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ABSTRACT 

Water quality degradation in the Illinois River Watershed (IRW) has been linked to excess nutrients, primarily phos- 
phorus (P). A mass balance study was performed on the IRW in Oklahoma and Arkansas to quantify the magnitude of P 
entering the watershed between the closure of Lake Tenkiller’s dam in 1954 to 2006. Results showed that a substantial 
mass of P was, and is, being imported into the watershed relative to the mass of P leaving the watershed. The study 
demonstrated that poultry production has been the major contributor of P imported to the watershed since 1964, and is 
currently responsible for more than 76% of the net annual P additions to the IRW. Between 1949 and 2002, more than 
200,000 tonnes of P was added to the IRW. A P delivery ratio for the IRW was computed from the mass balance results 
and observed loads indicating that 4% of annual P applied to the IRW landscape reached Lake Tenkiller between 1999 
and 2006. Allocation of P loads from 1949 to 2002 to Lake Tenkiller computed with the delivery ratio showed that 
wastewater treatment plant (WWTP) discharges were responsible for more than 50% of P reaching Lake Tenkiller in 
1949, followed by dairy cattle (32% of loads). Poultry contribution to P reaching Lake Tenkiller was 5% in 1949 but 
increased rapidly to become the largest source in 1969 at approximately 49%, and in 2002 at 54%. Both dairy and 
WWTP portions of the loads declined from 1949 levels with less than 4% attributable to dairy and less than 34% as- 
signed to WWTP in 2002. 
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1. Introduction 

The Illinois River Watershed (IRW) encompasses nearly 
4257 square kilometers in northeast Oklahoma and north- 
west Arkansas (Figure 1). Land uses in the IRW are do- 
minated by agricultural activities (poultry and beef cattle 
production, with minor dairy and swine production) and 
forests. Urban areas in the IRW are located largely along 
the watershed’s northeastern boundary. The watershed 
spans seven counties and feeds the largest reservoir in 
Eastern Oklahoma, Tenkiller Ferry Reservoir (locally 
known as Lake Tenkiller). The Illinois River was desig- 
nated a “Wild and Scenic River” by the State of Oklahoma 
in 1970 and benefits from protections this designation 
provides. This promotes tourism in the IRW, which sees 
its peak between April and September when stream flow 
and temperatures are best for river activities [1]. The main 

recreational activities in the watershed are canoeing/ka- 
yaking, camping, fishing, hiking, hunting, horseback rid- 
ing, wildlife viewing, and sightseeing. 

Reports of diminishing water quality caused by eutro- 
phication of Lake Tenkiller and the water quality degra- 
dation of the Illinois River and its tributaries have prom- 
pted concerns from both local citizens and state officials 
[2-5]. Eutrophication has been attributed to excess nutri- 
ents, specifically phosphorus (P) in fresh water systems 
[6]. These concerns resulted in a series of Total Maximum 
Daily Loads (TMDLs) to reduce P loads in the Illinois Ri- 
ver segments that are currently on the States of Okla- 
homa’s and Arkansas’ 303(d) list for TP;  
http://www.aquaterra.com/projects/descriptions/illinois.p
hp. 

Several prior studies of the IRW attempted to identify 
the potential sources of P reaching the IRW streams and 
rivers and Lake Tenkiller [3,7-9]. Point source discharges *Corresponding author. 
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Figure 1. Illinois river watershed in southwest Arkansas and northeast Oklahoma. 
 
of P into the IRW waters, while not the majority of P 
discharge, have been reduced in recent years as WWTP 
facilities have been upgraded and P limits were placed on 
WWTP discharges [3]. Non-point sources (NPSs) of P 
that have been identified include livestock production 
(poultry, cattle, dairies, swine), recreation, on-site waste 
disposal from septic systems, in-stream gravel mining, 
bank erosion, nurseries, and urban runoff. Poultry waste 
application within the IRW to pastures has been identified 
as a substantial contributor to overall P loads within IRW 
streams and rivers and Lake Tenkiller [5,10]. 

Poultry production operations within the IRW produce 
a substantial amount of poultry waste containing P. Poul- 
try waste produced within the IRW range between 317,500 
and more than 454,000 tonnes annually [11]. Because 
poultry feed formulations consistently include the addi- 
tion of substantial amounts of calcium phosphates (typi-
cally dicalcium phosphate, defluorinated rock phosphate 
or tricalcium phosphate), poultry wastes contain high con- 
centrations of P. The combination of fecal droppings, bed- 
ding material, feather waste, feed and soil, referred to as 
poultry litter [12,13], typically contains about 2% by 
weight of total P [13-15]. As a consequence, the P content 
of poultry waste in the IRW ranges from 3.95 million to 
nearly 4.54 million kilograms annually. With few excep- 
tions, the preferred practice for poultry waste disposal is 
land application to pasture and cropped areas near poultry 
production farms [16,17], and nearly all poultry waste 

generated within the IRW is land disposed within the IRW 
by broadcast and spreading [11]. 

Tortorelli and Pickup [18] and Pickup et al. [19] used 
LOADEST (load estimator software) [20] to compute P 
loads between 1997 and 2004 at the Illinois River and 
Baron Fork USGS observation stations within the IRW 
(Figure 1). The authors found that observed P loads to 
Lake Tenkiller were greater per unit area than that for 
other watersheds in the region. Pickup et al. [19] indicated 
that average annual P load entering Lake Tenkiller was 
about 262,000 kilograms per year, and more than 86% of 
this load, which is predominately NPS P, was transported 
to the lake by runoff. 

The study of the movement of P in and out of a water- 
shed (e.g., a mass balance analysis) provides insight into 
the primary sources of P within that watershed, and pro- 
vides context for estimating the potential for the move- 
ment of P to streams, rivers and lakes within a watershed 
as many investigators have previously found an associa- 
tion between P mass balance and NPS P loads to water 
bodies (e.g, Slaton et al. [10], Nelson et al. [21]; Bennett 
et al. [22]). 

Bennett et al. [22] calculated a P budget for the agri- 
culture-dominated Lake Mendota watershed located in 
Wisconsin and found that approximately 34,000 kg of P 
reach the lake annually. Similar mass balance approaches 
were used to estimate accumulation of nutrients in North 
Carolina watersheds [23,24]. Jaworski et al. [25] con- 
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ducted a nutrient mass balance for a watershed finding 
animal waste and fertilizer to be the largest sources of P 
inputs to the watershed with animal waste contributing 
60% of total P watershed inputs. McMahon and Woodside 
[26] found that livestock were the largest source of P 
inputs to a watershed at 50% for a watershed mass bal- 
ance. Harned et al. [27] found livestock waste was the 
largest contributor to P inputs into the Mobile River Water- 
shed. 

The accumulation of excess P in soils creates condi- 
tions for increased P delivery to surface and groundwater. 
Thus, Fluck et al. [28] reported that the accumulation of P 
within the Lake Okeechobee watershed is likely to con- 
tribute to P reaching the lake. Other studies also demon- 
strated that P levels in runoff were positively correlated 
with soil P levels [10,29-33]. Slaton et al. [10] indicated 
that a fundamental component of nutrient management 
strategies is to determine the balance between nutrient in- 
puts and outputs to identify areas where soil nutrient in- 
puts are greater than removals. Many of these “critical 
areas” coincide with areas subject to concentrated animal 
production [10]. In a detailed budgeting analysis of P 
containing materials, Fluck et al. [28] reported that net P 
imports to the watershed are primarily the result of agri- 
cultural activities. Agricultural activities such as poultry 
farms were found to provide the greatest P surpluses [34], 
with an annual surplus of 65 kg P per ha, which may pre- 
sent a potential hazard to surface water quality [35]. 

Based on a national nutrient balance assessment, Kel- 
logg et al. [36] and Kellogg [37] found the Illinois River 
Watershed, northwest Arkansas, and northeast Oklahoma 
as being vulnerable and prone to P losses in runoff due to 
excess manure being land applied. Accumulated P in 
northwest Arkansas soils for a 5 year period was estimated 
to be 32 kg/ha [10]. Nelson et al. [21] estimated nearly 
1,234,000 kg of P were annually applied to the landscape 
in the Arkansas portion of the IRW, of which about 
1,030,000 kg originate from poultry litter application to 
pastures, representing approximately 83% of P inputs to 
the watershed. 

Nutrient mass balance data can be used to determine 
masses of nutrients reaching water bodies, as well as to al- 
locate nutrient loads to their sources. Alternatively, pol- 
lutant export coefficients may be used [38-40]. For ex- 
ample, Daly et al. [41] used observed P load data and 
watershed characteristics (land use, soil type, and soil P 
data) to derive coefficients for modeling P loads from 
other watersheds. Winter and Duthie [42] calculated P 
losses from an approximately 75 km2 watershed using a 
coefficient based modeling approach and found that mo- 
deled P losses were within 7% of observed values. Simi- 
larly, Johnes and Heathwaite [43] used an export coeffi- 
cient based model to examine the impacts of land use 
changes on P losses. 

In freshwater systems, the presence of an excess of P is 
nearly always the cause of eutrophication, and P control is 
critical to mitigating eutrophication. The work presented 
in this study is a P mass balance analysis of the IRW in 
Oklahoma and Arkansas. 

The study was motivated by the eutrophication and 
aquatic habitat degradation of surface waters within the 
IRW, with the purpose to identify the primary source(s) 
of P causing this eutrophication and aquatic habitat deg- 
radation in the watershed 

2. Materials and Methods 

2.1. Mass Balance for P Loads 

A P mass balance study was performed on the IRW to 
quantify the most significant sources of P entering the 
watershed between the closure of Lake Tenkiller’s dam 
in 1954 to 2006. The approach and data sources used in 
this study were consistent with those discussed in the 
nutrient mass balance literature (e.g., von Bernuth and 
Salthouse [44], Nelson et al. [21]). The most significant 
sources of P flows into the IRW were identified from pre- 
vious studies of the IRW and other watersheds in the re- 
gion, and analysis of IRW data. The USDA Agricultural 
Census data on livestock production and nutrient excre- 
tion values were used to compute net P additions to the 
watershed for livestock. Following Slaton et al. [10], cat- 
tle grazing in the watershed are not introducing new P to 
the watershed, and thus only the feed imported into the 
watershed for supplemental feeding of grazing cattle was 
attributed to cattle. 

Figure 2 shows the most significant P additions to and 
removals from the IRW. The data sources for computing 
the P imports and exports are identified in Table 1. Live- 
stock numbers were obtained from the USDA Agricul- 
tural Census for each of the counties in the watershed. For 
some counties, only a portion of the county was within the 
watershed. For these counties, livestock within the water- 
shed were apportioned to the watershed based on the pro- 
portion of pasture within that county that was also within 
the watershed. Livestock within the IRW are linked to 
pastures. This includes poultry due to the use of pasture 
for poultry waste disposal. Land use data for obtaining 
pasture data were the USGS land use land cover data for 
2001. The assumption regarding poultry allocation to the 
IRW was validated using poultry house location data des- 
cribed in a section below. Livestock populations contrib- 
uting P to the Illinois River Watershed since 1949 are 
shown in Table 2. 

Net P additions to the IRW from livestock were com- 
puted based on livestock populations (shown in Table 2), 
weight of livestock, and values for P in livestock waste. 
The mass of poultry waste generated and its P content 
from poultry houses in the Eucha-Spavinaw watershed 
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Figure 2. Phosphorus mass balance flow diagram for the illinois river watershed. 
 

Table 1. Data sources used in mass balance analysis. 

Data Name Year Source 

Human population 1992 US Census Bureau http://www.census.gov/  

Livestock 
populations 

1949-2002 USDA Agricultural Census http://www.agcensus.usda.gov/ 

Land use land cover 2001 
National Land Cover Data Set (NLCD) (2001), Remote Sensing Interpretation, Downloaded from the USGS 
National Map Seamless Server at: http://seamless.usgs.gov/  

Fertilizer sales 1951-2002 Oklahoma Department of Agriculture and Arkansas State Plant Board  

Recreational users 2000-2005 Dr. Caneday Report on Recreational Users of Illinois River Watershed  

Industrial sources 1987-2003 
Derived from NPDES permit compliance system (PCS) data:  
http://www.epa.gov/enviro/html/pcs/pcs_query_java.html  

Cattle supplement 2003 OSU Extension reports and contact with OSU beef specialist (Gill and Lusby [45]) 

Deer  1949-2002 OK Department of Wildlife Conservation and Arkansas Game and Fish Commission  

 
Table 2. Livestock populations in the Illinois river watershed compiled from USDA census data. 

Year Broilers Layers Pullets Turkeys Swine Dairy cattle 
Beef cows & heifers 

that calved 

1949 11,924,434 a a 38,497 79,556 29,478 10,379 

1954 18,617,043 a a 302,795 38,281 29,877 19,842 

1959 35,685,225 a a 489,136 50,939 21,253 29,742 

1964 60,681,482 1,759,742 a a 28,423 14,886 50,503 

1969 75,718,474 6,687,861 a a 44,297 11,674 62,321 

1974 80,779,485 3,881,138 a b 57,064 9302 86,725 

1978 87,085,705 6,358,778 4,041,266 2,274,966 212,851 11,771 79,062 

1982 91,645,666 7,730,130 3,951,899 2,899,320 284,402 15,620 83,235 

1987 100,090,686 9,386,334 4,354,641 5,443,358 484,617 13,095 81,212 

1992 124,834,505 7,550,895 4,476,492 4,013,895 324,755 12,148 85,408 

1997 126,788,271 5,895,940 3,503,572 4,780,619 299,286 9,958 97,440 

2002 139,700,237 4,870,617 3,186,207 4,024,094 208,243 10,280 101,367 
aNo information listed in Agricultural Census; bData listed as not available in Agricultural Census. 

http://www.epa.gov/enviro/html/pcs/pcs_query_java.html
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(adjacent to the IRW) were analyzed and coefficients were 
determined to quantify poultry waste and P content by 
type of poultry. Phosphorus waste content for other live- 
stock was obtained from the USDA Agricultural Waste 
Management Field Handbook [46]. Contribution from 
grazing cattle was computed based on supplemental cattle 
feed recommendations by the Oklahoma State University 
Extension program [45] and IRW cattle population. Com- 
mercial fertilizer sales between 1951 and 2002 at the 
county level were obtained from Arkansas and Oklahoma 
(Table 3), and allocated to the watershed based on pro- 
portion of pasture and cropped land in the IRW (cropped 
land represented less than 600 ha in the watershed). In- 
dustrial P discharges for each year were obtained from 
discharge permit data (Table 1). Phosphorus from hu- 
mans was computed from human populations obtained 
from the US Census and a P coefficient for humans re- 
flecting P in excrement and laundry and other household 
uses [46]. Phosphorus from visitors to the IRW was 
computed based on the annual visitors and length of stay 
to the watershed (Caneday, personal communication) and 
the P coefficient for humans [46]. 

Phosphorus removed from the IRW by cattle was com- 
puted based on cattle population, cattle weight, and the 
amount of P in cattle [47]. A similar approach for deer was 
used to estimate P removed by deer harvested. Deer kills 
were obtained from state agencies in Oklahoma and Ar- 
kansas that track deer harvests (Table 1). Phosphorus 
removed in crops harvested within the IRW was com- 
puted from the cropped area (USDA Agricultural Census 
data) and coefficients representing the amount of P in 
crops (NRCS; npk.nrcs.usda.gov). Phosphorus leaving 
Lake Tenkiller in flow through the spillway was comput- 
ed for the period of 1999-2006 based on P concentrations 
in the outflow and volume of flow. 

Poultry population within the IRW was also computed 
through identification of active poultry house facilities in 
the watershed. Potential poultry house locations were 
identified from aerial photography (obtained in 2005; 
[11]). Active houses and the types of birds produced in the 
active houses were identified through examination of 
county tax records for Oklahoma and Arkansas, Okla- 
homa Department of Agriculture Food and Forestry poul- 
try registration records, industry records and field inves- 
tigation. The length and width of each active house was 
measured on the air photo using standard GIS tools, and 
these data were used to calculate the area for each type 
(broiler, hen, pullet, turkey) of active poultry house. The 
locations of active poultry houses identified using this 
process are shown in Figure 3 (note that each location in 
the figure has multiple houses). 

In order to estimate the number of type of poultry pro- 
duced within the IRW, data regarding the number of birds 
of each type produced per unit area of poultry house per  

Table 3. Annual P additions (in tonnes) to the IRW based on 
estimated commercial fertilizer sales between 1951-2002 for 
the IRW in Oklahoma and Arkansas. 

Year Oklahoma Arkansas 

1951 230 7 

1954 234 21 

1959 230 44 

1964 200 67 

1969 171 91 

1974 151 113 

1978 170 132 

1982 160 151 

1987 161 174 

1992 180 282 

1997 179 225 

2002 181 232 

 
unit time were obtained. These data were derived from a 
comprehensive set of nutrient management plans (NMPs) 
for the Eucha/Spavinaw watershed (a smaller watershed, 
north of and immediately adjacent to the IRW) which had 
the same type of poultry operations as found in the IRW. 
Each farm’s NMP provided data regarding: 1) type of 
poultry produced, 2) number of houses in operation at the 
farm or location, 3) bird capacity of each poultry house, 
and 4) annual number of flocks produced. The estimates 
of the number of birds produced per unit area of poultry 
house per unit time for each type of poultry obtained from 
these data were combined with the photogrammetric and 
other data from the IRW to compute the number of birds 
of each type produced within the IRW. The results of this 
computation are provided in Table 4. Additional build- 
ings that were identified as poultry production facilities in 
which poultry production was not confirmed were ex- 
cluded from the data in Table 4 [11]. These estimates are 
based on reported house capacity. Consequently, they 
would be expected to be slightly larger than actual pro- 
duction. These estimates of poultry production, which 
total approximately 184,900,000 birds of all types, are 
only about 8% higher than the reported industry number 
of birds for the year 2005 of 170,836,000. 

Poultry production data provided by the poultry indus- 
try indicated that poultry population in 2002 within the 
IRW was 145,267,000, which is within 5% of values com- 
puted from USDA Agricultural Census data for the same 
year (approximately 151,781,000 from Table 2). Indus- 
try data were unavailable for other years in which census 
data were available. These analyses confirmed the valid- 
ity of the approach used in distributing USDA Agricul- 
tural Census poultry populations to the IRW as well as 
the photogrammetric/records review/on-ground inves- 
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Figure 3. Locations of active poultry houses in the Illinois river watershed. 
 
Table 4. Estimated 2005 poultry production within the IRW 
based on photogrammetric data, records review and on- 
ground investigation. 

Poultry type Active houses 
Annual production

(birds/year) 

Broilers including Cornish 1306 169,314,017 

Layers 236 5,072,381 

Pullets 172 3,240,779 

Turkeys 121 7,273,348 

Total 1835 184,900,525 

 
tigation approach to estimating poultry production. 

2.2. Phosphorus Delivery Ratio and Allocation of 
P Loads 

A nutrient mass balance identifies the flows of nutrients 
into and out of an area such as a watershed. To quantify 
the movement of these nutrients to water bodies, further 
analysis is required. A quantification approach that uses 
delivery ratios can be used to link watershed nutrient 
inputs and delivery of nutrients to water bodies. A deliv- 
ery ratio for P within the IRW was computed from the 
annual mass of P imported (net), P discharged to streams 
and rivers by waste water treatment plants (WWTPs), and 

observed P loads to Lake Tenkiller between 1999 and 
2006. This P delivery ratio can be used to allocate P reach- 
ing water bodies to the sources of P imported into a wa- 
tershed [21,40,41]. 

The difference in total P loads at the gauging stations 
nearest to Lake Tenkiller and the WWTP discharges can 
be attributed to NPS sources of P. Of course this assumes 
that all WWTP discharges of P reach the gauging stations 
closest to the lake. Note that this assumption will likely 
underestimate NPS P contributions. With this assumption, 
the P delivery ratio for the IRW is: 

 
 

Lake WWTP
P

mass WWTP

P P
DR

P P
=

 




 

where DRP is annual P delivery ratio; PLake is P mass 
reaching Lake Tenkiller; PWWTP is P mass coming from 
WWTPs; and Pmass is annual mass of P imported. 

The P loads to Lake Tenkiller were computed using 
the approach described by Tortorelli and Pickup [18] and 
Pickup et al. [19] that used LOADEST (LOAD ESTi- 
mator software) [20]. Loads were estimated by multiply- 
ing daily streamflow by corresponding P concentrations 
using linear regression [18]. Phosphorus concentrations 
were determined through laboratory analysis from dis- 
crete water-quality samples collected over several years 
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[18,19]. Observed P concentrations from USGS and the 
Oklahoma Water Resources Board (OWRB) water qual- 
ity samples, and USGS stream flow data were used to 
compute observed P loads between 1997 and 2006 at the 
USGS gauging stations nearest to Lake Tenkiller (Table 
5). 

A portion of the P in the IRW rivers and streams 
reaching Lake Tenkiller is from WWTP discharges. Total 
P discharges from WWTPs discharging into the IRW 
were subtracted from total P masses at the USGS gauging 
stations to determine NPS P contributions to IRW surface 
waters. Recent discharges from WWTPs were computed 
from WWTP discharge data (1999-2007), Permit Com- 
pliance System (PCS) data) from the Oklahoma Depart- 
ment of Environmental Quality and the Arkansas De- 
partment of Environmental Quality. WWTP discharges 
prior to 2003 were supplemented with data obtained from 
Gade [9]. Changes in WWTP technology significantly 
reduced P contributions beginning in 2003. From the late 
1990s to 2003, WWTP P discharges were 92,500 kg an- 
nually and were reduced to a little more than 40,800 kg 
annually starting in 2003. 

Allocation of P loads to sources was completed using 
the computed P delivery ratio for the IRW and the P 
mass balance data. Multiplication of the annual import of 
P into the watershed by the delivery ratio allowed identi- 
fication of the mass of P delivered to Lake Tenkiller in 
that year. Summing these sources and the WWTP con- 
tribution provides the total P delivered to Lake Tenkiller. 
From these data, the allocation percentages of P sources 
were computed. 

3. Results and Discussion 

3.1. Mass Balance 

The largest sources of P inputs into the IRW from 1949 

through 2002 are shown in Table 6. For the most recent 
period, poultry contributed more than 75% of P additions 
to the IRW, followed by commercial fertilizer (~7%), 
dairy cattle production (~5%), and humans (~3%). Cattle 
are included in this table because overall they are a net 
contributor to P inputs to the watershed due to supple- 
mental feed. A portion of the human and industrial P 
sources are directly discharged into the waters of the IRW 
through WWTPs. 

The primary sources of P addition to the IRW have 
changed significantly from the closure of the Lake Ten- 
killer dam in 1954 to the most recent period. In the late 
1940s and 1950s, dairy represented the primary source of 
P addition to the IRW. By the 1960s, poultry was the lar- 
gest source of P addition to the IRW, with poultry being 
responsible for more than one-half of the P additions to 
the watershed in this period. As documented in Table 6, 
total P additions to the IRW have increased by more than 
3.5 times from the closure of the dam to 2002 with poultry 
being responsible for nearly all of this increase. 

Phosphorus removal from the IRW is shown in Table 
7. The majority of the net removals of P from the IRW are 
due to P in the water flowing through the Lake Tenkiller 
spillway. Also notable is the magnitude of P leaving the 
IRW (Table 7) compared to P imported into this water- 
shed (Table 6). P additions were ~5500 tonnes in 2002 
compared to removal of 82 tonnes. The difference be- 
 
Table 5. USGS gage stations at which P loads to Lake Ten- 
killer were computed. 

Watershed 
Name 

USGS Gage Station 

Illinois River USGS 07196500 Illinois River near Tahlequah, OK

Baron Fork USGS 07197000 Baron Fork at Eldon, OK 

Caney Creek USGS 07197360 Caney Creek near Barber, OK 

 
Table 6. Annual P additions, in tonnes, to the Illinois river watershed. 

Year Human Poultry Swine Dairy cattle Beef cattlea Commercial 
fertilizer 

Industrial 
sourcesb 

Total 

1949 44 129 62 830 - 237 148 1500 

1954 47 230 30 841 - 255 148 1600 

1959 51 464 39 598 - 274 148 2000 

1964 59 1193 22 419 30 269 148 2200 

1969 69 2488 34 328 23 262 148 3400 

1974 79 2012 44 262 89 266 148 2900 

1978 88 3020 164 331 37 302 148 4000 

1982 96 3468 220 440 69 310 148 4800 

1987 106 4218 374 368 50 335 148 5600 

1992 123 4260 250 342 73 462 148 5700 

1997 152 4078 230 280 85 405 148 5400 

2002 181 4211 161 289 95 413 148 5500 

aPhosphorus addition from beef cows and heifers that calved minus removal from beef cattle sold; bIncludes poultry processing facilities. 
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Table 7. Annual P removals for the Illinois river watershed. 

Year Spillway (tonnes) 
Harvested crops 

(tonnes) 
Harvested deer  

(tonnes) 
Total (tonnes) 

1949 68 67 2 137 

1954 68 34 2 103 

1959 68 39 2 109 

1964 68 15 2 85 

1969 68 13 2 82 

1974 68 10 2 80 

1978 68 17 2 87 

1982 68 25 2 95 

1987 68 14 2 83 

1992 68 10 2 80 

1997 68 11 2 81 

2002 68 13 2 82 

 
tween the P entering the IRW and that leaving the water- 
shed is the amount of P accumulating in the IRW. Ac- 
cumulation of P leads to increased P losses in runoff over 
time, creating long-term opportunities for elevated P 
losses with runoff [10,29-32]. 

The net addition of P into the IRW from 1949 to 2002 
was determined using linear interpolation between years 
in which P net additions were computed. From 1949 to 
2002, approximately 200,000 tonnes of P were added to 
the IRW and approximately 4500 tonnes were removed, 
resulting in a net addition of 195,000 tonnes (>95%). 
Almost 68% of the addition, more than 134,000 tonnes, 
was attributable to poultry production. Other studies com- 
pleting nutrient mass balances for watersheds also found 
that livestock, including poultry, were the largest con- 
tributors of P within the watershed (Jaworski et al. [25], 
McMahon and Woodside [26]; Harned et al. [27]). Shar- 
pley et al. [34] indicated that the spatial separation of 
crop and poultry production systems results in a large- 
scale one-way transfer of nutrients from grain to poultry 
producing areas. This is certainly the case for the IRW 
based on the mass balance analysis. Tarkalson and Mik- 
kelsen [35] also found large P surpluses from poultry 
farms. The results for the IRW mass balance analysis are 
consistent with similar analyses for the Arkansas portion 
of the IRW [10,21]. 

The soil test P data for the IRW area supports the find- 
ings of the mass balance analysis and shows that soil P 
levels have increased to levels well beyond agronomic 
requirements. Background soil test P levels in the IRW 
are approximately 9 - 19 mg·kg−1 based on samples from 
the Nickel Reserve (undeveloped, non-agricultural lands 
in the IRW) that has not received P inputs from fertilizer 
or livestock waste. The county-level soil test P levels 
within the IRW (Table 8) that were obtained from state 
soil nutrient testing facilities at the University of Arkan-  

Table 8. Soil test P levels in the IRW counties. 

County Soil test P (mg/kg) Years 

Benton 504 2000-2007 

Washington 446 2000-2007 

Adair 182 1995-2006 

Cherokee 75 1995-2006 

Delaware 160 1995-2006 

Sequoyah 50 1995-2006 

 
sas and Oklahoma State University support the P accu- 
mulation computed in the IRW mass balance. Bennett et 
al. [22] examined soil P as part of their mass balance 
study and concluded that the soil P in their study area 
was also in agreement with the mass balance analysis. 

3.2. Phosphorus Delivery 

The annual P loads at the three USGS gauging stations 
nearest to Lake Tenkiller are shown in Table 9. The mean 
annual P load between 1997 and 2006 to Lake Tenkiller 
was approximately 229,000 kg. These values were con- 
sistent with values reported by Pickup et al. [19] and 
Tortorelli and Pickup [18]. The total annual P loads to 
Lake Tenkiller vary by an order of magnitude during the 
ten year period due to the variability in rainfall and flows 
within the IRW rivers and streams. 

The proportion of P that was applied to the IRW land- 
scape that becomes NPS P runoff was determined for the 
1999 through 2006 period. This period was selected sim- 
ply because increased sampling of runoff events was 
initiated in 1999 by the USGS and thus the data in this 
period best represent P in runoff within the IRW. The P 
delivery ratio computed for this period indicates that 4% 
of P applied to the IRW landscape reached Lake Tenkiller  
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Table 9. Annual P loads at IRW gaging stations nearest Lake 
Tenkiller. 

 Phosphorus loads (kg/yr) 

Year Tahlequah Baron fork Caney creek Total 

1997 96,000 12,000 2000 109,000 

1998 192,000 18,000 4000 214,000 

1999 178,000 23,000 4000 204,000 

2000 350,000 135,000 25,000 510,000 

2001 207,000 45,000 17,000 269,000 

2002 137,000 24,000 8000 168,000 

2003 43,000 5000 2000 49,000 

2004 287,000 208,000 26,000 520,000 

2005 117,000 31,000 6000 155,000 

2006 58,000 26,000 5000 89,000 

 
between 1999 and 2006 in the form of NPS P. If retention 
of WWTP discharged P in the streams and rivers was 
considered, the proportion of P from application on the 
landscape that reaches Lake Tenkiller would be greater. 
Further, the proportion of P from the IRW landscape that 
reaches streams and rivers is likely to be greater than 4% 
because this value represents P delivered by the streams 
and rivers to Lake Tenkiller, not simply P delivered to 
streams by runoff. 

The computed P delivery ratio for the IRW is consistent 
with delivery ratios found by other researchers. Nelson et 
al. [21], for example, found that approximately 4% of P 
applied to the Arkansas portion of the IRW reached the 
Illinois River at the Arkansas-Oklahoma border. If cattle 
waste is removed from the Nelson et al. [21] calculation 
(cattle are recycling P and not adding P to the watershed 
[10]), the proportion of P that is applied to the landscape 
that reaches the Illinois River at the Arkansas-Oklahoma 
border would be slightly more than 5%. Fluck et al. [28] 
determined that approximately 7% of P applied to land in 
the Lake Okeechobee watershed reached the lake, while 
Jaworski et al. [25] found that 8% of P applied to the 
upper Potomac watershed was exported through flow in 
the river. Weidhaas et al. [48,49] used a quantitative PCR 
assay approach to confirm that poultry waste applied in 
the IRW was running off and reaching streams and rivers. 
Willett et al. [50] modeled the IRW and assumed that 5% 
of poultry waste that was land applied was lost to the IRW 
waters. Sharpley et al. [30] indicated that 5% of P in poul- 
try waste that is land applied to fields runs off, and thus 
may eventually reach the lake. 

The value reported by Sharpley [34] represents P loss 
from a field, and thus the P loss percentage from a water- 
shed the size of the IRW would be expected to be lower. 
The portion of P reaching the Illinois River within Ar- 
kansas reported by Nelson et al. [21] was larger as would 

be expected given the concentration of poultry operations 
in this portion of the watershed (Figure 3), the distance of 
this location from Lake Tenkiller, and the characteristics 
of the watershed in Oklahoma compared to those in Ar- 
kansas (lower soil test P, lower P applied to the landscape, 
more forested area). 

The proportion of P reaching Lake Tenkiller attribut- 
able to the IRW’s most significant P sources was com- 
puted for the 1999-2006 period (Table 10). The NPS 
sources were computed using the portion of P land ap- 
plied in the IRW that reaches Lake Tenkiller (4%), and 
the amount of P from each source applied to the IRW 
landscape. The industrial and majority of human P con- 
tributions are treated by WWTP, and thus contributions 
of these sources were proportional to their contribution to 
the WWTP and the amount of P discharged by WWTP. 
The results, presented in Table 10, show that poultry is 
responsible for almost 60% of P reaching Lake Tenkiller 
for the 1999-2006 period, followed by humans and in- 
dustrial sources (WWTP discharges represent approxi- 
mately 27% of total P reaching the lake). This is consis- 
tent with Cooke et al. [51] who estimated that P runoff 
from poultry litter was 63% of loading from the IRW 
from 2001-2004 and 71% after the 2004 WWTP up- 
grades. Stevenson et al. [52] found that poultry and urban 
activities in the IRW had substantial effects on P pollu- 
tion and benthic algal biomass, which is consistent with 
findings herein. Poultry processing also contributes a sig- 
nificant amount (approximately 1/3) of the industrial P 
effluent to WWTP [53]. In 2003, the WWTP discharge 
of P was reduced from facilities in the IRW, and thus the 
proportion of P attributable to land application of poultry 
waste is likely even greater than reported in Table 10. 

The historical proportion of P reaching Lake Tenkiller 
attributable to various sources was computed using the P 
inputs into the IRW (Table 6) and the P delivery ratio 
computed in this study (4%). The results are shown in 
Table 11. Prior to the completion of Lake Tenkiller in 
1954, WWTP P discharge contributed more than 50% of 
the total P reaching the location of the lake. The propor- 
tion of P attributable to WWTP has declined since 1949 
due to other sources of P contributing increasing loads to 
the lake. Further, in 2003 WWTP discharge of P was re- 
duced from 92,500 kg to approximately 40,800 kg as a 
result of changes in WWTP technology. In 1949, dairy 
cattle were responsible for approximately 32% of P con- 
tributions to the IRW (Table 11), but the dairy propor- 
tion has steadily declined, reaching less than 4% of the 
total loads to the lake in 2002. The decline is due to a 
reduction in the number of dairy cattle in the IRW as 
well as an increase in P contributions from other sources. 

The proportion of P loads attributable to commercial 
fertilizer declined from more than 9% (1949) to appro- 
ximately 5% in 2002 (Table 11). The proportion of P load 
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Table 10. Sources of P additions to the Illinois river watershed and their contribution to Lake Tenkiller between 1999 and 2006. 

Source 
Phosphorus additions 

(tonnes/yr) 
Phosphorus 

additions (%) 
Phosphorus contribution to Lake 

Tenkiller (kg/yr) 
Phosphorus contribution 

to Lake Tenkiller (%) 

Human 181 3.3 36,737 14.8 

Poultry 4211 76.6 148,209 59.6 

Swine 161 2.9 5651 2.3 

Dairy cattle 289 5.3 10,185 4.1 

Beef cattle 95 1.7 3352 1.3 

Commercial fertilizer 413 7.5 14,527 5.8 

Industrial sources 148 2.7 29,941 12.0 

Total 5498  248,603  

 
Table 11. Proportion of P in percent reaching Lake Tenkiller attributable to significant sources. 

Year Poultry Swine Dairy cattle Beef cattle Commercial fertilizer WWTP 

1949 5.0 2.4 32.1 0.0 9.2 51.3 

1954 8.6 1.1 31.4 0.0 9.5 49.5 

1959 16.4 1.4 21.2 0.0 9.7 51.3 

1964 35.3 0.6 12.4 0.9 7.9 42.8 

1969 48.6 0.7 6.4 0.4 5.1 38.8 

1974 43.2 1.0 5.6 1.9 5.7 42.6 

1978 49.0 2.7 5.4 0.6 4.9 37.4 

1982 50.9 3.2 6.5 1.0 4.6 33.8 

1987 55.1 4.9 4.8 0.7 4.4 30.1 

1992 53.1 3.1 4.3 0.9 5.8 32.8 

1997 52.9 3.0 3.6 1.1 5.2 34.1 

2002 54.0 2.1 3.7 1.2 5.3 33.7 

 
attributable to commercial fertilizer decreased despite 
increased fertilizer use in the IRW from 1949 to 2002 
(Table 3). The decrease is a result of the significant in- 
crease in P from poultry production that offsets the in- 
crease in commercial fertilizer use. P loads attributable to 
poultry increased from 5% in 1949 to 54% in 2002 (Table 
11). Since 1969, land application of poultry waste has 
contributed more P to Lake Tenkiller than any other 
source (Table 11). This change in poultry contribution of 
P to Lake Tenkiller is a result of the increase in poultry 
production as well as the associated P increases in waste 
that is applied to the IRW landscape (Tables 2 and 6). 

The P contribution results in recent years were con- 
firmed by Olsen et al. [54] who identified P from land 
applied poultry waste and WWTP discharges as the most 
significant P sources in IRW waters based on principal 
components analysis of IRW data. The proportion of P 
attributable to land application of poultry waste comput- 
ed with the delivery coefficient and P inputs to the IRW 
landscape for 2002 (54%) is similar to that calculated 
from the Groundwater Loading Effects of Agricultural Ma- 
nagement Systems (GLEAMS) and routing modeling for 
the 1998-2006 period (45%) [53]. The GLEAMS and 

routing model analysis also considered contributions of 
cattle in and near streams within the IRW. 

4. Conclusions 

A P mass balance was computed for the IRW that lies 
within Arkansas and Oklahoma. The streams and rivers 
within the IRW and Lake Tenkiller at the outlet of the 
watershed have been the focus of numerous studies ex- 
ploring eutrophication. More than 200,000 tonnes of P 
was added to the IRW between 1949 (just prior to dam 
closure) and 2002 with nearly 68% of this addition at- 
tributable to poultry production. The IRW P mass bal- 
ance showed that poultry production is currently respon- 
sible for more than 76% of the net annual P additions to 
the IRW. Analysis of historical data showed that poultry 
production has been the major contributor of P imported 
to the IRW since 1964. Prior to 1964, dairy cattle pro- 
duction was responsible for the majority of the P im- 
ported. However, a decline in dairy cattle production and 
rapid increase in poultry production within the IRW has 
greatly changed the P mass balance sources between  
1949 and 2002. 
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The mass balance results and observed P loads to Lake 
Tenkiller were used to compute a P delivery ratio for P 
applied to the landscape within the IRW. The delivery ra- 
tio of 4% is comparable to values described in other stu- 
dies. The delivery ratio was used to compute P loads to 
Lake Tenkiller from 1949 to 2002, and to allocate these 
loads to the most significant sources. In 1949 WWTP 
discharges were responsible for more than 50% of P 
reaching Lake Tenkiller, followed by dairy cattle which 
were responsible for 32% of loads. The poultry contribu- 
tion to P reaching Lake Tenkiller was 5% in 1949 but 
grew rapidly and became the largest source in 1969 
(~49%), and in 2002 reached 54%. Both dairy and WWTP 
portions of the loads have declined from 1949, with dairy 
responsible for less than 4%, and WWTP less than 34% of 
total P loads in 2002. Further reductions of WWTP loads 
occurred in 2003 as a result of WWTP upgrades. 

The mass balance and delivery ratio based P allocation 
indicated that poultry appeared to be a significant con- 
tributor of P into the IRW, as well as P reaching Lake 
Tenkiller. Addressing eutrophication of IRW streams and 
rivers and Lake Tenkiller will require reduction in the con- 
tribution of P from poultry production. 
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