855 1.855 .176

MSE P/A 16 293.580 18.349 1.730

MSE D/T 14 736.469 52.605 4.981**

MSE 70 739.368 10.562

* P = Plot number
A = Aspect (north and south)
T = Treatment (pre and postburn)
D = Day of sample collection
P/A = P within A
AT = A and T
MSE = the mean square error

** Significant at the 0.05 level.
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Table B. 8.	 Analysis of variance of sulfate.

Error Source of Degree of Sum of Mean
Ter* Variation Freedom Squares Square Value

P/A A 1 6.024 6.024 .169

D/T T 1 233.084 233.084 .822

MSE AT 1 9.379 9.379 .586

MSE P/A 16 569.378 569.378 2.224**

MSE D/T 14 3,969.534 283.538 17.720
**

MSE 70 7,835.736 42.355

* P = Plot number
A = Aspect (north and south)
T = Treatment (pre and postburn)
D = Day of sample collection
P/A = P within A
AT = A and T
MSE = the mean square error

** Significant within the 0.05 level.
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Table 3.9. Analysis of variance of bicarbonate.

Error Source of Degree of Sum of Mean
Term* Variation Freedom Squares Squares Value

P/A A 1 1000.658 1000.658 .625

D/T T 1 3176.053 3176.053 .938

MSE AT 1 526.047 526.047 1.364

MSE P/A 16 25,627.054 1601.691 4.153**

MSE D/T 14 47.392.855 3385.204 8.778**

MSE 69 26,610.037 385.653

* P = Plot number
A = Aspect (north and south)
T = Treatment (pre and postburn)
D = Day of sample collection
P/A = P within A
AT = A and T
MSE = the mean square error

** Significant at the 0.05 level.



55

Table 3.10.	 Analysis of variation of fluoride.

Error
Term*

Source of
Variation

Degree of
Freedom

Sum of
Squares

Mean
Square Value

P/A A 1 .009 .009 15.000**

D/T T 1 .006 .006 1.200

MSE AT 1 .005 .005 5.000**

MSE P/A 16 .009 .000 .000

MSE D/T 14 .064 .005 5.000**

MSE 70 .088 .001

* P = Plot number
A = Aspect (north and south)
T = Treatment (pre and postburn)
D = Day of sample collection
P/A = P within A
AT = A and T
MSE = the mean square error

** Significant at the 0.05 level.



56

Table B.11. Analysis of variance of nitrate.

Error Source of Degree of Sum of Mean
Term* Variation Freedom Squares Square Value

P/A A 1 .000 .000 .000

DIT T 1 .386 .386 .731

MSE AT 1 .071 .071 .789

MSE P/A 16 1.601 .100 1.111

MSE D/T 14 7.394 .528 5.867
**

MSE 70 6.270 .090

* P = Plot number
A = Aspect (north and south)
T = Treatment (pre and postburn)
D = Day of sample collection
P/A = P within A
AT = A and T
MSE = the mean square error

** Significant at the 0.05 level.
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Table 1.12.	 Analysis of variance of the sodium adsorption ratio.

Error
Term

* Source of
Variation

Degree of
Freedom

Sum of
Squares

Mean
Square Value

P/A A 1 .019 .019 .202

D/T T 1 .281 .281 7.205**

MSE AT 1 .022 .022 .957

MSE P/A 16 1.507 .094 4.087**

MSE D/T 14 .539 .039 1.696

MSE 56 1.313 .023

* P = Plot number
A = Aspect (north and south)
T = Treatment (pre and postburn)
D = Day of sample collection
P/A = P within A
AT = A and T
MSE = the mean square error

** Significant at the 0.05 level.
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