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ABSTRACT

. Lake.drinking water supplies-arq particularly.vulnerable
to nonpoint sources beca of cause-effect relation:*
ships linking watershed characterlstlcs nutrient Joading,
lake eutrophication,. tredtment plant disturbances, and
quallty of water supplled to cohsumers (Walker 1983)
“This paper describes results frorn the first year of an in-
tensive watersfied and lake monitoring program under-?
taken by St. Paul Water Utility, MN. The objectives of the
sprogram are: (1) to characterize-the limnology of the sup-
ply lakes, (2) to quantify major sources of runoff,,nutri-
‘ents, and other pollutants reaching the lakes, and (3) to
identify potential control measures for algal -related taste-
and-odor problems that have developed in recent years. ,
While diversions from other watersheds account for an
average of 85 percent of the flow through-the lakes, runoff
and nutrient loadings from local watersheds undergoing
rapid urban development have, bgcome increasingly, im-
portant. Site-specific and regional data indicate signifi-
cant effects of urhan Jand 'yses ‘on’ funoff ‘and nutrient
export. Linked models relate watershed lapd uses‘to lake
water quality conditions and Water Utility impacts, ex-
pressed in terms of the frequency of nuisance-level algal,
densities and potential costs of chemicals used for taste-
and-odor control. The models are used to ‘estimate the
|mpacts of existing and future urban development in the
‘basin- on lake water quality conditions and treatment
costs.

INTRODUCTION

This paper describes. interim results from a diagnostic
study of the Vadnais’Chain of Lakes, Minnesota, which
serves as the water supply for St. Paul. The study has
been undertakep by the St. Paul Water Utility to identify
‘causes and corrective measures for taste and odor prob-
lems that have occurred with increasing frequency over
the past several years. Historical data indicate that tasté
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and .odor episodes are, generally asqocuated with, al al
blboms (partlcularly, biue-greens) and Iake turnover
(Waglser 1985b),,as,is commori for water suppILes dérlved
from eutrophlc Iakes ot reserv0|rs (Cin, 1977), Follownng ige
a descrlptlon of monitoring gﬁndt,modeling. effous to quan-
tify the impacts of local: waterst;ed urbamzatlon on e;ustlng
and future watarqualuy cqnd.nLons

ST. PAUL WATER.SUBPLY SYSTEM AND.
MONITORING NETWORK:.«

The Vadna|s Lake, Watershed (?g 19 is a system Qf 12
m’terconnectad lakes, wuth a dralrjage area of. 6,227 ha
(15,381 acres). Morphomefrlc ’hy'drologlc and water qual-
ity characteristics of major lakes in the watershed are
summarized in Table 1. Hydrologic .data for the 1978-84
period indicate that the-Utility diversions account for an
average of 85 percent of the inflow to the lake chain (66
percent from the Mississippi River (west) and 19 percent
from the;Rice Creek Watershed (north)): The remainder of
the mflow is ‘aftributed to local watershed runoff O, per-
cent) and direct precipitation an lake surfaces (6 percent)

The average withdrawal rate at the Utility's Vadnais™ Lake™
intake (the only functional outlet from the watershed) is
187,000-m3/day (49.4 million gallons/day). The hydraulic
residence time of the main lake chain (140 days for Pleas-
ant—Sucker—-Vadnais) is essentially determined by the Util-
ity's pumping and withdrawal rates. The Utility throttles.
back on diversions from the Mississippi during periods of
high runoff from the local watershed. Lake Ievel fluctua-
tions are relatively minor.

An intensive monitoring network was established in
1984 at various locations in the Vadnais Lake and Rice
Creek Watersheds (Fig. 1). Stations are of three types: six
lake stations (sampled biweekly), 22 tributary or diversion
stations (sampled weekly or biweekly), and four runoff sta-
tions (sampled on a storm event basis using continuous
flow monitoring and automated ‘samplers). Under a coop-
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Figtre 1.—Vadnals L-ake watershed.

erative arrangement, the U.S. Geological Survey operates
the runoff stations and'is developing detailed hydrologic
simulation models of major subwatersheds.

Water balance calculations for the May-September
1984 period indicate that 86.7 percent of the total inflow to
the lake chain was subject to direct flow gauging and
qualrty sampling. The remalnlng inflows are attributed to
un'gauged local watershed runoff (4.1 percent) and direct
precrpltatlon on lake surfaces (9.2 pércent) Monitoring
data from 1984 reﬂect a relatively -high rungff period, ow-
ing phmanly to.an 11.4-tm J45-in.) | rainstorm that oc-
curred in Junb. May-September total precipitation (60 cm)
and local watershed yield (7.6 cm) were both above 1978~
84 means for the.same months, (49 cm and 5.1 cm, re-,
spectively). The increaséd runoff n’iay be attribufed to -a
combination of climatologic:factors ard changes in land
use. Results of 1984 and other historical monitoring activi
ties in‘the waters, are discussed in an intérim report
(Walker, 1985b). The study is continuing‘to provide per-
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Figure 2.—Modeling approach.

spectives on seasonal and year to year variability in water-
shed loadings and lake conditions.

Overall, land use in the watershed is 32 percent open,
21 percent wetlands, 11 percent lake surfaces, 4 percent
-&gricyltural, 12 percent low-dénsity. fesidential (< = 1.unit/
acre), and 20 percent urban Most of the hrgh-densny ur-
ban development is located in thé lower portion of the
watershed draining dlrectly into Vadnais Lake, where the
Utility's eplllmnetlc intake js |ocqted The gurrent pace of
development is rapid and many opén (and ih some cases,

unprotected wetland) areas are bernghcqnverted to_high-

intensity urban uses. Areas to the north and east of Pleas-
ant Lake are slated prlmarlly for 1ow-density residential
development (Ramsey County Soil Water Conservation
Distr. 1985).

MODELING APPROACH

T6 provide ‘a basis for evaluatlng eutrophlcatlon control
strategles and *Tuture landuse scenarlos, a mathemaéfical
model of the “Utility’s wiitershed and lake system is being
developed (Fig. 2). 'The modél’ consists of four ‘compo-
nents: y ‘

1. watershed: estimates runoff and nutnent export from
each subwatershed as a function of.land use

+2. “‘Méss balance: routes water, phosphorus, and. mtro-
gen through the strearit and lake network to predrct lake
nutrient concentrations

1

< “Table 1.—~Lake morphometric, hydrologic,;and water quality chdracte(istlcs.

) *y

............. ,--:.--'-"'-Lake"------:-"'----"-----
Variable Units' Deep Charley Pleasant Sucker Vadnals
IR AN '----'-,;;--‘----E--MorphomelricandHydrologlcVarIahles‘---' R R R R I R RS
Volume " 108 m? 0.39 0.22 13.16‘ *0.79 1256
Surface afea km? 0.28 012 ° "¥245 024 - 155
Mearrdepth . m 1.4 1.8 5.4 3.3 8.1
Maxifnum depth " m 5.0 6.9 17.8 ©79 16.5
Outflow.* -~ : 10¥ m®/day 11 165 179 181 196
Residéhce -trme o s * days 35 1.3 74 43 64
R S s f«f ..... yVa“terQua'lltyVarléblesz ....................... eeeareaaens PR
Total pho&phorus ppb 136 95 58 58 50
Orthophosphoriis = ppb 24 24 <11 <12 <10
Total nitrogén pr 2,014 1,228 1,120 1,170 831,
Inorganic nitrogen ppb 156 266 116 165 126
Organic fiitidgeh- ppb 1,476 962 1,004 1,005 705
Reactive silica~ ppm = - 20 21 1.5
Chlorophylt-a ppb — - 27 24 19
Secchi depth A 'm — — 15 W14 .18

M T

Hydrologlc conditions-for May—Septe;nber 1984. -~

o
:

2Mean ooncentratlons May—August 1984. Doep Lake and Charley outflows, Others 0-3m Lake Statlons
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3. eutrophication response; predicts mean
chiorophyll a and transparency in each lake segment as
functions of nu‘trlent concentrations

4. utility |mpact predicts algal bloom frequency at the
Utility's intake and potential economic impacts, based’
upon equivalent costs of tregtment chemicals sepsitive to.
intake algal density or bloom frequency

This section describes model structure and preliminary
calibration based upon monitoring data-from May-Sep-
tember 1984. Results are limited by the fact that the early
spring runoff period was not monitored. Data from subse-
quent yeérs will be used to refine the assessment.

A total of 19 subwatersheds, 12 lakes, and 18 niass-
balance' segments are considered in the model, as illus-
trated in Figure 1. Mass-balance segments are of two
types: stream_nodes and lake nodes. Stream nodes col-
lect runoff and nutrient loads from subwatersheds above
the lake system and are placed at each of the four runoff
monitoring -stations (Charley Creek, Wilkenson Creek,
Lambert Creek, and Vadnais Creek). Nutrients are as-
sumed to be conservative jn the stream nodes. Lake
nodes are located in each major lake or lake area. Pleas-
ant and Vadnais Lakes are each subdivided into two seg-
ments.

Model computations are performed in three steps: The
first step converts land use areas and export coefficients
for each subwatershed into stream flows and concentra-
tions required for mass-balance’ calculations. This is a
simple matrix- multiplication” problem. The second step
routes flow and ‘nutrients through the stream and lake
network to predict average water quality conditions, in
eachi segment using empirical nutrient retention and nutri-

ent/chlorophyll a relationships. The third step converts’

predicted mean chlorophyll a concentrations in Vadnais
Lake into algal nuisance-level or bloom frequency (per-
cent of the time chlorophyll a exceeds 30 ppb). This statis-
tic is a reasonable, predictable surrogate for the frequency
of algal-related taste and odor episodes. Potential effects
on water treatment costs are also estimated, as described
here.

LAKE QUALITY

WATERSHED EXPORT MODEL
CALIBRATION

Existing land uses in each watershed unit are summarized
in Table 2, based upon maps prepared by the Ramsey
County Soil and Water Conservation District (1985). Cali-
bration of the watershed model involves estimatirig runoff .
and nutrient export coefficients for each land use cate-
gory, based upon 1984 monitoring and other regiorial data
sets (Oberts, 1983; Payne et al. 1982; Nelson ahd Brown,
1983). Urban land use is a significant factor contributing to
runoff and nutrient export, as illustrated in Figure 3 for 17
regional watersheds with less than 50 percent agricultural
land use. Runoff and nutrient export coefficients selected
for each land use are summarized in Table 3 and com-
pared with other regional and nationwide estimates.

Export coefficients for agricultural land uses tend to be
highly variable because of differences in the types and
intensities of agriculture and soil characteristics. Agricul-
tural export coefficients in the lower range of those mea-
sured in other watersheds have been selected because
agricultural activities in the local watershed are generally
of low intensity. Model results are very insensitive to agri-
cultural export coefficients because this land use ac-
counts for only 4 percent of the watershed.

Because of lower use intensity and less impervious
area, low-density residential land uses are distinguished
from other urban land uses in the export matrix. Regional
data analyses indicate that phosphorus export is- more
strongly correlated with urban land use when low-density
areas are excluded. The export estimates for the urban
land use category show good agreement with other data

. sources in Table 3. Estimates for the low-density residen-
tial areas are somewhat subjective and may require fur-
ther investigation.

As applied to the Vadnais Lake watersheds, the esti-
mated export coefficients refer to May—September 1984
conditions. With these coefficients, the total flow, phos-
phorus, and nitrogen export monitored at the four runoff
monitoring stations agree with predicted values to.within
10 percent; the predicted water balance on the entire lake

Table 2.—1984 land use breakdown for Vadnais Lake watershed model.

Watershed Land Uses (Acres) i

] NAME . R<1 R>1 R-M Cl AGR WET  OPEN H  LAKE TOTAL DEPTH
01 Gilfillan L 0 380 0 0 0 91 132 0 86 689 5.9
02 Black Lake 0 125 0 0 0 61 76 0 15 276 3.3
03  Birch Lake 127 0 6 39 0 21 241 12 138 584 3.6
04  Wilkenson S 120 19 0 62 19 521 774 15 0 1,529 —_
05 Amelia Lake 12 60 0 0 310 183 231 0 123 919 3.3
06  Wilkenson L 0 27 " 0 92 272 307 0 120 829 1.6
07 Deep Lake 0 159 0 0 0 213 357 0 63 792 4.6
08 Charley Cr 10 177 8 0 0 264 197 0 0 655 —
09  Charley Lake 0 0 0 13 0 24 130 0 30 197 5.9
10 Pleasant W 0 60 0 68 0 52 141 0 150 471 20.0
1 Pleasant E 0 526 0 0 0 440 76 0 450 1,492 174
12 Sucker Lake 120 92 12 19 0 91 210 0 59  803: 10.8
13  Gem Lake 5 42 0 0 20 35 67 0 20 188 3.3
14  Goose Lake 387 22 27 166 32 17 151 18 120 939 6.9
15 Lambert Crk 733 128 94 111 87 847 966 42 0 3,007 —_
16  Vadnais Crk 83 17 0 4 44 2 105 0 0 255 3.3
17  Vadnais No 79 7 0 .0 31 92 386 0 190 784 26.6
18  Vadnais So 0 0 0 0 0 0 97 0 193 290 26.6
19  White Bear 473 0 18 70 0 7 117 0 0 684 —
TOTALS 2,147 1,840 176 551 634 3,231 4,959 87 1,757 15,381 —
Areas rounded 10 nearest acre (1 acre = .40 ha) AGR = Agricultural

[o] = Watershed Unit Number (Fig. 1) WET = Wetlands & Lake In Upper Watershed, Excluding LAKE

R<1 = Residential.< 1 unitacre R = Major Interstate Highways

R>1 = Residential > = 1 uniVacre LAKE = Lake Segment Surface Area at Lower End of Unit

R-M = Regldential, Multi-Unit TOTAL = Total Watershed Unit Area

Cil = Commercial, Industrial, Institutional DEPTH = Mean Depth of Lake Segment (Fae!)
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Vadnals Lake Watersheds are circled (period = May-September 1984; total
precipitation = 60 cm.

Data for other Twin Cities watersheds are from Oberts (1983), Payne et al.
{1982), Nelson and Brow( (1983) (annual values 1980 or 1982; total
precipitation = 51-68 cm).

Watersheds with >50 percent agricultural land use are excluded.

Sandburg site (“'sa") has 70 percent impervious area.

PDQ site ("pd”) has construction activity

Figure 3.—Runoff and nuttlent export versus urban land use.

chain is accurate to within 1 percent. Additional monitor-
ing data and model refinements are required to translate
the export coefficients to annual estimates and to other
hydrologic years. Water!| balance calculations indicate that
local watershed runoff for-the 1984 water year was 2.0
times the May-September: runoff. Annual nutrient export
would probably be less than twice the May-September
export because stream nutrient concentrations generally
tend to be lower during the October-March period.

Future refinements to the watershed export niodel will
consider variations in soil type as well as land use. This
will require a detailed inventory of soil types and impervi-
ous areas in each watershed unit. To provide a basis for
estimating year to year variability, runoff and nutrient ex-
port coefficients should be tied to measured climatologic
factors (precipitation, potential evapotranspiration, and so

[
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forth) and long-term stream gauging stations in the re-.
gron This will provide a higher resolution tool for évaluat-
|ng srte-specmc development impacts and cohttol strate-
gies. ;

MASS-BALANCE AND
EUTROPHICATION-RESPONSE MODEL
CALIBRATION

Mass-balance and eutrophication-response calculations
are pérformed using BATHTUB, a generalized computer
program designed for appllcatlon of empirical eutt0ph|ca-
tion models to segmented lake or reservoir systems
(Walker, 1985a). Nutrient retention is predicted usrng em-
pirical models calibrated to Iarge lake and reservoir data
sets. Phosptiorus retention is estimated using a second-
order decay formulation (Walker, 1984a), based on availa-,
ble phosphorus loading (a weighted sum of ortho- and
non-orthophosphorus, with a greater welght on the ortho
component). Nitrogen retention is estimated using an em-
pirical formulation developed by Bachman (1980).

Normally, empirical estimates of nitrient retention terms
are accurate to within a factor of 2-3, and some adjust-
ment of the effective retention .terms in each.model seg-
ment is ‘required to .calibrate.simulated nutrient profiles
agalnst observéd valugs. In this application, nitrogen and
phosphorus sedimentation rates have been reduced by 50
percent in Wilkenson and Deep Lakes to improve agree-
ment between observed and predicted nutrient concentra-
tions in the outflow from Deep Lake. These Iakes are rela-
tively shallow and may have more efficient nutrient
recycling during the summer than the other lake seg-
ments. This adjustment has a minor impact on simulation
of nutrient profiles in the main lake chain (Pleasant-
Sucker-Vadnais) because the outflow from. Deep Lake ac-
counts for only 5.1 percent of the flow, 4.7 percent of the
phosphorus, and 6.0 percent of the nitrogen discharged to
the main ‘lake chain. The retention models have been
used without recalibration in other lake segments.

When a nutrient-balance model is used to predict mixed
layer concentrations, the term “retention” refers to loss of
nutrients from the mixed layer attributed to direct sedi-
mentation, adsorption, and algal uptake and settling. Sig-
nificant nutrient accumulation occurs in the hypolimnia of
stratified lake segments (Pleasant and Vadnais) during the
summer, owing to'nutrient release from anoxic sediments
and seston. Models of this type are not designed to ac-
count for “internal loading” that occurs when the lakes’
turn over and nutrients are recycled into the'mixed fayer in
the fall. Durlng 1984, this process began dufirig early Sep-
tember in Pleasant Lake and during early October in Vad-
nais Lake. In calibrating the model network, a May-Au-
gust averaging period has been used for the .observed
data to exclude the fall turnover period. The lakes are iron
poor, and phosphorus recycled at fall turnover appears to
remain in the water column for extended periods. Despite
substantial increases in Vadnais Lake’s mixed layer
orthophosphorus concentrations at fall turnover (from
< 10to 180 ppb), a major algal bloom did not occur, appar-
ently because of unfavorable light, temperature, or mixing
regimes. Problems relating to the fall turnover period must
be addressed independently of the modeling effort, unless
the model structure is refined to account for effects of lake
turnover.

Empirical models predict mean, mixed layer
chlorophyll a and transparency as functions of total phos-
phorus and total nitrogen concentrations. Nitrogen is in-
cluded as a chlorophyll a predictor because time series
data indicate that the lakes approach a nltrogen-llmlted
state during certain periods, although phosphorus is the
most important growth-limiting nutrient. The empirical
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SECCHI (M) CHL=-A (PPB) TOTAL N (PPB) TOTAL P (PPB)
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Legend
Vertical bars Indicate 95 percent confidence range for observed mean value.
0 = model prediction using measured runoff and nutrient loadings.
- X = model prediction using runoff and nutrient loadings estimated from {and
use.
—F-Igur’e 4.—Observed and pré&lcte&_trophlé state Indicators.
Table 3.—Export coefficients selected tor Vadnais Lake Watershed model.
Rice Creek
Watershed Ayers Reckhow Jones &
This Distriet et al. etal. Lee
Land use study’ (1979) (1980) (1980) (1982)
esceeerseedsnssccnanasn sessesseseensense . Tot.l Phosphorus (kglkml’) ........................................
Low-density residential 50 45’ {
Urban 120 110 60-110-270?2 100
Resid. 1 < acre 162
Mulitiple units 388
Commercial/industrial/Institutional 149
Agricultural 50 50
Mixed 50-90-140
Row crops 90-220-550
Pasture 30-80-270
Undeveloped 12 34 24 10-20-30 10
....... .------------------------‘---------TotalNItrogen(kglkm') R I I I
Low-density residential 200 .
Urban 600 400-600-1200 50Q/250°
Agricultural 400 500/2Q0 -
Mixed 900-1400-2500
Row crops 400-900-2300
Pasture 200-400-900
Undeveloped 100 90-180-230 300/100
.............................................. Runoﬂ(cm).....-...----...--.----...-........:.‘.........
Low-density residential 9
Urban 16 19
Agricultural 6 -
Undeveloped 7 7.6

Export coetficients for May-September 1984.

Total precipitation = 60 cm versus annual mean of 74 cm; others average annual values.
2percantiles: 25-50-75 based upon nationwide data summary.
3Nitrogen export for Eastern/Western United States.
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lake segments. Predictions are shown for,two cases: (J)
using measured nows and nutrient concentratlons at the
four runoff-gauging sites, and (2) using values predicted
from land use. Runoff and export from ungauged water-
sheds are predicted from land use in both cases. Effects
of errors in the export model are minor, baséd on the
agreement between the two simulations. The vertical bars
reflect the approximate 95-percent error bounds for the
observed mean concentrations, calculated from the num-
ber of sampling dates and interdate variance at each sta-
tion. Further calibration bf the model does not seem ap-
propriate, based upbn the fact. that predicted
concentrations are generally within the obse[ved error
bounds.

Table 4 summarizes the water, phosphorus, and nitro-
gen balances for the entire watershed and for Vadnais
Lake alone, based on the calibrated watershed and mass-
balance models. Of particular interest is the local water-
shed loading component, which accounts for 15 percent
of the flow, 46 percent of the phosphorus loading, and 23
percent of the nitrogen Ioadlng to the entire watershed.

UTILITY IMPACT ‘MODEL CALIBRATION

As a final modeling step, mean chlorophyll a concentra-
tion at the Utility’s Vadnais intake is converted into two
measurés of impact directly relevant to the Utility’s opera-
tions: algal nuisance-level frequency and equivalent treat-
ment costs. These relationships are described here.

Algal huisance-level or bloom frequency is defined as
the percent of the growing season that chlorophyll a con-
centrations exceed 30 ppb, a reasonable criterion for nui-
sance-level algal densities, based on 1984 Vadnais intake
time series data (Fig. 5) and:general literature criteria
(Walmsley, 1984; Walker, 1984b). Bloom frequenrcy is com-
puted from mean chlorophyll a using a frequency distribu-
tion model described by Walker (1984b). This statistic is a
réasonable surrogate for the frequency of algal-related
taste and odor episodes:. It is limited by the fact that it does
not distinguish between diatom and blue-green blooms;
the latter are more directly implicated in summer taste and
odor problems, although Flgure 5 suggests that diatoms
may be a factor in the spring.

Table 4.—Mass balances based upon gauged watershed loadings, May-September 1984.

Drainage Entire Lake Chain
Area. ccc-r-- Flow *+*---- «o-Avall. P +-r- ciecsTotal N oo e
Watershed km? 10°m? % kg % kg %
Ungauged Local Watetsheds
Amelia Local 3.22 0.22 0.7 123 21 747 1.4
Wilkenson Local 2.87 0.20 0.6 75 13 432 08
Deep Local 2.95 0.22 0.6 76 13 ‘360 0.7
Charley Local 0.67 0.05 0.1 19 0.3 93 0.2
Pleasant W Local 1.30 0.12 0.4 74 1.3 292 0.6
Pleasant E Local 4.22 0.34 1.0 158 2.7 635 1.2
Sucker Local 3.01 0.27 0.8 161 2.8 644 1.2
Vadnais N Local 2.4 0.20 0.6 97 1.7 440 0.8
Vadnais S Local 0.39 0.03 0.1 7 0.1 39 0.1
Gauged Local Watersheds :
Charley Creek 2.65 0.38" 1.1 36 0.6 933 1.8
Wilkenson South 12.47 0.88 2.6 378 6.5 1598 3.1
Lambert Creek 19.51 2.09 6.2 1420 243 5568 10.8
Vadnais Creek 1.03 0.10° 0.3 94 1.6 242 0.5
SPWU Diversions
Fridley -—_ 25.00 74.2 2970 50.8 34954 67.6
Centervme Wells - 0.27 0.8 10 0.2 72 0.1
Summary
Precipitation 5.57 3.34 9.9 152 2.6 4682 91
External Inflow 56.71 30.37 90.1 5698 97.4 47048 .90.9
Total Inflow 62.28 33.7 100.0 5849 100.0 51730 100.0
Outflow 62.28 30.08 89.2 1418 24.2 27118 52.4
Evaporation — 3.62 10.8 — — — —
Retention — - - 4431 75.8 24612 47.6
i
Drainage Vadnals Lake only
., Ana -.--...Flow.-.---. -+ Avail. P anks sesses Total N -+----
Watershed . km? 10°m? % kg % kg %
Sticker Outflow 37.40 27.76 89.3 1511 477 28258 788,
Vadnais N Local 2.4 0.20 0.6 97 30 440 1.2
Vadnais S Local N 0.39 0.03 0.1 7 0.2 39 0.1
Lambert Creek ! 19.51 2.09 6.6 1420 448 5568 156.5
Vadnais Creek 1.03 0.10 0.3 94 3.0 242 0.7
Precipitation 1.55 0.92 3.0 42 1.3 1294 3,6
Total inflow 62.28 31.09 100.0 3171 100.0 35840 100.0
Outflow 62.28 30.08 96.8 1418 447 27118 75.7
Evaporation — 1.00 31 — — — —
Retention — - — 1752 65.3 8834 243

Avail. P = Avallable Phosphorus Load (Walker, 1984a)
= .33 x Total P + 1.93 x Ortho P, for Lake Inflows
= Total P, for Lake Outflows
Ortho-PlTotal P = .57 tor Local Watershed Loads
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Figure 5.—Time'serles of algal counts and taresnold odor
number at the SPWU Vadnals Lake intake, 1984.

Another impact statistic is,designed to prowde approxi-
mate perspectives on potenitial economic jmpacts, ex-
pressed in terms of chemical treatment costs. Table 5 lists
total 1984 Utility costs for chemicals that are directly or
indirectly related to intake algal density or nuisance-level
frequency. Three chemicals:(potassium permanganate,
sodium chlorite, and powdered carbon) are used explicitly
to control taste and odor problems and account for 75
percent of the total costs. Copper sulfate is applied weekly
during the growth season in-an attempt.to control algal
populatlons in Pleasant, Sucker, and Vadnals Lakes. Chlo-
rine is used as a disinfectant, and-higher dosages are
required during periods of I"ngher algal densities because
of increased chlorine demand attributed to organic materi-
als. Another relatively minor-cost factor, anhydrous ammo-
nia, generates chloramines for disinfection;-this treatment
has replaced direct chlorination to control trihalomethane
production, which is sensitive to source eutrophication
(Dorin, 1980; Bernhardt, 4980; Walker, 1983)

If the treatment plant operations were “opfimized” to
apply these chemicals in exact proportion to their needs
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based upon intake water quality, then most of the costs
(particularly fos oxidants and carbon) would be nearly pro-
portional o algal bloom frequéncy. Chemicals would' be
used for-taste and odor control-ornly when ‘dictated by
-intake-quality. “In practice, however, because of the risks
and uncertainty involved. The plant is.operated’in a con-
servative fashion; certain ‘control’ chemicals are fed re-
‘gardless of ihtake’water quality, but dosages are-in-
creased during and following tasté.and odor episodes:
Thus, the’ actual Cost sensitivity™is léss than-that pre-
dicted by aSSummg that chemical costs are proportionatto
algal ‘bloom- fréquency As further studies and expenence
|mprove understandirig of the cause—effect “relationships
linkihg watershed conditions, lake dynamics, intake water
quality, treatment plaht operations, and taste and odor epi-
sodes, the feasibility of dptimizing treatment ‘operations
and the sensitivity of chemical dosages to intake’ water
quality may increase. The intent of the. econbmic model is
to’provide an approximate estimate of cost'sensitivity.
Other cost fictors not considered includelake and water-
shed monitoring, labor for copper sulfate applications, and
energy. Algal-dependent costs would increase by. more
than an order of magnitude if major chianges in the treat-
ment process train (addition of ozone or granular activated
carbon filtration) were réquired to solve.this problem.
‘Based on the.1984 chemical costs {$462,266) and nui-
sance-level frequency at Vadnais South station (14.2 per-
cent), potential chemical costs associated with-‘different
nuisance-level frequencies are estirhated from:

C = 462 (F* /14.2) )
where, ;

C = annual chemjcal cost for taste and odor control

($1,000)

F* = algal nuisance level frequency (%)

This relationship is linked with the watershed, lake, and
chlorophyll a frequency distribution models to predict cost
sensitivity to watershed development and to variations in
diversion water quality. Predicted economic impacts
should be interpreted cautiously. Regardless of dosages
or cost, the chemical additions do not-always effectively
control taste and odor problems. The resulting impdcts
are real (obtained from consumer feedback) but difficult to
express in terms of dollars or to otherwise quantify.

URBAN NONPOINT SOURCE IMPACTS:

The models described can provide perspegtives on the
long-term-effects of urban watershed development on eu-
trophlcatlon and related water quality conditions in Vad-
nais Lake. To define the-potential range of urban develop-
ment impacts, three land use scenarios have. been
simulated:

1. pristine: all existing urban, residential, and agricul-
tural areas converted to open land

2. existing: 1984 land uses

3. developed: all currently undeveloped and agricul-
tural areas (excluding wetlands) converted to urban.

Table 5.—St. Paul Water Utility algai-dependent chemical costs for 1984.

Chemical Annuai Cost Use'

Potassium permanganate $217,661 oxidation of taste and odor compounds
Sodium chilorite 102,102 oxidation of taste and odor compounds
Powdered carbon 27,630 adsorption of taste and odor compounds
Copper sulfate 36,984 lake applications for algal control
Chlorine 61,506 disinfection

Anhydrous ammonia 16,383 disinfection/chloramines

Total $462,266
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PERSPECTIVES ON NONPOINT SOURCE POLLUTION

Results are summarized in Table 6, and*Figure 6. Be-
cause of the nonlinear relationship between mean chloro-
phyll & and nuisance-level frequency, the-latter is more
sensitive to-watershed development. Potential algal-de-
pendent chemical costs dre estimated at $159,000,
$462,000, and $839,000 per year for the three scenarios,
respectlvely For a fixed total water demand, pumping re-
quirements from the Mississippi River vary with watershed

.land use. Table 6 shows that potential-pumping cost sav-
ings attributed to changes in local runoff-volume are,gen-
erally less than 10 percent of the potential impacts,-on
chemical costs. Despite Jimitations in the cost estimates,
their order of magnitudé- appedrs to-be significant. The
potential costs provide yardsticks for evaluating alterna-
tive control measures (best management practices, inlake
techniques, etc.) from-a cost-effectiveness standpoint.

The nutrient, ratio, (N-150)/P, decreases from 19.8.to
15.6.as watershed development increases. This ratio is an
approximate indicator of limiting nutrient (N-limited < 8,
Iransition 8-16, P-limited > 16)-(Walker, .1984a). Aside
from-increasing the total nutrient supply and mean cbhloro-
phyll a concentration, increased urban runoff may drive
the lake system toward a nitrogen-limited state and further
promote the growtt of nitrogen-fixing blue-greens, which
are of greater concern from a taste and odor perspective
than are diatoms or green algae.

The fact that a detectable bloom frequency (4.9 percent)
remains for the pristine case suggests that-the-effective
nutrient loading from Utility diversions (Mississippi River)
may have to be reduced to eliminate taste and odor epi-
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Figure 6.—mean chlorophyll a and bloom frequency for
varlous watershed development scenarios.

sodes via hutrient control. As part of the diagnostic study,
diversion treatment schemes (nutrient removal or inactiva-
tion) and inlake management techniques are being inves-
tigated for application to the system, along with watershed
management practices.

Another set-of simulations is designed to estimate the
marginal impacts of urbanh developtiieiit"in ®ach water-
shed unit on lake conditions and potential chemical costs.
These simulations involve converting 20 ha (50 acres) of
open land'in each subwatershed into urban uses. Table 7
lists simulated increases in Vadnais South mean chloro-
phyll &, bloom frequency, and potential chémical costs at-
tributed to development in each watershed unit. While the

Table 6.—Simulated impacts of urban watershed development on Vadnais Lake water quality and potential chemical costs.

Watershed Development

Factor Units Pristine Existing Developed
Mean intake Total P ppb 329 46.7 58.6
Mean intake Total N ppb 803 920 1064
Mean intake (N-150)/P —_— 19.8 16.5 15.6
Mea# intake chl. a ppb 13.0 18.7 243
Nuisance-level freq. % > 30 4.9 14.2 25.8
Equiv. chemical cost - $1,000/yr 159 462 839 !
Pumping cost increase - $1,000/yr 15 0 -26

Net annual gost ~ $1,000/yr 174 462 813

Table 7.—Marginal Impacts of a 50-acre urban development in each watershed unit.
Mean Chi. a Bioom Freq. Gross Cost Unit Cost'

Watershed Unit ppb days Siyr $/acre-yr
01 Gillfillan .005* ‘0.01* 312 6 .
02 Black .01 0.03 687 14
103 Birch_ .007 0.02 437 9-
04 Wilkenson South .016 0.05 999 20
05 Amelia .007 0.02 437 9

06 Wilkenson .016 0.05 999 20
07 Deep .022 0.06 1374 27

08 Charley Creek .030 0.09 1874 37
09 Charley .030 0.09 1874 37

10 Pleasant West .033 0.10 2061 41

11 Pleasant East 035 0.10 2186 44

12 Sucker .092 0.26 5747 115

13 Gem .022 0.06 1374 27

14 Goose .032 0.09 1999 40 ,
15 Lambert Creek .10 0.32 6871 137
16 Vadnais Creek 142 0.41 8870 177

17 Vadnais North .110 0.32 6871 137

18 Vadnais South 142 0.41 8870 177

19 White Bear 110 0.32 6871 137

*Simulated increases in mean chlorophyll a and biloom frequency at Vadnals intake
resulting from 50-acre (20 ha) urban development In each watershed unit.
Total watershed area = 15,381 Acres = 6,227 Ha. .
Bloom frequency caiculated for a 150-day growing season.
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simulated increases for an individual development are
small and would not be statistically detectable in a moni-
toring program, the cumulative effects of many develop-
ments are of major concern.

The results highlight spatial variations in Vadnais Lake
sensitivity to development in specific subwatersheds. Sen-
sitivity ranges over an order of magnitude. As expected,
watershed units closest to Vadnais Lake show the greatest
sensitivity. Units in the upper extremities of the watershed
show lpwer sensitivity because development impacts are
buffered by nutrient retention in upstream lake segments.
Expressed per unit of developed area, potential increases
in treatment costs attributed to urban development range
from $15-$437/halyr ($6-$177/acrelyr). Corresponding
cost savings attributed to reduced pumping costs for di-
versions from the Mississippi River are on the order of $5/
haltyr ($2/acrelyr).

CONCLUSIONS

These simulations provide approximate perspectives on
long-term impacts of urban watershed development on
the St. Paul water supply. The estimates do not reflect
potential short-term impacts of construction sites, which
have considerably greater runoff and nutrient export po-
tential, as compared W|th stabilized urban areas. To some
extent, dilution afforded by the Utlllty s diversions from the
Mississippi River tends to buffer the lakes from: -impacts of
local watershed development. A water supply without
such a significant diversion volume would be expected to
show a much higher land use sensitivity.

The assessment of urban impacts is obviously sensitive
to the selection of export coefficients for the various land
use categories. Refining the assessment will incorporate
error analysis concepts (Reckhow and Chapra, 1983). For-
tunately, in this case, good site-specific and regional data
bases exist for estimating export coefficients.

Additional data collected under the ongoing monitoring
program will refine the model structure and impact analy-
sis by considering soil types and year to year variations in
diversion water quality and in local runoff quantity and
quality. The refined model will evaluate alternative mea-
sures for controlling eutrophication and taste and color
problems in the St. Paul water supply.
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ABSTRACT

“This paper describes the results of a year-long monitoring
program at Cérlisle Lake, a small hypereutrophic iake
located in sduthwestern Washington State. The objec-
tives of the study were to assess the current limnology of
the lake, to determine and quantify the nutrientsqyrces to
the lake, and to make recommendations for. possnblexres-
toration of the lake and for nutrient control in the water-
shed. The monitoring has indicated that nonpoint sources
associated with dairy and cattle .operations contribute
most of the extermal nutrient load to the lake. Sponsored
by the Washington State Department of Ecology and con-
ducted by the Washington State University Environmen-
tal Engineering Department and the USDA Soil Conser-

-vation Service, the study of Carlisle Lake illustrates how
an interdisciplinary approach may bring together the ex-
pertise to deal with nonpoint source pollution problerns.
Some of the control measures that may be employed in
reducing the loading to Carlisle Lake and some noptradi-
tional ?undlng sources and alternatives for these control
measures are discussed.

Nonpointsource pollution has been recognized as a major
problem in this country. However, the-diffuse nature of the
.poliution has often made. abatement and control difficult,
notonly from a technical standpoint but also from adminis-
trative and institutional viewpoints. In nfany cases, non-
point §6urce pollution crossés political bourdaries and
agenéy ‘jurisdictions, Inclusion of the responsible parties
in, the decisionmaking process can be essential to the
succes$ of a control plan, and the expertise.of various
grouos can be used to strengthen the technical and finan-
cial resources brought to bear on the problem.

This has, been especially true in the case of Carlisle
Lake in western Washington State. By realizing that non-
point source pollution’is a major contributor to the eutroph-
Ication of Carlisle Lake, reduction of the nonpoint source
‘politition has becomé an integral partof a Testoratjon proj-
ect for the lake, and has involved personnel and funds
from the Washington State University Enwronmental Engl-
neering Section, the U.S. Department of Agnculture Soil
Conservation Service, and the Washington State Depart-
ment of Ecology. Currently, a Phase | feasibility study of
the lake has been completed by the Washington State
University Environmental Engineering Section and the
Phase Il implementation project is being planned. This
paper describes some of the findings of the Phase | study
and plans for the lake restoration efforts and funding, with
emphasis on the interagency cooperative approach taken
to solve the technical and financial problems of nonpoint
source pollution control.

STUDY AREA AND METHODS

Carlisle Lake is a small (10 ha), shallow (average depth
.67 m), hypereutrophic lake located in the town of Ona-

laska; Lewis County, Washington (Fig. 1). The lake was
constructed in about 1910 as a mill pond for what was, at
the time, reputed to be the world’s largest inland sawmill.
The lake was used for log storage™and mipvenient until
1942, when mill operations ceased. For many years, the
lake wds‘a popular recreational site, pfoviding smrhi‘mng,
flshlng, boating, afd other activitiés for locat residents. In

récent years;, water quality has deterioratéd" sngnlflcanily

Heavy pHytoplankton blooms occtr in the su ‘mmer. These
are’ caused by nonpoint source ‘nutfient errichriient and
résult in highly turbid water. Large stands Gf: emergént

-macrophytes have become established and are rapldly

f||l|ng thelake; compoundlng the problem. Fish stocked in
&arly spring do not survive past éarly Juné” because -of
dissolved oxygén depletiofi. Recteatidnali -Use of the: lake
has almost ceased altogether bécauss of these problems.

The study conducted by’ Washingtdh' Stats™University
included the identification and quantlflcatlon of the
sources of pollition contributing to eutrophlca’tlon in Car-
lisle Lake, and recommendations for] possible’ restoration
options. (The project summary and data cited in this re-
port are to bé found in Moore et'al. 1985). Examination of
the Carlisle Lake watershed showéd-that dairy and cattle

FEET
o . 500
Explanation: 4

Line of equal
water depth
Interval 2 Feet

Figure 1.—Map of Carlisle Lake.
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operatlons were the major, §ourqes of'poliution along the
.inlet stream. ©

Monitoring stations were established On the mIet “and
outlet streams, and samples werg taken every 2 weeks
from October 1983 to September 1.984 to cover the entire
1983-84 water year. Sampling parameters, ifigludéd
stream flow, nltrogen and phosphorus fractlons t’embera—
ture, dissolved oxyger, "conductivity, pH alkallmt“y ‘sili-
cates, and suspended solids: Plezometers&were installed
around the Iake for ground water anaIyS|s

RESULTS AND DISCUSSIONS

Thé hydraulic budget (Table 1) and "thé= Autriént (phos-
phorus) budget (Table 2) for the lake were-Constructed
from the data’gathered on the-inlets arid outlet. Nonpomt
source pollutlori associated with the (dairy and ¢attle dper-
ations were ‘found to' contributeé about*75 percent’ of the
total “annual’phosphorus Idading td the lake:* The‘remain-
ing- -25 percent of the tétal phdsphotus-load testilted-from
internal. notrient recycling from sédiment ‘diffusion and
from macrophyte release. -

*Specific activities and sources ‘that -restlt-in nonpomt
source poIIutlon intlude wastewater épray irrigatiori, was-
tewater- ‘storagé Iagoon ‘overflow; Autrients- leached-from
wasfes deposlted in fields; and direct deposmon of animal
wastes in streams. Although'the study was'not'designed
to quantify separately the specific pollution Sout&es; sorite
inferences-can be made from thé dvailable data.

Figures 2 and 3 show th& stream- d|50harge ~volufnes
and phosphorus concentrations’ in the two major-inlets,
Gheer Creek and the Ditch-lnlet. Table 3'shows the sea-
sonal averages.for stream discharge™and ph9sphorus

o

Table 1.—Summary hydraulic budgét.

L «

Inlets *Ground,

" total ‘Cutlet watér

Oct ’ 50?406 ™7 7_455290 -5211p
Nov 2777275 ¥ -1233955 -1543320
Dec 1435030 -596550 838480
Jan 2488103 -674725 -1813378
Feb 859544 -1138555 279011
Mar 1083250  .+2129901 * 1046651
Apr. 105582t <1222997 167176
May 995091  ~ 751091 -244000
Jun-, ; 306378 -209236 -97142
Jul 64169 ~128312 64143
Aug 81450 -1238G1 42351
Sep 84047 ~26194 -57853
Year. 11737558 -8690607  -3046951

"~

Note: Ground water estimate includes net rainfall, sheej flow, and ground water.

Losses are negative; gains’ are positive.

wsm;emm’

Table 2.—Summary phosphorus budget.

Gheer * . ‘Ground

Ck Ditch Outlet water Sediment
Oct, 4839 32235 -74.364 -2606  39.906
Nov 70.398  43.405 '-270.q78, -77.166 233.441
Dec 46472 76534 -76.189° -41.924  -4.893
Jan 160.064 179.51 -89.681 -90.669 -159.224
Feb 22748 161269 *“-96.854  13.951  33.886
Mar 16:799  46.178 -189.012>» 52333  73.704
Apr 17.84, 15679 -68.702  8.359  26.824
May 18.121  35.862-. -50.429, -39.040. .35.486
Jun 17.472 8.567 -21.032 -15543  10.536
Jul 3,136, 1.512, -22.890 3207 15.035
Aug 6.816 4072° -19.266, 2118,  6.258
Sep 4:996 8202  -4.331 9.256 ' 0.389
Year ~ 399693 468023 -982.838 -196, 237 q1 1.349

Note: bosses to the system are negative, gains are positive. Sediment and g(oqnd
water values are net estimates in kg.
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loadings far. the :1983+-84 water year. The discharge and

concentrations figures show that,an inverse relationship;
existed between these stream properties throughout most
of thevstudy period; tha} ig; asdlschargemcreased phas-.

pharys-concentration dec;eased,,and vice_ versa, This pat-

tern may have.regsulted from a-relatively constant source
of nytrients, so-thatthe phosphorus tended to be diluted
during high flows and highly concentrated during low flow
periods.

Some exceptions to the general flow and concentration
pattern occurred’in January 1984, in'both inlet streams
and, in April/May 1984, in the Ditch Inlet. During these
periods, the phosphorus concentration rose as the dis-
charge increased, ~indicating either -a flow-related

Table 3.—Practices eligible for cost-sharing under

the Agricultural conservation Program
(Soil Conserv. Serv. 1984)

Prevention of soil loss from water and wind erosion.
Permanent vegetative cover establishment
Diversions
Cropland protective cover
Streambank stabilization

Solution to water qualtiy problems
Stream protection
Sod waterways
Animal waste control facilities -

Water management systems for pollution control

Congservation of sojl and water through forestry
Forest tree’ plantations
Forest tree stand improvement
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PERSPECTIVES ON NONPOINT SOURCE POLLUTION

source(s) or an activity that was occurring during these
times and not during others. Substantial nutrient loading
occurred during these periods (Table 2).

The January peak flows were the highest of the water
year and occurred at the end of a 3-month period of high
rainfall and stream flows. As stated, both inlet streams
experienced increases in nutrient concentration and load-
ing associated with the January peak discharges. It is
possible that the high rainfall caused increased leaching
of nutrients, but such increased leaching usually occurs at
the onset of the high flow periods. This was not the case in
the Carlisle Lake watershed. The more likely source of the
increased nutrients was overflow from dairy wastewater
lagoons. The lagoons are used to hold water to be recy-
cled from milk parlor and feed lot cleaning. The lagoons
may have been full by January because of high levels of
rainfall, and.the continued rainfall in January—especially
some high precipitation storm events—combined with the
washwater flows probably caused the lagoons to overflow
during this period.

The April/May high-loading period for the Ditch Inlet
has, we believe, a different but related cause. Manure
spreading of lagoon water is employed by the dairy fo
fertilize some of the pastures, but it is used primarily to
control the water levels in the recycling lagoons. Manure
spreading was performed on fields draining into the Ditch
Inlet. This practice probably accounted for the phosphorus
increase in the Ditch Inlet during the spring.

From the evidence discussed and from other data col-
lected during the study, we can characterize the nonpoint
pollution sources that result in nutrient enrichment to the
inlet streams and to Carlisle Lake. Nutrients leached from
manure in the pastures adjacent to the streams and from
manure deposited directly in the streams seem to provide
a relatively constant source of loading. Manure spreading
and lagoon overflow are intermittent sources that contrib-
ute spike loadings, especially during high rainfall and
stream flow periods.

Controlling the pollution sources to Carlisle Lake will be
the goal of the Phase Il project. Dredging will be required
to remove the sediments and macrophytes to deepen the
lake and reduce the internal nutrient loading. In the water-
shed, pollution-control measures will be aimed at reducing
or eliminating the nutrients from animal wastes that reach
the inlets. The amount of nutrient réduction needed in the
watershed was estimated using a phosphorus model
which has been found to yield reasonably accurate predic-
tions of phosphorus concentrations in western lakes (Ma-
hamah and Bhagat, 1982). A Vollenweider-type analysis
was used to predict trophic state in the lake following res-

CARLISLE LAKE TROPHIC STATUS AS A FUNCTION OF STREAM PHOSPHORUS LORDING AND OISCIIIMG(
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Figure 4.—Carlisle Lake trophic status predicted by the
Walker model.

toration with various phosphorus loadings and stream dis-

charges (Vollenweider, 1975). The model results are pre-

sented in Figure 4. Permissible loading is defined as that
loading which will result in an average annual phosphorus
concentration of 10 ngL or less. Dangerous loadings will
result in average annual ph ghorus concentrations of 20
ug/L or greater. The model prédicts that a nutrient-loading
reduction of approximately 85-90 percent would be re-
quired to maintain acceptable water quality in the lake
after the restoration is completed.

The watershed control measures include creating addi-
tional lagoons to increase water storage, so that overflow
can be eliminated. The additional storage capacity should

give the dairy more flexibility in.its management and re-
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duce the need to use wastewater spray irrigation to control
the lagoon water levels. The wastewater spray irrigation
should be allowed only at distances-of 30 m or greater
from the streams to allow for nutrient attenuation by the
vegetation and soils. In addition, the wastewater spray
irrigation will be moved from. fields-with soils of poorly
drained Lacamas clay to fields with the well-drained Cine-
bar sandy soils.

A vegetated buffer zone will be established around the
streams, which will be fenced to prohibit direct access by
animals. Many of the pastures have high water tables, and
overland sheet flow .occurs during most of the year. The
sheet flow picks up nutrients from the fields and allows for
little nutrient attenuation by the vegetation or soils. Drain
tiles will be installed to improve drainage in these fields, to
prevent sheet flow, and provide for nutrient attenuation.

The technical aspects of the proposed pollution control
plan were worked out with the cooperation and help of
personnel from Washington State University, the Soil Con-
servation Service, and the Department of Ecology, work-
ing with local farmers, concerned citizens, and public
service groups from the Carlisle Lake area. It is clear that
close cooperation among these groups will be necessary
to secure the resources needed to put the plan into effect.

Funding for the many lake restoration projects in Wash-
ington is provided by the State from Referendum 39
funds. Referendum 39 established a lake restoration pro-
gram that is administered by the State Department of
Ecology. The program funds qualified restoration projects,
with 75 percent of funds provided by the State and 25
percent by local sources. In the case of Carlisle Lake, the
Lewis County Soil Conservation District has taken the
lead for raising local contributions. The costs of the Phase
Il implementation project at Carlisle Lake are estimated to
be about $300,000. This requires about $75,000 in local
matching funds. Because Onalaska has a small popula-
tion base, local matching at this level poses a problem.
However, the Department of Ecolody allows for inclusion
of in-kind services as part of the local match. Approxi-
mately 50 percent of the local matchris still required to be
in cash outlays, but a lower percentage is allowed in cer-
tain cases.

The in-kind services provision of Referendum 39 may
be a distinct boon for nonpoint source polliution control
associated with lake restoration projects, because of the
nature of nonpoint sources. Nonpoint source pollution is
often associated with small operations that have limited
cash resources. The sources are frequently located in ru-
ral areas with low population densities and a low-tax-reve-
nue base. Howeveér, thése operators will often own or have
access to heavy equipment that can be used for services
required in a restoration project, services which would
otherwise have to be purchased as part of the pfoject. For
exdmple, backhoes, a common farm implement, can be
used to dig lagoons, clear channels, or dig drain tjle
ditches. The farmer must provide the labor, machinery,
and fuel, but the work can be credited to the project for



operations were the major sources of pollution along the
Jinlet stream.

Monitoring stations were established on, the inlet and
outlet streams, and Samples were taken every 2 wegeks,
from October 1983 to September 1984, to cover the entire
1983-84 water )year. Sampling parameters included
stream flow," nitrogen and phosphorus fractions, tempera-
ture, dissolved oxygen, ‘conductivity, pH, alkalinity, sili-
cates, and suspended solids. Piezometers were installed
around the lake for ground water analysis.

RESULTS AND DISCUSSIONS

The hydraulic budget (Table 1) and thé' nutrient (phos-
phorus) budget (Table 2) for the lake were constructed
from the datagathered on the’inlets arid outlet. Nonpoint
source pollution associated with the dairy and cattle oper-
atiéns.were found to contribute about 75 percent of the
total annual‘phosphorus I6ading to the lake: The remain-
ing 25 percent of the total phosphorus load Tesulted from
internal ‘nutrient recycling' from sediment diffusion and
from macrophyte release.

"Specific .activities and sources that result in nonpoint
source pollution inClude wastewater spréy-irrigation, was-
tewater storage lagoon overflow, nutrients leached from
wastes deposited in fields, and direct deposition df animal
wastes in streams. Although the study.was not'designed
to quantify separately the specifit pollution sources, some
inferences can be made from the availabledata. '

Figures 2 and 3 show the stream -discharge volumes
and phosphorus concentrations in the two major inlets,
Gheer Creek and the Ditch Inlet. Table 3-shows the sea-
sonal averages for stream discharge -and ‘phosphorus

Table 1.—Summary hydraulic budget.

inlets Ground

. total ‘Outlet water

Oct 507400 -455290 -52110
Nov 2777275 -1233955 -1543320
Dec 1435030 -596550 838480
Jan 2488103 -674725 -1813378
Feb 859544 -1138555 279011
Mar 1083250 -2129901 1046651
Apr. 1055821 -1222997 167176
May 995091 +751091 -244000
Jun 306378 -209236 -97142
Jul 64169 -128312 64143
Aug 81450 -123801 42351
Sep 84047 -26194 -57853
Year 11737558 -8690607 -3046951

Note: Ground water estimate includes net rainfall, sheet flow and ground water.
Losses are negative; galns are positive. Flows are in m3.

Table 2.—Summary phosphorus budget.

Gheer Ground

Ck Ditch Outlet water Sediment
Oct 4.829 32235 -74.364 -2.606 39.906
Nov 70.398 43405 -270.Q78 -77.166 233.441
Dec 46.472 76534 -76.189 -41.924 -4.893
Jan 160.064 179.51 -89.681 -90.669 -159.224
Feb 22.748 16.269 +-96.854 13.951 33.886
Mar 16.799 46.176 -189.012 52.333 73.704
Apr 17.84, 16.679 -68.702 8.359 26.824
May 18.121 35.862 -50.429, -39.040 .35.486
Jun 17.472 8567 -21.032 -15.543 10.536
Jul 3.136 1.512 -22.890 3.207 15.035
Aug 6.818 4072 -19.266 2.118 6.258
Sep 4.996 8.202 -4.331 9.256 0.389
Year 399.693 468.023 -982.828 -196.237- 311.349

Note: Lossgs to the system are negative, gains are positive. Sediment and ground
water values are net estimates in kg.
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Figure 3.—Ditch Iniet discharge and phosphorus concentra-
tions.

loadings for the 1983-84 water year. The discharge and
concentrations figures show that an inverse relationship.
existed between these stream properties throughout most
of the study period; that is, as discharge increased, phos-
pharus concentration decreased, and vice versa. This pat-
tern may have resulted from a: relatively constant source
of nutrients, so that the phosphorus tended to be diluted
during high flows and highly concentrated during low flow
periods.

Some exceptlons to the general flow and concentration
pattern occurred 'in January 1984, in both inlet streams
and, in April/May 1984, in the Ditch Inlet. During these
periods, the phosphorus concentration rose as the dis-
charge increased, indicating either a flow-related

Table 3.—Practices eligibte for cost-sharing under

the Agricultural conservation Program
(Soll Conserv. Serv. 1984)

Prevention of soil loss from water and wind erosion.
Permanent vegetative cover establishment
Diversions
Cropland protective cover
Streambank stabilization

Solution to water qualtiy problems
Stream protection
Sod waterways
Animal waste control facilities
Water management systems for pollution control

Conservation of soil and water through forestry,
Forest tree plantations
Forest tree stand improvement



PERSPECTIVES ON NONPOINT SOURCE POLLUTION

source(s) or an activity that was occurring during these
times and not during others. Substantial nutrient loading
occurred during these periods (Table 2).

The January peak flows were the highest of the water
year and occurred at the end of a 3-month period of high
rainfall and stream flows. As stated, both inlet streams
experienced increases in nutrient concentration and load-
ing associated with the January peak discharges. It is
possible that the high rainfall caused increased leaching
of nutrients, but such increased leaching usually occurs at
the onset of the high flow periods. This was not the case in
the Carlisle Lake watershed. The more likely source of the
increased nutrients was overflow from dairy wastewater
lagoons. The lagoons are used to hold water to be recy-
cled from milk parlor and feed lot cleaning. The lagoons
may have been full by January because of high levels of
rainfall, and the continued rainfall in January—especially
some high precipitation storm events—combined with the
washwater flows probably caused the lagoons to overflow
during this period.

The April/May high-loading period for the Ditch Inlet
has, we believe, a different but related cause. Manure
spreading of lagoon water is employed by the dairy {o
fertilize some of the pastures, but it is used primarily to
control the water levels in the recycling lagoons. Manure
spreading was performed on fields draining'into the Ditch
Inlet. This practice probably accounted for the phosphorus
increase in the Ditch Inlet during the spring.

From the evidence discussed and from other data col-
lected during the study, we can characterize the nonpoint
pollution sources that result in nutrient enrichment to the
inlet streams and to Carlisle Lake. Nutrients leached from
manure in the pastures adjacent to the streams and from
manure deposited directly in the streams seem to provide
a relatively constant source of loading. Manure spreading
and lagoon overflow are intermittent sources that contrib-
ute spike loadings, especially during high rainfall and
stream flow periods.

Controlling the pollution sources to Carlisle Lake will be
the goal of the Phase Il project. Dredging will be required
to remove the sediments and macrophytes to deepen the
lake and reduce the internal nutrient loading. In the water-
shed, pollution-control measures will be aimed at reducing
or eliminating the nutrients from animal wastes that reach
the inlets. The amount of nutrient reduction needed in the
watershed was estimated using a phosphorus model
which has been found to yield reasonably accurate predic-
tions of phosphorus concentrations in western lakes (Ma-
hamah and Bhagat, 1982). A Vollenweider-type analysis
was used to predict trophic state in the lake following res-

CARLISLE LAKE TROPNIC STATUS AS A FUNCTION OF STREAM PHOSPHORUS LOADING ANO DISCHARGE
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Figure 4.—Carlisle Lake trophic status predicted by the
Walker model.
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toration with various phosphorus loadings and stream dis-
charges (Vollenweider, 1975). The model results are pre-
sented in Figure 4. Permissible Ioadlng is defined as that
loading which will result in an average annual phosphorus
concentration of 10 rg/L or less. Dangerous loadings will
result in average annual phosphorus concentrations of 20

pgl/L or greater. The model predicts that a nutrient-loading
reduction of approximately 85-90 percent would be re-
quired to maintain acceptable water quality in the lake
after the restoration is completed.

The watershed control measures include creating addi-
tional lagoons to increase water storage, so that.overflow
can be eliminated. The additional storage capacity should
give the dairy more flexibility in its management and re-
duce the need to use wastewater spray irrigation to control
the lagoon water levels. The wastewater spray irrigation
should be allowed only at distances of 30 m or greater
from the streams to allow for nutrient attenuation by the
vegetation and soils. In addition, the wastewater spray
irrigation will be moved from fields with soils of poorly
drained Lacamas clay to fields with the well-drained Cine-
bar sandy soils.

A vegetated buffer zone will be established around the
streams, which will be fenced to prohibit direct access by
animals. Many of the pastures have high water tables, and
overland sheet flow occurs during most of the year. The
sheet flow picks up nutrients from the fields and allows for
little nutrient attenuation by the vegetation or soils. Drain
tiles will be installed to improve drainage in these fields, to
prevent sheet flow, and provide for nutrient attenuation.

The technical aspects of the-proposed poliution control
plan were worked, out with the cooperation and help of
personnel from Washington State University, the Soil Con-
servation Service, and the Department of Ecology, work-
ing with local farmers, concerned citizens, and public
service groups from the Carlisle Lake area. It is clear that
close cooperation among these groups will be necessary
to secure the resources needed to put the plan into effect.

Funding for the many lake restoration projects in Wash-
ington is provided by the State from Referendum 39
funds. Referendum 39 established a lake restoration pro-
gram that is administered by the State Department of
Ecology. The program funds qualified restoration projects,
with 75 percent of furids provided by the State and 25
percént by local sources. In the case of Carlisle Lake, the
Lewis County Soil Conservation District has taken the
lead for raising local contributions. The costs of the Phase
Il implementation project at Carlisle Lake are estimated to
be about $300,000. ThIS requires about $75,000 in local
matching funds. BecauSe Onalaska has a small popula-
tion base, local matching at this level poses a problem.
However, the Department bf Ecology allows for inclusion
of in-kind services as part of the local match. Approxi-
mately 50 percent of the local match.is still required to be
in cash outlays, but a lower percentage is allowed in cer-
tain cases.

The in-kind services provision of Referendum 39 may
be a distinct boon for nonpoint source pollution control
associated with lake restoration projects, because of the
nature 'of nonpoint sources. Nonpoint source pollution is
often associated with small operations that have limited
cash resources. The sources are frequently located in ru-
ral areas with low population densities’and a low tax-reve-
nue base. However, thése operators will often own or have
access to heavy equipment that can be uséd for services
required in a restoration project, services ‘which would
otherwise have to be purchased as part of the project. For
example, backhoes, a common farm implement, can be
used to dig lagoons, clear channels, or dig drain tile
ditches. The farmer must provide the labor, machinery,
and fuel, but the work can be credited to the project for
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partof the local match at the market price for. comparable
services. Tk ’

Even with credit for labor for the in-kind seyvices, local
expense requirements can still be substantial. Some of
the control measures for nonpoint source pollution control
may actually improve praduction for dairies or farms. This
may possibly disqualify them from direct Referendum 39
funds under provisions that prohibit public funding for pri-
vate improvements. There is some ambiguity in the provi-
sions, but the cost to an individual farm, dairy, or range
operation ean be large if even moderate pollution control
measures are required. These problems have suggested
the-usé of the Agricultural Conservation Program, admin-
istered by the Soil Conservation Service.

Thé Agricultural Conservation Program provides some
cost-sharing funding to individual farms for-implementa-
tion of ‘prattices that result i soil coriservation; pollution
abatement, or forestry practices. The practices’eligible for
cost-sharing must meet specifications of the Soil"Conser-
vationService:and the State Depanmenf of Natural Re-
sources: As one of the.stated aims of the program’is to
encourage public benefits, espacially the godl of “prevent-
ing or abating pollution and other environmental degrada-
tion,” linking the ACP with a public lake restoration project
should providé impetys foi-tavorable déposition ‘of the ap-
plication. Table 3 contains a list of the types of practices
eligible tor oost-shanng under the ACP. Many of these

-
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ellglble actlvmes are practices for eliminating or abating
nonpdint source pollution:

.In conclusipn, the Carlisle Lake Phase |l restoratlon im-
plementation’| proléct is in the planmng ‘stages ‘Cobpera—
tion among personnel from tHe involved agenciés hasled
to the unification of some diverse funding sources into'a
cohesive program for ‘abatement of & specific nonpoint
source pollution problem. Similar copperative approaches
in other areas may be required to secure the funds and
technical resources to control nohpoint source poliition.
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WHY SCOFIELD RESERVOIR IS EUTROPHIC: EFFECTS OF
NONPOINT SOURCE POLLUTANTS ON A WATER SUPPLY

RESERVOIR IN UTAH

DOYLE STEPHENS

U.S. Geological Survey
Salt Lake City, Utah

ABSTRACT

Studies since 1979 have classified Scofield Reservoir as
mesoeutrophic or eutrophic. The principal pollutants are
nutrients, trace metals, and sediments associated with,
nonpoint sources, sich as construction of ‘roads and
mine portals, domestic waste disposa_l. animal grazing,
and natural deposits of rock containing phosphate.
Blooms of blue-green algae, which have resulted, in
fishkills, have corresponded to years of decreased inflow.
Biota populations during wet years were quite diverse,
with only minimal numbers of undesirable blue-green al-
gae. During 1981, however, the minimum usable water
storage decreased to 31 percent of the 25-year average

_ and blue-green algae blooms resulted in serious fishkills.
Concentrations of mercury in the water in Scofield Reser-
voir have caused concern for water users, but none of the
concentrations has exceeded revised State standards.
The mercury originates from coal particles within the
drainage basin, and most of it is bound as silicate in the
reservoir sediments and is not readily soluble. Several
management practices have been implemented to de-
crease nonpoint source pollution. Among these are an
improved waste disposal station for recreational vehicles,
a containerized waste system for fish cleaning, and
streambank stabilization.

OBJECTIVES OF THE INVESTIGATION

Extensive research on Scofield Reservoir in central Utah
has been conducted during the last few years by the Utah
Division of Environmental Health and the U.S. Geological
Survey. The objectives of the State studies were to quan-
tify nonpoint sources of nutrients entering the reservoir,
determine the trophic conditions, and identify possible
restoration methods. The Geological Survey, in coopera-
tion with the Bureau of Land Management, was interested
primarily in determining the effects on the reservoir of coal
mining within the drainage basin. Eutrophic conditions,
large sediment loads, and trace metal contamination were
problems anticipated prior to the start of the studies. Be-
cause of differences in objectives and the period of study,
there was little duplication of effort, and complementary
data bases were compiled.

DESCRIPTION OF THE AREA

Scofield Reservoir, at an elevation of about 2,320 m in
central Utah (Fig. 1), was formed in 1926 and enlarged in
1945 by dams on the Price River. Usable capacity of the
reservoir is 81 hm® and maximum depth is 14 m. The
drainage basin for the reservoir is 400 km?2 and is primarily
mountainous, with elevations ranging from 2,312 to
3,183 m. The drainage basin contains large coal deposits
and the area has been mined since the late 1800’s. The
major source of inflow to the reservoir is Fish Creek, which
contributed 72 percent of the total inflow during the 1980
water year. Minor inflows were from Mud Creek (16 per-
cent), and Lost and Pondtown Creeks and from precipita-
tion (12 percent). Agricultural use of the basin is limited to
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grazing of sheep (15,000 head) and cattle (5,000 head).
Ninety-three percent of the drainage basin is forest or
range land.

The reservoir supplies water for domestic use to 20,000
people downstream, and it provides recreational opportu-
nities for about 70,000 visitors per year. There are 1,100
recreational camping-or cabin units on the shores. Sani-
tary facilities for the camps, cabins, and the town of Sco-
field (200 people) are limited to pit privies and septic tanks.

ALGAL BLOOMS AND FISHKILLS

Periodic data for algal populations and blooms are availa-
ble since 1975. Colonies of objectionable blue-green al-
gae were identified in the reservoir in 1975, but their num-
bers did not reach bloom proportions,; mostlikely because
of increased tributary flow and high water in the reservoir.
During most wet years, algal populations are quite di-
verse, with few blooms of blue-green algae. Considerable
data on the algal community have been collected since
1981, and this may be summarized by examining the fluc-
tuations of two blue-green algae, Aphanizomenon fios-
aquae and Anabaena flos-aquae, and the diatom
Stephanodiscus minutula, which are good indicators of eu-
trophication in reservoirs in Utah. The density of these
blue-green algae and the percentage of the diatom (rela-
tive to all diatoms) are plotted in Figure 2 for 1981-84.
Although both groups of organisms are indicators of eu-
trophication, their densities typically are inverse. .In-
creased densities of the blue-green algae indicate blooms
during August 1981 and October 1982. Possible bloom
conditions for the diatom are indicated during early Au-
gust 1981, September 1981, and August 1983. The phyto-
plankton bloom in August-September 1981, resulted in a
considerable fishkill. The bloom of blue-green algae in
October 1982 did not result in a major fishkill, because
water storage had reached an historic high in June and
was still relatively high during October. Similarly, the
diatom bloom of August 1983 occurred at a time when the
water storage historicallv was very large.

Fishkills in Scorield Reservoir have been reportea dur-
ing 6 years since 1960, and most were associated with
small discharges from the principal inflowing stream or
decreased reservoir water storage (Table 1). During most
years, Fish Creek contributes about 70 percent of the an-
nual inflow to the reservoir. The Utah Division of Wildlife
Resources (Donaldson, 1984) has found that fishkills oc-
cur in years when the annual value for mean daily dis-
charge of Fish Creek is less than 1.13 m3/sec. This obser-
vation has been verified by all data since 1960, with the
exception of data from 1963 and 1966. In 1963, the flow
from Fish Creek decreased to 63 percent of the 25-year
average daily flow of 1.5 m3/sec, and the minimum water
storage in the reservoir was only 52 percent of the 25-year
average. The flushing rate (total inflow divided by Price .
River outflow) in 1963 was about 1, which may have pre-
vented a fishkill. During 1966, the average daily flow of
Fish Creek was 67 percent of the 25-year average, but
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Figure 1.

minimum water storage in the reservoir was 143 percent
of the average. Y

Analysis of published (Waddell etal. ‘f983 Dentorvet-al.
1983) and calculated-water-budgets since 1960, indicate
that fishkllls occur 80 percent of the time the annual flush-
ing rate for the reservoir.i lsless than 0.85. .Na fishkills have
been reported durlng years when. tne ffushlng rate was
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ﬂouduie, Aﬁhnnlzomepon ﬂos-aquae, and’ the diatom
Stephanodiscus minutulia in Scofield Reservolr, 1981-84.
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—Locatlon of Scofleld Reservoir and associated streams.
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greater than 1.1. Itis likely that fishkills result from a com-
bination of environmental fagtors,that-are intepsified by
decreased friputary inflow. These factors arg large popula-
tions -of blue-green.algae that relgase, biological, toxins,
oxygen demands{esulting.from respjration and decompp-
sition- of- alga)_ populations, increased rate of warming of
lake water, and increased volume of the anaeroblc, hypo--
I|mr;|on w P

Co suderable reservour data were collected before and
after the 1981 summer fishkill- (Utah Dep. of Health, 1984)
which mdrqate the relatlonshlp between total, reservorr wa-
ter stqrage and the adtual volume of flsh-habltable water
(F|g 3_)_\ Total water’ storage began decreasmg in dune,
and during. August it decreased 15 percent. The volume of
fish-habitable water containing @ ;mmmum dissolved, oxy-
gen concentration of 5.5 mg/L, which is sufficient to sup-
port a f|shery, decreased at about the same rate until Au-
gust, During the first half of August, the- hab;table water
decreased about 60 percent. This was causgd by an ex-
pansion of the anaeroblc hypolimnion and.decreased vol-
ume of total storage, which greatly decreased the, living

area for, f|sh -and resulted ins. ar) estumated fishkill of
200,000.

TROPHIC STATE OF THE RESERVOIR

Becatse of redurring aldal blooms and Iarge concentra-
tion$ of nutrients, Scofiéld Reservoir has been classified
as eutrophic (Dentoﬁ 1980) to meso-eutrophic (Waddell et
al. 1983; Denton et al. 1983). Data coIIected by the U.S.
Geologlcaj Survey since 1979 indicate that' 47 percent of
all measurements of total phosphotus in the epilimnion
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Table 1.—Fishkllls and minimum water storage in Scofield Reservoir, ratio of inflow to outtlow, and discharge of Fish Creek.

Percentage
of 25-year Mean dally
Minimum useable average discharge ot
Type and time water storage minimum  Total inflow Fish Creek
Water year of fishkill (thousands of cm®) storage  Total outflow (m3¥/sec)
1960 major summerklll 2,070 7 0.95 0.88
1961 major winterkill 680 2 1.09 .42
1972 minor summerkill 24,040 80 74 91
1976 minor summerkill 38,350 127 84 1.01
1977 major summerklll 21,840 73 49 29
1981 major summerkill 9,390 31 .73 .89
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Figure 3.—Total and fish-habitable water stored in Scofleld
Reservoir during the 1981 fishkill.

and 69 percent of phosphorus measurements in the hypo-
Jimnion have exceeded.the Utah water quality standard of
'0.025 mg/L. The seasonal cycling of total phosphorus,
‘using data collected by the Utah Division of Environmental
Health and the U.S. Geological Survey, is shown in Figure
4. Phosphorus concentrations typically increase in the hy-
polimnion ‘during winter stratification because of release
from the sedimen in'the reservoir. During turnover in
May or June, concentrations- generally decrease in the
hypolimnion and increase in the epilimnion. The increase
in algal arid bacterial populations during the summer,
coupled with increased stratification and developnient of
an anaerobic hypolimnion, decreases the phosphorus
concentration in the epilimnion. In July or August, when
summer stratification is at a maximum, release-of "phos-
phorus from the anaerobic sediments results in large con-
centrations in the hypolimnion. Duringfall turnover, in late
August or September the phosphorus accu inthe
hypolimnion is released to the overlying waters and sur-
face concentrations of f)hOSphorus typically increase. It is
during the’ August—September turnover that recycled
phosphorus js made-available to the blue-green algae and
late summer blooms can occur. ,

Denton et al. (1983) reported that ratios of nitrogen to
phosphotus mostly were greater than 15 during 1981, indi-
cating phosbhorus limitation of-algal populations. During
1982, ratios in the spring indicated-phosphorus limitation
and summer ratios generally identified a nitrogen limita-
tion. Bioassay tests of algal growth potential indicated that
on June 27, 1984, when the ratio of nitrogen to phos-
phorus in the reserv0|r ‘water was 43 to 1, the water was
primarily phosphorus limited. Additions of small concen-
trations of nitrogen (as nitrate), as well as phosphorus (as
orthophosphate), however, stimulated nearly four times as
much algal growth as phosphorus alone. On July 31,
1984, when the nitrogen-to-phosphorus ratio was 40 to 1,
the addition of nitrogen as well as phosphorus’to the test

TOTAL PHOSPHORUS, IN MILLIGRAMS PER UTER

Figure 4.—Total phosphorus in surface and deep water in

Scofield Reservoir, 1979-84.

algae resulted in nearly 17 times the growth of phos-
phorus alone. By Sept. 19, the ratio was 50 to 1, but the
addition of nitrogen resulted in only a_twofold increase in
algal mass when compared with the addition of phos-
phorus alone. It is.likely that phosphorus is limiting during
most years, particularly when large populations of blue-
green algae, such as Aphanizomenon and Anabaena, are
present, because such algae are capable of fixing atmos-
pheric nitrogen into a form available to organisms.

SOURCES OF NUTRIENTS

Because of basin slopes of 0:38'in Boardinghouse and
Eccles, Canyons. and the oohstructlon of extenswe roads
and coal mine portals ih Eccles Canyon, Iarge ‘quantities
of sediment are trarisported into Mud Creek'and then into
Scofield Reservoir. ;Suspended- sediment loads in Mud
Creek during July-September storms averaged 18,000 kg
during 1983-84. Loads during thunderstorms in spring
were believed to be even larger. Soils in the Mud and Fish
Creek dramages contain considerable quantmes of natu-
rally occurring phosphorus. Soils collected in Boardmg-
house and Eccles Canyons during 1984 contaified 300
500 mg of total phosphorus per kilogram. Suspended
stream sediments from the Fish Creek drainage were re-
ported to contain 440-900 mg of total phosphorus, per
kilogram, with biologically available phosphorus averag-
ing about 49 percent (Denton et al. 1983).

Considerable loads of nitrogen and phosphorus are dis-
charged to the reservoir by Mud and Fish Creeks, the
major inflowing streams to Scofield Reservoir (Table 2).
Loads of nitrogen and phosphorus increased considerably
during 1984 compared with 1983, although the total inflow
to thereservoir was nearty"the same. The distribution- of
loads also changed considerably durihg 1984, showing a
greater proportion of -nutrients, relative to the discharge,
entering from the Fish Creek drainage. During 1980 and
1983, the proportion of total nutrient loads, relative to dis-
charge, was greater for the Mud Créek drainage, The in-
creased loads in Mud Creek during 1984 may be due, in
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part, to increased construction in the Eccles Canyon.
There is no evidence to explain the increased loads during
1984 in Fish Creek.

Clyde et al. (1981) reported that wells in the Scofield
area yielded water with an average phosphorus concen-
tration of 170 pg/L, except in several of the subdivisions
adjacentto the lake. In these areas, the water from several
shallow wells contained mean total phosphorus concen-
trations greater than 1,400 xg/L. Relatively Iarge concen-
trations of nitrate nitrogen also were common in the same
wells, with concentrations ranging from 1,000 to 14,000

rg/L. Cdntamination of the ground water by disposal of .

domestic waste was suspected.

PHOSPHORUS IN LAKE SEDIMENTS

Selective chemical extraction of phosphorus from sedi-
ments in Scofield Reservoir by Messer and Ihnat (1983)
indicated that nearly 200 mg of phosphorus per kilogram
of sediment were potentially available for biological up-
take. Although the quantity of phosphorus in the sedi-
ments is quite large, the actual quantity released is small
because of the large concentrations of iron in the sedi-
ments. The phosphorus is in the form of iron-oxide gels,
which release phosphorus when the iron in the gel is re-
duced to the ferrous form during anaerobic periods of
stratification.

Release rates of available orthophosphorus from intact
sediment cores were determined under aerobic and an-
aerobic conditions by the authors. Some differences in
release rates depended on the sampling location of the
core. Under anaerobic conditions at a typical hypolimnion
temperature of 15°C, however, phosphorus release gen-
erally peaked within 15 days, at a rate of about 2 mg/m?
per day and decreased to about 1.3 mg/m? per day for the
remaining 17 days of the experiment. Under aerobic con-
ditions, at a typical epilimnion temperature of 20°C, the
maximum release rates were about 0.6 mg/m? per day,
decreasing to about 0.3 mg/m? per day after 28 days.
These rates are slightly less than those reported for Déeer
Creek Reservoir (75 km to the northwest) by Messer and
Ihnat (1983).

The quantity of orthophosphorus released from the sed-
iments during summer stratification was calculated using
data obtained during 1983. The reservoir was stratified
from the end of July to the end of September, about 70
days. During this time, water covering about 380 ha was
anaerobic. Using a release rate of 1.3 mg/m? per day, a
total of 360 kg of phosphorus could have been released
from the sediments to the hypolimnetic water. This indi-
cates that phosphorus release from anaerobic lake sedi-
ments is of minor importance when compared with loads
of total phosphorus entering from streams (Table 2).

TRACE METALS

The presence of an active mining industry and large sedi-
ment loads created by construction of road and mine por-
tals in the basin indicated that trace metals may be a

LAKE QUALITY

pollution problem in_the reseryqir. Prior to November
1984, the State water quality standards for the protection
of aquatic wildlife did not incorporate water hardness into
the allowable concentrations for trace metals. Because of
the accumulation of literature indicating that trace metal
toxncny to aquatic wuldllfe is dependent on water hardness,
trace metal standards were revised to less stringent con-
centrations. This necessitated revisions in the interpreta-
tion of the effects of trace metals on Scofield Reservoir,
particularly for mercury, which had been identified previ-
ously as a potentjal pollutant problem (Clyde et al. 1981).
Under the old standards, 39 of 46 analyses for total mer-
cury in reservoir waters indicated concentrations in ex-
cess of State standards of 0.05 ug/L. The mean of all the
violations was 0.17 pg/L. Under the revised standard of 1
pg/L, none of the samples exgeeded the standard. Analy-
ses of fish tissue also indicated the existence of small
concentrations of mercury in the reservoir waters, but the
concentrations were considerably less than the allowable
limit for edible fish (Denton et al. 1983). The small concen-
trations of mercury probably orlglnate from coal partlcles
trangported into the reservoir. The composition of coal in
the area indicates that the mercury content may be as
large as 0.25 part per million by weight (Smith, 1981).
Manganese and zinc are the only other trace metals
that are potential pollutants in the reservoir. The standards
of the U.S. Environmental Protection Agency (1976) for a
public water supply prohibit exceeding a total manganese
concentration of 50 pg/L. During periods of stratification,
concentrations of total manganese may range from 500to
700 pg/L in the anoxic hypolimnion in Scofield Reservoir.
The concentrations increase considerably in the hypolim-
nion durmg summer stratification and abruptly decrease
during spring and late summer turnover. It is during these
turnover periods that the concentrations increase in the
epilimnion because of mixing with hypolimnetic water en-
riched with manganese. Concentrations of manganese in
the epilimnion rarely exceeded the standard during 1979-
82, but during the late summer turnover in 1983 and 1984,
near-surface concentrations tended to range from 80 to

+120 ug/L. Total, and to a lesser extent, dissolved iron con-

centrations were similar in maghitude to thoge of total
manganese dunng perlods af stratification and mixing.

Concentrations of total zinc in the réservoir occasionally
exceed 150 p.gIL but the dissolved.form rarely exceeds
the State standard of 50 pgll.. Some cycling of both forms
of zin¢ occurs in the surface and bottom waters, but jt
does not conform to well-defined periods of stratification
and mixi ng as'is the case with manganese.

EXTRACTIONS FROM SEDIMENT CORES

Sediment cores were collected at five sites in the reser-
voir, radioisotope methods were used to determine sedi-
mentation rates, and chemical extractions were per-
formed (Skei‘and Paus, 1979) to provide an estimate of
the ease with: which trace metals may be removed from
the sediment. In general, isotope-dating methods indi-
cated that sedimentatiori rates within ‘the reservoir were

Table 2.—Loads of nitrogen and phosphorus entering Scofield Reservoir in gauged streams during. 1980, 1983, and 1984
water years. Numbers in parentheses are the percent of total.

Water year
1980 "1983 1984

Inflow Dissolved Total Inflow Dissolved " Total Inflow Dissolved” Total

(miltion nitrogen phosphorus (million nitrogen, phosphorus (million nitrogen phosphorus

m) (MT) (MT) md) (MT) (M7) md) (¥7) (MT)
Fish Creek 749 (82) 57 (79) 4.0 (71) 100.9. (81) 37 (79) 15 (73) 96.6. (78) 110 (81) 79 (86)
Mud Creek 16.2 (18) 15 (21) 1.6 (29) 239 (19) 10 (21) 5 (27) 275 (22) 25 (19) 13 (14)
Total 91.1 72 5.6 124.8 47 20 124.1 123 92
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not uniform. Sedimentation rates near the major sources
of inflow could not be determined accurately, but they
were believed to be greater than rates in the central part of
the reservoir. Sediments accumulating in the shallow ar-
eas periodically move toward the center of the lake, where
the sedimentation rate is about 1 cm per year. An even
smaller rate of deposition, 0.3 cm per year, has been de-
termined for an area near the dam, where the velocity of
the current is slowest.

Concentrations of arsenic, cadmium, and cobalt in all
cores were very small, and these elements primarily were
present in a tightly bound form. Copper concentrations in
the sediments ranged from 15 to 20 ug/g. Most of the
copper was present in the nonsilica fraction, most likely
tightly bound to clays or in sulfide compounds. The quan-
tity of copper potentially available to the biota was usually
about 5 ug/g. Concentrations of manganese at most sites
showed a gradual decrease from the sediment surface to
the bottorh of the 20-40 cm core. Concentrations of total
manganese varied from 400 to 700 pg/g in the surface
segments and decreased about one-third in the bottom
segments of the core. This is a typical pattern for rnanga-
nese in lake sediments. The oxidized forms of manganese
are deposited in the sediments and gradually buried. As
oxygen is excluded from the cores and reducing condi-
tions are established, the oxides are reduced and made
soluble, releasing manganese with a +2 valence which
migrates upward in the pore water (Skei and Paus, 1979).

Mercury concentrations in the sediments generally
were less than 0.02 ug/g, particularly in the shallow, re-
cently deposited alluvium from Mud and Fish Creeks.
Sediments from deeper sites Had considerably larger con-
centrations of mercury, with a maximum concentration of
6 ug/g. At sites where concentrations were larger, the con-
centrations were present in the least soluble (silicate)
.form. Concentrations in a biologically available form did
not exceed 0.02 nug/g, and they generally' were present in
concentrations less than 0.01 xg/g.

CONTROL OF EUTROPHICATION
THROUGH MANAGEMENT

The State of Utah has proposed several management
practices for controlling nonpoint and point sources of nu-
trients (Denton et al. 1983). These methods consist of
integrating public education programs with physical,
chemical, and biological management practices to de-
crease the rate of eutrophication and restore reservoir
quality These practices may be categorized as lakeshore
and reservoir management.

Lakeshore management would decrease the quantity of
sewage-associated nutrients entering the lake from non-
point sources, such as holding tanks and leach fields. It
would prohibit the installation of additional-sewage-hold-
ing tanks in subdivisions around the lake shore, require
sanitary dump stations for recreational vehicle parks, and
require centralized septic tanks with drain fields located
far from the lake shore in several subdivisions. Extensive
wetlands would be created near the mouth of Mud Creek,
which would be managed to preclude animal grazing and
to encourage plant growth so as to decrease nutrient con-
centrations in the inflowing water. The plant growth would
be periodically harvested and removed from the area. Wil-
lows planted along the creek drainage area near the reser-
voir would stabilize stream banks. The wetlands proposal
could not be funded, and it has been.temporarily sus-
pended from consideration.

‘Reservoir management is designed to decrease the ef-
fects of eutrophication by controlling nutrients after they

reach the reservoir. Fishery practices, such as no-limit or
commercial fishing, would decrease the nutrient load
caused by chemical treatment periodically used to control
rough fish. Fish cleaning, with return of the entrails to the
reservoir, is estimated to contribute more than 180 kg of
phosphorus annually (Denton et al. 1983). Prohibition of
fish cleaning on the reservoir and along the shore, and
construction of fish-cleaning stations in the camping areas
would decrease this source of nutrients. Public education
and more restroom facilities would be used to decrease
waste disposal by boaters. Other water management
practices considered but rejected as being too costly or in
conflict with water users included: alum treatment to pre-
cipitate phosphorus, followed by fly ash addition to seal
the nutrients in the sediment ($160-$600 per hectare);
aerators to decrease anaerobic conditions under which
phosphorus leaches from the sediments ($6,000-$12,000
annually); dredging to remove sediment ($1,000 per hect-
are); installation of a large pipe, which would allow. hypo-
limnetic water to be discharged during the summer (more-
than $43,000); water drawdown during midsummer to en-
courage complete water mixing and prevent formation of
an anoxic hypolimnion.

Several practices had been implemented by 1985. An
improved waste disposal system for recreational vehicles
and a containerized fish-cleaning station with grinder and
waste system connections are in use at the State park
campground. Posting of antipollution signs has increased
public awareness, and the channel -has been stabilized
along the downstream reach of Mud Creek. Subsequent
monitoring and study is planned by the State to determine
the effectiveness of these control practices.

All lakes are different, and the effect of nonpoint source
pollutants cannot be predicted unless the chemistry and
biology of each lake are understood. Management prac-
tices to control eutrophication need to be deferred until the
dynamics of specific lake systems are fully known.

REFERENCES

Clyde, C.G., et al. 1981. Water quality in Pleasant Valley, Utah.
Rep. WG-281, Utah Water Res. Lab., Logan.

Denton, R.L. 1980. Water Quality of Selected Utah Impound-
ments. Bur. Water Pollut. Control, Utah Dep. Health. Salt Lake
City.

Denton, R.L., M.l. Cox, and L.B. Merritt. 1983. Scofield Reser-
voir Phase 1 Clean Lakes Study. Bur. Water Pollut. Control,
Utah Dep. Health. Salt Lake City.

Donaldson, W. 1984. Personal communication. Utah Div. Wildl.
Resour., Helper, UT.

‘Messer, J.J., and J.M. Ihnat. 1983. Reconnaissance of sedi-

146

ment-phosphorus relationships in some Utah reservoirs.
Rep. UWRL/Q-83/03. Utah Water Res. Lab., Logan.

Skei, J., and P. Paus. 1979. Surface metal enrichment and parti-
tioning of metals in a-dated sediment core from a Norwegian
fiord. Geochim. Cosmochim. Acta. 43: 239-46.

Smith, A.D. 1981. Muddy Creek coal drilling project, Wasatch
Plateau, Utah. Spec. Stud. 55. Utah Geolog. Mineral Surv.,
SaltLake City. :

U.S. Environmental Protection Agency. 1976. Quality Criteria for
Water. Off. Water and Hazardous Mater., U.S. Govt. Printing
Off., Washington, D.C. .

Utah Department of Health. 1984. Scofield Lake Phase1 Study-
Water Chemistry and Phytoplankton Data. Bur. Water Pollu-
tion Control, Salt Lake City.

Waddell, K.M., D.W. Darby, and S.M. Theobald. 1983. Chemical
and physical characteristics of water and sediment in Scofield
Reservoir, Carbon County, Utah. Open-file Rep. 83-252. U.S.
Geolog. Surv.



TROPHIC STATE RESPONSE TO NONPOINT POLLUTION CONTROL:
APPLICATION OF COUPLED MICROCOMPUTER MODELS

TO THE GREAT LAKES

MARTIN T. AUER
Department of Civil Engineering
Michigan Technological University
Houghton, Michigan

THOMAS M. HEIDTKE
Department of Civil Engineering
Wayne State University

Detroit, Michigan

RAYMOND P. CANALE
Department of Civil Engineering
University of Michigan

Ann Arbor, Michigan

ABSTRACT

Phosphorus loading from the Fox River (Wisconsin) pro-
duces a gradient in trophic state along the major axis of
- Green Bay (Lake Michigan) ranging from hypereutrophic
to oligotrophic. Water quality problems associated with
the. gradient include high turbidity, excessive algal
growth, and dissolved oxygen depletion. The Fox River
contributes 78 percent of the tributary total phosphorus
load to Green Bay; more than half of that load originates
from nonpoint sources. A unit area load (UAL) based mi-
crooomputermodel is used to generate estimates of non-
pointtotal phosphorus loads as a function of land use and
soil texture in the Fox River watershed. Phosphorusloads
are input to a water quality microcomputer model which
calculates the, total phosphorus and chlorophyll concen-
tratrons, water transparency, and ‘trophic state corres-
pondmg to that load. Changes in water quality and trophic
state are examined under exnstlng conditions and two
hypothetical land use scenarios: 100 percent-woodland
and 100 percent high tillage cropland. The basin is well
suited to such a demonstration because of the ,domi-
nance of the cropland land use classification (65 percent
- of total-basin land acreage). Water quality and trophic
state changes associated with the two hypothetical sce-
narios are dramatic, demonstrating the utility of the ap-
_proach in providing a basinwide overview of the potential
impact of nonpoint management programs in the water-
shed.

POINT AND NONPOINT POLLUTANT
SOURCES

Deterioration in the water quality. of the Great Lakes and
concommitant changes in the biota of .that system have
paralleled-the ‘cultural development of the region (Beeton,
1970). Long-term alterations in land use from a primarily
forested condition to intensive urban and agricultural uses
have played an important role in the water quality degra-
dation process (Int. Joint Comm., 1980). One manifesta-
tion 6f cultural"development in- the basin is accelerated
eutrophication of these waters resultlng from point and
nonpoirit loads of plant nutrients and oxygen-demanding
materials.

Actions taken in response to the Federal Water Pollution
Control'Act Amendments of 1972 (P.L. 92-500), the Munic-

147

ipal Wastewater Treatment Construction Grant Amend-
ments of 1981 (PL. 97-117), and establishment of the’Na-
tional Pollution Discharge Elimination System (NPDES,
Sec. 402 of PL. 92-500) have reduced point source loads
of conventional pollutants to the Nation’s waters.”

The 1978 Great Lakes Water Quality Agreement estab-
lished phosphorus target loads designed to maintain or
improve the trophic status of the Great Lakes’ waters.
Point source phosphaorus management strategies (é.g.,
upgraded treatment, effluent limitations, detergent phos-
phorus ban) have redticed phosphoru$ loads to the Great
Lakes. Hartlg and Horvath (1982) cdncluded that reduc-
tions in taste and odor problems and decreased chioro-
phyll [évels in Saginaw Bay (Lake Huron) occurred at least
partly il response to improved treatment efficiencies and
theMichigan phosphorus detergent ban. Blerman et al.
(1984) reported héwever, that almost half of the observed
loading“reduction to"Saginaw Bay was caused by'altered
nongoint contributions associated with décreased tribu-
tary flow.

Nonboint source loads of' phosphorus are important
across the basin. The Pollution from Land Use Reference
Group (PLUARG) reported that ‘contributions of phos-
phorus from land use sources in 1976 accounted for one-
half of the total léad to Lakes Superior, Huron, and Erie,
and one-third of the tota| load to Lakes Michigan and On-
tario (Int. Joint Comm., 1980). Nonpornt sources of poIIu-
tion differ from point sources in.that they represent the
cumulative effect of-a large number of diffuse sources that
are difficult to identify, monitor, and control.

MANAGEMENT OF NONPOINT
POLLUTION

During the last decade, ¢omprehensive studies of water-
quality degradation in the Great Lakes and their major
embayments have led tg-increased concern over the sig-
nificance of nonpoint sources of pollution as contributors
to deteriorating conditions.” (Great- Lakes Basin ‘Comm.,
1981; PLUARG, 1978; U.S. Army_Corps Eng., 1982). This
concern is evidenced at all levels of government: at the
international level through the-U.S./Canadian Great Lakes
Water Quality Agreemeént, at the national level through the
Rural Clean Water Program and the Nationwide Urban
Runoff Program, and at the State level thfough the Wis-
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consin Nonpojnt Source Water Pollutign Abatement Pro-
gram.

Mathematical models play a critical role in the water
quality management process by linking stated water qual-
ity objectives with the treatment or control options re-
quired to meet those objectives (Thomann, 1972)..As the
state of the art has advanced, mathematical models have
been more extensively used to gain insight into the dy-
namics of water quality degradation, and models are re-
lied on to forecast the impact of reduced contaminant
stress. The development of areawide water quality man-
agement plans-in response to Section 208 of P.L. 92-500
has extended the potential role of models within the plan-
ning process.

The need for quantlflcatlon of the role of nonpoint
sources of pollution (rural and urban runoff) in determining
surface water quality has led to the development of math-
ematical models of varying degrees of complexity and so-
phistication (SWMM, Huber et al. 1975; STORM, U.S.
Army Corp. Eng., 1975; CREAMS, Knisel, 1980; and AN-
SWERS, Beasely and Huggins, 1980). Models such as
these have the capability of estimating pollutantloads cor-
responding to land use, soil classification, and climatologi-
cal conditions. Successful |mplementat|on of a water qual-
ity management plan’ requires that the impact of those
loads on the system under study be quantified as well.
This manuscript-demonstrates the application of coupled
microcomputer models for a preliminary analysis of non-
point pollutant loading and water quality response within a
drainage of interest.\Responses in trophic state and water
quality conditions arg . demonstrated using the lower Fox
River-Green-Bay drainage (Wisconsin, Lake Michigan) as
an example.

THE GREEN BAY SYSTEM

Green Bay s a large gulf located in the northwest corner
of Lake Michigan.(Fig. 1). The bay is approximately
160 km long-and 22 km wide, has a.mean depth of
15.8 m, a volume of 67 km3, and a hydraullc retentlon tlme
of 6 years (Mortimer, 1978)..For many years, mdustrlal
(pulp. and paper) and municipal dlscharges of oxygen- -de-
manding suhstances and plant nutrients-have contributed
to severe dlssplved oxygen depletlonv in the lower Fox
River and extreme southern Green Bay (Wis. State
Comm. Water Pollut., 1939; Epstein et al. 1974). Reduc-
tions in municipal and industrial pollutant discharges over
the past decade have led to improved water quality condi-
tions in the river- and lawer bay. Slgmﬁcant‘resmual water
quality problems related to agricultural rqnoff (high turbid-
|ty) and pointand nonpomt sources of phosphorus (exces-
sn,ve aIgaI growth and reduced water Glarity) remain. Hypo-
limnetic oxygen depleuon in Green Bay at sites far
removed from point source dlscharges of organic material
oceurs, apparently in response to secondary enrichment
(e.g., eutrophlcatlon)

Strong Iongltudmal gradients in trophic status are set up
along the major-axis of the.bay as aresult of phosphorus
loaded from the Fox River. Hypereutrophlc conditions ex-
ist in the southernmost region near the Fox River mouth,
while oligotrophic conditions prevajl in the northern
reaches .near the junction with Lake Michigan. The, Fox
Rlver is the single greatest hydrologic and pollutant
source for Green. Bay,- conributing .45 percent of the an-
nual trlbutary flow and 78 percent of the annual tributary
phosphorus load (Roznoyvskl and Auer, 1§84) The lower
Fox River. drainage basin is highly ‘agricultural: nonpoint
sources (Lake Winnebago and urban and rural runoff) ac-
counted for.55 percent of the annual Fox River total phos-
phorus discharge-to .Green Bay in -1970-71 (Sager and
Wiersma, 1975). That nonpoint fraction has probablyin-
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Figure 1. -—Major morphological features of the Green Bay-
Lower Fox River system and their location with rospoct to
Lake Michigan.

creased with upgraded point source treatment efficiencies
in the basin achieved over the past 15 years. For example;
Roznowski and Auer (1984) calculated that the Gréen Bay
Metropolitan Sewerage District oontrlbutes only 3 percent
of the total annual Fox River total | phosphorus load.

OBJECTIVE AND APPROACH

The objective of this paper is to demonstrate the applica-
tion of coupled, interactive, microcomputer models in.
evaluating the sensitivity of the systemi to changes irrland
use patterns. A-unit area load (UAL)-based microoompu-
ter model is Used to generate estimates of nonpoint total
phosphorus loading as a function of land use and ‘soil
texture distributions. Loads calculated by the nonpoint
model drive a steady-state water quality model that de-
scribes the spatial distribution of phosphorus within.the
system. Corresponding water quality conditions and
trophic levels may be assigned through the lige of water
quality and trophic state indices. WHen costs aré provided
for various levels of land use management, the coupléd
models provide an overview of the cost effectiveness, as
well as the remedial impact.of nonpoint pollution .control
scenarjos.

THE NONPOINT LOADING MODEL g

The microcomputer model used to calculate average an-
nual total phosphorus loadings fram -nonpoint sou;oés
within a drainage basin uses a unit area load: app(oach
The model assumes that the total phosphorus load result-
ing from surface runoff at a given site-is:characteristic of
the predominant land use and soil texture of the area. The



UAL (mass of phosphorus per unit area per unit time)
reflects nonpoint loadings for an “average” year of wet-
ness.

To evaluate the annual nonpoint source total phos-
phorus loading, the area under study is divided into a set

of subbasins or subwatersheds representing the‘major hy- -

drologic units within the system. A matrix is constructed
for each subbasin to reflect all possible combinations of:
land use and soil texture—each of which has a character-
istic UAL. The area associated with each point on the land
use-soil dexture matrix (e.g., hectares of fine textured
cropland) is multiplied by the appropriate UAL: (e g., kgP
per hectare per year) to yield the site-specific phosphorus
load (kgP per year). Contributions for each point on the
land use-soil textyre matrix are summed across the sub-
basin and then subbasin totals are- added to yield the
annual nonpoint phpsphorus, load-for the drainage; the
procedure is summarized in Figure 2.

For purposes of this demonstration, the lower Fox River,
watershed is divided into three subbasins: Lower Fox
River, Lake Winnebago, and Rlver-Lakes (Fig. 3). Informa-
tion on land use and soil classifications within the water-
- shed were obtained from the Fox Valley Water Quality
Planning Agency and Soil Conservation Service offices:
for the five-county, area that constitutes the Fox River wa-
tershed. Eight land use classifications were considered,
with cropland predominating in all subbasins. High tillage
cropland (complete soil inversion) was not differentiated
from low tillage,cropland (noninversion soil conditioning);
for demonstration purposes, it was assumed that high and
low tillage cropland practices are equally represented in
each subbasin. Soil classifications .were grouped into
three major soil texture categones coarse, medium, and,
fine; fine soils predominated in all subbasins. Major land
uses and soil textures are summarized in Figure 3.

. The nonpoint squrce total phosphorus contribution for

each land use-soil texture combination is calculated using
UALs derived from stydies of systems having similar cli-
matologlcal land use, and soil texture conditions (see
Heidtke-et al. 1985)..The UALs applied in this demonstra-
tion (Table 1) are intended to represent annual total phos-
phorus contributions from surface runoff events within the
lower Fox River watershed during an-average year of total
precipitation. Contributions from interflow-baseflow iare
not included in the UAL values, but are treated as-con-
stant at a rate of 0.02 kgP/ha per year over the entire
watershed. Tho reader is referred to Heidtke et al. (1985)
for additional details on the nonpoint source microcompu-
ter model.

THE WATER QUALITY MODEL

The water quality microcomputer model is a steady-state,
mass balance model for phosphorus (Auer and Canale,
1985). The model quantifies phosphorus sources (tribu-
tary |oads) and sinks (net settling, mass transport) and

calculates the steady-state, summer ayerage phosphorus.

ooncentratiqn for gach of 12 model cells ariented;along
the major (northeast/southwest) axis of Green Bay. Tribu-
tary loads (annual average and summer average) used in
model calibration and verification were calculated from
tributary monitoring. data, USGS flow information,- and
point source- discharge- permit reports (Roznowski- and
Auer, 1984). Net settling losses are estimated from mea-
sured sedimentation rates and the phosphorus content of
the sediments and overlying water. Mass transport_(dis-
persion) is, quantlfled by calibration -to, cell-specific,; sum-
mer average chloride concentrations. Model output.is a
profile of steady-state phosphorus concentration in.Green
Bay as a function of distance from the Fox River mouth.

LAKE QUALITY

NONPOINT SOURCE MODEL

[ ™
Watershed Soil Texture ) Soil Texture
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Figure 2.—Schematic for the nonpoint model calculation
procedure.

FOX RIVER WATERSHED

Sub-Basin
LOWER FOX RIVER
64% Cropland
7% Residuol
8% Residentiol

35% Course Soils
20% Medium Soils
45% Fine Soils

66% Cropland Sub-Basin
25% Residuad — LAKE WINNEBAGO
4% Residential 69% nd
—————————— 18% Residuol
%
ST% Fine Sols 6% Residential
99% Fine Soils

Figure 3.—-Land use, soil texture, and major subbasins of
the Lower Fox River watershed. Residual land use classifi-
cation includes woodlands,-wetlands, and pasture.

Table’1.—Total phosphorus UAL matrix (kgP/ha - yeat).

Soil Téxture
Land Use Coarse Medium Fine
Residential 0.06 0.13 0.18
High tillage cropland 0.551 0.74 0.92
Low tillage cropfand 0.22 0.29 0.37
Pasture 0.06 0.07 , 0.09
Woodland/residual — 002 004

Empirically derived troph ic_state and water quality indi-
cesare used to eyaluate water quality conditions for.each
model cell. Relatlonshlps published by Dillon and -Rigler
(1975) are.used to estimate water clarity (Secchi_disk
transparency) and chlorophyll concentration from steady-
state phosphorus levels. Chlorophyll levels reflect the phy-
toplankton standing crop and will respond to phosphorus
loading reductions in phosphorus-limited systems (see
Bierman et al. 1984). Secchi disk transparency is influ-
enced by dissolved color, chlorophyll, and suspended par:
ticulate matier and quI respond to phosphorus |oad|ng
reductions where phytoplankton -play q,dommant role in
light extinction. Secchj disk transparency js closely tied to
the public perception of water quality (Shapiro-et al. 1975)
and thus provudes useful mput for cost benefit analyses.
Trophic state is evaluated in a similar fashion using the
criteria of Chapra and Dobson (1981) where a total phos-
phorus concentration, <11.0 ugP/L, indicates oligotrophy,
the range 11.0-21.7 p,gPIL indicates mesotrophy, and
>21.7 pgP/L indicates _eut;ogljy The Chapra and Dobson
trophic classification may be, also used to estimate hypo-
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WATER QUALITY MODEL

Total Phosphorus Loading
(from nonpoint model)

Steady State Phosph-orus Model

(mass balance - sources and sinks)

yields spatial phosphorus profiles

' : '

Chiorophytl Secchi Disc Trophic State
=H{TP) =f(TP) “={(TP)

4

System Response

Figure 4.—Schematic for linking noﬁpolnt and water quallty'

models to generate Information on responsé in water quality -

and trophic state.

Table 2.—Annual average and summer total
phosphorus loads.

Annual Summer
. Average Load Average Load
L.and Use Scenarlo (kgP/day) (kgP/day)
Baseline- 2361 959
100% woodland 252 102
100% high tillage 4591 1865

limnetic oxygen depletion rates. Linkages between non-
point phosphorus loads,- the steady-state model and
trophic state and water quality indices are illustrated in
Figure 4.

NONPOINT MODEL OUTPUT AND
HYPOTHETICAL MANAGEMENT
SCENARIOS

The annual average nonpoint total phosphorus loading for
the lower Fox River under existing land use conditions, as
calculated by’ the nonpoint source model, is 2,361 kgP/
day. This value agrees well with estimates for point plus
nonpoint loads reported by Roznowski and -Auer (1984:
2,174 kgP/day) and Sager and Wiersma (1975: 2,008 kgP/
day). The measured sumrrier average' total phdsbhorus
load for the Fox'River is 959 kgP/day ‘(Auer and Canale,
1985); loads calculated by the nonpoint model are normal-
ized to summeér average levels forinput to the water qual-
ity madel using the ratio of annual average to summer
average loads'(959/2,361 = 0.406).

The nonpoint source microcomputer model is used to
estimate the average annual total phosphorus loads for
the Fox'River for baseline (= existing) conditions and two
hypothetical {and use scenarios: 100 percent woodland
and 100 pércent’high tillage ‘cropland. The annual aver-
age total phosphorus loads and‘the normalized summer
average loads for, the three scenarios are presented in
Table 2.'The baseline scenario represents existing condi-
tions, the woodland scenario, a best case condition and
the high tillage scenario, a worst case condition. These

test cases are not intended to characterize specific land
use trends within the basin, but rather represent a range
of conditions that demonstrate the value of the model in
obtaining a rapid, macroscopic estimate of nonpoint load-
ings and corresponding trophic state. The test cases fur-
ther demonstrate the model’s utility for examining water
quality improvements resulting from remedial actions
within the watershed.

TROPHIC STATE AND WATER QUALITY
RESPONSE

Summer average total phosphorus loads for each land
use scenario are input to the steady-state mass balance
model and used to calculate corresponding spatial distri-
butions for phosphorus in Green Bay. Figure 5 ‘illustrates
spatial patterns for total phosphorus, chlorophyll, Secchi
disk transparency, and trophic state for each land:use
scenario. Total phosphorus concentrations in Green Bay
range from 117 to 10 pgP/L under the baseling scenario,
12 to 8 pgP/L under the woodland scenario, and 191-11

pgP/L under the high tillage scenario. Whén. compared
with baseline conditions, the worst case, high tillage sce-
nario results in a transparency reduction of approxnmately
1 m over much of the bay; actual conditions may'be worse
over the first 15-20 km of- theé gradient because of in-
creased suspended sediment load and the shallow nature
of that part of the system. Chlorophyll levels increase by
2-5 pg/L in the mid- and outer-bay regions and by.20-50
uglL near the river mouth. Chlorophyll increases near the
river mouth may be overestimated because of nutrient
saturation and reduced light penetratlon (self-shadlng)
The best case, woodland scenario generates striking im-
provements over existing water quality ‘conditions
throughout the bay. An increase in Secchi disk transpar-
ency of 2-3 m and a reduction-in chlorophyll of 1-5 pg/L
are characteristic of much of Green Bay. Again, the shal-
low nature of the extreme southern portion of the bay may
lead to an overestimate of water Clarity and chlorophyll
levels.

Under baseline conditions; the four southernmost
model cells (approximately 20 km) are classified as ‘eu-
trophic, the mid-bayregion as mesotrophic; and the outer
reaches as oligotrophic. The most dramatic change in
trophic status is that for the best case'woodland scenario
wheré oligotrophic conditions prevail over the entire
length of the bay. Output from this scenario may offer an
indication of trophic conditions in the bay prior to cultural
development. Under the worse case, high tillage scenario,
eutrophic conditions persist for approximately 65 km out
into the bay and overlay regions most susceptibje to hypo-
limnetic oxygen depletion.

An example of the impact of land use changes on dis-
solved oxygen depletion may be developed using the
Thienemann Index as presented in Equation 17 ¢f Chaptra
and Dobson (1981). Volumetric oxygen debletlon rates,
calculated for an'initial hypolimnetic oxygen ooncentraflon
of 11 mg/L'and a duration of stratification of 4 months,
would yield anaerobic conditions in 22—44 ‘months for
eutrophic waters, 4.4-8.8 months for mesotrophlc waters,
and > 8.8 months for oligotrophic waters. The portlon of
Green Bay classified as eutrophic under baseline condi-
tions is shallow and does not permaneritly stratify; thus,
severe dissolved oxygen depletion'is rare in that region.
The trophic state pattern” under the high tillage scenario
extends eutrophic conditions over a substantial portion of
the bay that doés thermally stratify. For the 3—4. months’
stratification period characteristic of Green Bay, this re-
gion could experience severe hypolimnetic oxygen deple-
tion.
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Figure 5.—Examples of water quality model output for three hypothetical land use scenarlos: (a) baseline (existing) condi-
tions, (b) 100 percent woodland, and (c) 100 percent high tillage cropland.

SUMMARY

Coupled microcomputer models for nonpoint source phos-
phorus loads and water quality are used to evaluate the
sensitivity of water quality conditions and trophic state to,
changes in land use in the watershed. The approach is
demonstrated for three land use scenarios in the Fox
River-Green Bay drainage, a highly agricultural water-
shed in Wisconsin. The demonstration compares water
quality and trophic state for loads representing best and
worst case scenarios (woodland and high tillage crop-
land). Water quality response was dramatic in both cases
because of the significant load from agricultural sources
under the baseline and high tillage scenarios. The exer-
cise demonstrates the utility of a coupled microcomputer
model for nonpoint pollutant loads and water quality as:an
interactive, user-friendly planning and management tool.
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A PROJECT TO MANAGE AGRICULTURE WASTES HAS IMPROVED
THE QUALITY OF VERMONT’S LAKE PARKER

RICHARD J. CROFT

U.S. Department of Agriculture
Soil Conservation Service
Winooski, Vermont

.
-

ABSTRACT

Lake Parker’s quality declined in the 1970's. This 83 ha
(206 acre), northeastern Vermont Lake suffered from
weeds, algae, and bacteria growths. Trout fishing and
recreation were no longer an attraction. The Vermont De-
partment of Water Resources determined that the'lake's
problems were caused.by excessive phosphorous, and
bacteria loads from the 11 dairy farmg in the watershed.
The town of Glover and other spongors joined with the
Soil Conservation Service to implenfent a Resqurce Con-
servation and Development Project. Elght of the 11 farms
had critical waste management problems Al eight partic-
ipated in the project. Treatment included proper utilization
and disposal of wastes through mapure *storage, barn-
yard runoff control, and milkhouse* waste_management.
The project was started in January 1981-and completed
in June,1982. In 1983 and 1984 Lake Parker has im-
proved markedly.

-

Pollution and eutrophication of lakes and ponds is a major
problern in Vermont. In its water quality management plan-
ning, Vermont has recognized agriculture as the single
most significant nonpoint source of nutrients and other
poliutants reaching many of these waters.

Vermont completed its original State Water Quality Plan
for Controlling Agricultural Pollution in 1978. ‘The plan pro-
vides a priority list of lake and pond watersheds for project
assistance. The State of Vermont, the USDA, and local
sponsors have been successful in jointly implementing
agricultural nonpoint source management projects in
eight of the priority watersheds. The Lake Parker Re-
source Conservatron and Development Measuré is one of
thede and provides the focus for thjs, report

The Lake Parker Measture is partlcularly noteworthy be-
cause it was requested, planned, funded, designed, and
installed in 2 years; it® demonstrates the cooperation
needed among Federal, State, and local entities and land-
owners to expedite such a project; and it quickly improved
lake water quality.

LAKE PARKER AND ITS WATERSHED

Lake Parker is a glacially formed water body at 44° 40’
north latitude nestled in the steep, rolling hills of Orleans
County in northeastern Vermont (Fig. 1). Table 1 provides
.a summary of the lake and watershed features.

Two perennial streams flow eastward inta the lake. Of
the 11 dairy farms within the drainage area, two are only
partially in the area. The lake shoreline includes 110 sea-
sonal or year-round cottages. Table 2 summarizes land
use in the watershed.

The town of Glover (population 790), lakeshore resi-
dents (seasonal population 350), nearby communities,
and Vermont tourists and fishermen all have used Lake
Parker extensively for recreation.

The lake has supported both cold- and warmwater fish
in the past, including brown, lake, and rainbow trout;
smalimouth bass; pickerel; and yellow perch. The trout
fishery has declined in the past decade.

The predominant soil association in the watershed is
Buckland-Cabot. These silt loams are poorly drained to
moderately well drained. They are glacial tills and often
have a hardpan (U.S. Department of Agriculture, 1980).

Climate strongly influences activities in the area. Winter
low temperatures of —~40°C and summer highs of 32°C
are common. Average annual precipitation is 109 cm (30

"percent as snow) and runoff is 61 cm. Average flushing

rate for the lake is about once every 6.4 months (Vermont
Agency of Environmental Conservation, 1980).

WATER QUALITY PROBLEMS
IN THE LAKE

Woeeds were documented as a threat to the lake as early
as 1966, when thé Vermont Department of Fish and Wild-
life surveyed a fishery and noted extensive growths of
aquatic plants, especially Eloden (Vermont Agency of En-
viron. Conserv. 1974). At that time, the Department cited
the possibility that agricultural -runoff was stimulating the
plant growth.

By the 1970’s weed growth had become worse, particu-
larly, near the stream inlets. Dominant species were Pota-
mogeton richardsonii, Eloden canandensis, Chara vulgaris,
and Potamogeton anplifolus (Warren, 1985). Weed growth
was so dense that motor boats could not negotiate much
of the area shallower than .3 m. The weeds served as a
refuge for yellow perch, rock bass, and stunted bait fish
from the larger predators—trout and bass. Decaying
weeds consumed dissolved oxygen, especially in the
deeper lake segments.

The Lake Parker Association hastconducted a weed .
harvesting program since the early 1970’s. In 1980 the
weed problem became so severe that the Association was
able to gain assistance from thé Vermont Department of
Water Resources to purchase and operate a weed har-
vester. Since 1980, the Department of Water Resources
and the Association have spent over $32,600 and count-
less hours of volunteer time trying to control the weeds
through a harvesting and disposal program (Garrison,
1984, 1985).

Shoreline and town residents were alarmed by the
changing character of the lake. It was no longer aestheti-
cally pleasing. Boating and fishing were not up to par.

The Department's water quality testing (Table 3)
showed reason for concern. Though years of data are
necessary to draw reasonable conclusions on water qual-
ity trends, a key parameter, mean springtime total phos-
phorus, seemed to be on the increase as did algal density
(chlorophyll a) prior to 1982. Bacteria were not a wide-
spread problem throughout the lake, but high fecal coli-
form counts were observed on the west side of the lake
between the two perennial stream inlets. The decaying
plant material and other organic sediments entering the
lake have consumed available dissolved oxygen (DO).
Deeper portions of the lake (below 7 m), where the trout
tend to congregate during July and August, were found to
have inadequate levels (less than 5 mg/L) of dissolved
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Figure 1.—A location map pf-the |ake and watershed.
“Table 1.—Selected physical ‘features of Lake Parker and Its'waterahied.
. s ¥ i
v . Size )
Feature Wetric T (U.S. Customary)
Normal laKe surface ......... T T i 83.0 ha ' 206 &c
Normallakelevel .........:............. Lo 396.0 m 1,299 ft NGVD
Majoraxis ............. e DR 1,677.0 m 5,500 ft >~
Minoraxis ,:............ L PN TP 8540 m 2,800 ft N
Maximumdepth ............ peaeeeeeeaaa e 128 m 42t
Meandepth ...............coiiiiiiiiiiine, 85m . a8ft,
Norfnal lake yolumie ......... e s - 7,154,200.0 m? 5,800 ac-ft,
Shoreline’length ........ e ez 4,8800m 16,000 ft
Watershedarea.... ">t .. .. 5. 0L JR 2,125.0 ha 5,250 ac
Highest watershed elévation” . -........ e o 658.5 m 2,160 ft NGVD

Source: Vt. Agency of Environ. Conserv: 1974,
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Table 2.—Land use of the Lake Parker watershed.
Size

_ VY Percent of
Type Hectares Acres Total
Pasture and hayland 971 2,400 457
Cropland in rotation 24 60 1.1
Mixed hardwoods and conifers 903 2,230 425
Water surfaces 89 220 4.2
Residential 45 110 21
Road surface 57 140 2.7
Other . 36 90 1.7
Totals 2,125 5,250 100.0

oxygen. In 1974, five of six DO samples in this depth
range were under 5 mg/L DO. This, along with the inac-
cessibility of prey to fish because of dense weed growth,
may partially explain the decline of the trout fishery during
the 1970's.

AGRICULTURAL NONPOINT SOURCES

A 1980 study by the Orleans County Natural Resources
Conservation District for the Department of Water Re-
sources found that soil erosion was not a significant non-
point source (Orleans County Nat. Resour. Conservation
Dist. 1980). Instead it found that agricultural waste runoff
from 8 of the 11 farms was reaching water courses leading
to the lake. The town of Glover diverted runoff from one of

three other farms to preclude this waste from entering the -

lake. Selected characteristics of the eight farms with sig-
nificant runoff are provided in Table 4. -~

Several reasons accounted for the farm runoff prob-
lems: barns, feedlots, barnyards, manure stacks, and
milking center waste outfalls were located close to
streams (most within 60 m); the landscape is steep and
includes stream gradients (fast and flushing runoff); winter
manure storage space was inadequate, resulting in winter
spreading and improper stacking; and above-site drain-
agewas not diverted, allowing quantities of clean waterto
mix with and carry wastes away to the streams.

In developing the Rural Clean Water Program Measure
plan, the watershed’s agriculture was estimated to con-
tribute 85 percent (4,310 kg annually) of the total phos-
phorus load to the lake. Studies by the Lake Parker Asso-
ciation and the Department of Water Resources found that
lake contamination from human wastes and other cultural
activities was not a problem. Therefore, agricultural runoff
management was key to reducing total phosphorus loads
to the lake (Dunbar, 1983).

PROJECT DEVELOPMENT
AND INSTALLATION

The Resource Conservation and Development program
provides technical and financial assistance to accelerate
resource development and environmental protection in
multicounty areas. Local sponsors plan, implement, oper-
ate, and maintain projects in cooperation with USDA's Soil
Conservation Service.

In August 1980, the Soil Conservation Service (SCS)
received an application for assistance to control agricul-
ture-related pollutants in the Lake Parker watershed.
Sponsors were the Northern Vermont Resource Conser-
vation and Development Council, Orleans County Natural
Resources Conservation District, and the town of Glover.
The Soil Conservation Service developed a plan to im-
prove agricultural waste management on eight farms. The
plan called for negotiating voluntary long-term contracts
(3-10 years) with the farmers. This plan was unique to the
Resource Conservation and Development program in that

LAKE QUALITY

the federally assisted long-term contracts were to be lo-
cally administered by the town of Glover. The farmers
would install, operate, and maintain proper waste man-
agement practices in return for cost-share and technical
assistance.

In all, the planned waste management systems in-
cluded 427 m of diversions, 0.8 ha of waterways, 0.8 ha of
filter strips, 305 m of fencing, and eight waste storage
structures. The plan estimated these could be installed for
$178,950, with $131,720 cost-share and $32,720 techni-
cal and administrative assistance through SCS’s Re-
source Conservation and Development program. The
measure was funded in February 1981.

Farmers favored the measure. They recognized that
their operations could cause problems. They liked the
idea of a voluntary rather than a regulatory program. They
appreciated the technical expertise available to help them
develop efficient waste management systems on their
farms. The Soil Conservation Service planned, surveyed,
and designed practices for each of the farms in the early
part of 1981. All eight farmers undertook long-term con-
tracts. By July 1982, all the practices were installed and
operating on all eight farms (Dunbar, 1983). Table 5 sum-
marizes the project.

The construction cost for the project amounted to
$162,750. Of this, SCS cost-shared $108,800. The
farmers now operate and maintain their practices, follow-
ing operation and maintenance plans prepared for them
as a part of the long-term contract. The Orleans County
Natural Resources Conservation District and the Soil Con-
servation Service provide followup assistance as needs
arise.

Project implementation was successful because of the
cooperation of the farmers, the town of Glover, the Or-
leans County District, Lake Parker Association, the De-
partment of Water Resources, and the Soil Conservation
Service.

LAKE PARKER NOW

Two summers have passed since the Lake Parker Mea-
sure was completed. A longer period of evaluation will be
needed to establish trends of the lake’s response to the
waste management. So far, indications have been promis-
ing.

From the Lake Parker Association’s viewpoint the proj-
ect has been highly successful. Leo Millette, who heads
the lake’s weed harvesting program, maintains that “ma-
nure management has really helped—you can see the
difference in the lake.” In July of 1983 and 1984, little
weed cutting was needed, in comparison with prior years.
Weeds still require harvesting in August. Gerald Ander-
son, president of the Lake Parker Association, has lived by
the lake for 9 years. Anderson claims that the Lake has
improved “drastically” since the project. In fact, the asso-
ciation will request the Department of Fish and Wildlife’s
assistance in restocking the lake with trout. Department of
Water Resources officials also are pleased with the lake’s
response so far. .

Water quality data available for the lake in 1983 and
1984 (Table 3) show that averages for summer chlorophyll
a and Secchi disk transparency values were about the
same as in earlier years (Wdrren, 1985). However, spring-
time total phosphorus concentrations are declining (Vt.
Agency Environ. Conserv. 1978-1983).

The lake’s aquatic weed growth appears to be diminish-
ing. Plankton activities may be less sensitive or respond
more slowly to the declining concentrations of total phos-
phorus. The presence of nuisance bacteria needs further
evaluation but is not perceived to be a problem. Recycling
of various forms of phosphorus from the lake’s sediments
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Table 3:-»-Selected~waterwquallty_ data from:testing‘of Lake Parker by the Vermont Department of WaterResdurces.

DI

o P . 4

v Pates19— °

]

83

Parameter © ¢ Unit " 74" 77, %8 79 80 81 82 83 Remarks

Mean summer ’ u ‘§pr§ng vajug .

total phosphorys ¢ o bg/l 4. — —_ — — - - - — notavailable ‘
Mean spring v .
-total phosphorus rgll — 14 10 16 . 20 21 17 15 12

Summer average .

chlorophyll &~ | . noll — 48 -~ 61 72 '59 52 56 58

Summer average Secchi disk- N
.transparency . , -m — 3.5 — 33 37 32 40 42 36

Fecal coliform v Poacoupt 700 sl None Available - -+« cerverenns high of

~  per100ml ¢ observations.
; .Rande 8-700 at
! v > -various locations,

Dissolved oxygen (percent :

bdbservations below 5 mg/l at or : P »
more thap mean depth) 42 e Jeiesanen None Available -+ -+ --+++esevvens .

; N -
Source: Vt. Dept. Water Regpurces. . K . - “

w ,
Table 4.—Animal and waste management characteristice of.elght.Lake Parksr watershéd farms.

‘Cropiand Milkhouse "
. * wAnnudl receiving effluent ' ~ﬁbarnyard "
Animal  Tpanure “Hidhure- -tould énfei ¢ runoffto
Farm No. , Units tons acres watercourss™ * ‘Wrdtercourse
A . 80 1,440 '55 " Yes T Xes
2 ¥ 68 1,225 "igg" : * Yes No L
4 i . 60 -1,080 1{g~m™ i Yes: -~ "¥es-
5 S77- 1,385 Y0 % -« o f Yes 3 % No»
6 ‘80 1,440 84 Yes 4 No-
7 80 1440 9 - Yes' _, ~ Yes
9 - 65 " 1170 - 80z . Yes- -y, Yes
10 : .85 1,170 80 - Yos . | . No,
Totals _ ,,J 575 . 10,350, -, . 646.., o - o - . -
.' _ EYR I ] CE - + [H + 1 .
A, > 5 L
Table 5.—LakerParker resource conservation and development (RC&D)—practit'és installed. ~
Practice L o JTyee cov PGulintity  Unit,  “Tolal Coat'$
Waste storage structuge ’ Rein..copgrete bl 2, Tonpl T, 60170
~Wasle storage structure W <ty s ~  Timber walf, . 4 fo. , 75,180
‘Wastb storage pond~ > ° . , Earth . . 2 no. ; 19,460 "
Waste utilization ¢ At r en - 8 'no’ \ ’
Diversion Grassed ¥°185 (607)  m(ft) - =T 840
Milking center Yo . e T o™ - 7 4300 «
~* absorption trench and grass filter .~ o ~, ¢ w0
.Grass filter. strip: —. 0.7 (1.8) “hafac) & 310¢ &
Farm road relqcation: —= » I -no 750
Heavy use area protection Barnyard 1 no. , 1740 . |

Total _ b

162,750

‘should not pose a ctitical problem becéduse only“mindr
amouhts of sediment reach th Rike and becatise the lake
<is flshed rapidly.

CONCLUSION

B £ >

The Lake Parker Measure is an example of what-can be
-done through a program af voluntary participation. Gov-
.ernment agencies at variousdevels-and the local citizenry
Jparticipated. All farmers with significant on-farm ponpoint
sources participated. Lake users are alrgady pleased with
the results. Continued -manitoring is needed to establish
long-term water quality trends.

&

. -
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