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ABSTRACT

The replacement of forestland with impervious surfaces during urbanization can have significant effects
on watershed hydrology and the quality of stormwater runoff. One component of water quality, total
suspended solids (TSS), is both a significant part of physical and aesthetic degradation and a good
indicator of other pollutants, particularly nutrients and metals that are carried on the surfaces of sediment
in suspension. We investigated whether turbidity could produce a satisfactory estimate of TSS in
urbanizing streams of the Puget Lowlands. A log-linear model showed strong positive correlation
between TSS and turbidity (R* = 0.96) with a regression equation of In(TSS) = 1.32 In(NTU) + C, with C
not significantly different than O for 8 of the 9 sampled streams. These results strongly suggest that
turbidity is a suitable monitoring parameter where water-quality conditions must be evaluated, however
logistical and/or financial constraints make an intensive program of TSS sampling impractical.

INTRODUCTION

The replacement of forest with impervious surfaces during urbanization can have significant effects on
watershed hydrology and riparian functions. One such concern is a decrease in water quality, which is
generally reflected by an increase of particulate matter in streams (Mulliss et al., 1996; Webb and
Walling, 1992). The composition and concentration of particulate matter in the aquatic environment is
affected by the source and pathway of sediment input (Eisma, 1993; Webster et al., 1990). In the Puget
Lowlands where the population is expected to double in by the year 2050 (DNR, 1998), linkages have
been shown between increased imperviousness and increased peak flows (Booth, 1991) as well as
between basin urbanization and stream habitat degradation (Olthof, 1994). These changes can potentially
affect the type and quantity of suspended solids input to the riparian environment. Long-term changes in
the composition and concentration of suspended solids can have potential cumulative effects on aquatic
ecosystems in a multitude of ways (Newcombe, 1991). Stone and Droppo (1994) suggest suspended
solids probably act as the primary transport mechanism for pollutants and nutrients in streams through
flocculation, adsorption and colloidal action. Examples of effects on fish include reducing spawning
habitat (Slaney et. al., 1977), limiting ability to find food (Sigler et. al. 1984), increasing susceptibility to
predators (Gradall and Swenson, 1982) and increasing gill abrasion (Goldes, 1983). Especially
susceptible are anadromous fish, some species of which have seen sufficient decline in their populations
to warrant listing under the Endangered Species Act (Federal Register, 1999). Therefore, quantifying and
monitoring changes in suspended solids is critical.

The measurement of TSS (APHA, 1995) is time consuming, and much research has been done to
correlate secondary parameters to TSS, such as discharge (Webb and Walling, 1982; Williams, 1989),
turbidity (Gippel, 1995; Sidle and Campbell, 1985) and water density (FISP, 1982). Each surrogate has
limitations in statistical certainty, predictive power and logistical coordination. As one of the least

expensive and easiest to measure methods, turbidity has been utilized extensively in many environments



including streams (Gippel, 1989), lakes (Halfman and Scholz, 1993; Paul et al., 1982), wetlands (Mitsch
and Reeder, 1992) and tidal saltmarshes (Suk et al., 1998). As a measurement of the attenuation or
scattering of a light beam by particulate and dissolved solids and sediment in the water column, turbidity
has the potential to provide the most direct measure of particulate concentration. Lewis (1996) obtained
runoff load estimation with continuous remote turbidity data collection that had significantly lower root
mean square errors than estimation by discharge. However, turbidity is affected by more than just particle
concentration. Water color due to dissolved solids (Malcolm, 1985) and temperature, as well as the
shape, size and mineral composition of particles (Clifford et al., 1995; Gippel, 1988) can significantly
affect a turbidity reading. In addition, comparison of turbidity readings between studies is confounded by
a lack of a universal method of turbidity instrumentation. For example, infrared turbidimeter beams are
unaffected by light absorbance of particles (usually dissolved organic compounds), whereas visible light
turbidimeters are more sensitive to scattering from fines (Gippel, 1989).

The purpose of this study was to evaluate whether turbidity could produce a satisfactory estimate of
TSS in urbanizing watersheds of the Puget Lowlands. Although turbidity has become the standard for
forest stream monitoring in Washington state (TFW, 1993), little work has been done to assess the

accuracy of correlating TSS to turbidity.

SITE DESCRIPTION

Nine streams were sampled in King County, Washington (Figure 1). Five streams were located in rural
or forested areas in Redmond, Washington where impervious surfaces will increase significantly over the
next decade in conjunction with a 5 km” urban planned development (UPD). Sampling stations on four of
the five forest/rural streams were located where flumes and remote data loggers have been installed by
King County Department of Natural Resources that record stage, turbidity and temperature (figure 2).
UPD sampling stations were near the headwaters of the streams, and impacts upstream of those stations
were minimal at the time of this study. Therefore, those streams provide a “pre-urbanization” picture of a
TSS/turbidity relationship. Four additional streams were located in more urbanized settings in or near
Seattle, Washington. Sampling stations on these streams have substantially more urbanized upstream

drainage areas.
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Figure 1. 9 streams in the Puget Lowlands were sampled. Five streams were located in rural or forested areas in Redmond,
Washington where a 5km?” urban planned development will occur over the next decade. Four additional streams are located in
more urbanized setting with somewhat different land use, geology and rainfall.

METHODS
Sampling
1-liter water samples were hand-collected from 9 streams during storm events from September 1998 to

March 1999. Samples were drawn from approximately mid-depth of flow. Bottles were rinsed with

stream water, shaken vigorously and emptied before refilling for analysis.

Figure 2. Sample station with flume and gauge on Adair Creek.



A Hach 2100P portable attenuance turbidimeter (trade names are used for information only and do not
constitute an endorsement by the authors or the University of Washington) was used to measure turbidity
on samples within 4 hours of collection. Bottles were shaken thoroughly before filling turbidimeter
sample cells once and then refilled for an immediate turbidity measurement. Values used represent the

mean of 3 turbidity measurements following this procedure.

Filtration

Filtration procedure followed Standard Methods (APHA, 1995). Whatman 934AH glass microfiber
filters were fired in aluminum cups at approximately 550°C in a Lindberg Model 810 Muffle Furnace for
24 hours as dry weight preparation. Dry weight was recorded and up to 850ml of sample was filtered
using a graduated cylinder, Nalgene hand pump, Millipore filter tower and erlenmeyer filter flask. The
graduated cylinder and filter tower were thoroughly rinsed using deionized water to ensure the entire
sample was washed through the filter. Filters were then dried at 105°C for 24 hours in a Blue M Stabi-
therm® Oven and reweighed. All masses were measured using a Mettler H31AR analytical balance

accurate to 0.0001 grams.

Statistical Analysis

Statistical analysis was done using SPSS (version 8.0) and plots were generated using SPSS and
Microsoft Excel (version Office 97). Differences between streams were tested using indicator variables in
least squares simple linear regression. Normality tests were analyzed on quantile plots, standardized
residuals were examined for independence and constant variance, and the influence of potential outliers

was determined by comparing Cook’s distances to F-values.

RESULTS and DISCUSSION

Stream data are plotted (Figure 3) along with data from a stormwater retention/detention (R/D) pond also
in the Puget Lowlands as a comparison (Booth and Billica, 1997). Data is split into three groups on
Figure 3: forested and rural streams, urban streams and R/D stormwater pond. It is evident the streams
follow a different relationship than the R/D pond; specifically, the streams tend to have more TSS for a

given turbidity than the pond. The tight cluster of stream data near the origin and wider spread higher on



the axes is typical of stream data in other studies on streams and rivers from around the world: Gilvear
(1988) for the River Blithe in England; Grayson et. al. (1995) for the Latrobe River in Victoria,
Australia, and; Lewis (1996) for Caspar Creek in northern California, USA.
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Figure 3. Turbidity and TSS data plotted for all 9 sampled streams plus stormwater retention/ detention pond also from Puget
Lowlands. Notice that data from the R/D pond lies well apart from the trend suggested by the streams.

The higher TSS for a given turbidity for the stream data versus the R/D pond may be explained by
higher concentrations of fine particulate organic matter (FPOM) in streams and higher concentration of
suspended fines in R/D ponds. Gippel (1995) found mineral particles can cause lower turbidity levels for
a solution of the same overall concentration with higher percentage FPOM. This is not a consistent
relationship, though, as Gilvear and Petts (1985) found the opposite - lower turbidity readings from
FPOM versus the same concentration of fines. This points to the influence of particle shape, size and
amount of surface area which can cause variation in reflection, refraction and absorption of light. These
variables were not measured in this study, and further understanding of the difference in TSS/turbidity
relationships between streams, R/D ponds and other water bodies would require more detailed study.

Figure 4 plots natural log-transformed data for all streams (n=113), excluding the R/D pond data, with
a simple linear regression model inset. The model shows a strong positive, log-linear relationship
between turbidity and TSS with a correlation coefficient of R>=0.96. Indicator variables were used to
determine inter-stream variation in reference to Colin Creek, one of the least impacted streams of those
sampled. This is not to say Colin Creek was used as a statistical control stream, rather since there was no
control stream in the study, Colin Creek was randomly chosen as the reference which is required when

using indicator variables without a true control stream. 1 regression analysis produced 2 models that



encompass all streams (Table 1) with the only variation of the intercept value for Rutherford Creek
significantly different from the reference stream (p-value 0.006), which was not significantly different
than 0. All slope coefficients were not significantly different from the reference stream value of 1.32 at

the 99% confidence level.
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Figure 4. TSS and turbidity data, natural-log transformed, with simple linear regression analysis results. A strong relationship is
evident for all streams together, regardless of different lithology, drainage area and land use upstream of sampling station.

Table 1. TSS/turbidity linear regression models

STREAM REGRESSION MODEL
In(TSS) = 1.32 In(NTU) — 0.
Rutherford Creek n(TSS) (12313)*2(N U) Oggs)***
All others In(TSS) = 1(13123 )lﬁl*(NTU) + 0-(1022)

**%* t-values in parentheses below coefficients indicate significance at 0.01 confidence level

The intercept difference for Rutherford Creek may be due to the sampling station choice, a weir pool.
Samples from all other sites were drawn from in-stream running water. The weir pool may have caused
some settling of particles, thus producing lower values and shifting the relationship down. Another factor
is the influence of water color which can range from yellow-brown to black (Malcolm, 1985). A TSS
turbidity relationship can be affected by water color from dissolved organic compounds which can absorb
more light than inorganics. Although water color was noted empirically on each sampling trip, we did not

account for water color quantitatively.



Residuals most closely followed a normal distribution when natural-log transformed, and a plot of
standardized residual and standardized predicted value showed a mostly constant and independent
variance of the error term. Although 1 outlier was identified on a plot of standardized vs. deleted
residuals, the Cook’s distance (0.088) was significantly less than the F-value (0.94, alpha=0.50, p=10,
n=93).

Figure 5 shows the regression best fit line bounded by 95% confidence and prediction intervals (CI
and PI) for the model of all streams except Rutherford Creek. Although the data fit tightly around the
regression line, the model does not provide very precise prediction capability. From the mean In(NTU)
value of 1.57, the model yields a TSS value of 9.3 mg/l with a 95% confidence interval from 3.9 to 21.9.
Such a wide Cl is likely due to the log-linear relationship which indicates that changes in TSS

concentration have a logarithmic effect on a turbidity reading.

Figure 5. Regression best fit line with confidence intervals (tighter) and prediction intervals (wider)
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CONCLUSION

The results of this study indicate turbidity is potentially a viable surrogate measurement for determining
total suspended solids (TSS) concentration in Puget Lowland streams. Data collected from 9 streams with
both urbanized and forest/rural drainage areas show a strong positive log-linear relationship (R*=0.96)
between turbidity and TSS. The utility of these models will be in predicting TSS levels (e.g., storm event
runoff suspended load estimates) from continuously measured turbidity in a given stream or region.

However, due to the logarithmic relationship, slight changes in TSS concentration have large effects on a



turbidity reading. This is probably due to natural variability in suspended solids size, shape and
composition as well as water color.

Despite these complications, adequate relations between turbidity and TSS have been determined in
many water bodies in regions around the world. This pattern is repeated in our pilot study from western
Washington as well. However, the relationship between these parameters can display a distinctly
different trend for different water bodies. For a given turbidity, data from a stormwater
retention/detention pond have a markedly lower TSS concentration. The factors causing such differences
in the TSS/turbidity relationships have not been investigated. They may prove to be important in light of
the known effects of turbidity on fish, especially given the recent listing of several anadromous fish
populations as threatened and/or endangered in the Puget Sound region.

Further research is warranted to determine the mechanisms that control the TSS/turbidity relationship
in Puget Lowland streams so more useful and representative characterization of stream conditions can be
made within the ordinary constraint of time and budget and the inescapable variability of water-quality

parameters.
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