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Abstract

Although effects of land use/cover on nutrient concentrations in aquaticsystems are well known, half or more of
the variation in nutrient concentration remains unexplained by land use/cover alone. Hydrogeomorphic (HGM)
landscape features can explain much remaining variation and influence food web interactions. To explore complex
linkages among land use/cover, HGM features, reservoir productivity, and food webs, we sampled 11 Ohio
reservoirs, ranging broadly in agricultural catchment land use/cover, for 3 years. We hypothesized that HGM
features mediate the bottom-up effects of land use/cover on reservoir productivity, chlorophyll a, zooplankton, and
recruitment of gizzard shad, an omnivorous fish species common throughout southeastern U.S. reservoirs and
capable of exerting strong effects on food web and nutrient dynamics. We tested specific hypotheses using a model
selection approach. Percent variation explained was highest for total nitrogen (R2 5 0.92), moderately high for total
phosphorus, chlorophyll a, and rotifer biomass (R2 5 0.57 to 0.67), relatively low for crustacean zooplankton
biomass and larval gizzard shad hatch abundance (R2 5 0.43 and 0.42), and high for larval gizzard shad survivor
abundance (R2 5 0.79). The trophic status models included agricultural land use/cover and an HGM predictor,
whereas the zooplankton models had few HGM predictors. The larval gizzardshad models had the highest
complexity, including more than one HGM feature and food web components. We demonstrate the importance of
integrating land use/cover, HGM features, and food web interactions to investigate critical interactions and
feedbacks among physical, chemical, and biological components of linkedland–water ecosystems.

Land use/cover has strong effects on a variety of
properties of aquatic ecosystems (Allan 2004; Dodson et
al. 2005). The effects of land use/cover on aquatic
ecosystems are best understood in the context of hydro-
geomorphic (HGM) features such as basin and catchment
morphometry and geology and surface and groundwater
hydrologic flowpaths. These HGM features, viewed as
natural aspects of the landscape, can improve predictive
relationships because they can mediate the response of
aquatic systems to anthropogenic alterations such as land
use change (Knoll et al. 2003; Jones et al. 2004; Schomberg
et al. 2005). For example, although land use/cover effects
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of the effects of land use/cover, through nutrient trans-
port and resuspension mechanisms. We also expected
catchment and basin-scale HGM features to influence
larval gizzard shad hatch abundance (through habitat
availability and storms), as well as encounter rates of larvae
with small zooplankton prey and ultimately larval survival
rates.

Methods

Study site—We chose 11 reservoirs that represented a
broad range of agricultural land use/cover values (Table 2;
Fig. 2) that were sufficiently deep to stratify in summer in
the deep area near the dam. Reservoirs were distributed
across three Omernik Level III ecoregions, which represent

Fig. 1. Conceptual framework illustrating the hypothesized effects of gizzard shad and
agricultural land use/cover (mediated by HGM features) on reservoir trophic status, zooplankton
assemblages, and larval gizzard shad demographics. Solid arrows represent bottom-up effects
linking land use/cover, reservoir trophic status, zooplankton, and larval gizzard shad and are the
focus of this work. Dashed arrows represent food web and nutrient effects of juvenile and adult
gizzard shad. Positive (+) and negative (2) signs indicate the direction of the hypothesized effect.
Numbers correspond to hypothesized mechanisms through which HGM features influence nutrient
input and food web interactions. (1) Basin morphometry: increased spawning habitat in shallow
reservoirs; (2) basin morphometry: increased overlap with zooplankton prey and lack of DVM
refuge in shallow reservoirs; (3) basin morphometry: increased resuspension in shallow reservoirs;
(4) Basin morphometry: increased sediment availability to and nutrient transport by gizzard shad in
shallow reservoirs; (5) Catchment and hydrology: increased nutrient transport to reservoir in large
catchment with many tributaries; (6) Catchment and hydrology: reduced storm influence in small
catchments with relatively few tributaries. GS5 gizzard shad. ZP5 zooplankton.
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broadscale terrestrial differences in geology, soils, vegeta-
tion, and land use/cover (Omernik 1987; Fig. 2). Our
sampling scheme recognized the longitudinal gradients
typical along reservoir flowpaths. Therefore, we sampled
each reservoir at a shallow (1–2 m) ‘‘inflow’’ site that was
typically well mixed and a stratified ‘‘outflow’’ site at the
deepest reservoir area near the dam. In this study, we only
report findings from the ‘‘inflow’’ sites because these
shallow upstream areas are where most larval gizzard shad
production occurs (Bremigan and Stein 1999).See Knoll et
al. (2003) for information on how inflow and outflow sites
of some of these lakes differ in water-quality variables. The
reservoirs are classified as mesotrophic to hypereutrophic
with ranges in concentrations of the inflow areas for total
phosphorus (TP) (27.8–166mg L21), total nitrogen (TN)
(476–8,467mg L21), and chlorophyll a (Chl a) (2.4–45.7mg
L21).

Land use/cover—We used land use/cover GIS data from
the Ohio Department of Natural Resources (ODNR)
Geographic Information Management Systems database
(http://www.dnr.state.oh.us/gims) that was originally ob-
tained from thematic mapper imagery taken in 1994 at a
pixel resolution of 30 m3 30 m. We quantified the percent
land use/cover of each reservoir’s total catchment (includ-
ing upstream reservoir and stream catchments). We
classified land use/cover into seven categories: agriculture
(our focus area, and hereafter referred to as% agriculture),
urban, forest, shrub, water, wetland, and barren. However,
because agricultural and forest land use/cover across these
reservoirs are strongly negatively correlated (r 5 20.99)
and together represent.91% of total catchment land use/
cover in all reservoirs except LaDue (82% agriculture and
forest, 15% shrub, water, and wetland cover), we only
explore agriculture in this analysis as it is the main land use/
cover driver of reservoir productivity in these catchments.
The majority of the agricultural land is in row-crop
agriculture, with soybeans and corn being the dominant
row crops.

HGM template: catchment—We chose catchment scale
variables to represent the potential for material input to
reservoirs and intensity of storm events. For each reservoir,
we divided catchment area by reservoir surface area; in
addition, to quantify stream flow distance into reservoirs,
we used the surface-water data and navigational tools
provided in the National Hydrography Dataset (NHD,
http://nhd.usgs.gov/). We calculated the length of streams
flowing into each reservoir two ways by calculating: (1)
total upstream distance through all mainstem and tributary
streams and (2) upstream distance considering only
upstream mainstem streams.

HGM template: basin morphometry—We determined
reservoir volume and surface area from bathymetric
surveys conducted by ODNR (http://ohiodnr.com/Home/
FishingSubhomePage/LakeMapLandingPage/tabid/19478/
Default.aspx). We obtained retention values (volume :
discharge) for 10 of the 11 reservoirs from Bunnell et al.
(2006). We divided volume by surface area to estimate

mean depth, we obtained maximum depth from recent
ODNR surveys, and we calculated the ratio of maximum to
mean depth. Because the shallow and productive inflow
areas of reservoirs are critical areas for supporting gizzard
shad recruitment, we quantified two new metrics, percent
inflow and inflow fetch, that specifically characterize the
inflow area. These metrics are meant to reflect the relative
amount of inflow area, its general size, and susceptibility to
wind resuspension. We used bathymetric maps to calculate
these metrics, and we defined the border between the
shallow inflow reservoir area and the deeper outflow area
by visually assessing where reservoir bathymetry changed
from a gradual shoreline slope and shallow (,3 m) depths
to a steep-sided shoreline slope and depths.3 m. We chose
this depth because larval gizzard shad are concentrated in
the top 3 m of water (Arend 2002). Percent inflow is
calculated as the percent of the surface area of the reservoir
with water depth ,3 m (excluding the narrow shoreline
bands in outflow reservoir areas). Inflow fetch is the longest
open-water distance in the inflow area along the axis of the
dominant winds, determined using data from the nearest
meteorological station (Ohio Agricultural Research and
Development Center; http://www.oardc.ohio-state.edu/cen-
ternet/weather.htm).

In-reservoir variables—We sampled the 11 reservoirs
weekly during May and June 1998–2000. Because most
larval gizzard shad hatch during May and June (Bremigan
and Stein 1999), our analysis characterizes the recruitment
environment (in terms of nutrient and chlorophyll a [Chl a]
concentrations and zooplankton assemblages) experienced
by the majority of larval gizzard shad. Characterizing age-0
gizzard shad dynamics during this early season is partic-
ularly important for understanding their subsequent effects
on other age-0 fishes (Garvey and Stein 1998a). Because all
reservoirs could not be sampled for all parameters in all
years, sample sizes ranged 22–27 lake-years across response
parameters.

Trophic status—On each sampling event, we identified
the depth of the epilimentic mixed layer from temperature
and oxygen profiles. We collected integrated water samples
from the mixed layer using an integrated tube sampler for
TN, TP, and Chl a concentrations. We measured TN with
second-derivative spectroscopy after digestion with potas-
sium persulfate (Crumpton et al. 1992), and determined TP
by spectroscopic analysis using the acid molybdate method
and persulfate digestion. Chla samples were filtered onto
Gelman A/E glass-fiber filters, frozen, extracted with
acetone, and quantified using a Turner model TD-700
flurometer calibrated with commercial standards dissolved
in acetone.

Zooplankton—We sampled crustacean zooplankton and
rotifers during the day on a weekly basis during May–June
using a conical 54-mm-mesh net towed from 1 m above the
reservoir bottom to its surface. We preserved zooplankton
in 70% ethanol. Using the methods of Bremigan and Stein
(2001) we counted and identified crustacean zooplankton
taxa as follows: cladocerans to genus; copepod adults and
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Results

None of the response variables varied with year (p values
ranged 0.21–0.95 andR2 values ranged 0.0–0.12), and thus
we did not include year in our model selection procedure.

Correlations among predictor variables—Considering
variables in our land use/cover and HGM categories, we
observed relatively few occurrences of correlation coeffi-
cients .0.80 (Table 3). Generally, correlation coefficients
were higher for paired variables within a category than
between categories (Table 3). For example, within our
catchment scale HGM category, we omitted catchment
area and upstream mainstem distance from our model
selection procedure because of their high degrees of
collinearity with other catchment scale variables and
because upstream tributary distance and catchment : sur-
face area generally performed better in univariate regres-
sions with response variables. We also noted high
collinearity between some basin level HGM features. We
omitted percent inflow from the model selection process
because of its high correlation to mean depth (r 5 20.87),

and because mean depth data are more commonly available
than percent inflow. Not surprisingly, maximum depth and
average depth also were highly correlated (r 5 0.78).
Because the relative importance of these two variables
likely differs among response parameters, we retained both
for the model selection procedure, but not together in final
models.

Across HGM categories, basin scale features generally
had low correlation coefficients with catchment scale
features or with % agriculture, with most r values ,0.40.
The correlation between catchment scale HGM features
and % agriculture was generally higher, withr values with
% agriculture ranging 0.39–0.64. Because some food web
variables were used as predictors in some models, we also
considered correlations between the HGM and food web
variables. We saw no correlation coefficients.0.8, with
about half falling between 0.3 and 0.6, and about half being
,0.3.

Reservoir productivity model selection—For TN, the best
single-category models from stage two of the model
selection process were% agriculture, catchment : surface

Fig. 2. Maps of the location of the 11 study reservoir catchments and (A) Omernik Level III ecoregions (Omernik 1987) and (B) land
use/cover. Reservoirs are numbered from lowest (1) to highest (11) percent agricultural land use/cover in the catchment corresponding to
Table 2.
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and was comparable to the model with both catchment
level predictors (AICc value 5 233.6, R2 5 0.35). The
rotifer biomass alone model performed best of the single
category models, with an AICc value of 239.8 and
explaining 45% of the variation in larval survivor
abundance. Larval gizzard shad hatch abundance also
performed relatively well (AICc 5 237.6,R2 5 0.39). Due
to the potential importance of controlling for hatch
abundance when considering survivor abundance, we
considered hatch abundance in stage three. Results from
stage three show that a combined model with one predictor
from each category (upstream tributary distance, inflow
fetch, and rotifer biomass) performed best overall (AICc 5
254.0), with a substantially higherR2 (0.79) than any single
category model (Table 4G). However a model without
inflow fetch was not distinguishable from this three
variable model. As expected, inflow fetch and rotifer
biomass were positively related to larval gizzard shad
survivor abundance. Counter to our expectation, but
similar to our findings for larval hatch abundance, survivor
abundance was positively related to upstream tributary
distance (Table 5).

Discussion

Existing uncertainty regarding the relative importance
and quantitative nature of HGM and land use/cover effects
on aquatic systems requires the implementation of studies
that include a broad range of HGM features, reflecting
multiple spatial scales (catchment and local basin scales)
and multiple trophic levels. Although the number of land
use/cover studies in streams far exceeds that for lakes and
reservoirs, even in streams only limited understanding
exists regarding the mediating influence of HGM features
on the effects of land use/cover. Additionally, knowledge of
the relative importance of land use/cover and the HGM
template across multiple spatial scales, and their subse-
quent effects on stream biota, is incomplete (Johnson et al.
1997; Wiley et al. 1997; Allan 2004). Our study demon-
strates a robust approach that could be applied to a variety
of aquatic systems. We have built upon previous studies by
exploring the effects of land use/cover and HGM features
on critical food web interactions, guided by a conceptual
framework that integrates experimental, modeling, and
field approaches. Our findings demonstrate strong support
for our hypothesis that HGM features mediate bottom-up
effects of land use/cover. Specifically, the relative impor-
tance of HGM features was particularly high for TP and
Chl a, as well as larval gizzard shad hatch and survivor
abundance, indicating that HGM features do mediate some
food web interactions, particularly those determining larval
gizzard shad demographics.

What is the relative importance of land use/cover and
HGM features to reservoir trophic status?—Our findings
demonstrate that agricultural land use/cover is more tightly
linked to TN than to TP or Chl a. Across 22 reservoir-
years, the total percent variation explained was highest for
TN, intermediate for TP, and lowest for Chl a, corre-
sponding to the relative importance of % agriculture in

explaining variation. The tighter linkage between %
agriculture and TN likely reflects higher export coefficients
associated with TN transport from agricultural watersheds
relative to P-related export coefficients (Vanni et al. 2001),
as well as a tighter correlation between% agriculture with
nitrogen (nitrate) inputs than with phosphorus inputs (M.J.
Vanni, unpubl.). Although TP and Chl a levels were
positively associated with % agriculture, it alone could
explain much less variation in TP (30%) or Chl a (12%)
than TN (89%), consistent with the findings of Knoll et al.
(2003). In contrast, HGM features appeared to play a
strong role in determining TP and Chl a levels in these
reservoirs through either material input (as represented by
catchment : surface area) or resuspension within reservoirs
(as represented by mean depth). Correlations within HGM
categories prevent us from attributing these effects solely or
specifically to catchment : surface area or mean depth (see
Table 3). Rather, our analysis identifies the relative
importance of the two spatial scales, while providing
insights into the particular variables that can explain the
most variability in TP and Chl a.

With growing recognition of the importance of non-
point sources to nutrient dynamics, numerous studies have
quantified general relationships between agricultural land
use/cover and nutrient concentrations in streams (reviewed
by Allan 2004), wetlands (Crosbie and Chow-Fraser 1999),
lakes (Dodson et al. 2005), and reservoirs (Knoll et al.
2003; Jones et al. 2004). Because of differences in
methodologies and approaches among studies, direct
comparisons are difficult to generate. For example, studies
sometimes aggregate TN and TP or Chla values into a
composite trophic score, thus preventing a comparison
among relationships between agricultural land use/cover
and specific nutrient or trophic components. Qualitatively
similar findings to ours were obtained in a study of
Missouri reservoirs, which found a tighter relationship
between percent of catchment in cropland land use/cover
and TN (R2 5 0.71) than TP (R2 5 0.62) (Jones et al. 2004).
Also, Jones et al. (2004) found that indices of retention time
and depth improved the TP relationship (R2 5 0.77
compared to 0.62) more so than the TN relationship
(maximum R2 5 0.76 compared to 0.71). This pattern is not
surprising given the transport mechanisms of nitrogen vs.
phosphorus across the landscape to aquatic ecosystems.
Peterjohn and Correll (1984) found the major pathway of
nitrogen loss from terrestrial landscapes to be subsurface
flow, whereas phosphorus loss was split fairly evenly
between surface runoff and groundwater flow.

To what extent do HGM features mediate food
web interactions?—We expected land use/cover and HGM
features to indirectly influence zooplankton assemblages
and gizzard shad demographics through their effects on
reservoir productivity. In addition, we hypothesized that
HGM features also would influence crustacean zooplank-
ton and gizzard shad attributes through additional
pathways. As expected, rotifer biomass was positively
correlated with Chl a; but, crustacean zooplankton biomass
was negatively related to Chl a. Rotifer biomass and
crustacean biomass were weakly negatively correlated
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