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Abstract

We investigated how watershed land use (a gradient of agricultural vs. forested land) relates to phytoplankton
primary production (PPr) and photosynthetic parameters in 12 reservoirs in Ohio and examined spatial variation in
these parameters. Shallow sites near stream inflows had higher light attenuation, total phosphorus (TP), chlorophyll,
nonvolatile suspended solids (NVSS), light-saturated photosynthesis (P ), and volumetric PPr than deeper sites nearB

m

dam outflows, but areal PPr and the initial slope of the photosynthesis–irradiance curve (aB) were not significantly
different between sites. Mean mixed layer irradiance and the severity of light limitation did not differ between sites
because shallower depths compensated for higher light attenuation at inflow sites. Watershed land use (percent
agriculture) was only weakly (but significantly) related to mean annual PPr, TP, and chlorophyll, but there was a
well-defined upper limit to the effect of land use on all three of these parameters. Multiple regression showed that
inclusion of additional watershed factors (the ratio of watershed land area to reservoir volume and the ratio of
cropland area to number of livestock) greatly increased the variance explained compared to land use alone. TP and
chlorophyll were highly correlated with each other and with PPr. Comparison of our TP–chlorophyll, TP–PPr, and
chlorophyll–PPr regressions with those of other studies suggests that reservoirs have lower PPr per unit TP than
natural lakes, probably because of lower light intensity and higher concentrations of nonalgal P in reservoirs.

Watershed land use affects the amount of nutrients ex-
ported into lakes and reservoirs via stream inflows. Water-
sheds dominated by agricultural or urban lands typically ex-
port nutrients at higher rates than undisturbed watersheds
(Vitousek et al. 1979; Beaulac and Reckhow 1982; Puckett
1995). However, considerable variation exists in the rela-
tionship between land use and watershed nutrient export
(Mueller et al. 1995; Puckett 1995), as well as in the rela-
tionship between nutrient loading rate and eutrophication in-
dicators such as nutrient concentrations, algal biomass, and
algal productivity (Carpenter et al. 1998; Correll 1998;
Smith 1998). Export of sediments from watersheds is also a
function of land use. In particular, agricultural watersheds
export considerable quantities of sediment as well as nutri-
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ents. Loading of sediments can reduce algal productivity by
decreasing light intensity (Hoyer and Jones 1983; Kimmel
et al. 1990; Knowlton and Jones 1995).

Quantitative relationships between watershed land use and
indicators of lake eutrophication are exceedingly scarce (e.g.,
Field et al. 1996; Siver et al. 1999; Arbuckle and Downing
2001; Prepas et al. 2001). This is surprising, considering that
land use patterns are changing rapidly in many parts of the
world (Sala et al. 2000) and that lakes integrate watershed
processes. To our knowledge, no multiple-lake studies have
explicitly quantified the relationship between land use and
phytoplankton primary productivity. In addition, we know
of no studies explicitly relating land use to any eutrophica-
tion indicators in reservoirs. In this paper, we explore how
agricultural land use in watersheds is related to phytoplank-
ton primary productivity, photosynthetic parameters, and as-
sociated eutrophication indicators in reservoirs.

Reservoirs can be especially influenced by inputs of nu-
trients and sediments because they have relatively large wa-
tersheds compared to natural lakes (Kimmel et al. 1990;
Wetzel 1990). In addition, many reservoirs in the U.S. Mid-
west reside in agricultural watersheds and likely experience
high rates of sediment and nutrient inputs (Kimmel et al.
1990; Knowlton and Jones 1995; Knowlton and Jones 2000).
Because of the influence of stream inflows, reservoirs often
exhibit pronounced longitudinal gradients in light and nutri-
ents, which can result in gradients in the physiological pro-
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Fig. 1. Representation of photosynthetic parameters and data
from a test of holding time on photosynthetic rate using Acton Lake
phytoplankton.

Table 1. Characteristics of study lakes and their watersheds and the number of times lakes were sampled for primary production,
photosynthetic parameters, and potential predictor variables. Total P and chlorophyll values represent simple means of all dates sampled
during the 3 yr.

Lake
Surface area

(ha)
Mean depth

(m)
Total P

(mg L21)
Chlorophyll

(mg L21)

Watershed
area

(km2)

Watershed land use
(% of watershed area)

Agriculture Forest Other

No. of dates
sampled

(1998, 1999,
2000)

Acton (A)
Alum Creek (M)
Berlin (E)
Burr Oak (B)
Caesar Creek (C)
Delaware (D)
Knox (K)
La Due (L)
Piedmont (I)
Pleasant Hill (P)
Stonelick (S)
Tappan (T)

232
935

1560
266
719
453
195
566
982
312

58
964

3.9
7.8
4.5
4.5

11.0
3.5
2.1
3.7
4.5
4.8
2.1
3.3

129.9
27.6
25.9
43.0
48.9
91.7
77.6
50.4
49.8
85.5

153.1
59.1

56.3
11.5

4.9
10.8
10.0
31.8
25.6
15.9
12.2
32.9
14.2
20.8

257
321
640
86

608
1060

80
93

222
512
60

184

88.8
72.4
53.5
13.6
84.3
84.2
67.3
35.2
36.7
50.8
78.4
28.6

9.3
21.8
38.9
80.9
12.5
13.5
28.0
47.1
56.2
44.8
19.4
63.7

2.0
5.9
7.6
5.6
3.3
2.2
4.6

17.7
7.1
4.4
2.2
7.7

7,8,10
2,2,1
2,*0,0
3,*5,7
4,0,0
3,2,1
2,*0,0
2,2,1
1,0,0
2,3,7
4,0,0
2,0,0

* On all dates in Berlin, one date in Burr oak, and one date in Knox, only the outflow site was sampled.

cesses underlying photosynthesis and, hence, primary pro-
duction rates (Kimmel et al. 1990). aB, the slope of the
light-limited part of the photosynthesis–irradiance (P-I)
curve, and P , the light-saturated photosynthesis rate (Fig.B

m

1) are parameters often used to characterize phytoplankton
photosynthetic physiology (Fee et al. 1992). aB and P canB

m

vary with lake trophic status (Fee et al. 1987) and along
gradients of light and nutrients. However, we know of no
studies that have explicitly investigated the relationships be-
tween land use and these photosynthetic parameters.

Here, we examine how agricultural land use in watersheds
affects primary productivity and photosynthetic parameters
among and within 12 reservoirs and relate these variables to
light and nutrient concentrations. We sampled sites near
stream inflows, where nutrient and sediment inputs are hy-
pothesized to be relatively high, and near the dam where
these inputs are hypothesized to have fewer effects. We hy-
pothesize that as watersheds become increasingly dominated
by agriculture, primary production, aB, and P will increaseB

m

because of increased nutrient inputs. Furthermore, we hy-

pothesize that both photosynthetic parameters will be higher
at inflow sites than at dam sites; P because nutrient avail-B

m

ability is higher at inflow sites and aB because phytoplankton
at inflow sites should be better adapted to low light condi-
tions.

Methods

Study sites—We quantified primary productivity, photo-
synthetic parameters (aB and P ), and potential predictorB

m

variables (watershed parameters, nutrients, light intensity,
and the concentration of nonvolatile suspended solids) in 12
Ohio reservoirs between April and October 1998–2000.
These reservoirs span a wide gradient of watershed land use,
total phosphorus (TP), and chlorophyll (Table 1). In 1998,
we sampled all 12 reservoirs (except Piedmont) at least
twice, whereas in 1999 and 2000, we sampled six reservoirs
(Table 1). With a few exceptions (Table 1), we sampled each
reservoir at a site near stream inflows and a site near the
outflow (dam). ‘‘Inflow’’ sites were usually shallow and
well-mixed, and the euphotic zone usually encompassed the
entire water column. ‘‘Outflow’’ sites were located at the
deepest area of a lake, near the dam, and usually were ther-
mally and chemically stratified.

Land use—Land use data were obtained from the Ohio
Department of Natural Resources Geographic Information
Management Systems database (www.dnr.state.oh.us/gims).
Land use data were generated in 1994 from thematic mapper
imagery with a pixel size of 30 3 30 m.

Sampling—Integrated water samples taken from the eu-
photic zone (depths where photosynthetically available ra-
diation [PAR] $ 1% of surface intensity) using a piece of
weighted tygon tubing were used for primary production
(PPr) and chemical analyses. We also collected water for
chlorophyll analyses at 1-m intervals using a Van-Dorn sam-
pler. PAR was measured at 0.5- or 1.0-m intervals with a



610 Knoll et al.

Fig. 2. Spatial variation in primary production, photosynthetic
parameters, and associated variables. Each point represents a mean
of all observations for a particular year. Dashed lines indicate 1 : 1
relationships. Lake codes are given in Table 1. Units: P , mg CB

m

(mg Chl)21 h21; aB, mg C (mg Chl)21 (mol PAR)21 m22; light at-
tenuation, m21; NVSS, mg L21; mean light in mixed layer, mmol
photons m22 s21; light limitation, Imix/Ik; total P, mg P L21; chloro-
phyll, mg chlorophyll L21; areal PPr, mg C m22 d21; volumetric PPr,
mg C m23 d21, averaged over the euphotic zone.

LiCor model Li-189 quantum photometer radiometer
equipped with a spherical underwater sensor and used to
determine the light attenuation coefficient (k) following the
relationship k 5 ln(I0/Iz)/z, where I0 and Iz are PAR at the
lake surface and at depth z. Mean PAR in the mixed layer

(Imix, mmol photons m22 s21), using simulated cloud-free so-
lar data, was determined with the computer program DTO-
TAL (Fee 1990). We inferred that phytoplankton were light
limited when Imix/Ik , 1, where Ik 5 P /aB (Fig. 1). Dis-B

m

solved oxygen and temperature, used to determine mixed
layer depths, were measured at 0.5- or 1.0-m intervals using
a YSI Model 58 meter.

Primary production—All of our PPr data represent sim-
ulated cloud-free rates (Fee et al. 1987, 1992). Integrated
samples for PPr analyses were stored in 2-liter amber nal-
gene bottles (to block light; Fee et al. 1989, 1992) at eu-
photic zone temperatures until PPr estimates were made. In
the laboratory, samples were transferred to a 1-liter dark
glass bottle, and NaH14CO3 (2.5–10 mCi) was added. After
thorough mixing, water was allocated to 12 66-ml pyrex
glass bottles and exposed to a range of light intensities for
1–3 h in a clear Plexiglas box illuminated with a 1,000 W
Sylvania Metalarc metal halide bulb at temperatures within
28C of euphotic zone temperatures (Fee et al. 1989, 1992).
To estimate 14C available to phytoplankton, four 0.5-ml sam-
ples from the dark glass bottle and four samples from in-
cubated bottles were transferred to scintillation vials con-
taining 9.5 ml Scintiverse BD fluor. After incubation, water
from each bottle was filtered through a Gelman A/E glass
fiber filter to collect phytoplankton. Filters were placed in
scintillation vials in a drying oven at 608C overnight, and
10 ml fluor was added to each vial. Radioactivity was as-
sayed with a Beckman LS-1800 scintillation counter and
corrected for quenching with a cpm-H number relationship
(e.g., Cole et al. 1992). Except for the first few experiments
in 1998, we used 10 light intensities and two dark bottles to
generate a P-I curve for each estimate of primary production
(i.e., for each reservoir site on each date). 14C uptake rates
in dark bottles were subtracted from those in light bottles to
correct for nonphotosynthetic uptake. On average, 14C uptake
rate in dark bottles was 6.4% that of light-saturated uptake
rates (SE 5 1.1%).

We attempted to measure PPr as quickly as possible after
sample collection. However, lengthy travel times to many
lakes precluded PPr measurements on the same day on
which samples were collected. Twenty-seven percent of PPr
measurements were made on the same day of sample col-
lection, whereas 54, 16, and 3% were made 1, 2, or 3 d after
collection. We verified that holding samples in the 2-liter
dark nalgene bottles for up to 3 d does not affect PPr using
water from Acton Lake (which had the highest mean phy-
toplankton biomass; Table 1) collected on 18 August 1998.
We measured PPr (as well as chlorophyll and DIC) on that
day and again on 21 August 1998. In the intervening 3 d,
water was held in the dark bottle at euphotic zone temper-
ature. We found that the P-I curves were nearly identical
whether PPr was quantified on the day of collection or 3 d
later (Fig. 1). Therefore, we are confident that our estimates
of photosynthesis were not biased by the holding period.

The photosynthetic parameters aB and P were estimatedB
m

from P-I curves and chlorophyll concentrations using the
computer program PSPARMS (Fee 1990). Simulated cloud-
free PPr was calculated for a single date and seasonally using
the computer programs DPHOTO and YPHOTO, respec-
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tively (Fee 1990). Inflow and outflow sites were run sepa-
rately. For depths common to both inflow and outflow sites,
depth-specific photosynthetic rates were averaged for the
two sites and then multiplied by the lake-wide volume of
that depth stratum to give productivity in each stratum. Strata
were summed to give whole-lake productivity. In order to
obtain areal productivity (mg C m22 d21), whole-lake pro-
ductivity was divided by the surface area of the lake. Whole-
lake volumetric productivity within the euphotic zone (e.g.,
Smith 1979) was obtained by dividing areal productivity by
the euphotic zone depth.

Analytical procedures—Chemical analyses included chlo-
rophyll, dissolved inorganic carbon (DIC), TP, and nonvol-
atile suspended solids (NVSS). Chlorophyll was quantified
on integrated samples (to estimate chlorophyll-specific pho-
tosynthetic rates from our incubations) and on depth-specific
samples (used to generate water column productivity). Other
analyses were conducted only on integrated samples. For
chlorophyll, samples were filtered onto a Gelman A/E glass
fiber filter, frozen, extracted with acetone, and quantified us-
ing a Turner model TD-700 fluorometer calibrated with com-
mercial standards dissolved in acetone. DIC available for
photosynthesis was quantified using gran alkalinity titrations.
NVSS concentrations were quantified because light attenu-
ation in reservoirs is often due to suspended inorganic par-
ticles (Kimmel et al. 1990; Knowlton and Jones 2000). To
quantify NVSS concentrations, we filtered water through
pre-ashed, preweighed Gelman A/E filters. Filters were then
dried and reweighed to obtain total suspended solids, then
ashed and reweighed to obtain NVSS (Knowlton and Jones
2000). Samples collected for TP analyses were placed in
translucent nalgene bottles, then frozen (1998) or acidified
(1999 and 2000) until analysis. TP was determined with the
molybdenum blue technique following potassium persulfate
digestion. In 1998, TP analyses were done manually, where-
as in 1999 and 2000, analyses were conducted with a Lachat
FIA1 QuikChem 8000 series autoanalyzer.

Statistical analyses—Because lakes were sampled at var-
iable frequencies, we standardized data as simple means for
each variable for each year to facilitate statistical analyses.
This procedure helps equalize the contribution of each lake
and reduces problems of pseudoreplication (Hurlbert 1984)
associated with having several samples from the same lake
within a single growing season.

To evaluate differences between inflow and outflow sites
in primary production, photosynthetic parameters, and po-
tential predictor variables, we conducted paired t-tests on
annual means from the two sites. We conducted these anal-
yses on log-transformed data to stabilize variances, but we
show untransformed data in graphics to facilitate presenta-
tion of spatial trends.

To evaluate the extent to which PPr and photosynthetic
parameters can be predicted by watershed land use (percent
agricultural land), TP, and chlorophyll, we performed simple
linear regression analyses of these predictor variables with
PPr, aB, and P as dependent variables, using annual meansB

m

as observations. We performed regressions using lakewide
data as well as site-specific data. However, lakewide regres-

sions involving aB and P were treated differently fromB
m

those involving other dependent variables. For regressions
in which chlorophyll and TP were dependent variables, lake-
wide values were obtained on each date as the simple mean
of inflow and outflow data. Annual means of these lakewide
values were then used in lakewide regressions. This seemed
reasonable given that TP and chlorophyll are mass quantities
for which lakewide averages have inherent meaning. For aB

and P , however, the mean of two spatially distinct valuesB
m

has little meaning. Therefore, we used both inflow and out-
flow data together for lakewide regressions. For lakewide
and site-specific regressions, we used the arcsine–square root
transformation on percent land use and the logarithmic trans-
formation on other variables, but we show untransformed
data in graphics to facilitate visual depiction of relationships.

Theoretical principles suggest that some ecological rela-
tionships can display ‘‘triangular’’ or ‘‘wedge-shaped’’ dis-
tributions rather than linear or log-linear patterns. In this
case, the scatter of points in a bivariate plot is distributed in
the shape of a triangle lying beneath an upper bound (Black-
burn et al. 1992; Goldberg and Scheiner 1993; Kaiser et al.
1994). For example, it has been argued that the relationship
between a potential limiting nutrient and algal biomass (e.g.,
TP and chlorophyll) should be triangular because the limit-
ing factor sets the upper bound of algal biomass, but other
factors keep biomass at lower levels (Kaiser et al. 1994).
Inspection of our plots of land use against TP, chlorophyll,
and PPr strongly suggested triangular distributions in all
three cases, so we conducted additional analyses to quantify
the nature of these relationships following procedures out-
lined by Blackburn et al. (1992). To do so, we divided the
predictor variable (percent agricultural land, after arcsine–
square root transformation) into intervals of 10% and ob-
tained the maximum value of the (log-transformed) depen-
dent variable for each interval. These maxima were then
regressed against percent agricultural land. This procedure
resulted in six intervals, which falls within the range sug-
gested by Blackburn et al. (1992).

We also employed stepwise multiple regression using ad-
ditional watershed features to predict TP, chlorophyll, and
PPr. Thus, in addition to percent agricultural land, we used
the ratio of watershed land area to lake volume (a presumed
index of relative watershed influence) and the ratio of crop-
land area to the number of livestock animals in the water-
shed. The latter ratio is in an index of farming practice that
is positively correlated with lake N : P ratios in Midwestern
landscapes, presumably because fertilizers have a high N : P,
whereas animal wastes have a low N : P (Arbuckle and
Downing 2001). Data on cropland area and livestock were
not available on a watershed-specific basis, so we used coun-
tywide data for 1998 and 1999 from the U.S. Department of
Agriculture National Agricultural Statistics Service (http://
www.usda.gov/nass/). For each county, we added the total
land area (acres) planted with the five most common crops
(corn, soybean, wheat, oats, and hay) and for livestock we
added the total number of cattle, hogs, and sheep (poultry
data were not available). The quotient of these two sums
yielded a cropland : livestock ratio for each county. Some
watersheds spanned parts of more than one county, in which
case, we used a simple mean of the county-specific ratios to
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Fig. 3. Seasonal variation in photosynthetic parameters at inflow and outflow sites in Acton,
Burr Oak, and Pleasant Hill Lakes in 2000.

obtain an overall ratio for that reservoir. The watershed
area : lake volume and cropland : livestock ratios were log-
transformed prior to regressions.

Results

Spatial trends—Light-saturated, chlorophyll-specific pho-
tosynthesis (P ) was higher at inflow sites than at outflowB

m

sites, as hypothesized (Fig. 2). Contrary to our hypothesis,
aB did not significantly differ between sites, even though
NVSS concentration and light attenuation (k) were much
higher at inflow sites than at outflow sites (Fig. 2). Most
likely, aB was not significantly different between sites be-
cause mean light in the mixed layer (Imix) was not signifi-
cantly different between sites (Fig. 2). Further evidence that
the light climate was similar at inflow and outflow sites de-
rives from the light limitation index (Imix/Ik), which also was
not significantly different between sites (Fig. 2). TP and phy-
toplankton biomass (chlorophyll a) were significantly higher
at inflow sites than at outflow sites (Fig. 2). Volumetric pri-
mary production (mg C m3 d21) was higher at inflow sites
than outflow sites, whereas areal primary production (mg C
m22 d21) did not differ significantly between sites (Fig. 2),
apparently because the greater depth of the mixed layer at
the outflow sites compensated for lower volumetric produc-
tion rates.

Seasonal trends—Acton, Pleasant Hill, and Burr Oak
were the only reservoirs sampled intensively enough to ex-
amine seasonal variation in aB and P . Although Acton wasB

m

sampled regularly throughout the season in all three years,
Pleasant Hill and Burr Oak were sampled regularly only in
2000, so here we compare seasonal trends in photosynthetic
parameters only for 2000. aB tended to increase to a maxi-
mum in late summer, especially at Pleasant Hill (Fig. 3).

P was also highest in late summer in Pleasant Hill, butB
m

showed weak, if any, seasonal trends in the other two lakes.
Spatial trends in these three lakes generally followed the
same as those observed for the entire set of 12 lakes. Thus,
on 23 of 24 dates for these three lakes, P was higher (oftenB

m

much higher) at the inflow site than at the outflow site (Fig.
3). aB was consistently higher at the inflow site than at the
outflow site in Burr Oak and was usually higher at the inflow
site in Pleasant Hill, but in Acton Lake, there was no con-
sistent difference between sites in aB (Fig. 3).

Relationships of primary productivity and photosynthetic
parameters to land use, TP, and chlorophyll—Using simple
linear regression on transformed data, we found a weak but
significant positive correlation between watershed land use
(percent agricultural land in watershed) and PPr (Fig. 4; Ta-
ble 2). When sites were considered separately, the correla-
tion between land use and PPr was higher for inflow sites
than when lakewide data were used, but the correlation with
outflow site PPr was low and not significant (Table 2). Re-
lationships between land use and photosynthetic parameters
were generally weak (Table 2). In contrast to PPr, consid-
ering sites separately for photosynthetic parameters im-
proved the relationship for outflow sites but not for inflow
sites (Table 2). The land use–TP and land use–chlorophyll
relationships were also relatively weak but significant (Fig.
4; Table 2). When considering sites separately, the relation-
ship between land use and chlorophyll was stronger for in-
flow sites, but the relationship between land use and TP was
stronger for the outflow sites (Table 2). Land use was neg-
atively correlated with the light limitation index (Imix/Ik); that
is, as percent agriculture increased, phytoplankton became
more light limited. Variance explained was greater for the
land use–light limitation index than for any other regression
involving land use as a predictor (Table 2). TP and chloro-
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Fig. 4. Relationships between watershed land use (% agricul-
tural land) and primary production, chlorophyll, and TP. Each point
represents a mean of all observations in a particular year. Lake
codes given in Table 1. Within a lake, land use (% agricultural land)
values were offset by 1% from one another on the x-axis to facilitate
data display if multiple years are presented. For lakes with multiple
years, 1998, 1999, and 2000 are oriented from left to right. Circled
points are those used in regressions using interval maxima.

phyll were poor predictors of aB and somewhat better pre-
dictors of P ; analyses of data on a site-specific basis didB

m

not substantially improve relationships (Table 2).
Our data suggested that relationships between land use

(percent agricultural land) and dependent variables (PPr, TP,
and chlorophyll) might be triangular (Fig. 4), and more for-
mal analyses supported this observation. Specifically, when
land use data were divided into intervals and regressed
against interval maxima, much higher correlations were ob-
served than with simple linear regressions (Fig. 4). Thus, r2

was 0.718, 0.852, and 0.676 for regressions of percent ag-
ricultural land versus interval-maximum PPr, TP, and chlo-
rophyll, respectively.

Stepwise multiple regression using all 24 lake-years
showed that inclusion of the watershed area : lake volume
ratio, the cropland : livestock ratio, and percent agriculture
increased the amount of variance explained compared to
simple regression with only percent agricultural land (Table
3). For both areal PPr and chlorophyll, all three predictor
variables entered into the models. For PPr, percent agricul-
tural land entered first and explained the most variation, fol-
lowed by the cropland : animal and watershed area : lake vol-
ume ratios, respectively; the order of entry was reversed for
chlorophyll. For TP, only the watershed area : lake volume
ratio entered into the stepwise regression model, and this
explained 56% of the variation in TP. Note that for all three
dependent variables, the variance explained using multiple
regression on all data was less than that explained by simple
regression on interval maxima.

TP and chlorophyll were highly correlated with each other,
whether lakewide or site-specific data were used (Fig. 5;
Table 2). TP and chlorophyll were more highly correlated at
outflow sites than at inflow sites, whereas the lakewide cor-
relation was intermediate in strength (Table 2). Both TP and
chlorophyll were effective predictors of lakewide primary
production, but the relationship was stronger with chloro-
phyll than with TP (Fig. 5).

Discussion

Spatial trends—As hypothesized, light-saturated, chloro-
phyll-specific photosynthesis (P ) was higher at inflow sitesB

m

than outflow sites, presumably because phosphorus supply
is higher, as evidenced by spatial differences in TP (Fig. 2).
Contrary to our hypothesis, aB did not differ between inflow
and outflow sites, corresponding to a lack of a spatial effect
on mean light in the mixed layer. Thus, although light at-
tenuation was much greater at inflow sites than outflow sites,
the shallower depth of the mixed layer at inflow sites re-
sulted in mean light intensities that were on average equal
to those at outflow sites. Under these conditions, phytoplank-
ton adaptation to low light should be similar at inflow and
outflow sites. The severity of light limitation (Imix/Ik) also
was not significantly different between sites, which is also
the expected result of the similar mean light climate at inflow
and outflow sites. Studies in the tidal freshwater portion of
the Hudson River (Cole et al. 1992) and in a New York
reservoir (Melcher et al. 1997) found no significant spatial
variation in aB and P , even though spatial gradients wereB

m
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found for some parameters (e.g., chlorophyll, light, or nu-
trients).

Volumetric primary productivity was significantly higher
at inflow sites than outflow sites, but no significant differ-
ence was found for areal productivity because greater mixed
layer depth at outflow sites compensated for lower volu-
metric production rates. Several other parameters were con-
sistently higher at inflow sites than at outflow sites, including
light attenuation, NVSS, TP, and chlorophyll (Fig. 2). This
spatial trend agrees with prior studies on reservoirs, which
demonstrated well-defined horizontal gradients in light and
nutrients (Kimmel et al. 1990). Thus, although the gradients
we observed in physical and chemical variables thought to
limit phytoplankton production are consistent with concep-
tual models for reservoirs, we found no spatial effect on
areal PPr.

Seasonal trends—aB increased from spring to summer in
all three of our intensively studied reservoirs, whereas PB

m

increased from spring to summer in Pleasant Hill but not in
the other two lakes (Fig. 3). Several studies have shown that
aB and P exhibit maximal values during mid- or late sum-B

m

mer and lower values in winter and spring (Lastein and Gar-
gas 1978; Williams 1978; Cole et al. 1992; Pierson et al.
1992). However, Fahnenstiel et al. (1989) and Makarewicz
(1991) observed such seasonality in some years but not oth-
ers, and Melcher et al. (1997) found no seasonality in these
parameters in a reservoir. In addition, there appears to be
considerable year-to-year variability in both photosynthetic
parameters in lakes in which such variation has been as-
sessed (e.g., Fahnenstiel et al. 1989; Makarewicz 1991; Fee
et al. 1992).

Primary productivity in reservoirs and natural lakes—
The relatively high concentration of NVSS in reservoirs
could result in lower primary production than would be pre-
dicted based on phosphorus–PPr relationships developed for
natural lakes, via two mechanisms (Walker 1984; Knowlton
and Jones 2000). First, NVSS attenuates light, as mentioned
above. Second, NVSS could also represent a significant
source of nonalgal P. Thus, we could expect phytoplankton
biomass and primary production to be lower in reservoirs
than in natural lakes for a given TP concentration (Walker
1984). Indeed, using untransformed data, the slope of our
TP–PPr regression (Fig. 5) was 3.80 (4.94 omitting Stone-
lick), whereas Smith (1979) reported a slope of 10.4 for a
TP–PPr regression derived primarily from natural lakes. In
addition, for the chlorophyll–PPr regression on untrans-
formed data, our slope was 11.03 compared to a slope of
22.9 reported by Smith (1979) for primarily natural lakes.
Few data exist on the dependence of PPr on TP or chloro-
phyll in other reservoirs. However, Jones and Knowlton
(1993) present data on the relationship between chlorophyll
and TP for 94 Missouri reservoirs. We compared our data
to theirs (see table 2 in Jones and Knowlton 1993) using
analysis of covariance (ANCOVA) on log-transformed data.
We used the two data sets as categories, TP as a covariate,
and chlorophyll as the dependent variable. The interaction
term (data set 3 TP) was not significant (p 5 0.6094), in-
dicating that the slopes of the TP–chlorophyll relationships
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Table 3. Results of stepwise multiple regressions relating land use and other watershed features to primary production, total P, and
chlorophyll. Data were transformed prior to analyses using either the arcsine–square root (proportion agricultural land) or log (all other
variables) transformation. Parameters are from regressions using transformed variables.

Step Parameter Estimate SS F p R2

Dependent variable: areal primary production
Intercept 2.252

1
2
3

Percent agricultural land
Cropland : animals
Watershed area : lake volume

0.010
20.586

0.192

0.335
0.214
0.115

5.164
3.298
1.765

0.0342
0.0844
0.1990

0.257
0.372
0.423

Dependent variable: chlorophyll

1
2
3

Intercept
Watershed area : lake volume
Cropland : animals
Percent agricultural land

0.823
0.338

20.661
0.008

0.354
0.272
0.199

5.888
4.525
3.311

0.0248
0.0460
0.0838

0.374
0.423
0.505

Dependent variable: total P

1
Intercept
Watershed area : lake volume

1.348
0.399 0.738 27.973 ,0.0001 0.560

are not significantly different between data sets. Therefore,
we deleted the interaction term and reran the ANCOVA. We
found no significant difference between data sets (ours vs.
that of Jones and Knowlton; p 5 0.1227) and a significant
effect of TP on chlorophyll (p , 0.0001). Variance ex-
plained was relatively high (adjusted R2 5 0.719). Compar-
ison of our results with these other studies strongly suggests
a general trend of lower phytoplankton biomass and produc-
tion for a given amount of phosphorus in reservoirs com-
pared to natural lakes. Clearly, there is a need for studies
that explicitly investigate differences between natural lakes
and reservoirs with regard to the dependence of primary pro-
duction on nutrients and algal biomass.

Relationships of primary productivity and photosynthetic
parameters to land use, TP, and chlorophyll—Our analyses
reveal triangular or ‘‘wedge-shaped’’ distributions for rela-
tionships between land use (percent of watershed area com-
prised of agricultural land) and PPr, chlorophyll, and TP.
Simple regressions of these variables explained relatively lit-
tle variance, whereas regressions using maximum values for
dependent variables explained much more variance. These
results strongly suggest that there is a well-defined upper
bound to the effects of watershed land use on these eutro-
phication indicators but that other factors determine variation
below this upper bound. Multiple regression using watershed
area : lake volume and cropland : livestock ratios showed that
these two predictor variables explained additional variance
above that explained by land use. However, multiple regres-
sions on actual data explained considerably less variation
than simple regressions with maximum values. This suggests
that additional, unmeasured factors must contribute to the
regulation of PPr, TP, and chlorophyll.

TP and chlorophyll were highly correlated with each other,
and both were highly correlated with PPr, yet all three var-
iables were only weakly correlated with land use. This sug-
gests that land use itself (in this case, percent of agricultural
land) is not an effective predictor of nutrient loading, that
PPr is strongly influenced by nutrient sources other than wa-
tershed inputs, or both. Regarding the former, there is con-

siderable variation in the relationship between land use and
nutrient export rates (Mueller et al. 1995; Puckett 1995; Van-
ni et al. 2001). In addition, other landscape-level parameters,
such as the spatial positioning of various land use practices
(Soranno et al. 1996) and location and extent of riparian
buffers (e.g., Osborne and Kovacic 1993), might play an
important role in determining nutrient export from water-
sheds.

Regarding other nutrient sources, loading of nutrients
from within lakes is also probably quite important in these
reservoirs. Nutrient release from sediments via geochemical,
microbial, and other processes are other sources of nutrients
that are likely to be important and that could vary greatly
from lake to lake. In Acton Lake, excretion of nutrients into
the water column by sediment-feeding fish (gizzard shad,
Dorosoma cepedianum) can be an important source of nu-
trients in summer, especially when gizzard shad biomass is
high (Schaus et al. 1997, 2002; Vanni et al. 2001). Gizzard
shad abundance increases greatly, and sometimes exponen-
tially, with trophic status in reservoirs and natural lakes
(Bachmann et al. 1996; DiCenzo et al. 1996; Michaletz
1997). However, gizzard shad biomass is also highly variable
among lakes and among years (Bachmann et al. 1996;
Schaus et al. 2002), and this could lead to variation in pri-
mary production. Furthermore, gizzard shad abundance is
probably subsidized by both sediment inputs from agricul-
tural watersheds and increased phytodetritus produced by
sinking phytoplankton (Schaus et al. 2002; Vanni and Head-
worth in press). Both sources of detritus represent increased
food for these sediment-feeding fish; deposition rates of both
types of detritus increase with increasing agriculture in wa-
tersheds, and both could stimulate abundance of gizzard
shad. Therefore, it is possible that PPr in our reservoirs is
regulated jointly by gizzard shad and watershed nutrient in-
puts (Vanni and Headworth in press). We do not have giz-
zard shad biomass data from all 12 of our lakes, but biomass
data from three intensively sampled reservoirs (Acton, Burr
Oak, and Pleasant Hill) show that gizzard shad biomass in-
creases greatly with increasing lake productivity in these
three lakes (Vanni et al. unpubl. data). This suggests that
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Fig. 5. Relationship of total P and chlorophyll from this study
and from Jones and Knowlton’s (1993) study of Missouri reservoirs,
and the relationships between TP and PPr and between chlorophyll
and PPr from this study. For data derived from this study, each
point represents a mean of all observations in a particular year. Lake
codes given in Table 1. The dashed regression line in the top panel
was derived from Table 2 in Jones and Knowlton (1993).

nutrient flux through gizzard shad could support more pri-
mary production as trophic status increases.

Our data suggest that land use sets an upper limit to pri-
mary production but that production is also influenced by
other factors, including but not limited to the watershed
area : lake volume ratio and the cropland : livestock ratio. In
addition, our study suggests that reservoirs exhibit lower pri-
mary productivity than natural lakes at a given nutrient con-
centration or phytoplankton biomass.
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