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Figure 1.—Chlorophyll- TP relationsat differentlevels of aggregation.
a) Individual Observations — data points are from Chl and TP
analyses conducted on individual samples of lake water. Fitted
regression model is Log,, Chl =-0.42 + 0.94 * Log,, TP, R*=0.52. b)
Seasonal means - data points are averages of individual observations
in a given lake during a particular summer. Fitted regression model
is Log,, Chl=-0.58 + 1.05 * Log,, TP, R*=0.69. c) Lake means —data
points are averages of the seasonal means for each lake. Fitted

regression model is Log,, Chl =-0.70 + 1.13 * Log,, TP, R*=0.84.

phosphorus measurements from their various study
lakes into seasonal mean values prior to statistical
treatment. Since then, scores of publications have
described models predicting average algal chlorophyll
from mean phosphorus values. Among these, there are
globalmodels based onlake data fromseveral continents
(Dillon and Rigler 1974, Jones and Bachmann 1976,
OECD 1982), regional models (Canfield 1983, Quiros
1990, Jones and Knowlton 1993), and models for
individual lakes (Edmondson 1972, Smith and Shapiro
1981, Knowlton and Jones 1990). In some data sets,
algal biomass responds in a non-linear, or sigmoidal
fashion to phosphorus (McCauley et al. 1989, Watson
et al. 1992, Knowlton and Jones 1993). Variability in
regressions of Chlon TP arises from a variety of physical,
chemical, and biotic factors. Light limitation, water
residence time, nitrogen limitation, zooplankton
grazing, and other conditions have been identified as
important (Sakamoto 1966, Shapiro 1980, Straskraba
1980, Hoyer and Jones 1983, Riley and Prepas 1985).
Generallyignored, however, is that the practice of data
aggregation—averaging data into means—can affect
the quantitative features of these models and the
perceived influence of otherlimiting factors (Knowlton
etal. 1984).

When an empirical Chl-TP model, formulated
using seasonal means or long-term lake means
(aggregated data), is used to draw inference or make
predictions at finer scales (unaggregated data), there
is an implicit assumption that the relation remains the
same at these variousscales. If the identity of individual
lakesisirrelevantinidentifyinga cross-sectional pattern
in regression analysis on aggregated data, then this
assumption, and inferences, are appropriate. However,
ifthe Chl-TP relation differsamonglakes, or within any
given lake over time, then it is inappropriate to ignore
scale (level of aggregation) in making inferences or
predictions from cross-sectional models. Possible
differences in Ch}TP relations among lakes include
both differencesin the underlying regression equation
and differences in the observed ranges of Chl and TP.
Both phenomena may cause regressions developed
from data at one level of aggregation to differ from
those developed at another level or scale.

The ‘effects of data aggregation’ on the results of
regression analysis can be grouped into two broad
categories: effects on the strength of Chl-TP relations
as judged by the coefficient of determination, and
effects on the functional form of regression equations.
The impact of data aggregation on the strength of the
relation, which impacts our level of confidence in
prediction of Chl based on observed TP, isa well-known
statistical phenomenon. Yule and Kendall (1950) were
among the first to recognize that relations among
variables estimated from aggregated data tend to be
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stronger than the same relations estimated from
unaggregated data. The effect of data aggregation on
regression equations themselves poses a more difficult
problem for statistical treatment, because these effects
involve problems of model misspecification (Langbein
and Lichtman 1978). If present, both types of aggre-
gation effect have the potential toinvalidate inferences
about individual lakes made on the basis of models
from aggregated data.

The purpose of this paper is to use observations
from a large data base on Missouri reservoirs to
demonstrate howdat aggregation influences our ability
to transfer inferences from large-scale comparative
analyses of Chl-TP relations to finer scales. Itis impor-
tant in limnology to understand the implication of
models based on aggregated data. Inferences from
data expressed as seasonal or lake means provide us
with functional theories about system characteristics
and allowus to predict conditions in unsampled systems.
Understanding the conditions under which aggre-
gation is likely important to scientific investigation is a
topic of current research (e.g., Cressie 1996). The
results presented are also pertinent for a variety of
other empirical relations based on data aggregation
(Peters 1986),

Database

Data for this analysis come from studies of Missouri
reservoirs during 1978 to 1996in which samples during
summer have been used to characterize in-lake
conditions and processes (e.g., Knowlton et al. 1984,
Jonesand Knowlton 1993). This large data setallows us
to evaluate the Chl-TP relation at several levels to
determine the effect ofaggregating dataand determine
whether aggregate models describe individual lake
behavior. Our approach was to screen the historic data
set and select reservoirs with from 6 to 14 seasonal
means (eachwith 2to 14samples persummer). Analyses
were conducted using individual observations
(conditions in a reservoir on a given sampling date,
n=3599), seasonal means (n=1078), and lake means
(average of the seasonal means, n=119). A summary of
these data, at the level of the lake mean, is given in
Table 1. Unpublished data from Lake Woodrail, located
in central Missouri, was used to illustrate the variability
of chlorophyll and phosphorus in a single lake. This
lake was sampled each day during May through August
199296 (n=5 seasons). All measurements are from
summer and these data come from a single laboratory
and, therefore, minimize the effects of time scale and
methodology on the residual variance in these analyses
(Nicholls and Dillon 1978).

Table 1.-Data set characteristics. Data were collected
between 1978 and 1996 from 119 reservoirsin Missouri.
Means of CHL and TP are weighted by lake and are
back-transformed from the log ; units in which they
were calculated.

Mean Range
Years per Lake 9.1 6-14
Days per Year 3.4 2-14
CHL (pg.L'") 104 0.3- 368
TP (ug.L") 33.3 1.7 - 692
Results

The effect of data aggregation on Chl-TP in 119
Missouri reservoirs is shown in Fig. 1. Variation about
the regression is clearly a function of averaging; the
relation strengthens with higher levels of aggregation.
Among individual observations there was a 18-fold
range in Chl at any given level of TP (Fig. 1a) with a
coefficient of determination (R?) of 0.52. Variation in
Chl at fixed levels of TP dropped to ninefold among
seasonal means with an R? of 0.68 (Fig. 1b). When data
were averaged to the level of the lake mean, the range
in Chl for given TP value was about fourfold and the R?
was 0.84. Even though the aggregated data show a
stronger relation than unaggregated data, linear
regressions fitted to log transformed data in Fig. 1 were
similar. The lake mean model did not differ from the
other two relations (p>0.05, using a standard general
linear test). This finding isin keeping with the hypothesis
that a cross-sectional pattern between TP and Chl in
this population of lakes is the same at each level of
aggregation.

Todemonstrate variation in Chl-TP in unaveraged
data, we plotted the maximum and minimum Chlvalue
from each lakein the datasetagainst the corresponding
TP value (selected from an average of 30 values
measured during 6to 14years of sampling) . On average,
maximum Chlwassome 15 times the minimum. Further,
it is likely that the actual range within each lake was
much larger than represented in our data. In Lake
Woodrail, where sampleswere collected each day during
five summers (n=597), the maximum-minimum
fluctuation in Chl was 58-fold. To further illustrate
variation within ourstudy lakes, we connected maximum
and minimum Chl values from each study lake with
straight line (Fig. 2b). In most Missouri reservoirs,
maximum Chl values were responsive to increases in
TP. However, in about 20% of the study lakes Chl
declined with TP; among the data points for these lakes
minimum Chl co-occurred with high levels of TP, and
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Figure 2.-Minimum and maximum Chl observed in each lake
(individual observations) plotted against the TP measured in the
same samples. a) Maximum Chl plotted as solid circles, minimum
Chl plotted as open circles. b) Maximum and minimum observations
from each lake connected by lines.

maximum Chl was measured at moderate TP. This
simple example, using only the most extreme values of
Chl from each waterbody, shows that response of Chl to
TP within individual lakes in the datasetisnotuniversal.

Among individual observations in each lake the
correlation between Chl and TP ranged between -0.56
and 0.93; some 13% of the r values were <0 and nearly
the same proportionwere >0.75. In mostlakes, Chland
TP track one another (Fig. 3a), and the process
operating in the aggregated data seems to apply over
time within each, although with a greater level of
variability. In these lakes an investigator would identify
the Chl-TP relation using individual observations. In
some lakes, however, there waslittle temporal variation
in TP resulting in poorly defined, nonsignificant
relations between Chl and TP (Fig. 3b). The lack of a
clear relation would call into question whether the
empirical relationshown in Fig. 1 applies in these cases.

The negative Chl-TP pattern demonstrated with
maximum and minimum Chl in Fig. 2b occurs in our
most turbid reservoirs (Jones and Knowlton 1993,
Knowltonand Jones 1993). Peak TP levels are associated
with elevated levels of inorganic suspended solids
(Fig. 4a), which increase non-algal light attenuation
(Fig.4b) and reducealgal growth (Knowlton and Jones
1996). Periods of rapid flushing may also be a factor
reducing algal response to nutrients (Soballe and
Threlkeld 1985, Knowlton and Jones 1990). In these
turbid lakes, the cross-sectional Chl-TP relation does
not operate, Instead, they represent a second category
where Chl-TP is negative as shown in Fig. 3c. And in
several lakes we have evidence ofa dual response in the
Chl-TP relation (Fig. 3d). In wet years when TP inputs
are associated with turbidity, the Ch}-TP relation is
negative, butin dry years the relation is positive and in
some cases quite strong. This bifurcated pattern may
be present, to a lesser extent, in 2 number of the study
lakes and seems tied to weather and runoff.

The negative ChI-TP relation in some lakes is not
obvious from the among-lake patterns in Fig. 1. It
certainly is a source of variation in the individual
observations and this becomes dampened with
aggregation. This effect is most simply demonstrated
using lake data from Fig. 3. When individual obser-
vations (Fig. ba) are aggregated to the level of the
seasonal mean (Fig. 5b), the orbit of individual points
representing the negative Chl-TP relation in
Fig. ba appears as a small number of outliers relative to
the general pattern. When reduced to lake means
(Fig. 5¢), allvalues closely match the composite pattern
with averages from the turbid lakes being displaced
slightly below the regression line. At this level, the
negative Chl-TP relation is completely masked, and the
positive, cross-sectional Chl-TP pattern would wrongly
be thought to apply to all lakes in the group.


















