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ABSTRACT

Spatial variability in material fluxes within large

river basins may arise from point source inputs,

variable contributions from sub-basins and longi-

tudinal variation in material transformation and

retention. By measuring instantaneous fluxes

throughout the Ohio River basin, we were able to

draw inferences about the importance of these

factors in determining the overall export of C, N

and P from the basin. Our study spanned the lower

645 km of the Ohio River and included all tribu-

taries that contributed at least 1% of the volume of

the Ohio River at its confluence with the Missis-

sippi. The intensively cultivated northern sub-basin

(Wabash River) contributed a large fraction of N

and P entering the Ohio River. In the southern sub-

basins (Tennessee and Cumberland Rivers),

impoundments and less intense cultivation appear

to diminish and delay material delivery particularly

with respect to N. The southern rivers account for a

proportionately larger fraction of the water enter-

ing the Mississippi River during low discharge

conditions and this fraction has increased during

the past 50 years. The upper portion of the study

reach was found to be a net source of CHLa and

DOC and a net sink for inorganic N suggesting that

this portion of the river provided a generally

favorable environment for autotrophic production.

Point source loadings of NH4 were significant in-

puts to the upper sub-reach but a relatively small

component of the overall budget for dissolved

inorganic N.

Key words: river; Ohio River; nutrients; nitro-

gen; phosphorus; mass balance; point sources.

INTRODUCTION

Large rivers play an important role in regional and

global biogeochemical cycles by transporting

materials from terrestrial sources to downstream

and marine environments (Howarth and others

1996). Recent work in the central basin of the

United States has demonstrated that riverine

nitrogen export regulates the areal extent of hy-

poxia in the Gulf of Mexico (Scavia and others

2003) and that riverine alkalinity export is large in

the context of the net carbon balance for North

America (Raymond and Cole 2003). Particulate and
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dissolved materials in river water vary over a small

range of concentrations in comparison to the range

of variation in river discharge. As a result, the ex-

port of materials from river basins is largely deter-

mined by the amount of runoff (Lewis and others

1999). Large rivers integrate drainage waters from

distant points in the landscape that may differ in

topography, soils, climate and vegetation. These

differences give rise to variable yields of water and

materials resulting in intra-basin variation in

material fluxes. Anthropogenic influences may

contribute to spatial variability when nutrient

yields are enhanced by N and P inputs from diffuse

and point sources (Harris 2001; Caraco and others

2003). Agricultural and urbanized areas contribute

a disproportionate fraction of riverine nutrient

fluxes due to the high mobility of N (as NO3),

erosion losses of P-amended soils and wastewater

inputs enriched in N and P.

Riverine processes regulating the transformation

of materials may also play a role in determining

basin yields. Downriver fluxes may be attenuated

by removal (atmospheric losses of CO2 and N2 via

respiration and denitrification) and short-term

storage through biotic uptake (autotrophic and

heterotrophic assimilation of inorganic N and P).

Large rivers are typically net heterotrophic systems

in which community respiration is greater than

primary production (Cole and Caraco 2001). Posi-

tive algal carbon balances may be maintained when

hydrologic and geomorphic constraints permit

favorable light conditions. In the Ohio River, esti-

mates of light dosage that integrate variable light

intensity and algal transit time were used to predict

when and where photosynthesis exceeded respi-

ration (Sellers and Bukaveckas 2003). Under these

conditions, autotrophic demand may be large in

relation to remineralization of autochthonous and

allochthonous organic matter such that the river

functions as a net sink for inorganic N and P.

Modern methods for quantifying nutrient uptake

in lotic systems are based on injection of conser-

vative and non-conservative tracers. As these are

impractical for large rivers, comparative work has

been based largely on streams and small (wadeable)

rivers. Recent studies have shown that ammonia

uptake in headwater streams is largely determined

by rates of net primary production (Hall and others

2002, 2003). Small streams differ from large rivers

in that their lower volume to benthic area ratio

allows for higher rates of nutrient uptake by sur-

ficial and sub-surface (hyporheos) microbial com-

munities (Alexander and others 2000). As large

rivers have high volume to surface area ratios, pe-

lagic processes are likely to assume greater impor-

tance and may augment benthic metabolic activity

during periods of the flow regime that are favorable

to the proliferation of plankton. Most of the large

rivers in the temperate zone have been altered

through the construction of dams and other chan-

nel modifications (Dynesius and Nielsson 1994;

Vorosmarty and others 1997). These may enhance

the importance of pelagic processes in two ways.

First, channel modifications disconnect the river

from its floodplain by reducing lateral exchange

and diminishing the role of floodplain communities

in nutrient retention and transformation. Second,

dams induce pelagic conditions by increasing stor-

age capacity and lengthening water residence time.

Many recent studies have shown that regulated

rivers are capable of supporting large and diverse

resident plankton communities (Kohler 1994;

Reynolds and Descy 1996; Servais and others

2000). Peaks in community development are often

associated with seasonal depletion of inorganic

nutrients (NO3, PO4, dissolved Si) although it is

unclear whether this is driven by internal meta-

bolic demand or a result of reduced inputs from

upstream source areas.

A mass balance approach can be used to test the

hypothesis that biotic processes in rivers result in

the attenuation of downstream transport through

selective retention of various fractions of C, N and

P. If outputs from the river are comparable to the

sum of inputs from upstream, tributary and point

sources, then the net effect of ecosystem processes

is assumed to be negligible. Input and output fluxes

are typically derived from continuous measure-

ments of discharge and periodic sampling of dis-

solved and particulate constituents whose

concentrations are extrapolated by time-averaging

or flow-weighting techniques (Bukaveckas and

others 1998). Integration over the period of interest

allows identification of specific fractions that be-

have in a non-conservative fashion. In this study,

we use a synoptic approach whereby we compare

instantaneous input and output fluxes over a range

of discharge conditions to determine whether the

river functions as a source or sink (Richey and

others 1990; Salvia and others 1999). We compare

input fluxes from tributaries and point sources to

assess their importance in determining the timing

and magnitude of output fluxes from the Ohio

River basin.

SITE DESCRIPTION AND METHODS

The Ohio River is the second largest river in the

United States and the principal source (38%) of

826 P. A. Bukaveckas and others



freshwater discharge into the Gulf of Mexico

(Turner and Rabalais 2004). A historical perspec-

tive on management and water quality of the Ohio

River is provided by Pearson (1992). The river is

formed by the confluence of the Alleghany and

Monongahela Rivers near Pittsburgh, PA and runs

1579 km to its confluence with the Mississippi

(Figure 1). The river drains an area of 528,205 km2

that is predominantly (48%) human-appropriated

land use (urban, crop, pasture; Table 1). Major

urban centers located along the Ohio River include

Pittsburgh, PA, Cincinnati, OH and Louisville, KY.

Our study spanned the lower 645 km of the Ohio

River (beginning below Cincinnati, OH) and in-

cluded all tributaries that contributed at least 1% of

the volume of the Ohio River at its confluence with

the Mississippi. Major sub-basins include the upper

Ohio (above Cincinnati, OH), Kentucky, Green,

Wabash, Tennessee and Cumberland Rivers. The

sub-basins differ in their land use and extent of

hydrologic regulation (Table 1). Agricultural activ-

ities are concentrated in the northern sub-basin

(Wabash River) where croplands account for 67%

of land use. The eastern (upper Ohio) and southern

(Tennessee and Cumberland) basins are less

intensively cultivated (crop lands = 13–28%) with

a greater proportion of forested lands (31–49%).

The flow regimes of the Ohio River and its

principal tributaries are characterized by peak dis-

charge in spring (February–April) and low dis-

charge in late summer (July–October). The rivers

differ somewhat in the timing and magnitude of

the seasonal flow pulse. The discharge of the Ohio

River and its principal tributaries is regulated by

‘‘low head’’ dams (height < 10 m) that are designed

to maintain a minimum depth for navigation dur-

ing low flow. Low dams regulate but do not elim-

inate flowing conditions and, unlike flood control

(high head) dams, do not inundate large areas

(Sparks and Spink 1998). The number and storage

capacity of mainstem dams differs among the rivers

of the Ohio basin resulting in varying degrees of

water regulation (Table 1). The Ohio River is sub-

divided along its length by 20 navigation dams,

eight of which are located within our study reach

(Figure 1). The combined storage capacity of the

Figure 1. Map of Ohio River watershed showing locations of dams, sampling sites and major urban centers along the

mainstem of the Ohio River. Tributaries sampled as part of this study were the Kentucky, Green, Wabash, Tennessee and

Cumberland Rivers.

Nutrient Fluxes in the Ohio River Basin 827



Ohio River mainstem dams (9 km3) is equivalent to

4% of the annual discharge or approximately 13

days of discharge (at annual-average flow; Table 1).

Mainstem dams on the Kentucky and Cumberland

Rivers have storage volumes comparable to the

Ohio River when expressed relative to the annual

discharge of these rivers. In contrast, the Green and

Tennessee Rivers are subject to greater water reg-

ulation with storage volumes of mainstem dams

equivalent to 10 and 26% (respectively) of annual

discharge (37 and 96 days of retention). The Wa-

bash is a relatively free-flowing river with only a

single mainstem impoundment that stores a vol-

ume less than 1% of the annual discharge.

Sampling locations included three sites on the

Ohio River (hereafter: up-, mid- and down-river

sites) and five tributaries (Figure 1). The up- and

down-river sites delineated the study reach for

which input and output fluxes were quantified.

Their locations were selected on the basis of

accessibility to the river during varying flow con-

ditions and proximity to gauging stations. The up-

river site was located 716 km from the confluence

of the Ohio River with the Mississippi River. This

site (near Vevay, IN) was 7 km downriver of a

gauging station (Markland Dam) and 17 km upri-

ver of the confluence with the uppermost tributary

(Kentucky River). The downriver site (near Padu-

cah, KY) was 12 km above the gauging station at

Metropolis, IL and 3 km below the confluence with

the lowermost tributary (Tennessee River). This

site was located 71 km from the mouth of the Ohio

River as characterization of fluxes below this point

are compromised by occasional backwater effects

from the Mississippi River. The location of the mid-

river site (320 km from the mouth of the Ohio

River) was chosen to delineate an upper sub-reach

characterized by shallow pools and high auto-

trophic potential from a lower sub-reach in which

pools were deeper and hypothesized to be more

heterotrophic. This site (above Evansville, IN) was

3 km upriver of the confluence with the Green

River. The lack of access points in this section of the

river necessitated a greater distance (105 km) from

the proximal gauging station (Cannelton Dam).

Seven surveys were completed between 1998 and

2000. In each year, two surveys were conducted,

one at the onset of the warmwater, low-discharge

period (June or July) and one at the conclusion

(October). An additional survey was performed in

March, 2000 to characterize transport processes

during low water temperature and elevated dis-

charge. Sampling followed a Lagrangian design

with upriver sites visited 3–10 days prior to
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downriver sites depending on transit time (esti-

mated from river stage and discharge).

Water samples and ancillary field data (temper-

ature, dissolved oxygen) were taken at a mid-point

(thalweg) of the river channel within 1 m of the

surface. In our prior studies of the Ohio River we

have compared samples collected at various loca-

tions along the width and depth of the channel and

have not found consistent differences. The well-

mixed conditions may be attributed to the fact that

our sampling locations lacked side channel and

backwater areas (as is generally true for the lower

Ohio River) and did not include areas above navi-

gation structures. Tributary samples were collected

1–2 km above the confluence with the Ohio River

to ensure that samples were representative of wa-

ters originating in the sub-basin. Water samples

were analyzed for particulate organic carbon

(POC), dissolved organic carbon (DOC), nutrients

(dissolved and total) and chlorophyll a (CHLa).

Chloride was measured on a subset of samples for

use as a conservative tracer in comparing input and

output fluxes. Particulate organic carbon (POC)

concentrations were determined from material

collected on pre-combusted glass fiber filters (Gel-

man A/E; 0.5 lm). Filters were dried over night at

70�C, weighed, combusted at 84–50�C for four

hours and re-weighed. POC was estimated to be

41% of the ash-free dry mass as determined from

sub-samples run on a Perkin–Elmer CHN analyzer.

DOC was measured on an automated total carbon

analyzer (Shimadzu Model TOC-5050A) after

acidification and sparging to remove inorganic

carbon. Nutrient analyses followed standard

methods (APHA, 1998) using filtered samples and

automated procedures (Skalar San Plus) for the

determination of NO3 (cadmium reduction), NH4

(phenate), soluble reactive phosphorus (SRP;

ascorbic acid), and dissolved silica (SiO2; molyb-

date-reactive). Total (TP, TN) and total dissolved

(TDN, TOP) fractions were determined from unfil-

tered and filtered samples that had been subjected

to persulfate digestion. Particulate N and P were

estimated from the difference between total and

total dissolved fractions. Dissolved organic N and P

were estimated by subtracting DIN (NO3 plus NH4)

or SRP from the total dissolved fraction. Chloride

analyses were performed manually using the fer-

ricyanide method (APHA 1998). Samples for CHLa

analyses were collected on 0.5 lm filters, extracted

in acetone (12 h) and analyzed by fluorometry

(Turner Designs 10-AU) with acid correction (Arar

and Collins 1997).

To quantify the effects of riverine processes on

material throughput we compared instantaneous

input and output fluxes. Flux rates were calculated

as the product of discharge and concentration at

each site. Stage and discharge data for the Ohio

River and its tributaries were obtained from the

United States Geological Survey (USGS 2000) and

Tennessee Valley Authority (TVA). Discharge was

represented by a 10-day average centered on the

date of sample collection. The sum of input fluxes

from tributaries and the upper Ohio River were

compared to output fluxes to determine whether

in-river processes resulted in a net gain or loss for

various fractions of C, N and P. To facilitate com-

parisons with previously published values we cal-

culated the first-order rate of N loss per unit of

water travel time (as % d)1) using the formula

R = )t)1 (1)L) where t is the water time of travel

and L is riverine N loss expressed as a fraction of

external inputs (Alexander and others 2000). We

compared input and output fluxes over the entire

reach (length = 645 km; ORK, 862–1507) and for

two subsections delineated by the mid-river site.

The mass balance for the upper sub-reach

(length = 396 km; ORK, 862–1258) was based on a

comparison of inputs from the upper Ohio (above

Cincinnati) and Kentucky Rivers against outputs

measured at the mid-river sampling location. Out-

puts from the lower sub-reach (length = 249 km;

ORK, 1258–1507) were measured fluxes at the

downriver site and these were compared to inputs

from the upper Ohio (above mid-river sampling

location), Green, Wabash, Cumberland and Ten-

nessee Rivers.

To assess the influence of point source inputs on

mass balances, we obtained data from the EPA

Permit Compliance System (PCS) Database for

facilities holding National Pollutant Discharge

Elimination System (NPDES) permits (USEPA

2003). Point sources located within our study reach

discharge effluent to the Ohio River at an average

rate of 12 m3 s)1. The majority (72%) enters

within the upper sub-reach where the largest single

point source is a wastewater treatment plant serv-

ing the Louisville metropolitan area (Morris-For-

man WWTP; NPDES ID KY0024411). We estimated

point source contributions to NO3, NH4 and TP

budgets based on effluent discharge and concen-

tration (no data on effluent Cl concentrations

available). Effluent NH4 concentrations were mea-

sured monthly at Morris–Forman WWTP from

October 1999 through October 2003 (USEPA

2003). To characterize TP fluxes, we used NPDES

(effluent) and Ohio River Valley Water Sanitation

Commission (influent, unpublished) concentra-

tions for Morris–Forman WWTP (collected October

1998–December 2002; total = 21 observations).

Nutrient Fluxes in the Ohio River Basin 829



Effluent NO3 concentrations were not available for

Morris–Forman WWTP and therefore we used data

from the Hamilton County WWTP (NPDES ID

OH0025461, collected monthly from January 1998

to October 2003). This facility serves the Cincinnati

metropolitan area and has a comparable discharge

to the Morris–Forman WWTP. We estimated input

fluxes associated with all point sources within the

study reach by extrapolating data for Morris–For-

man WWTP based on its proportional contribution

to the effluent discharge (54%) entering the upper

sub-reach.

RESULTS

Discharge from the Ohio River basin ranged from

1000 to 26000 m3 s)1 (daily averages) between

June 1998 and December 2000 with highest values

in winter–spring (Figure 2). Surveys in July 1998

and March 2000 were conducted during periods of

elevated discharge (9700 m3 s)1 and 8000 m3 s)1

respectively). Remaining surveys occurred during

low discharge (<3000 m3 s)1). Inputs from the

upper Ohio River sub-basin (Site 3) ranged from

500 to 12000 m3 s)1 and exhibited similar seasonal

patterns to those observed at the downriver station

(Figure 2). The upper Ohio River sub-basin con-

tributed on average 28% (7 survey periods) of the

output from the entire basin while the principal

tributaries (Tennessee, Wabash and Cumberland

Rivers) contributed 23, 16 and 12% (respectively).

The combined inputs of the Kentucky and Green

Rivers were relatively minor accounting for 3% of

the output from the entire basin. The proportion of

water originating within each of the major sub-

basins was variable among survey dates. The con-

tribution from the upper Ohio River sub-basin

ranged from 20 to 50% with proportionally higher

values occurring during the two surveys when

output from the basin as a whole was highest

(Figure 3). The Tennessee and Cumberland Rivers

accounted for a smaller proportion of inputs during

Figure 2. Daily average discharge of the Ohio River at Site 1 (downriver; upper panel) and Site 3 (upriver; lower panel),

Data are for the period from June 1, 1998 to December 31, 2000 with survey dates shown in bold. Downriver and upriver

discharges represent outflow and inflow to the study reach and are based on data from USGS gauging stations at

Metropolis, IL and the Markland Dam (respectively).
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these two surveys but contributed a greater pro-

portion of inputs (40 and 20%, respectively) when

total basin outflow was low. The proportion of

water originating within the Wabash River sub-

basin was not correlated with the discharge of the

Ohio River.

Water chemistry data were averaged across dates

for each of the eight sites to characterize longitu-

dinal variation in the Ohio River and differences

among the major sub-basins (Figure 4). Highest

average concentrations of CHLa, POC, DOC, N and

P were found in the Wabash River. POC concen-

trations in the Wabash River (mean = 12.7 mg L)1)

were two- to five-fold higher than those measured

in other tributaries and the mainstem of the Ohio

River (range = 2.6 to 6.3 mg L)1). DOC concen-

trations in the Wabash River (mean = 11.9 mg L)1)

exceeded those of other sites (5.8 to 8.4 mg L)1) by

two-fold or less. DOC was on average 62% of total

organic carbon (range = 48–74%) across all sites.

Chlorophyll in the Wabash River averaged 48.3 lg

L)1 whereas concentrations did not exceed 20 lg

L)1 among the remaining sites. Higher TN values

for the Wabash River reflected elevated concen-

trations of both inorganic and organic fractions

relative to other sites in the basin. Lowest TN

concentrations were observed in the two rivers

draining the southern region (Tennessee and

Cumberland Rivers). This was largely due to low

NO3 in these rivers (<100 lg L)1) relative to the

Ohio River and other tributaries (range = 648 to

1690 lg L)1). TP concentrations in the Wabash

River were two-fold greater than average values for

other sites and were largely due to higher con-

centrations of the organic fraction. The three sites

in the mainstem of the Ohio River exhibited con-

sistent downriver gradients of increasing CHLa

(from 1.8 to 7.9 lg L)1) and decreasing dissolved

Figure 3. Discharge of the upper Ohio River (Site 3; upper panel) and the Cumberland and Tennessee Rivers (lower

panel) as a proportion of the discharge of the Ohio River at the downriver sampling location (Site 1). Regression lines

denote statistically significant associations for the Tennessee (R2 = 0.45), Cumberland (R2 = 0.63) and upper Ohio

(R2 = 0.58) Rivers.
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inorganic nitrogen (from 1206 to 721 lg L)1). The

decrease in inorganic nitrogen (predominantly

NO3) coupled with a small increase in TP resulted

in a reduction in TN:TP (from 20 to 10) along the

longitudinal gradient. Lowest TN:TP ratios were

measured in the Tennessee and Cumberland Rivers

(mean = 5.1 and 4.2; respectively). Dissolved silica

ranged from 2.5 to 4.6 mg L)1 with lowest con-

centrations measured in the Cumberland River.

Water balances generally showed good agree-

ment as input discharge (upper Ohio River plus

tributaries) equaled 85–91% of output discharge

from the basin (Figure 5). The 10–15% underes-

timation of inputs may be due to ungauged

sources which account for 9% of watershed area.

An exception was the July, 1998 survey which

was conducted during a period of declining river

stage (transition from high to low discharge). We

used river stage and morphometric data obtained

from the US ACoE to calculate the loss of storage

volume during the survey period. The decrease in

storage volume accounted for 83% of the imbal-

ance in the water budget. For this date only, we

calculated mass balances with a correction for the

change in storage by assuming an outflow volume

equivalent to the inflow volume. Water balances

derived separately for the two sub-sections of our

study reach also showed good agreement with

inputs accounting for 85-95% of outputs

(excluding July, 1998). To assess the effects of

Figure 4. Chlorophyll, dissolved silica and particulate and dissolved fractions of C, N and P for the Ohio River and its

principal tributaries. Values are averages (± Standard Error) for seven surveys completed between June 1998 and

December 2000. Ohio River samples are from upper-(OH3), mid- (OH2) and down- (OH1) river stations; tributaries are

listed in order (upriver to downriver) according to their confluence with the Ohio River.

832 P. A. Bukaveckas and others



underestimating water inputs on mass balances

we compared inputs and outputs of a conservative

tracer for a subset of dates when chloride was

measured (five for upper sub-reach and three for

lower sub-reach). Input fluxes of Cl corresponded

to 86–122% of output fluxes (mean = 103%) and

showed no consistent pattern of over- or under-

estimation (Figure 5). Good agreement in Cl bal-

ances despite underestimation of water inputs

may be due to unaccounted point source inputs

making up for ungauged inputs. We conclude that

our mass balances are accurate to within 20% and

assume that departures exceeding this value are

evidence for source or sink processes occurring

within the mainstem of the Ohio River (Richey

and others 1990).

For each of the dissolved and particulate fractions

measured (excluding Cl), we observed input–out-

put imbalances exceeding 20% during at least three

of the seven surveys. CHLa, NH4 and NO3 were the

least conservative as inputs to the mainstem Ohio

River exceeded outputs by an average factor greater

than 1.4. CHLa fluxes were rarely in equilibrium

for either the upper or lower sub-reaches (Fig-

ure 6). The upper river acted as a modest source of

CHLa with input fluxes (3.0 g s)1) averaging 60%

of output fluxes (5.4 g s)1). Net production in the

upper reach was highest during low discharge. In

contrast, the lower sub-reach was consistently a

sink for CHLa where inputs averaged 40 g s)1 and

outputs averaged 30 g s)1. Chlorophyll fluxes in the

lower sub-reach were dominated by the Wabash

River which accounted for 56% of inputs on

average. Outputs of CHLa ranged from 5 to 78%

(average = 32%) of inputs with highest losses

occurring during low discharge. The Ohio River

overall was found to be a sink for CHLa with an

average output equal to 67% of inputs.

Inputs of NH4 were typically larger than outputs

suggesting that the Ohio River acted as a net sink.

Inputs to the upper sub-reach (124 g s)1) were al-

most twofold higher than outputs (65 g s)1) with

loss estimates ranging from 24 to 72% (aver-

age = 48%). NH4 removal rates in the upper sub-

reach ranged from )0.8 to 9.1% per day of water

travel time (mean = 4.8%). The lower sub-reach

was in equilibrium with respect to NH4 inputs and

outputs (160 and 158 g s)1, respectively) with

average removal rates of 1.5%. The river as a whole

was found to be a sink for NH4 during four of seven

surveys (retention = 29–64%). NO3 fluxes gener-

ally followed a conservative pattern in the upper

reach but not in the lower reach where input–

output balances varied as a function of discharge.

For the two sampling dates with highest discharge

(July 1998, March 2000), NO3 outputs (6800 g s)1,

12000 g s)1; respectively) exceeded concurrent in-

puts (5100 and 9600 g s)1). During low discharge,

inputs (1961 g s)1) exceeded outputs (1242 g s)1)

and corresponded to an average loss of 39%. NO3

removal rates during low discharge ranged from 1.4

to 13.3% (mean = 4.0%). The river as a whole was

a sink for NO3 with input to output ratios ranging

from 0.8 to 2.7.

Average fluxes of other parameters (DOC, POC,

TN, TP, SRP, SiO2) were near equilibrium although

large imbalances were evident during some surveys

(Figure 6). The lower reach was a net sink for DOC

on two dates (August and October 2000) with

losses equivalent to 68 and 51% (respectively) of

inputs. The upper sub-reach was typically a source

of DOC (six of seven surveys) with average outputs

exceeding inputs (13 and 9 kg s)1, respectively).

Modest losses of TN, TP and POC occurred during

periods of low discharge but these were offset by

net export during high discharge. SRP fluxes were

near equilibrium during low discharge whereas

high discharge was associated with net export. The

river acted as a net source of SiO2 over a wide range

of discharge conditions.

Figure 5. Input and output fluxes of water (7 dates) and

Cl (3–5 dates) for the mainstem Ohio River. Input fluxes

are the sum of upstream and tributary sources. Symbols

denote fluxes for the entire study reach (Sites 1–3; tri-

angles) and for upper (Sites 2–3; squares) and lower

(Sites 1–2; diamonds) sub-sections.
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Point source inputs of NH4 and TP were impor-

tant components of the input budgets for the upper

sub-reach (Table 2). During baseflow conditions

(excluding July 1998 and March 2000 surveys)

point source inputs of NH4 (80 g s)1) were large in

comparison to tributary inputs (2 g s)1) and com-

parable to inputs from the upper Ohio River basin

(100 g s)1). Inclusion of point source contributions

yielded an average loss rate of 74% for NBU and an

average removal rate of 8% per day of water travel

time (range = 1 to 15%). Point source inputs of TP

(20 g s)1) and NO3 (33 g s)1) exceeded tributary

fluxes into the upper sub-reach (2 and 12 g s)1;

respectively). Point sources accounted for 22% of

the total TP inputs and their inclusion resulted in a

close balance between inputs (90 g s)1) and outputs

(88 g s)1). Point sources were not a significant

component of the NO3 budget (<5% of inputs) due

to large fluxes associated with the upper Ohio River

basin. In the lower sub-reach, point sources did not

substantially influence estimates of input or loss

due to the lack of major WWTP discharges in this

portion of the river and the large fluxes associated

with tributaries and the upper Ohio River basin.

DISCUSSION

The Ohio River integrates drainage waters from

sub-basins that differ in their land use and degree

of hydrologic regulation. These properties influence

the quantity and timing of water and material

delivery from the Ohio River. Highest N and P

concentrations were measured in the Wabash River

and these values were typical of basins with sub-

stantial agricultural land use (Harris 2001; Vanni

and others 2001). By comparison, the Tennessee

and Cumberland Rivers drain more forested areas

in the southern region of the basin and generally

exhibited lower nutrient concentrations particu-

larly with respect to N. In a concurrent study

(1999) for which monthly samples were collected,

we observed summer minima of 17 lg N-NO3 L)1

(Tennessee River) and 180 lg N-NO3 L)1 (Cum-

berland River) whereas Ohio River concentrations

were never below 600 lg N-NO3 L)1 (Koch and

others 2004). The southern rivers (particularly

Tennessee) experience greater water regulation

effects due to the presence of large mainstem

impoundments. Nutrient retention in reservoirs

can substantially reduce downstream transport

(Caraco and Cole 1999; Stanley and Doyle 2002)

and the low availability of N relative to P (TN:TP <

8) suggests that denitrification may be important in

these rivers (Sjodin and others 1997; Josette and

others 1999). Differences in nutrient availability

among the rivers corresponded to differences in the

nature and severity of growth limitation for phy-

toplankton. Nutrient limitation (P or N) was com-

monly observed in the southern rivers but rarely in

the Ohio River (only when silica levels declined

below 1000 lg L)1) because the latter was pre-

dominantly light limited (Koch and others 2004).

Our primary finding is that seasonal variation in

the proportion of flow originating from the con-

tributing sub-basins gives rise to predictable pat-

terns in nitrogen export associated with varying

stages of the hydrograph. The influence of the

southern rivers is greatest during summer baseflow

conditions when their combined discharge ac-

counts for 60% of inputs and results in low N

concentrations in water entering the Mississippi

River (Figure 7). In contrast, periods of elevated

discharge for the Ohio River were characterized by

proportionately greater contributions from the

upper Ohio and Wabash basins and elevated N

concentrations. This pattern arises from an inter-

Table 2. Comparison of NH4, NO3 and TP Inputs from the Upper Ohio River Basin, Tributaries (Kentucky
River), and Point Sources to the Upper Sub-reach during Baseflow Conditions (June–September)

N–NH4 g s)1 N–NO3 g s)1 DIN g s)1 TP g s)1

Inputs

Upper Ohio River 100 845 945 68

Tributary 2 12 14 2

Point Sources 80 33 113 20

Total 182 890 1072 90

Outputs 48 945 993 88

% Loss (I-O/I) 74% 6% 7% 2%

Input from the upper Ohio River basin were measured at Site 1 and outputs from the study reach were measured at the mid-river sampling location (Site 2). Ohio River and
tributary fluxes are average values for five of the seven surveys excluding those conducted during high flow conditions (July 1998, March 2000).
Point source fluxes are based on effluent discharges for facilities holding National Pollutant Discharge Elimination System (NPDES) and effluent concentrations measured at the
Louisville (NH4, TP) and Cincinnati (NO3) metropolitan WWTPs.
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action between climate, land-use and water regu-

lation effects. The northern and eastern sub-basins

receive greater N loading associated with agricul-

ture and also experience a proportionately larger

peak discharge in spring (ca. five times the average

monthly discharge at baseflow). The latter may

reflect a contribution from snowmelt runoff. The

southern rivers are less intensively cultivated and

exhibit smaller spring discharge peaks (ca. three

times minimum flow) which minimizes their

importance to water and nitrogen budgets when

the Ohio River is at elevated flow. Water storage by

regulation structures (particularly in the Tennessee

River) may delay the delivery and in part account

for the greater contribution of these rivers in late

summer.

Seasonally-variable sub-basin contributions fos-

ter a positive association between discharge and N

concentrations in the Ohio River. A positive asso-

ciation between nitrate concentrations and dis-

charge has been reported previously for the

Mississippi River (Goolsby and others 2001) and

attributed to leaching of nitrate from agricultural

soils following rain events. This relationship would

not be expected if point sources were the pre-

dominant factor determining concentration, as

these inputs would have their maximum influence

at low discharge. This finding is consistent with our

analyses showing that point loadings are a signifi-

cant source of NH4 but a relatively small compo-

nent of the overall budget for dissolved inorganic

N. Prior analyses have emphasized the importance

of non-point sources and the transport of NO3 but it

should be recognized that inputs of NH4 from point

sources more closely mimic internal regeneration

processes associated with decomposition and con-

sumer excretion. A number of studies have docu-

mented the importance of NH4 production in

meeting autotrophic and heterotrophic demands

for N (Schaus and others 1997; Pressing and others

2001; Shostell and Bukaveckas 2004) and recent

stable isotope analyses of zebra mussels in the

Mississippi River suggest that NH4 may account for

a disproportionate fraction of consumer N (Fry and

Alien 2003). Our analyses show that point source

inputs of NH4 to the Ohio River are large relative to

tributary and upstream sources and suggest they

may be important to riverine metabolism and food-

webs.

Our synoptic survey of flux rates within the Ohio

River and its major tributaries suggests that accu-

rate forecasting of the delivery of N and other

materials from this basin depends upon an under-

standing of hydrologic contributions among the

sub-basins. We examined current patterns in the

context of long-term (50-year) trends in discharge.

Analyses of annual average values revealed

increasing trends in discharge comparable to those

previously reported for this and other rivers com-

prising the Great Central Basin (Baldwin and Lall

1999; Raymond and Cole 2003). We estimate that

the annual average discharge of the Ohio River has

increased by 15% since 1940 with comparable in-

creases observed in the Wabash (18%) and Ten-

nessee (19%) Rivers. In comparison, the annual

average discharge of the Cumberland River has

increased by 41% and its proportional contribution

Figure 7. Ohio River TN concentrations as a function of

proportion of inputs from the Wabash and upper Ohio

River basins (top), the proportion of inputs from the

Tennessee and Cumberland River basins (middle) and

the discharge of the Ohio River (bottom).
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to the Ohio River during baseflow (August–Octo-

ber) has risen from 5 to 20% (Figure 8). The

greater input of N-depleted waters may partially

mitigate high N yields from other portions of the

Ohio River basin. A broader analysis (Clark and

others 2002) yielded a similar conclusion by

showing that concentrations of most chemical

constituents in the Mississippi River declined as the

proportion of water originating within the Ohio

River basin increased. Compared to the upper

Mississippi River, much of the Ohio River basin is

forested and less intensively farmed, which, in

combination with greater precipitation, results in

lower concentrations of dissolved and particulate

materials. Although the mechanisms driving

changes in river discharge within the US Central

Basin are not known, our analyses suggest that

differential responses in water yield among sub-

basins effects material delivery to the Mississippi

River.

Recent changes in material delivery from sub-

basins of the Ohio River may reflect changes in

land use and water regulation but studies in the

Amazon River basin suggest that sub-basin effects

are equally important in regions where anthro-

pogenic influences are less pronounced. Greater

than 80% of the suspended materials transported

by the Amazon River are derived from the small

portion of the catchment which is drained by

Andean (‘‘white water’’) rivers (Devol and Hedges

2001) and these account for a large fraction of the

mineral nutrients supporting riverine and flood-

plain communities (Melack and Forsberg 2001),

An appreciation of water ‘‘provenance’’ is central

to predicting material delivery from large river

basins where anthropogenic or physiographic ef-

fects result in disproportionate yields relative to

runoff.

A second finding from our study is that spatial

variation in material fluxes along the length of the

Ohio River arises in part from transformation of N

and P fractions within the river itself. The upper

sub-reach was found to be a net source of CHLa

suggesting that this portion of the river provided a

generally favorable environment for phytoplank-

ton production. Detailed studies of the McAlpine

Pool (located at the lower end of the upper sub-

reach) showed that light dosages were sufficient to

allow photosynthesis in excess of algal respiration

and resulted in net gains of algal carbon (Sellers

and Bukaveckas 2003). Light dosages increased

with decreasing discharge because of the combined

effects of longer transit time, reduced turbidity and

declining river stage (shallower water column

resulting in higher average irradiance). Our survey

data suggest that this relationship between dis-

charge and light dosage typifies conditions

throughout the upper sub-reach because the ratio

of CHLa outputs to inputs increased with declining

discharge. The upper sub-reach was also found to

be a net sink for NO3 and NH4 suggesting that N

demand was sufficiently high to offset remineral-

ization rates of autochthonous and allochthonous

organic matter.

Loss of inorganic N and P within the upper sub-

reach likely reflects transformation to organic

forms through biotic uptake and (for N) removal

through denitrification. Transformation of inor-

ganic N and P through autotrophic and heterotro-

phic production should be balanced by the export

of dissolved and particulate organic matter. Our

budgets indicate that TP and TN mass balances were

typically near equilibrium and are consistent with

previous findings for the Mississippi River (Goolsby

and others 2001). However, because the base-flow

period is associated with warm water and peak

biotic activity, loss of inorganic fractions may have

important implications for downstream environ-

ments. Nitrogen supply has been shown to regulate

Figure 8. Proportion of inputs to the Ohio River during

baseflow (August–October) that originate from the upper

Ohio River (top) and Cumberland River (bottom) sub-

basins.
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primary production in estuaries (Gallegos and

others 1992; Paerl and others 2001) and river

impoundments (Bukaveckas and Crain 2002;

Bukaveckas and others 2002) whereas changes in

the relative availability of N and Si have been

shown to influence coastal food-webs in the Gulf of

Mexico (Turner and others 1998). NO3 removal

rates in the Ohio River were comparable to previ-

ously published estimates of riverine N loss (0.5–

5% d)1; Alexander and others 2000) whereas NH4

removal rates were higher (8% inclusive of point

sources). The combined effects of N removal and

inputs of N-depleted water from southern rivers

results in a longitudinal decline in N:P ratios from

20 to 10.

Our present study does not allow us to parti-

tion nutrient uptake according to autotrophic vs.

heterotrophic demand but it is interesting to note

that the lower sub-reach was more heterotrophic

(net loss of CHLa) and was not a sink for inor-

ganic N. Cross-sectional geomorphometry data

show that pools comprising the lower sub-reach

were generally deeper. Modeling analyses re-

vealed that algal respiration typically exceeded

photosynthesis resulting in the attenuation of

downstream transport in algal carbon (Sellers

2001). Longer transit times within deep pools

increase respiration losses and our survey data

showed that as discharge declined, loss of CHLa

in the lower sub-reach increased. Because losses

in the lower sub-reach exceeded gains in the

upper sub-reach, the Ohio River was overall a

net sink for CHLa. The consequences of algal C

loss for downstream food-webs are unclear owing

to continuing uncertainty about the importance

of autochthonous production in rivers (Devol and

Hedges 2001; Thorp and DeLong 2002). Algal C

typically comprises less than 10% of the POC in

the Ohio River and its tributaries but may ac-

count for a disproportionately large fraction of

bacterial and zooplankton production given its

labile and nutrient-rich composition (Muller-Sol-

ger and others 2002; Kritzberg and others 2004).

Our related studies have documented positive

responses in zooplankton populations (Guelda

and others 2005) and larval fish growth rates in

river mesocosms when algal C is elevated to 10–

15% (P. Bukaveckas, unpubl. data).

Our assessment of the importance of riverine

processes in material transformations is based on an

analysis of fluxes during predominantly low flow

conditions characteristic of the summer, warm

water period (five of seven surveys). We derived

basin yields from our dataset to characterize flux

conditions and place these in the context of previ-

ously published values that are more representative

of intra- and inter-annual variation in discharge

from the Ohio River basin. Our average-yield of

TOC (2365 kg km)2 y)1) was similar to a recently

published estimate (2513 kg km)2 y)1) based on 61

measurements during 1973 to 1994 (Turner and

Rabalais 2004). Our average yields of TN (322 kg

km)2 y)1) and TP (22 kg km)2 y)1) were lower than

estimates based on 240 measurements (TN = 765;

TP = 68) during this period (Turner and Rabalais

2004). Our estimates of material losses reflect high

rates of metabolic activity and reduced horizontal

transport during base-flow conditions whereas

annualized budgets would yield lower loss esti-

mates due to diminished metabolism and transient

storage during high discharge and cold water con-

ditions.

Much progress has been made in recent years

to assess material export from large rivers in the

context of regional and global biogeochemical

cycles. However few studies have examined

within-river biogeochemical processes and their

potential importance in influencing material ex-

port. The scarcity of biogeochemical studies in

rivers may be attributed to several factors. First,

large rivers are themselves scarce within the

landscape thus limiting opportunities for the

types of comparative studies that have yielded

insights to stream and lake ecosystems (Wolheim

and others 2001; Hanson and others 2003). Sec-

ond, smaller (headwater) streams, because of

their low water column to benthic area ratios,

have a higher processing potential and may

therefore account for a disproportionate fraction

of nutrient uptake in river networks (Alexander

and others 2000). Our results show that meta-

bolic activity in large rivers can result in signifi-

cant departures from mass balance equilibrium

for a range of C, N and P fractions. Although we

know of no studies that have quantified cumu-

lative losses in rivers and their associated tribu-

tary networks, we speculate that basin-wide

anthropogenic influences act to promote short-

term storage in rivers while diminishing uptake

in streams. In the Ohio River, the presence of

regulation structures lengthens water transit time

thereby enhancing the opportunity for biotic

processes to attenuate downstream transport of

inorganic nutrients during base-flow periods.

Channel modifications in small streams typically

involve channelization, which decreases water

transit time and minimizes metabolic influences.

An understanding of the effects of storage and

removal on the timing and delivery of materials

from large basins requires quantification of these
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processes over a range of lotic systems from

headwater streams to large rivers.
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