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A model for the prediction of total phospho/?a"was developed and tested using data on
704 nautral and artificial lakes including 626 likes in the U.S. Environmental Protcction
Agency (EPA) National Eutrophication Survey. A statistical analysis showed that the best
estimate for the sedimentation coefficient () in the Vollenweider equation was

o = 0.162(L{2)*** for natural lakes and
o = 0.114(Lfz)"

for artificial lakes where L is the arcal phosphorus loading rate (mg - m™2 - yr™!) and z is the
mean depth (m). The model yiclds unbiased estimates of phosphorus concentrations over a
wide range of lake types and has a 95% confidence interval of 31—288% of the calculated
total phosphorus concentration. Other models are less precise, Though total phosphorus
concentrations can be predicted cqually well in natural and artificial lakes, predictions of
algal densities and water transparency are less reliable in antificial lakes, as the
phosphorus—chlorophyll und chlorophyll—Secchi depth relationships are less precise. This
seems to be duc o the influence of nonalgal particulate materials.
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Les données recucillies dans 704 facs naturels et artificiels, y compris les 626 lacs inclus
dans le relevé national de I'cutrophisation entrepris par I'Environmental Protection Agency
(EPA) des E.-U. a servi i construire et i tester un modéle permettant de prédire le phosphore
total. A I’analyse statistique, la meilleure estimation du cocefficient de sédimentation (o) dans
I'équation de Vollenweider est:

o = 0,162(L/7)"* pour les lacs naturels ¢t
o = 0,114(L[2)**"

pour les lacs antificiels, ol L est le taux de charge du phosphore par superficie (mg - m™
- an”') et z la profondeur moyenne (m). Griice i ce modele, on obtient des estimations non
biaisées des concentrations de phosphore dans une gamme étendue de types de lacs. Son
intervalle de confiance it 95% est de 31 & 288% de la concentration de phosphore total
calculée. Les autres modeles sont moins précis. On peut prédire les concentrations de phos-
phore total tout aussi bien dauns les lacs naturels qu'artificiels. Cependant, les prédictions de
densité des algues et de la transparence de I'eau sont moins fiables dans les lacs adificiels,
car les relations phosphore—chlorophylie et chloraphylie—profondeur du disque de Scechi
sont moins précises. Ceci semble dii aux matériaux particulaires autres que les algues.
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STUDIES have demonsirated that the concentration of total
phosphorus in natural lakes can be an important indicator of
lake trophic state (Vollenweider 1968; Dillon 1975), algal
population densities as measured by chlorophyll ¢ concentra-
tions (Dillon and Rigler 19744; Jones and Bachmann 1976),
and water clarity (Bachmann and Jones 1974; Dillon and
Rigler 1975). Recently, simple empirical models have been
developed 1o predict luke total phosphorus concentrations
from data on aanual phosphorus inputs, hydraulic Nushing
rates, and kike morphometry (Vollenweider 1975; Kirchner
and Ditlon 1975; Chapra 1975; Jones and Bachmann 1976;
Larsen and Mercier 1976; Reckhow 1977, 1979). Because
these models require a minimum of data and the predicted
phosphorus values can be used to estimate other accepted
limnological measures of trophic state, lake managers and
researchers are using them to predict the response ol natural
and antificial lakes 10 changes in phosphorus inputs (Chapra
and Robertson 1977). However, the general application and
potential limitations of these models and the relationship
between total phosphorus concentrations and -lake trophic
state, chlorophyll a concentrations, and water clarity have not
been thoroughly addressed.

The empirical phosphorus loading models have been devel-
oped from data on selected natural lakes in Canada, northern
Europe, and the northern United States. Although the models
seem to be different, they all are based upon the general model
proposcd by Vollenweider (1969):

. L
0 P = ——o
o+ p)
where
TP = concentration of total phosphorus in the lake
wiler, mg - m’_-
L = annual phosphorus loading per unit of lake sur-

face ares, mg - m~2 - yr™!
z = mean depth of the lake, m
o = phosphorus sedimentation coefficient, yr™*
p = hydraulic Qushing rate, yr™'.

The only substantial differences among the models are the
forms of the empirical equations used to estimate phosphorus
losses to the sediments, but these equations are critical to the
successful prediction of lake phosphorus concentrations.
Using u small sample of lukes, Vollenweider (1975) proposed
that lake phosphorus sedimentation coetficients could be esti-
mated by dividing 10 by lake mean depth. Jones and Bach-
mann (1976) showed that a constant phosphorus sedimenta-
tion coefficient of 0.65 yr™' worked well for 51 natural lakes.
Other authors have chosen to reformulate the Yollenweider
equation and work with the phosphorus retention cocfficient
of a lake (Dillon and Rigler 1974b) rather than with the
phosphorus sedimentation coefficient:
L(1—-R)

Ay

2 1P =

where

gs = annual arcal water loading (Jake outflow/luke sur-
face arca), m + yr™!
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R = phosphorus retention  cocfficient  (difference
between annual phosphorus inputs and phos-
phorus outputs divided by the unnual phosphorus
input).

Kirchner and Dillon (1975) developed a relationship between
the phosphorus retention capacity and arcal water loading for
15 southern Ontario lakes. Chapra (1975) used a ditferent
parameter, the apparent setiling velocity (v), equal to the
product of the mean depth and the sedimentation cocfficient..
He showed that:

14

R =
vty

and took v 10 be a constant. Reckhow (1979) subsequenily

proposed that v varied with ¢,.

v =116 + 0.2,.

Larsen and Mercier (1976), by working with data from 20
lakes, suggested that phosphorus retention cocfficients could
be better estimated by the inverse of 1 plus the square root of
the hydraulic fushing rate. Yollenweider (1976) independent-
ly obtained the same relationship.

Successful application of these empirical models is greatly
dependent upon how well the models estimate phosphorus
losses to the sediments. Though these models have been used
with reasonable success on sclected natural Jukes (Jones and
Bachmann 1976; Chapra and Robertson 1977), studies by
Jones and Bachmann (1978) on several central lowa artificial
lakes have shown the direct use of these models overestimated
summer phosphorus concentrations by 3 to 10 times, They
suggest that this overestimation resulted because phosphorus
sedimentation rates are greater in artificial lukes. By using
sedimentation coefficients two orders of magnitude greater
than those used for natural lakes, Jones and Bachmann (1978)
were able 1o use the Vollenweider model (Eq. 1) to calculate
summier phosphorus concentrations.

The importance of quantifying those factors controlling
phosphorus sedimentition in natural and artificial lakes is
cvident (Eq. 1). This study was designed to determine the
general applicability of empirical phosphorus loading models.
Our approach was to examine the phosphorus input—output
relationship of a large number of natural and artificial lukes to
determine the gencral limnological factors that influence
phosphorus sedimentation. By using these factors, we wished
to determine if empirical models could be developed to pre-
dict totad phosphorus concentrations in both natural and arti-
ficial lakes or if these two lake types needed to be treated
differently. We also wished to test the predictive abilities of
the new and published empirical phosphorus models and
determine the degree to which total phosphorus concentra-
tions can be used to predict chlorophyll ¢ concentrations and
Secchi disc depths in natural and antificial lukes.

Data Base
Data from a broad range of natural and artificial lukes were

gathered from lakes cited in the published literature (Jones
and Bachmann 1976; Larsen and Mercier 1976), the U.S.
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Environmental Protection Agency National Eutrophication
Survey (EPA—NES), and our unpublished studies in lowa.

Data on annual arcal phosphorus loading rates, luke mean
depths, hydrautic flushing rates, and total phosphorus concen-
trations were tabulated for all lakes. We wanted the total
phosphorus concentrations to be representative of the
“average’' conditions for the lake. For the EPA—NES lukes
we used the median total phosphorus concentrations, agreeing
with Reckhow (1977) that this value would be less affected by
extreme measurements. For the lakes from the literature we
used the values supplicd by the authors, which were usually
means. Chiorophyll ¢ concentrations, Secchi disc transparen-
cies, and total alkalinity values were tabulated for the
EPA~—NES lukes. Phosphorus sedimentation coefficients for
cach lake were estimated from the data by assuming steady
state and rearranging the terms of Equation | (Jones and
Bachmann 1976):

Llz
e 7

The published literature provided data from 77 natural Jukes
located in Canada, northern Europe, and the northern United
States. Our studies provided data from an additional 20
natural lakes: The EPA ~NES provided data from 193 natural
lakes and 433 antificial lakes located throughout the United
States. Because some natural lakes had more than 1 year of
data, there are 19 lakes represented more than once in the data
set. One lake is represented 4 times, 7 lakes are represented
3 times, and 11 lakes are represented (wice. Thus we have 723
observations on 704 lakes. This large sample includes a wide
range of limnological conditions ranging from oligotrophic to
cutrophic (Table 1). Some lakes are stratified, and some are
not. Arcal phosphorus loading rates range from 30 to 820 000
mg - m™ -yt Total phosphorus concentrations  range
from 4 10 2600 mg - m™>, Lake mean depths range from 0.2
to 307 m. Hydraulic ﬂushmg rates range from 0.001 to 1800
ye~!, and calculated phosphorus :cdnmcnl.mon coelticicnts
range from 290 to 490 yr™'.

The data were examined for obvious crrors, but we made
no judgments on the quality of the data. Indeed, this sample
inctudes some lakes that other authors excluded in formulat-
ing their models. Obviously, the quality of the data is varia-
ble. Investigators used different methods to collect data, and
some lakes were studied intensively while other lakes were
sampled only a few times during extensive luke surveys. In
the procedure to estimate phosphorus sedimentation cocfli-
cients, alt the errors involved in estimating phosphorus load-
ing, lake mean depth, hydraulic flushing rate, and total phos-
phorus concentration are incorporated into the sedimentation
coefficient. Negative phosphorus sedimentation coelficients
might result from the combined etfects of the errors of estima-
tion or indicate lakes that are not in a steady state. Because the
data range over orders of magnitude, we expected that even
occasional large errors would not obscure general relation-
ships, Empirical phosphorus loading models that can predict
total phosphorus concentration in this large sample of lakes
would be of great practical value in applied problems where
less than ideal data often are availuble.

To avoid the problems associated with developing and test-
ing a mode! with the same data, we randomly sorted the lakes

Q) o=
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Tasrk . Mean values .md n_l.uu.l statistics for annual arcal phos-
phorus Iu.nduu, r.uu. (mg - - yr™Y, wtal phosphorus «.unccn(m-
tions (myg - 3, mean duplha (m), hydraulic {lushing rates (yr~ Y,
and c.nlc.ul.ucd sedimentation cocflicients (yr") for 723 natural and
artificial lakes.

: lake  No. in
Variable type  sample Meuan x SD Range

Areal phosphorus  Natural 290 - 2800x8500  30~76 000
loading (L) Artificial 433 1500062000 40820 000
Total phosphorus  Natural 290 120x250 "4-2600
(re) Aatificial 433 78117 6—1500
Mean depth (2) Natural 290 13x31 0.2-307
Antificial 433 CE 0.6-59

Hydraulic Nushing  Natural 290 514 0.001—183
rate (p) Astificial 433 35130 © 0.019— 1800
Sedimentatfon Natural 290 24x63 —26-—45
coetticient () Anificial 433 14555 -~290-49%0

into two data sets, One data set (mode! development), which
included 151 natural and 210 antificial lakes, was used to
determine the limnological factors that influcnce phosphorus
scdimentation rates. The other data set (model verification),
which included 139 natural and 233 artificial lakes, was used
to test the predictive abilities of the empirical models. Be-
cause the values of most parameters spanned several orders of
magnitude and it was rcasonable 1o assume that variances
were proportional to means, all data values were transformed
to their natural logarithins prior to statistical analyses unless
stated otherwise.

Phosphorus Sedimentation Cocfficients

To determine whether o base our modcl on the phosphorus
sedimentation coefticient (o) or the phosphorus reteation
coeflicient (R), we developed a correlation matrix using o,
In(or), R, and In(R) versus a large number of parameters
including z, In(z), q,, In(q,), p, In(p), L, In(L), TP, and
In(TP). In every cuse higher corrclation coellicients were
found with In(o) than with o, R, or In(R). For this reason as
well as the fact that the sedimentation coefficient considers
phosphorus losses to the sediments independent of hydraulic
losses through the outlet, we chose to use the sedimentation
coefficicnt as our paramcter for phosphorus losses.

Using the data set for model development, we examined
several lactors to determine if they could be statistically
related to the calculated phosphorus sedimentation coeffi-
cients (Table 2). No significant correlations were found with
algal densitics as measured by chorophyll ¢ concentrations,
total phosphorus concentrations, or alkalinity. Phosphorus
sedimentation cocfficients were significantly correlated with
lake mean depth (r = —0.44; P < 0.01) and areal water
loading (r = 0.65; P < 0.01) as suggested by the studies of
Vollenweider (1975), Kirchner and Dillon (1975), and
Chapra (1975). A stronger correlation was Tound with hydrau-
lic Nushing rates (r = 0.76; P < 0.01), in agreement with
Larsen and Mercier (1976). We also found equally good cor-
relations for arcal phosphorus loading rates (r = 0.76;
P < 0.01) and the volumetric phosphorus loading rates
(r = 0.78; P < 0.01) where the volumetric phosphorus load-
ing was calculated as the unnual phosphorus input divided by
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TapLe 2.  Correlation coefficients () between various limnological
parameters and sedimentation coefficicnts. Logarithmic transforma-

tions are used,

Natural  Anrtificial Both
Parameter lakes lakes  combined

Volumetric phosphorus loading 0.75 0.76 0.78
Arcal phosphorus loading ) 0.66 0.76 0.76
Hydraulic flushing rate 0.78 0.70 0.70
Arcal water loading 0.55 0.63 0.65
Mecan depth ~0.57 -0.37 —0.44
Total phosphorus 0.23 0.13 0.19
Chiorophyll a 0.19 0.02 0.05
Total alkalinity -0.02 -0.16 ~0.14

TasLe 3,

Correlations (r) between

the

logarithms of the variables used in the phos-
phorus loading models.

L Ll p U z

L 1.00 091 082 076 —-0.28
Lz 1.00 0.86 0.78 —0.66
p 1.00 0.76 —0.50
U 1.00 —-0.44
b4 1.00

the lake volume.

Although this type of statistical analysis indicates that phos-
phorus sedimentation coefficients are closely correlated with
some measure of waler or phosphorus loading rates, it does
not dircctly indicate o cause-and-effect relationship or which
variable should be used in an empirical model. Because the
water and phosphorus loading variables are closcly correlated
with cach other (Tuable 3), either onc could influence phos-
phorus sedimentation, or there could be an important unmeas-
ured variable that also is correlated with cither water or phos-
phorus inputs.

The positive relationships between phosphorus scdimenta-
tion coefficicnts and hiydraulic flushing rates found in this and
other studies is puzzling inasmuch as it is difficult to envision
how a greater hydraulic Nushing rate could increase the loss
rate cocfficient of phasphorus to the sediments. One might
expect that a higher hydraulic flushing rate would reduce. the
opportunity for phosphorus to be renioved by sedimentation
rather than enhance it. We are fed to belicve that some
material brought in with the water, rather than water loading
itself, is responsible.

Phosphorus itself could be that material. Other things being
equal, a higher phosphorus loading rate leads to greater phos-
phorus concentrations in the fake water. This could promote
algal growth, which would provide a greater supply of sedi-
menting particles to remove a greater fraction of the phos-
phorus to the sediments. The lack of a significant correlation
between phosphorus scdimentation coelficients and chioro-
phyll levels, however, would suggest that this hypothesis
should be rejected. Because algal growth can cause calcium
carbonate precipitation, and the coprecipitation of phosphorus
with calcium carbonale has been suggested as an important
mechanism for the removal of phosphorus from some lukes
(Otsuki and Wetzel 1972; White 1974), we had expected a
positive relationship with alkalinity inasmuch as it might be
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FiG. 1. Mean annual total phosphorus concentrations und mean
annual suspended sediment concentrations from 301 United States
rivers (U.8. Geological Survey 1977).

an index of calcium carbonate precipitation. This mechanism,
however, also does pot seem to be an important determinant
of phosphorus sedimentation coeflicients over a broad range
of lakes (Tablc 2). Indeed, the lack of a significant correlation
between total phosphorus concentrations and  phosphorus
sedimentation coefficientt suggests that phosphorus is not the
material controlling the loss of phosphorus to the sediments
either directly or indirectly.

Jones and Bachmann (1978) suggested that allochthonous
inorganic particulate materials brought in by tributary streams
could act as scavengers to remove phosphorus to the sedi-
ments. Because we lack data on sediment inputs, we cannot
directly test this hypothesis, but phosphorus tends to be asso-
ciated with particulate materials in aquatic environments;
therefore, it is possible that phosphorus toading rates are
proportional to the loading rates of particulate materials. To
test this iden, we obtained data on mean annual total phos-
phorus concentrations and mean annual suspended sediment
concentrations frum 301 rivers located throughout the United
States (U.S. Geological Survey 1977). These data covered alt
the major drainages and were based in most instances on 10
grab samples from each site (Fig. 1). A signilicant correlation
wits found between mean suspended sediment concentrations
and  mean  total  phosphorus —concentrations  (r = 0.67;
P < 0.01), thus suggesting that sediment loading rates are
correlated with phosphorus loading rates.

I phosphorus loading can be used as an index of the quan-
tity of incoming sediments, volumetric phosphorus loading
rates may be i uscful index of the potential concentration of
sedimenting allochthonous particles in a lake. Because phos-
phorus loading rates arc corrclated with hydraulic flushing
rates, greater quantities of sediments would be expected to
enter lakes with higher flushing rates. Sedimentation of
inflowing sediments would seem to explain the observed cor-
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relations and provide the physical mechanism for removal of
phosphorus to the sediments, although we have no ficld data
to verily these ideas.,

A laboratory experiment was conducted to simulate this
process. Turbid water from the Des Moines River was col-
lected during September 1978 and mixed in different propor-
tions with water collected on the same date from Big Creek
Lake, lowa. The mixtures were placed in 1-L graduated
cylinders and allowed to settle for 24 h at a constant tempera-
ture. We found that the greater the proportion of river walter,
the greater was the percentage of phosphorus sedimented to
the bottom of the cylinders (Tuble 4), This is consistent with
our finding that increasing loadings to lukes and reservoirs (as
simulated by greater percentages of river water) lead to higher
phosphorus sedimentation cocfficients.

Because the caleulated phosphorus sedimentation coefli-
cients were most strongly correlated with volumetric phos-
phorus loading (r = 0.78; P < 0.01) and this parameter
may be an index of the concentration of potentially scttleable
sediments in a lake, we decided o use the best-fit linear
regression equation for this retationship to predict phosphorus
sedimentation cocfticients in natural and artiticial takes. The
resulting equation is

@) o = 0.129(L[2)"*".
However, statistically significant different regression cqui-
tions could be calculated for the natural and arntificial lukes.

The resulting equations are

0.162(L/2)"** for natural lakes.

5 «

(6) o = 0.114(LJ)"*™ for artificial lakes,
By using Equation 4, or Equations 5 and 6, the general
Vollenweider model (Eq. 1) should predict total phosphorus
concentrations in natural and artificial lakes!

We also used our model development data set to rederive
the coefficients in several other published models. A non-
lincar regression program (Dixon and Brown 1979) was used
to fit the constants by least squares using a pscudo-
Gauss—Newton algorithm. 1t was not possible to rederive the
Kirchner and Dillon (1975) model, because the high degree of
scatter thit resubts when R s plotted against ¢, (7 = —0.14)
did not allow for the use of their graphical technique. The
model propased by Reckhow (1977) also could not be used as
our wide range of values for ¢, could not be handled in the
exponential portion of his equation. Because the Chapra
(1975) and Vollenweider (1975) techniques are mathemat-
ically equaivalent, only one was rederived.

Because our models should reflect the rapid sedimentation
of particulate phosphorus carried into a lake by inflowing
streams, we developed two other models. The first assumes
that after a rapid, initial sedimentation of particulate phos-
phorus near the inlets of the tributarics a constant fraction (/)
of the inflowing total phosphorus will flow to the open waters
to be acted on by a constant sedimentation coetlicient. The
form of this equation is

M.

N TP = ———
(o +p)

CAN. J. FISH. AQUAT. SCL., VOL.. 38, 1981

Tasi 4. Percentage  of  totad
phosphorus seutled in 24 b in mix-
twires of water from the Des Moines
River und Big Creek Luke.

% total phosphorus

“% river water  settled in 24 h

0 13

I B!
10 17
50 21
9% 30
100 26

A similar model would combine the initial rapid sediment-
ation with a sedimentation coctlicient that varies with the
volumetric loading:

JL
i)+ p)
The coellicients Tor both models were fitted with the non-
lincar regression progriam ol Dixon and Browa (1979). The
resulting cquations are given in Table 5.

8 TP

Model Verification

We tested the abilities of these models and the published
empirical phosphorus loading models to predict the measured
total phosphorus concentrations of lakes in the model-
verification data set (Table 5). Correlation coetlicients and
best-fit linear regression equations were calculated for the
relationship between measured and calculated total phos-
phorus concentrations. We also determined an empirical Y5%
confidence interval for the calculated total phosphorus con-
centrations of cach model by calculating the standard devia-
tion of the mean difference between the measured total phos-
phorus concentrations and the calculated total phosphorus
concentrations. The average crror was calculated as the mean
of the absolute values of the differences between the untrans-
formed calculated and measured total phosphorus values. The
pereentage of crror was the mean of the same differcnces
divided by the measured values and multiplied by 100. These
five measures of precision were used (o evaluate the respec-
tive models.

The best empirical phosphorus loading model (Table 5) was
formed by using Lquations 5 and 6 to predict phosphorus
sedimentation coeflicients separately in the natural and arti-
ficial lukes (Fig. 2). This model had the smallest 95% confi-
dence interval (31-288% of the calculated total phosphorus
vadue) and the highest correlation cocfficient (r = 0.83).
Almost identical results were obtained when the total phos-
phorus was calculated separately for natural and artificial
lakes with Equation 8 that incorporated an immediate sedi-
mentation loss along with a sedimentation coctlicient based

" on volumetric phosphorus loading. Only slightly less precise

results were obtained with the same models when no distine-
tion was made between natural and artificial lakes or with the
models of Larsen and Mercier (1976) with rederived coeffi-
cients. Several of these models can be used with about equal
suceess to predict total phosphorus concentrations in a broad
range of natural and artificial lakes. The other models tested
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TapLe 5. Comparison of caleulated and measurcd total phosphorus concentrations fur the
model verification data set using several proposed prediction models. Error estimates include
the slope of the regression line (S), average error (AE), percentage of error (PE), and 95%
confidence limits as percentages of the calculated total phosphorus value (CL). See text for
methads of calculation.

Correlation Eror estimates
coelficient
Model r S AE PE CL
This study with 0.83 098 38 44 31-288
o = 0.162(L /2" for natural lakes and ‘
o = 0.114(L[2)"38 for anificial lukes
This study with . 0.82 096 38 48 31-300
0.81.
TP = 0.422
2(00942(L12)7 74 + p)
for natural lakes and
= 0.8
T 2(0.0569(L /)" + p)
for antificial lakes
This study with ~ ol 097 42 46 29-301
o = 0.129(LI)"
This study with 0.81 091 42 53 31-333
p = 0.491.
7 2(0.0926(L /)" + p)
Larsen and Mercier (1976) with 0.80 091 42 64 25-391
) .
R = mﬁﬁ; for natural lakes and
! . -
R = ————-————-“ " 0.5!5{)"'5—5—'; for antificial fukes
ALarsen and Mereier (1976) with } 0.79 0.71 48 69 25-395
_ 1
T (£ 0.614p%9) ,
This study with 0.7 01 52 78 26—-435
P = 0.603L
- 2(0.257 + p)
Larsen and Mercier (1976) with 0.79 072 57 92 15-500
_ |
a+p%5
“Jones and Bachmann (1976) with 0.79 0.67 57 85 29--514
o = 0.94 :
Jones and Bachmann (1976) with 0.79 0.69 63 100 34-564
o = 0.65
*Reckhiow (1979) 0.73 0.71 51 86 23-448
v =299 + 1.7,
Kirchner and Dillon (1975) 0.7) 0.66 53 75 19—-444

R = 0.426cxp(—0.271¢,)
+0.574exp(—0.00949¢,)
Reckhow (1979) with 0.68 0.63 52 7! 15—440
v =106+ 1.2¢

“Chapra (1975) with 0.71 0.68 6! 106 27599
v =353 )

Yollenweider (1975) 0.68 0.62 57 83 18—-524
o = Wz

Chapra (1975), Chapra and Tarapchak (1976) 0.66 0.60 56 78 15-500
v=124 -

“Coeflicients recalculated using our model development dita set.
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were less precise as indicated by the various error terms and
confidence limits.

The success of the new models supports the proposed role
of allochthonous particles in phosphorus sedimentation loss-
cs, but new field studics will be necessary to provide direc
proof. No indication is given about the relative importance o1
immediate sedimentation of particulate phosphorus versus
sedimentation in the open waters because the equations with
and without the immediate sedimentation terms gave similar
results.

Prediction of Trophic States

If we assume that these models can be used to provide a
fiest approximation of the concentration of total phosphorus in
natural and artificial lakes, can we predict other measures of
lake trophic state? Chlorophyll @ concentrations and Scecchi
disc transparencies often are used as indices of lLuke trophic
state; therefore, we cxamined the phosphorus —chlorophyll ¢
and chlorophyll a—Secchi rcltionships for the EPA-NES
natural  and artilicial  lakes. Figure 3 illustrates  the
phosphorus—chlorophyll a retationship for natural and arti-
ficial lakes. The relationship for natural lakes was not as
strong as the relationships reported in the literature (Dillon
and Rigler 1974a; Jones and Bachmann 1976), but the EPA-
NES chlorophylls were not peak summer chlorophyll values.
Most of the scatter occurs at higher phosphorus concentra-
tions, thus suggesting that factors other than phosphorus arc
limiting algal levels in lakes with high phosphorus concentra-
tions. Figure 3B clearly illustrates that the phosphorus—
chlorophyll a relationship is much weaker (r = 0.57) in
antificial lakes, with many points falling below the line pre-
viously established for natural takes. Factors other than phos-
phorus would seem to be limiting afgal levels in many
artificial lakes, but many artificial lakes have algal levels in
agreement with the phosphorus—chlorophyll a relationship.

Water clarity in_natural lakes often is a function of algal
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levels (Bachmann and Jones 1974; Dillon and Rigler 1975).
In the EPA-NES lakes we found a strong corrclation between
lake transparencies as measured by use of a Secchi disc and
chlorophyll a conceatrations (Fig. 4A; r = 0.83), but the
relationship in the artificial lakes was much weaker (Fig. 4B;
r = 0.44). This cvidence provides quantitative support for
the conunon observation that nonalgal turbidities arc impor-
tant as determinants of water clarity in many artificial lukes.
From these results, it is evident that predictions of luke trophic
states by using the phosphorus—chlorophyll « relationship or
the chlorophyll a —Secchi relationship developed from data
on natural lakes will be less retiable for antificial lakes than for
natural lakes.

Discussion

Simple empirical phosphorus loiding models can be useful
lake management and rescarch tools if the limitations of the
models are recognized. Because the empirical models in this
study were developed from data on lukes covering a broad
geographic area and a wide range of limnological conditions,
the models should be applicable to most natural and artiticial
lakes within the United States and adjacent areas of Canada.
The models should be applied with caution, however, to lukes
in closed basins, bays within lukes, or any lake that has
characteristics different from the lakes used to develop these
models. The models probably will work equally well through-
out the temperate region, but they should be carelully tested
before being used in other areas of the world.

We have showa that by using volumetric phosphorus load-
ing to estimate sedimentation coefficients, we could calculate
total phosphorus concentrations in both natural and artificial
lakes with smaller confidence intervals than could be done
with previously available models. The confidence interval of
our best model, however, ranges between 31 and 288% of the
calculated total phosphorus value. Regardless of the specific
model, the cmpirical phosphorus models should be used only
for making order of magnitude estimates of phosphorus con-
centrations in lakes because of the uncertainty associated with
the predictions.

As with any type of model, the predicted results should be
cviluated carclully. Special caution is warranted when the
cmpirical models are used to predict the response of lakes to

nutricnt reductions. Though the models may predict a signifi-
cant drop in lake phosphorus conceatrations with a reduction
of phosphorus loading, obscrved phosphorus concentrations
may not drop. Previous studies have shown that fakes that
were cutrophic for only a few ycars recovered nearly imme-
diately with reductions in phosphorus inputs (Michalski and
Conroy 1973; Schindler 1975). Lakes with a fong history of
high phosphorus loadings, however, recovered very slowly
(Ahlgren 1972; Bjork 1972; Larsen et al. 1975). Schindler
(1976) suggested that this difference in response time may be
related to the degree to which sediments-are saturated with
nutricnts. He suggested that, in lukes receiving many years of
high phosphorus loading, the sediments may release phos-
phorus to the water for long periods, thus delaying recovery.
Until rescarch clarifics the role of bottom sediments, caution
must be used when predicting the response of lakes o redue-
tions in historic loading levels.

We believe that the empirical models developed in this
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study represent the limit of the predictive abilities of the
simple empirical phosphorus models. The addition of more
lakes to this large s.\mplt. probubly will not significantly alter
our results. We recognize that many of the assumptions of the
simple input—output models do not always hold and that there
are crrors, occasionally large errors, associated with the
measurement of the basic data, but signiticant reductions in
the remaining crror term probably will be accomplished only
when additional variables are added to the models. Although

increasing the complexity of the models will be necessary if
we are 10 model luke systems accurately, we should try to
choose variables that reduce the remaining error term yet
preserve the generality of the models. Although cach lake
probubly is different, we believe that there are other gencral
relationships that will permit us to model a wide range of lakes
with reasonable accuracy.

Our studies suggest that information on sediment dynamics
in a broad range of natural and artificial lakes may provide
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uscful information for the development of better predictive
modcls. Though phosphorus sedimentation rates could not be
statistically related to total phosphorus concentrations, alka-
linity, or chlorophyll « concentrations, our studics suggested
that inputs of allochthonous sediments may be an important
determinant of sedimentation rates. The inflowing sediments
may absorb phosphorus from the water, remove the phos-
phorus to the sediments, and retain the phosphorus in the
sediments  similar to alum  freatments used in nutrient-
inactivation experiments. Even if the sediments do not settle
to the bottom, they ean reduce light availability to algae, thus
preventing the development of high densitics of plankton
algae. Studies on the effects of sediments on phosphorus
sedimentation rates, and on nutrient and light availability arc
needed.

Natural and artificial lukes often arc considered as two
distinct lake types. There are, of course, many obvious differ-
«ices between them, but our studies indicate that these wirters
represc. o+ ul' limnological conditions and should not be
treated as distinctly different lake types. We were able to
show that our phosphorus models could work equally well in
natural or antificial Jakes. Although we did find a slight im-
provement when we used separate equations to estimate phos-
phorus sedimentation rates in natural and artilicial lakes, this
ditference may reflect some qualitative differences in the
phosphorus inputs related to geographic location. The natural
and antificial lakes are not randomly distributed. Many of the
natural lakes in this study are located in glaciated regions
while the artificial lakes are located basically in older geolog-
ical formations. Differences in sediment inputs may account
for the observed differences. We suggest, however, that
natural and artificial lakes represent a continuum of limnolo-
gical conditions that should be investigated thoroughly.

Though we can predict total phosphorus concentrations
cqually well in natural and artificial lakes, predictions of algal
population densities as measured by chlorophyll ¢ concentra-
tions and Secchi disc transparency are less reliable in the
artificial lakes. However, many artificial lakes do follow the
relationships established for natural fakes. Artificial lakes that
deviate may have high levels of nonalgal wirbidities. Until
these problems are quantilied, caution should be used when
predicting the algal levels and transparency of artificial lukes.
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