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ABSTRACT
A MODEL FOR

CONCENTRATION OF TOTAL PHOSPHORUS AND CHLOROPHYLL A
IN A SMALL, EUTROPHIC LAKE

By
Bette J. Premo

Measurements were made on Skinner Lake, in Noble
County, Indiana, over an annual cycle in 1978-79, to
determine the relationship between incoming total phos-
phorus concentration and in-lake phosphorus and chloro-
phyll a concentration. Total phosphorus concentrations
([TP]) were measured in samples from atmospheric fallout
and inlet streams. Flow measurements of inlets and the
lake's outlet were taken and hydrographs were constructed
to determine annual and seasonal discharge into and out
of the lake. Upper and lower pelagial portions of the
léke were sampled at two-week intervals in the ice-free
period and analyzed for [TP]. Internal loading of TP
was estimated from lake mass balance budgets. [Chl a] was
analyzed in pelagial samples of the upper photic stratum.

Total nitrogen:total phosphorus determined in the
epilimnion of Skinner Lake ranged from 19 to 220 indicating
that algal yield in the epilimnion was likely phosphorus

dependent. Approximately 90% of annual TP loading was



Bette J. Premo

delivered to the lake via streamflow, and 93% of this
occurred during snowmelt and spring-overturn periods
(February - May). During this same interval the lake
was flushed 2.4 times by incoming water. Atmospheric
loading amounted to 0.04 g TP m-2 yr-l; 1.4% of the annual
TP load of streams. Internal TP loading occurred during
the summer stratification interval. Phosphorus was appar-
ently released across the anaerobic sediment surface
that existed in the hypolimnion, causing hypolimnetic
[TP] to be twice that of the epilimnion. Mean [chl a]
for the ice-free period was 15.15 mg m 3, in the raﬁge
expected for eutrophic lakes.

Data from 1978-79 were used to develop a model for
the Skinner Lake system. The model was based on that
of Vollenweider and Kerekes (1980), which stated that mean
epilimnetic total phosphorus and chlorophyll a concentra-
tions were predictable from mean total phosphorus concen-
tration in streams and residence time of water in the
lake determined from measurements during the periods
of spring overturn and summer stratification. The model
was tested in 1982 and it closely predicted observed
mean epilimnetic [TP] and [chl a] for the ice-free period.
Use of the lake-specific model for making watershed manage-

ment decisions was considered.
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INTRODUCTION

Sawyer (1947) was among the first to use the concept
of nutrient loading in his studies of effects of agricul-
tural and urban drainage on the fertility of the Madison,
Wisconsin, lakes. He observed that lakes which received
the greatest quantity of phosphorus and nitrogen experienced
the most frequent and most severe algal blooms. Rawson
(1955) and Edmondson (1961) emphasized the importance
of mean depth to the productivity of water-bodies. This
parameter took into account the degree of dilution of
nutrients entering from the watershed. Vollenweider
(1968) quantitatively defined the relationship between
nutrient loading and planktonic algal response. This
relationship showed that lakes of similar planktonic
production had similar ratios of total phosphorus loading
(mg P m™ 2 yr-l) to mean depth. Dillon (1974, 1975) was
the first to report water-bodies which did not fit Vollen-
weider's original phosphorus loading scheme. Dillon
explained the anomolous fit of his lakes as due to their
rapid flushing rates. Vollenweider (1975, 1976) pointed
out that nitrogen limitation was known to occur in lakes,
and such water-bodies would not be expected to f£it his

phosphorus loading models. Sakamoto (1966), Chiaudani



and Vighi (1974), and Smith and Shapiro (1980) showed
that examination of [TN]/[TP] in the photic zone was
a useful procedure for separating N-limited and P-limited
systems. Their work predicted that if [IN]/[TP] was
greater than 10, algal production in the majority of
lakes was likely phosphorus rather than nitrogen dependent.
In an attempt to allow for effects of fast or slow
flushing rates and sedimentation of phosphorus on nutrient
loading -~ trophic response relationships, Vollenweider
(1975, 1976) modified his phosphorus loading model to
include hydraulic residence time and phosphorus residence
time. Based on the data from 200 lakes in 50 countries
participating in the Organization for Economic Cooperation
and Development (OECD) Cooperative Program on Lake Eutro-
phication, Vollenweider and Kerekes (1980) found that

residence time of water and phosphorus in lakes were

key factors and were related in the following manner:

(TP, ] 1
t /t = =
p’ w - %
[TPi] 1 + 1:w
and
_ (75, ]
(1) [TPL] = %
1 + tw

where tp was the residence time of phosphorus, t, was
the hydraulic residence time, [T?i] was the mean incoming
phosphorus concentration and [ﬁL] was the mean lake

phosphorus concentration. This relationship between a
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water-body's mean in-lake phosphorus concentration and
incoming phosphorus concentration was the same as that
developed by Larsen and Mercier (1976) and was similar
to those developed by Kirchner and Dillon (1975), Chapra
(1975) , Reckhow (1977) and Walker (1977). From .data

of the OECD lakes, Vollenweider and Kerekes (1980) also
presented a relatidnship between concentration of total
phosphorus in a lake and algal production as measured
by chlorophyll a concentration. The relationship was

expressed as:
(2) log [chl a] = 0.99 log [EL] - 0.57

where [chl a] was mean chlorophyll a concentration and
[Tﬁi] was mean in-lake total phosphorus concentration.

The Vollenweider and Kerekes (1980) model was empiri-
cally derived from temperate lakes of all trophic cate-
gories with wide ranges of flushing rates. It therefore
represented a starting point for examining the effects
of inflow phosphorus on specific phosphorus limited lakes.
In this study, relationships in the Vollenweider and
Kerekes (1980) model were tested on Skinner Lake in Noble
County in northeastern Indiana.

Skinner Lake ﬁas an average depth of 4.4 m, a maximum
depth of 10 m and a surface area of 49.4 ha. One hundred
twenty-five permanent residences.line. the shore of the
lake. Lake level is controlled by a concrete sill dam

that was constructed in 1962. The lake discharges to



-the Croft Drain that enters the South Branch of the
Elkhart River some 8.3 km downstream.

Thermal stratificatibn of Skinner Lake existed from
mid-May through mid-October in the years 1978 and 1979.
Figure 1 shows the 1979 temperature regime for the ice-
free season. The hypolimnion approached anaerobic condi-
tions rapidly as stratificatibn became established (Figure
2). Relative areal oxygen deficits, calculated for the
interval 1 May to 15 May in 1978 and 1979 were in the
range of 700-900 mg m~2 day'l. Lakes with areal oxygen
deficits greater than 550 mg m~—2 day~l are considered eu-
trophic or highly fertile by Hutchinson (1957). Other

expressions of eutrophy for Skinner Lake included extensive

growth of aquatic macrophytes, such as Nymphaea odorata,

Ceratophyllum demersum, and Myrioghyllum spicatum, and

blooms of blue-green algae (Aphanizomenon sp.). The

dominant fish in Skinner Lake included small sunfish
(Lepomis spp.) and crappies (Pomoxis spp.), and a large
rough fish population composed of the white sucker (Cata-

stomus commersoni) and the golden shiner (Notemigonus cry-

soleucas). The lake's turbidity, algal blooms, macrophytes

and low oxygen conditions were blamed for a general decline

in fishing quality over the last two decades (Pearson, 1978).
The area of Skinner Lake watershed is 3649 hectares,

68% of which is used for agriculture. The remaining 32%

is in woodlands and wetlands. The Rimmell inlet is the

most important continuously discharging surface flow
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to Skinner Lake. Eighty-two percent of the entire Skinner
Lake watershed (3091 ha) is within the Rimmell drainage
system (Figure 3). Land is put to varied crop and live-
stock use. Subsurface tiles are widely employed for drain-
age. Three smaller streams carrying tile and surface run-
off enter the lake from agricultural land: the Hardendorff
system draines 180 ha, the Riddle stream 107 ha, and the
Weimer stream drains 42 ha of the watershed. The overflow
from nearby Sweet Lake runs along a 0,8 km channel through
a woodland to Skinner Lake. The Croft-Sweet system drains
229 ha of the watershed.

Measurements were made on the Skinner Lake system
over an annual cycle in 1978-79 to derive variables in
the Vollenweider and Kerekes model (equations (1) and
(2)). Their model was then modified to fit states of
the variables measured at Skinner Lake. A model specific
for the Skinner system was the result. The validity
of this new model was tested by changing the [Tﬁi] of
equation (1). The change was accomplished by implemen-
tation of agricultural land management practices on the
watershed during 1979-1981l. 1In 1982, measurements were
made on the system to test the fit of the Skinner-specific

lake model.
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METHODS

Studies were conducted at Skinner Lake in the interval
September 1978 - September 1979, to determine [Tﬁi],
[T?L], [Tfi], t, and [chl a] of the Vollenweider and
Kerekes (1980) model. Water samples were collected at
two-week intervals in the ice-free period to determine
[Tﬁi] and [Tﬁi]. A volume-proportional scheme was used
to obtain representative samples of upper pelagial and
lower pelagial portions of the lake. During summer strati-
fication, these zones were the epilimnion and hypolimnion
respectively. Volumes of water within layers of the

upper and lower zones were calculated from:

(3) v 2 e s apn®

where h was depth of a layer of water, Al was area

of the upper surface of that layer, and A2 was area

of the lower surface of that layer (Wetzel, 1975). A
bathymetric map of the lake was used to obtain areas.
Three strata within the upper pelagial water were sampled
at four stations on the lake (Figure 4), and combined

to form volume-proportional composites. Similarly, water
was combined from three strata in the lower pelagial

zone. Composite samples were obtained in duplicate.

12
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Samples were processed utilizing adaptations of pro-
cedures described in U.S. EPA Methods for Chemical Analysis
of Water and Wastes (1971, 1979a). Total phosphorus deter-
mination used persulfate oxidation followed by colorimetric
determination of the antimony-phospho-molybdate complex.
Total nitrogen was taken from the sum of nitrate-nitrite
nitrogen and Kjeldéhl nitrogen. Nitrite-nitrate-N was
determined using the cadmium reduction method. 1In order
to analyze for amounts of total Kjeldahl nitrogen, water
samples were heated in the presence of concentrated sul-
furic acid, KZSO4 and HgSO4, and evaporated until SO3
fumes were obtained and the solution became colorless.

The cooled residue was diluted, and made alkaline with
addition of a hydroxide-thiosulfate solution. The ammonia
was determined spectrophometrically after distillation
and Nesslerization. Spectrophotometric determinations
were made with a Varian SuperScan 3, UV-visible spectro-
photometer with a band width of 2-4 nm.

[Tﬁi] and [T?L] for Skinner Lake were calculated

with the following equation:

(4) [NL] = PVhp '[N]up) + (Vlow.[N]lowq / VL
where Vup was volume of the upper pelagial at sampling
time, [N]up was nutrient concentration determined from
upper pelagial composite sample, Viow Was volume of the

lower pelagial at sampling time, [N]low was nutrient

concentration determined from the lower pelagial composite
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sample, and V; was volume of Skinner Lake (2.157 x 10% m3).
Ratios of total nitrogen.to total phosphorus ([TNL]/[TPL])
were calculated using these values. Mean in-
lake concentrations over the ice-free period were cal-
culated by finding the average of the nutrient values
as calculated by equation (4).

Measurements of atmospheric loading, stream loading
and internal loading to Skinner Lake were made to estimate
[T?i] for the model. [TP] in atmospheric fallout was
determined at intervals of two to several weeks. Tripli-
cate lexan containers (23 cm deep, area = 0.26 mz) in
a stand 1 meter above the surface of the lake, were used
to collect fallout. At the beginning of each period,
acid cleaned containers were filled with six liters of
distilled deionized water. One liter was withdrawn from
each. These were combined and analyzed for beginning
concentrations of TP. After exposure, interior surfaces
of containers were cleaned into the water. Water from
all containers was combined and mixed. Volume was
measured, and one liter was withdrawn for analysis
of [TP]. Loading was calculated from increase in mass
of TP during the period of exposure.

Stream loading of total phosphorus between September
1978 and September 1979 was based on a water budget calcu-

lated for that interval. Continuous hourly stage height

records were available for the two streams in the watershed
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with greatest discharge: the Rimmell stream and Croft
Drain. Largest fluctuatibns of discharge occurred
during spring. On the basis of these data, daily flow
measurements were made during the spring of 1979 to
estimate discharge for streams without recorders. During
the rest of 1978-79, when fluctuations in discharge were
small, flows on these streams were measured at two-week
intervals. Discharge rates were determined according to
the U.S. Dept. of Interior Water Measurement Manual (1967)
using a pygmy Price-Gurley current meter.

Hydrographs, which represented continuous plots
of discharge over time, were constructed for all streams.
Hydrographs for the Rimmell stream and Croft Drain were
constructed from continuous stage height records. During
summer, fall, and winter, daily records of discharge
were not available for inlets other than the Rimmell
stream. Consequently, an indirect method for hydrograph
construction between bi-weekly discharge measurements
was developed from other analyses. Barnes (1940) found
that after peak response to a rain event, discharge of
a stream declined at a constant geometric rate character-
istic of the stream. This rate, the recession constant

(K), can be calculated as:

(5) K = —2
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where q, is discharge at day 1, qQ, is discharge at day

n, and n is the time between qQ and q, in days. K was
calculated for the Riddle, Croft-Sweet, Weimer and Harden-
dorff inlets from the hydrographs of spring when daily
flow measurements were available. The shape of the inlet
streams' hydrographs for rain events of summer and fall
waé determined froﬁ these recession rates. A heated,
recording precipitation gauge installed on the watershed
provided a continuous record throughout the study period.
The time of rain events was given by its record. Lag-
time (time from start of event to peak discharge) was
determined during storms of early summer to be less than
two days for all inflowing streams. The total discharge
for an event was calculated based on the continuous record
of discharge of the Skinner Lake outfall. Base-flow
discharge from the lake and input due to rainfall on

the lake were subtracted from the continuous discharge
values provided during an event. Results were then plotted
giving the hydrograph for total stream inputs during

a precipitation event. This input was consigned to
individual streams on the basis of the percentage of

the total input they contributed to the lake during the
most recent gaging studies. A shape, enclosing estimated
discharge, was then given to the hydrograph of each stream
knowing the lag-time and the slope of the recession line
(K) . Stream discharges for the whole year (9/6/78 -

10/3/79), and intervals of snowmelt-spring overturn-summer
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stratification (2/6 - 10/3/79), spring overturn-summer
stratification (3/20 - 10/3/79) and summer stratification
(5/21 - 10/3/79) were determined by planimetry of the
stream hydrographs.

[TP] was measured in stream samples collected daily
during spring of 1979. Aliquots from each stream's samples
were composited over two-weeks according to a discharge-
proportional scheme (Glandon et al., 1981). Volume of
aliquots was determined by considering that each sample
(e.g., collected at time tl) represented the volume of
water discharged from the time halfway to the previous
sample collection (t1 - to/2) to halfway to the following
sample collection (tz'- t1/2). Volume of discharge over
the interval was calculated using the following equation:

6 vacorh : ! (b, - tg) + Bt % - %2 (ty = t;)
where V is the volume of water discharged, and Q is the
discharge rate measured at time 0, 1 and 2. Composite
samples were refrigerated and acidified (2 ml conc.
H2504/1), and submitted to the laboratory at two-week
intervals for total phosphorus analysis. During summer,
fall and winter, individual samples were collected for
[TP] analysis at two-week intervals.

Mass of TP for each inlet was calculated by multi-
plying concentration by the total discharge of the inlet
over intervals represented by water samples. Mean concen-

tration of total phosphorus in stream flow discharged
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to Skinner Lake ([Tfi]) was calculated by adding amounts
of TP in discharge of five inflows to the lake and dividing
by total volume of discharge of those streams over the

interval in question.

Internal loading of TP was estimated from:

(7) TP

A Lake Storage - (TPin - TPout)

Load

where TP was mass of TP internally loaded to Skinner

Load
Lake during an interval, TPin was the mass of TP entering

in stream flow, TPOu was mass of TP exiting the lake,

t
and A Lake Storage was the difference in mass the lake
contained between the beginning and end of an interval.

TP calculated for the ice-free season up until mid-

Load

July was zero or negative. TP calculated for the

Load

remainder of the stratification period (7/16 - 10/3)

was large and positive. Solving the equation for the

interval 7/16 - 10/3/79 allowed for determination of

the mass of TP in the lake due to internal loading.
Vollenweider eutrophication models consider lake

basins to be completely mixed reaction vessels. Thermal

stratification in summer commonly provides a barrier

to this expectation. Year around distribution of tempera-

ture and dissolved oxygen was measured in Skinner Lake

to mark the times of occurrence of overturn and depths

of the epilimnion, metalimnion, and hypolimnion during

summer stratification. Dissolved oxygen and temperature

were measured at two-week intervals at each of four lake
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sampling stations during the ice-free season (Figure 4).
These measurements were taken at 0.5 m depth intervals
with a YSI Model 54 A oxygen meter.

Flushing coefficient (p) and residence time of water
(tw) were calculated for Skinner Lake. The flushing

coefficient was determined as:

(8) p =V /V,

where vV, was volume of outflow from the lake, and v
was volume of the lake. Planimetry of the hydrograph
of the Croft Drain outlet yielded lake discharge. Flushing
coefficients were calculated for intervals of the year and
for a whole year (9/6/78 - 9/17/79). The flushing coeffi-
cient for the epilimnion (to 4 m depth) during summer
stratification was also calculated. Residence time (tw)
was the reciprocal of the flushing coefficient.
Concentrations of chlorophyll a in Skinner Lake
were obtained to calculate [chl a] for use in the Vollen-
weider and Kerekes expression of equation (2). Upper
pelagial composite samples were collected at two-week
intervals during the ice-free period of 1979. Chlorophyll
a was determined as outlined in Strickland and Parsons
(1965). Approximately 500 ml of water were filtered
through Gelman Metricel Filters. Chlorophyll was extracted
by grinding the filters in 90% aqueous acetone. Samples
were then centrifuged. Supernatant was scanned with

a Varian SuperScan 3 spectrophotometer for absorbance
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from 800-400 nm. The sample was acidified with HC1l and
rescanned from 800-400 nm. Absorbance recorded at 665 nm
before and after acidifying allowed for determination

of chlorophyll a in mg m 3.

Land management practices wefe put in place on the
Skinner Lake watershed during 1979-1981 with cost-sharing
funds provided by the US EPA under the Clean Lakes Program
(U.S. EPA, 1979b), and US Department of Agriculture, Soil
Conservation Service. The particular practices used
were chosen from the data and experience generated by
the nonpoint-source pollution study of Black Creek in
nearby Allen County, Indiana (Christensen and Wilson,
1979; Lake and Morrison, 1977). These included settling
basins, conservation tillage, group tile mains, terraces,
livestock exclusion, planting vegetation on critical
sites, diversions, and grassed waterways. The work accom-
plished is shown in Figure 5. The purpose of these prac-
tices was to decrease nutrient runoff in the direction
of Skinner Lake. The goal was to diminish the development
of obnoxious blue-green algae that occurred each summer,
and to improve the quality of the recreational fishing.

An anticipated result was reduction of nutrient loéding
to the lake, specifically reduction of [Tﬁi].

During 1982, measurements were made of [Tfi] due

to streams, t

W’ [T?L] and [chl a]. Data from 1978-79

showed that [ffi] and t calculated over the spring over-

turn-summer stratification interval determined [T?L] in
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Figure 5. Land management practices applied to the
Skinner Lake watershed during 1979-1981.
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the ice-free period, and that algal production in the
ice-free period was related to [T?i] by equation (2).
Because of this, the period 3/24 - 8/10/82 was used for
making measurements to test a Skinner-specific lake model.
Water samples from each inlet were collected daily during
3/24 - 6/30/82 using the same methods of compositing
and TP analysis as in 1978-79. From 6/31 - 8/10/82,
daily sampling was deleted and water from each inlet
was collected and analyzed at two-week intervals. [TPi]
from streams was determined in 1982 from measured [TP]
and a water budget from the interval 3/24 - 8/10/82.
The water budget was obtained using the techniques of
1978-79. Measurements of discharge from the lake were
used to calculate residence time of water in Skinner
Lake (t).

Samples from the lake's outflow were taken from
3/24 - 9/13/82 to determine [TP;] and [chl a]. Mean
44

[TP] of the epilimnion during summer of 1979 (x

3

mgm~, s =0.016) was essentially the same as that of
3

Skinner Lake's outflow (X = 45 mgm ~, s

0.027). This
followed the prediction of Chapra (1975) that the concen-
tration in outflowing water will be equivalent to that

in surface water at mid-lake in small well-mixed systems.



RESULTS

Concentrations of nitrogen and phosphorus in Skinner
Lake in 1979 are reported in Table 1. Total nitrogen
concentrations diminished from high values in the spring
to low values in later summer and fall. The pattern
of decrease in [TN] was much the same for concentrations
calculated for the whole lake volume and for the epilimnion
only. The range observed of [TN] was 5.88 - 1.19 mg 171,

1 was ob-

Regarding [TP], a range of 0.021 - 0.199 mg 1~
served. High whole-lake [TP] in the interval July 30 -
October 3 resulted primarily from high TP concentrations
in the hypolimnion. They ranged from 0.154 - 0.221 mg 1 %
during that time. Phosphorus was apparently released
across the anaerobic sediment surface that existed in

the hypolimnion (Figure 6). It can be noted from Table 1
that concentrations of TP in the epilimnion from July 30 -
October 3 were approximately 50% of whole-lake concentra-
tions during that time. Whole-lake [TP] changed abruptly
in October with initiation of fall overturn; concentration
fell from 0.120 to 0.043 mg 1-1. Coincidence of overturn
and decrease in [TP] suggest that phosphorus, particularly

that in the hypolimnion, fell out to the sediments (Figure

6). Solving equation (7) for phosphorus mass balance in

27
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the lake basin for the period when fall overtufn was
initiated (October 3 - October 24) supported this sug-
gestion.

Estimates of internal phosphorus loading were cal-
culated for intervals of the ice-free period of 1979
(equation (7)). These were negative for intervals of
measurement after ice-out until mid-July. By these calcula-
tions, a net loss of phosphorus occurred during that
time. For the interval July 16 - October 3, internal
loading to the water column was calculated to be 120 kg TP.
From the perspective of the Vollenweider and Kerekes
(1980) model, this phosphorus influenced the magnitude
of [Tfi] in the Skinner Lake system.

Total nitrogen:total phosphorus for the epilimnion
of Skinner Lake ranged from 19 to 220 (Table 1). The
work of Sakamoto (1966), Chaiudani and Vighi (1974), Allen
and Kenny (1978), and Smith and Shapiro (1980) predicts
that at [TN]/[TP] greater than 19, nitrogen limitation
did not occur in Skinner Lake, and that algal yield in the
epilimnion was likely phosphorus dependent.

Atmospheric bulk loading measurements of TP on Skinner
Lake for the study interval of 1978-1979 are given in
Table 2. Atmospheric loading amounted to 0.04 g TP m"2
per year. While this measurement fell within the range
predicted for the region by Chapin and Uttormark (1973),

it constituted only 1l.4% of the annual stream loading.
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Table 2. Atmospheric bulk loading of total phosphorus on Skinner
Lake during the interval 9/6/78 - 9/17/79.

Rate of Input to

Period Fallout Lake
(mg m~2 day~1) (kg day~1)

9/6 - 9/25/78 0.099 0.049
9/25 - 10/9/78 0.045 0.022
10/9 - 10/23/78 0.117 0.058
10/23 - 11/6/78 0.066 0.033
11/6 - 11/27/78 0.050 0.024
11/27 - 12/14/78 0.092 0.045
12/14 - 1/16/79 0.041 0.020
1/16 - 2/6/79 0.023 0.011
2/6 - 4/2/79 0.074! 0.036"
4/2 - 4/23/79 0.125 0.061
4/23 - 5/7/79 0.107 0.052
5/7 - 5/21/79 0.378 0.185
5/21 - 6/18/79 0.145 0.071
6/18 - 7/2/79 0.108 0.053
7/2 - 7/16/79 0.059 0.029
7/16 - 7/30/79 0.126 0.062
7/30 - 8/13/79 0.607 0.298
8/13 - 8/27/79 0.222 0.109
8/27 - 9/17/79 0.163 0.080

1. Sampling disrupted: values are the average between the previous
and following intervals.
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Hence, the influence of atmospheric loading on model
[T?i] was small at Skinner Lake.

Stream hydrographs were developed for the annual period
of study in 1978-79. Seasonal patterns of discharge
observed at Skinner Lake are shown for the Rimmell stream
in Figure 7. Other hydrographs made in this study are
in Appendix I. These hydrographs were divisible into
periods of fall and winter runoff, runoff due to melt
of snowpack, discharge during spring overturn, and discharge
during summer stratification. Discharges of streams
during these periods are reported in Appendix II (Table
A-1). Total discharge associated with melt of the snowpack
amounted to 53% of the annual stream discharge to the
lake in 1978-79. Stream discharge from rains during
spring overturn accounted for 35% of annual discharge.

In 1979, hydrographs for inflowing streams remained near
base flow during summer stratification. Base flows of
summer, fall and winter provided 12% of annual runoff

to the lake.

Flushing coefficients (p) for Skinner Lake for 1978-79,
given in Table 3, are broken down by periods of the year.
‘High observed coefficients during snow melt and spring rains
and low coefficients for other times of the year are likely
typical of small-volume temperate zone lakes with relatively
large watersheds. It can be noted that runoff from snow-

melt tended to displace the volume of water in the lake
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Table 3. Flushing coefficients (p) of Skinner Lake
during periods of 1978-79.

Period ()

Fall Overturn and Winter 0.02
9/6/78 - 2/6/79

Snow Melt 1.30
2/6 - 3/20/79

Spring Overturn 1.06
3/20 - 5/22/79

Summer Stratification 0.17
5/22 - 9/6/79

Whole Year 2.55
9/6/78 - 9/6/79
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basin, which occurred during the period of ice-off from
the lake. Subsequent runoff from rains diluted the

lake during spring overturn. Coincident with relatively
low stream discharges to the lake in summer, the flushing
coefficient during stratification was small.

Concentrations of TP measured in inlet streams during
1978-79 are reportéd in Appendix II (Table A-2).

Spring runoff of phosphorus dominated stream [ﬁi]
during the 1978-79 annual interval. For example, Figure
8 for the Rimmell stream can be used to demonstrate that
approximately 90% of the annual loading of TP from that
watershed was delivered to Skinner Lake during snowmelt
and spring overturn periods (February - May). For the
five inlets to the lake taken collectively, 93% of annual
TP loading occurred during this interval. For the year,
calculated stream [Tfi] was 231 mg m3.

Data given above for 1978-79 were used to develop
a model for the Skinner Lake system. It was conceptually
similar to that of Vollenweider and Kerekes (1980). The
model stated that [TP ] and [chl a] in Skinner Lake in
the ice-free period were predictable from ty, and [T?i]
from streams derived for the period of spring overturn
and summer stratification, rather than for the entire
year, or a period that included runoff during melt of
the snowpack.

Measurements to test the Skinner-specific model

were made in the post-land-treatment year of 1982,
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Discharge and [TP] in streams measured in 1982'are
reported in Appendix II (TablesA-4 and A-5). During the

interval of measurement (4/20 - 8/10/82), tw was 0.65,

3

[Tfi] from streams was 99.6 mg m - 3

, and [T?Ll was 54 mgm .

For the comparable interval in 1979, t  was 0.63, [T?i]

3 3

from streams was 127 mg m - and [TFL] was 63 mgm .

By the relationship of equation (2) [chl a] in the ice-
free period was expected to be less in 1982 than in 1979.

Chlorophyll data for these years are given in Table 4.

3 3

A depression in [chl al from 15.15 mg m°> to 9.58 mg m

occurred between years.
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Table 4. Concentration of chlorophyll a (mg m.3) in Skinner
Lake during summer of 1979 and 1982.

1979 1982
Date [chl a] Date [chl a]
4/23/79 24.80
5/7/79 11.59 5/4/82 7.48
5/21/79 6.27 5/18/82 4.01
6/18/79 12.05 6/2/82 8.01
7/2/79 18.96 6/18/82 9.35
7/16/79 9.36 6/28/82 5.34
7/30/79 13.26 7/14/82 16.02
8/13/79 12.21 7/28/82 16.02
8/27/79 20.42 8/10/82 9.35
9/17/79 16.70 9/13/82 10.68
10/3/79 21.00
x = 15.15 x = 9.58




DISCUSSION

The Vollenweider and Kerekes model was applied to
the Skinner Lake sYstem to quantify the relationship
of [TP;] to [TP.] and [chl a]. From the 1978-79 data of
this study, the model was specifically modified to fit
the conditions of Skinner Lake. To make modifications,
the following were considered: major sources of [TPi]
to Skinner Lake, seasonal differences in [TPi] and t,r
and differences in epilimnetic and hypolimnetic [TPL]
and their relation to [chl a].

Vollenweider and Kerekes (1980) did not specify
sources of [TPi] measured to derive the empirical basis
for their model. Atmospheric loading, septic tank loading,
internal loading, and stream loading can be important
sources of [TPi] for lakes. The influence of atmospheric
TP loading on [TP;] of Skinner Lake was found in this
study to be negligible. Septic tank loading was estimated
using the constant, 0.08 kg TP capuf:-1 yr-l, reported
by Walker (1979). There were 125 cottages and approxi-
mately 375 people served by septic tanks around Skinner
Lake. By Walker's constant, these contributed 30 kg TP Yr-l-
This septic tank loading comprised 2% of the 1978-79 annual

total TP load. Internal phosphorus loading during summer

42
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has been found to be an important contributor to [TPi]
in some eutrophic lakes (Nurnberg, 1982). 1In Skinner
Lake during summer of 1979, the estimated 120 kg of in-
ternal TP loading comprised 8% of the 1978-79 total TP
load. Of the potential sources, stream loading was the
major component of [T?i] at Skinner Lake, comprising
90% of the annual total TP input.

There is inference in their work that Vollenweider
and Kerekes calculated [Tfi] and [Tﬁi] by averaging data
over an annual period. However, in the Skinner Lake
system there was great seasonal variation in both [T?i]
and t, over a year. These variations effected the model
predictions of [T?L] in ways that are shown in Table 5.

A comparison of rows I and II in Table 5 shows that base-
flow conditions of streams in fall and early winter (9/6/78 -
2/5/79) had little effect on determining the magnitude

of annual [Tii] and tw' For the whole year and for the
interval including snowmelt, spring overturn, and summer
stratification, the Vollenweider and Kerekes model greatly
overestimated [T?L]. A comparison of rows II and III

in Table 5 shows the importance of the snowmelt period

for determining the magnitude of annual [Tfi] and tw'

During that interval (2/6 - 3/20/79) both [TP] and discharge
of inlet streams were high (Figure 8). 1In contrast,

the large mass of TP delivered during snowmelt did not
greatly influence observed [T?L] as given in rows I,

I, and IIIA. [T?i] and t_ taken for the period of spring
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Table 5. Fit of Skinner Lake data of 1978-79 to Vollenweider and
Kerekes (1980) estimates of in-lake [TP] calculated from:

_ [T?, ]

(TPy] = L

1+t

where [f?i] is from stream discharges except for III B.

Predicted Observed

Period [TP ] tw [TPL] [TPL]
(mg m~3) (ng m-3) (ng m=3)
I. Whole Year 231 0.39 142 85

9/6/78-10/3/79

II. Snowmelt-spring 234 0.41 143 98
overturn-summer
stratification
2/6-10/3/79

III. Spring over- (A) 127 0.63 71 88
turn-summer
stratification
3/20-10/3/79 gy 143! 0.63 91 88
(c) 127 0.63 71 632
IV. Summer 3 89 3.38 31 80
stratification

5/22-10/3/79

1. Internal loading was added to stream loading to calculate [TPi]

2. Observed [TP_] was calculated by averaging whole lake (TP, ]
for the peri&d of spring-overturn that constitutes one fl&shing
time prior to stratification and epilimmetic [TP ] during summer
stratification.

3. Whole-lake volumes and concentrations were used to calculate [TPL].



45

overturn and summer stratification provided a better
prediction of [??L] in the Vollenweider and Kerekes model
than annual estimates of these variables, or estimates
using other periods of the year. This is shown in sec-
tion III of Table 5. [T?i] predicted from [Tfi] and

tw during summer stratification grossly underestimated

observed [TPL]

The Vollenweider and Kerekes (1980) model assumes

(Table 5, row IV).

that lakes are mixed reactors in which [TP] is homogeneous.
Skinner Lake was an exception to this in that hypolimmetic
[TP] was more than twice that of epilimnetic [TP] during
the last one-half of the summer stratification period
(Figure 6). In this study, whole-lake [T?L] was calculated
for the spring overturn-summer stratification period

using TP mass and volume of water in both the epilimnion
and hypolimnion. This yielded a [TfL] for the interval

of 88 mg m 3. Row IIIA of Table 5 shows that whole-

lake [T?L] was underestimated using the Vollenweider

and Kerekes model with measured values of [Tﬁi] and t,e

A closer prediction of whole-lake [T?L] was achieved

by including internal TP load with stream TP load in

the [fﬁi] term (Table 5, Row IIB). Specifically, this

was achieved by adding 120 kg of internal load to TP

mass from stream load and dividing by stream discharge.
The better fit obtained suggests that [Tfi] should include
both stream and internal loading when predicting whole-

lake [T?L] for Skinner Lake during the spring-summer interval.
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A major goal of this study was to predict [chl a] in
the ice-free period from‘[TFi] and [T?L]. Use of whole-
lake [T?L] measured in the spring-summer interval in
equation (2) of the Vollenweider ;nd Kerekes model pre-
dicted [chl a] in Skinner Lake at 22.65 mg m~3. oObserved
[chl a] during 1979 was a relatively poor fit at 15.15
mng m-3. It is likely that algae grow in response to
[TP] of the epilimnion (Smith and Shapiro, 1981). On
this basis, an alternate method of calculating [T?L] was
congidered. It averaged whole-lake [TP] during spring
overturn and epilimnetic [TP] during summer stratification
(Table 1). From measurements of this study, the resulting
[T?L], designated [Tgépi]ss’ was 63 mg m3, Using this
value in equation (2), predicted [chl a] at 16.27 mg n 3.
This result was close to the observed value given above.
Thus, while including internal loading in [T?i] for the
spring-summer period yielded a close approximation between
predicted and observed whole-lake [TP ], [chl a] was
best predicted by [TP] in the lake at overturn and the
epilimnion (rather than whole-lake) in summer. In row

IIIC of Table 5, it is shown that [T?i] for streams in

]

spring-summer at existing tw predicted observed [TPepi ss

relatively well. From these considerations, [T?i] of
Vollenweider and Kerekes was treated as [Tpstream]ss and

] for purposes of modeling the effect

[TPL] as ['rPepi ss

of incoming phosphorus and algal yield in Skinner Lake.

Further, a spring overturn period was used in the study of
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1979 to coincide with the interval of time prior to strati-
fication during which the flushing coefficient of the

lake approximated 1.0 (Table 3). The spring period as
applied to variables (e.g. [Tfstraam]ss)ixxthe Skinner-
specific model was defined by this. Records of the U.S.
Weather Bureau for 1979 showed it was a relatively dry
year at Skinner Lake. Basing a model on a spring period
where p = 1 appeared appropriate for this system.

The Skinner-specific model based on above considerations

took the form:

[TP ]
(9) a. [Tpe i]ss - stream :s
P 1+ ¢t
ss
b. log [chl ilss = 0.99 log [TPepi]ss - 0.60
where [Tgepi]ss was mean TP concentration of the epilimnion

over the spring-summer stratification (ss) interval,
[Tpstream]ss was mean TP concentration delivered to the

lake from the inlet streams over the ss interval, tw
ss

was residence time of water in the lake over the ss interval,
and [EET_E]SS was mean chlorophyll a concentration in
the epilimnion over the ss interval. The constant in
the Vollenweider and Kerekes relationship for [chl al
and [T?L] given in equation (2) was changed (0.57 to
0.60) to fit the observed conditions of Skinner Lake

during 1978-79.
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Following land treatment during 1979-1981, the
Skinner-specific model proved to be an accurate predictor
]

as compared to 127 mg m~3 in 1979. Concomitant
decreases in [T_;pi]ss and [EKT—E]SS were expected as pre-
dicted by equations (9a) and (9b). Predicted [T—épi]
for 1982 was 55 mg m-3; observed was 54 mg m~3. Predicted

of [T epi ] was 100

and [chl a]__. In 1982, [TP ss

ss stream

mg m'3

Ss

[chl a] was 13.02 mg m'3; observed was 9.58 mg m-3,

ss
Figure 9 is a graphical representation of the Skinner-

specific model modified from Figure 8 of Vollenweider and

Kerekes (1980). This figure illustrates that given residence

time (yr) of lake water during the spring-summer interval

l.. (y-axis), [TP__.] is

(x-axis) and given [TP_, . . 1. epi’'ss

predicted. Lines of equal [Tﬁépi]ss are represented by
]

of each curve designated on the left. Corresponding value

]

is designated along the right end of each curve. Included

the curves running across the figure with the [TP

epi’ss

of [chl al g associated with [TP

epi via equation (9Db)

ss
on Figure 9 are plots of Skinner Lake data for 1979 and 1982.
The figure also shows boundaries of trophic categories
(ultraoligotrophic to hypertrophic) as presented by Vollen-
wieder and Kerekes (1980). These represent the synthesis of
opinions of OECD investigators as to the trophic classifi-
cation of their study lakes, based on [TP,] and [chl a].

In the use of models such as have been discussed, a
range of uncertainty exists within which predicted values

vary from observed. This uncertainty may reduce the power



Figure 9.
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Diagramatic representation of the Skinner-
specific model (modified from Vollenweider
and Kerekes, 1980). @ represents plot of
Skinner Lake coordinates of 1979; [ repre-
sents plot of Skinner Lake coordinates of
1982; A2 probable case for Skinner Lake with
diversion of Rimmell stream around lake to
outlet stream ; Ab probable case for Skinner
Lake if settling basin on Rimmell stream
removed 100% TP in stream discharge.
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of conclusions which are based on lake modeling schemes
(Reckhow, 1979). In order to calculate confidence limits
of model predictions, it is necessary to determine standard
error from the variation among lakes used to construct the
particular model. Two current laké models (Reckhow, 1977
and Walker, 1979) consider the statistical uncertainty of
predictions of lake phosphorus concentrations, and both
give a method by which confidence limits can be calculated.
Confidence intervals for predictions made by these models

can be estimated from:

2 _ _ 1nlog Pg £ sp|?
(10) St = P, 10
where St is the total prediction error in mg l-l, Sn is

the standard error of the estimate for the model, and Pe

is the predicted lake concentration (Reckhow, 1981). Table
6 compared predictions made by the Skinner-specific, Reckhow
(1977) and Walker (1977) models for phosphorus in Skinner
Lake in 1979. For the purpose of this comparison, [Tfi]

, and [TPL] as [TPepi

Reckhow and Walker models. Table 6 also presents the pre-

was taken as [TP 1

stream ] in the

SSs Ss

dicted confidence intervals of these models. In both cases,
the confidence intervals are wide, and it is difficult to
apply them to a particular lake for management decision
purposes. It should be noted that error terms were estimated
from least squares analysis on a data set from many lakes.
Thus, much of the error results from variability between

these lakes (Reckhow, 1977). When a model is applied to a
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particular lake, the model error term should only include
that lake's variability. - For example, if the Skinner-
specific model was applied to Skinner Lake for several
years, a series of predicted and observed values would
allow determination of the certainéy expected for the model
on Skinner Lake. This would provide more appropriate con-
fidence estimates for management decisions at Skinner Lake.
When a model can be calibrated to fit a specific
lake's characteristics using data from several years, it
then becomes a powerful management tool. Use of this model
could predict the effectiveness of potential management
schemes, and costly projects which predict only little
improvement in lake quality could be avoided. For example,
one treatment considered by planners of the Skinner Lake
reclamation project was diversion of the Rimmell stream
directly to the lake's outlet. Contours of the existing
landscape favored such an approach, but compensation for
disrupting intervening land use would have been costly.
The Skinner-specific model can predict the effect of this
project if, for example, it had been implemented in 1979.
Figure 9 shows that diversion of the Rimmell would not have

lowered (TP ]

stream appreciably. Other inlets were important

]

provided a large percentage of inflow water to Skinner Lake,

Ss

in determining total [TP Because the Rimmell

stream’'ss”’

diverting the stream would have increased twss from 0.63

to 2.35 yr. The net effect of diverting the Rimmell would

3 3

have been to reduce the [TP__.] from 63 mgm ° to 45 mg m

epi’ss
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and [EHT—E]SS from 15 mg m > to 11 mg m 3. This project
would not have provided substantial benefit toward impro-
ving lake quality.

As a second example, a settling basin was constructed
on the Rimmell inlet just above Skinner Lake during 1980-81
(Figure 6). This basin was intended to slow Rimmell water
velocity and promoté settling and removal of suspended
particulate material. However, designers of the basin did
not account for hydrologic relationships which dictate
appropriate design. The Rimmell settling basin was too
small and its effect was much less than optimum (McNabb et

al., 1982). On the basis of 1979 data, if the basin removed

]

100% of particulate phosphorus from the water, ([T stream!ss

would have been reduced from 127 mg m~3 to 52 mg m‘3,

— -3 -3 —
[TPepi]ss from 63 mg m to 20 mg m ~, and (chl Elss from
15 mg mn3 to 7.5 mg m~3. As shown in Figure 9, this would

represent a considerable improvement in quality at Skinner
Lake. Considerations such as these, with lake-specific
models, can focus attention of planners on management al-
ternatives most likely to achieve the intended goals.

In summary, calibrating a general lake model for a
single lake requires knowledge of the lake's specific
hydrologic and limnological variables. Even though data
from Skinner Lake did not fit the basic form of Vollen-
weider and Kerekes' model, this did not discredit the
relationships they described. Rather, it indicated the

Skinner Lake system had specific attributes requiring
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attention. Total phosphorus loading for Skinner Lake was
predominantly from inlet streams. Other sources, such

as atmosphere and septic tanks, had a negligible impact

on relationships in the model. Flushing coefficients (p)
during snowmelt and ice-off were > 1.0 at Skinner Lake

in the years of this study; Coefficients in subsequent
spring overturn periods were also > 1.0. [T?L] in the
ice-free period was determined during the period of

spring overturn just prior to stratification when p = 1.0,
and continuing through the time of stratification. Other
temperate zone lakes with high watershed area:lake area
relationships may follow this pattern. Internal phosphorus
loading influenced whole-lake [TP]. However, algal pro-
duction in Skinner Lake was related to the [TP] of the
epilimnion. [Tiépi
the the manner described by the Skinner-specific model.

]g¢ Wwas related to stream [Tfi] in
The addition of internal TP load to [Tﬁi] was not necessary
in modeling the system. In other stratified, eutrophic
lakes, similar considerations might be appropriate. Results
of this study call attention to the need for site specific
information on which to base cost-effective land management

decisions.
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