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Introduction
Phosphorus (P) from non-point sources such as agricultural lands 

can have a major environmental impact on the quality of receiving 
waters. In artificially drained agricultural fields, P losses have been 
considered a fraction of that in the surface, and these account for a small 
amount of the fertilizer application [1]. However, small P concentrations 
(between 0.03 to 0.06 mg/L) in water bodies can result in algal blooms 
and subsequently in eutrophication and hypoxic conditions [2]. The 
management of P on agricultural lands with hydrological pathways 
to sensitive receiving surface water bodies is therefore fundamentally 
important. Models that estimate the effects of agricultural conservation 
practices on water quantity and quality are increasingly important tools 
for short- and long-term assessments [3-5]. Due to the time and financial 
resources needed to adequately monitor P transport to receiving 
waters, simulation models have served as a valuable management tool. 
One such tool is the Agricultural Policy/ Environmental extender 
Model (APEX) [6]. APEX is an extension of the Environmental Policy 
Integrated Climate (EPIC) model which was developed to assess the 
impact of erosion productivity [6,7], and later expanded to allow for the 
simulation of many agricultural management processes for field-sized 
areas, up to 100 ha [4,8]. The major components of EPIC are weather, 
hydrology, sedimentation, nutrient cycling, pesticide fate, crop growth, 
tillage, economics, and plant competition. APEX was developed to 
extend EPIC functions to whole farms and small watersheds and to 
include routing of nutrients, pesticides, water and sediment across 
landscapes (e.g., fields or subareas), through shallow groundwater, and 
into channel systems to a watershed outlet [9]. APEX has been used to 
assess the effectiveness of conservation practices and is one of few models 
capable of simulating the routing of chemical pollutants and water at 
the field scale [10]. Because APEX is able to consistently model various 
land management strategies at scales ranging from field to farm to small 
watersheds, it was adopted by USDA NRCS for the Conservation Effects 
Assessment Program (CEAP) national assessment [11]. Recent updates 
to the APEX model include the simulation of soluble phosphorus (SP) 

transport processes from the surface to the tile drains and the inclusion 
of the Langmuir equation. The APEX model, similar to other models, 
utilizes a simplified P cycle model development by Jones et al. and 
Sharpley et al. [12,13] to describe soil P transformations. In APEX, 
following fertilizer applications, the model divides the P content into 
inorganic and organic pools. The inorganic pool is divided into labile, 
active, and stable pools. Phosphorus applications as inorganic or 
organic fertilizer are assumed to be in the soluble form and contribute 
to labile P, making the nutrient available for plant uptake. The rapid 
equilibrium between labile P and active P, and consequently the slower 
equilibrium between active P and stable P, are calculated as a function 
of the chemical and adsorption properties of the soil. At equilibrium, 
the labile P pool is proportional to the active P pool. In APEX, the 
labile P pool is partitioned between the solid and solution phases. 
Limitations of the model include the linear relationship between labile 
and active P pools as well as between active and stable P pools. These 
relationships lead to a linear relationship between solution and solid 
phase P pools and therefore do not reflect the nonlinear relationships 
of soil P sorption. Although the linear relationship may be suitable at 
low P soil solution concentrations, it may underestimate solution P 
concentrations at higher soil P concentrations which may lead to an 
under prediction of P in surface runoff and leaching. Applications of 
APEX for simulating tile drainage dynamics have been limited, likely 
as a result of the simplistic way in which tile flow is simulated in the 
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Abstract
Phosphorus (P) losses through tile drained systems in agricultural landscapes may be causing persistent 

eutrophication problems observed in surface water. The purpose of this paper is to evaluate the state of the 
science in the Agricultural Policy/Environmental extender (APEX) model related to surface and tile P transport. 
This was accomplished using data from a monitored corn-soybean rotation field in the St. Joseph River watershed, 
IN. The estimation of soluble phosphorus (SP) in surface runoff and tile flow in APEX includes a user defined 
linear (based on GLEAMS) and nonlinear (Langmuir) sorption option. The results suggest that the inclusion of 
the Langmuir isotherm improved (18%) SP sorption estimates in surface runoff during the corn year only when P 
inputs were added, whereas the linear method was more appropriate during the soybean year when no fertilizers 
were applied. Similarly, SP estimates in tile flow were improved (30%) when using the Langmuir option during the 
corn year, though the overall model performance predicting this variable were very poor. Modeling improvements 
of P partitioning processes in APEX can help predict more realistic outputs. Yet to achieve this in tile flow, water 
percolation processes need to be improved to reflect preferential flow conditions often found in long-term no-till 
fields and in soils with high clay content. Greater accuracy in the estimation of the effect of artificial drainage 
systems, common in the US Midwest, should result in the improved evaluation of agricultural conservation 
practices in order to examine strategies that could reduce P losses for water quality purposes.
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model. Tile flow in APEX is a function of lateral subsurface flow and the 
time required for the drainage system to reduce plant stress. Although 
limited in use, [14] Gassman et al. evaluated APEX to simulate tile 
flow in the Upper Maquoketa River Watershed in northeast Iowa, and 
computed a satisfactory R2 value of 0.70 for average monthly tile flow. 
Tile flow has also been satisfactorily calibrated using the EPIC model 
[15,16]. Soluble P transport to tile is a function of percolation and soil 
properties in a given soil layer. As the water in the upper soil layer is 
divided to simulate runoff, evaporation, and infiltration, SP percolates 
to the underlying soil layer. The SP concentration percolated from the 
layer above is included in the SP concentration estimated for the layer 
in question, which is then used for estimating the losses that occur 
through evaporation and plant uptake. The SP nutrient transport and 
extraction occurs at each soil layer until it reaches the artificial drainage 
layer, where lateral flow results in tile flow and SP losses. The depth 
for each layer depends on the soil characteristics for the areas studied. 
Along with P modeling in tile flow, APEX was also modified to include 
a nonlinear P sorption algorithm, adapted from the Langmuir equation 
[17,18]. Inorganic fertilizer becomes readily available for leaching from 
the top soil layer when rainfall induced infiltration occurs. Meanwhile, 
it takes time for organic P to mineralize and become available for 
leaching. Both organic and inorganic P are subject to loss in surface 
runoff (soluble P and sediment-bound organic P). When inorganic P is 
added to soil, it has been shown that labile P and P sorption decreases 
in concentration [19,20]. This decline is nonlinear indicating that the 
P losses reach a fairly constant value. In APEX, the inorganic P flow 
rate did not reflect the nonlinear decrease in labile P and P sorption 
concentrations over time. Futhermore, the partitioning coefficient 
reflected linearity between the solution and the solid P phases, which 
is not typical of P sorption in some soils [21]. To overcome this 
limitation, the Langmuir adsorption isotherm was incorporated to 
adequately simulate environmental conditions not currently included 
in APEX. The inclusion of the Langmuir modification will influence 
the partitioning of P between soluble and adsorbed in the labile 
pool. It does not influence the rate of P flux to the active pool nor the 
partitioning between active and labile. APEX is an integral part of the 
evaluation of USDA conservation programs. This paper reviews the 
conceptual approach in APEX for estimating P losses in an artificially 
drained agricultural field. To help provide testing of these features the 
present study 1) examined the use of APEX for estimating tile flow 
and P losses through tile, and 2) evaluated the nonlinear P estimation 
(Langmuir) option as an effective method for estimating SP in surface 
runoff and tile flow.

Materials and Methods
General hydrology and phosphorus modeling in APEX

Hydrology: The water hydrology component in APEX is routed 
through channels and flood plains using a daily time step average flow, 
or a short interval complete flood routing method [6]. The watershed 
is divided into subareas (homogeneous hydrologic land-use units, 
HLU), and each subarea contains channel specifications. Water flow is 
computed from the most distant subarea to the watershed outlet. The 
average water flow at the outlet is a function of the water inflow volume, 
the area of the watershed, the frequency and duration of rainfall, and 
the time of concentration of the watershed above the reach. The time of 
concentration is dependent on the channel flow length and the average 
channel velocity, which is estimated using Manning’s equation [6]. 

Tile Drainage in APEX: Applications of APEX to simulate tile 
drainage dynamics have been limited. Artificial drainage systems in 

APEX are simulated by modifying the natural lateral subsurface flow 
routines [6]. Tile in APEX is simulated by indicating the depth of the 
drainage system and the time required (days) for the drainage system 
to reduce plant stress. Storage routing in APEX allows percolation of 
soil moisture from a soil layer when the soil water content exceeds field 
capacity. In APEX, surface layer is defined by a 10 mm top soil layer. 
Subsurface layers are typical soil layers having different properties such 
as texture, permeability, organic C contents, and etc. The soil layers 
definition and properties are often loaded from public soil databases 
such as STATSGO or SSURGO. The top soil layer is the hypothetical 
layer and its property is usually the same as the second layer, which are 
drawn from the database. The depth of soil layers vary by location and 
soil types. Water drains from one layer to the layer below as a function 
of storage and saturated conductivity:

V
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Where SWC1 and SWC0 are the soil water contents at the end and 
start time interval (24 hours), FC is the field capacity in mm, and TTV 
is the vertical travel time through a soil layer in hours. Travel time 
through a soil layer is calculated as:
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Where PO is porosity in mm and SC is saturated conductivity in 
mm h-1. The lateral subsurface flow rate (QH) is estimated in mm d-1 by 
partitioning the changes in soil moisture storage between vertical and 
horizontal flow.
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Where TTH is the horizontal travel time h. Horizontal flow is 

partitioned into subsurface flow to the adjacent subarea and or outflow 
(tile) and quick return flow. Drainage is simulated by indicating the 
depth of the drainage system and the time required for the drainage 
system to reduce plant stress. The drainage time replaces the horizontal 
travel time (TTH) in Equation 3 for the layer containing the system.

Phosphorus dynamics: Specific to phosphorus dynamics, APEX 
has two components, an organic and an inorganic P. Organic P is 
divided into fresh residue and stable organic P pools. Soil inorganic P 
is divided into active P, stable P, and labile P pools. Labile P is plant-
available P that is extracted by anion exchange resin [22] (Sharpley et 
al.) and represents soluble and weakly sorbed P. Studies have indicated 
that after an inorganic fertilizer application, labile P concentrations 
decrease rapidly (several days to weeks) followed by a much slower 
decrease in labile P which may continue for years [23,24] (Indiati et al. 
and Paulter and Sims). To account for the initial fast and subsequent 
slow decrease in labile P, APEX assumes that the labile mineral pool is 
in rapid equilibrium with the active mineral pool and the active mineral 
pool is in slow equilibrium with the stable mineral pool. The P sorption 
coefficient governs the equilibration between the mineral labile and 
active P pools. This coefficient represents the fraction of fertilizer P 
extracted by anion exchange resin after an incubation period 6 months 
[25] and is represented as:

( )MP LAB ACT
PSCF P P *

1 PSC
= −

−                                                    (4)

FMP is the mineral P flow rate between mineral labile and active P 
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pools, PLAB is labile mineral P, PACT is active mineral P, and PSC is the P 
sorption coefficient, which is a function of physical and chemical soil 
properties and is described by [25] Jones et al. At equilibrium, the stable 
mineral P pool is four times the size of the active mineral P pool. A 
detailed description of the soil P model in APEX may be found in Jones 
et al. [3,12], Sharpley et al. and Williams et al. 

In addition to the P model presented by [25] Jones et al., APEX 
estimates solution phase P based on the concept of partitioning mineral 
labile P into the solution and solid phases as described by [26] Knisel 
and is expressed as, 

L

SOL
D P

PK =
                                          

(5)

Where KD is a partitioning coefficient, PSOL is the concentration of P 
in the solid phase, and PL is the concentration of P in the solution phase. 
The default value for the partitioning coefficient is set at 100 [21].

Description of new features introduced to APEX: Though the 
above relationships (linear) may be suitable at low soil P concentrations, 
it could likely underestimate solution P at higher soil P concentrations 
such as in cases where there is an application of animal waste or 
fertilizer application in excess of plant uptake requirements. Due to this 
limitation, the Langmuir isotherm [18] was added to APEX to account 
for large soil P concentrations. At equilibrium, the Langmuir isotherm 
model is described as:

)*1(
**max
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Where CS is the soluble P concentration sorbed in the soil, CL 
is the soluble P concentration in the liquid, and KD is a partitioning 
coefficient, which in APEX is the concentration of the labile P in the 
solid phase divided by that of the solution phase. KD is an adsorption 
constant related to the binding energy at equilibrium ranging from 1 
to 20.
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where Smax is the maximum P sorption capacity of the soil and 
Clay is the percentage of clay in soil layer 2. More information for this 
equation can be found in [27] Salton. To determine soluble P in solution 
we rearranged to solve for CL given CS,
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S
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                    (8)

As the CS approaches Smax, the CL increases. In the current APEX 
model, transport of soluble P in runoff is estimated as:

L LAB
D

QQP 0.01*P *
K

=
                                       

(9)

where QPL is the mass (kg ha-1) of soluble P lost in runoff volume, 
Q (mm) and PLAB is the concentration (g t-1) of labile P in soil layer 1. 
The inclusion of the Langmuir isotherm estimates soluble P in runoff 
(QPLAN) as:

LAN LQP 0.01*C *Q=                                   (10)

The tillage component in APEX mixes P within the top layer which 
is then made available for plant uptake from the root zone soil solution. 
Routines in APEX were added to reflect labile P in subsurface drainage 
and are a modification of the GLEAMS [28] (Leonard et al.) leaching 
component. Phosphorus leaching is expressed as a function of time, 
concentration, and flow rate through a soil layer using the equation 

D
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0SP SP *exp
 −
  + =                 (11)

where SP0 is the initial P in solution in the soil layer (g ha-1), SP 
is the amount of P that remains after the amount of flow (QT) passes 
through a soil layer, ST is the initial water storage in mm, and BD is the 
bulk density. The amount of P leached by the amount of water QT is 
obtained by subtracting SP from SP0 using the equation

D
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                               (12)

where PL is the amount of P leached by QT. 

Case study-cedar creek watershed: Monitoring Site- The model 
simulations presented is based on edge-of-field measurements at a 
long-term USDA-ARS-National Soil Erosion Research Laboratory 
(NSERL) site in Cedar Creek sub watershed at the St. Joseph River 
watershed. The field is located in the northeast region of the state of 
Indiana (Figure 1), and has an area of 1.7 ha [29]. The predominant soil 
series is Glynwood silt loam, and the topography is relatively flat with a 
3% slope. Corn and soybean production have been managed under no-
till practice for the past 25 years. A major soil limitation for row crop 
production in the field as well as for the Cedar Creek sub watershed is 
the somewhat poorly to poor drainage. As a result, tile drainage systems 
are placed approximately 1 meter below the soil surface to reduce 
saturation. The St. Joseph River watershed has been monitored by the 
NSERL as part of the Conservation Effects Assessment Project (CEAP) 
Watershed Assessment Study [30]. Surface runoff, sediment and P 
(total (TP) and soluble (SP)) have been collected since 2003, though 
data inconsistencies occured during the first few years. Tile flow and 
soluble P in tile (SP-tile) have been measured starting in 2008. Surface 
and tile discharge were collected at 10 minute intervals using a modified 
ISCO automated water sampler [31], while agricultural management 
practices were recorded by the land managers. Meteorological data 
(precipitation, air temperature, solar radiation, etc.) were recorded at 
the field site and complemented with the data collected by a nearby 
weather station located in Garret, IN.

Figure 1: St. Joseph River Watershed and NSERL monitoring field site in 
Indiana. Watershed delineation at No-Till field depicting soil series distribution.
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Modeling parameterization: APEX model Ver. 0806 [32] was 
used for the present study to evaluate the inclusion of Langmuir and 
P leaching subroutines. The initial calibration and validation of the 
model for the no-till site was done using an older version of APEX 
0806 [33] and can be found in Francesconi et al. [32]. Due to the 
inclusion of more accurate input data such as fertilization dates, and 
upgrades to the code estimating erosion driven by runoff (Jaehak 
Jeong personal conversation), the recalibration of the model was 
conducted. The changes in the sediments values estimated using the 
upgraded APEX version, affected the estimation of P values as well. 
The subsequent recalibration and revalidation of the variables of 
interest was required for the present analysis. In order to recalibrate 
the model, several parameters including those that influence soluble 
P sorption capacity (PARM 8 and 96) were modified. The parameters 
targeted for recalibration to improve the model’s predictive capability 
and to test the P sorption options are listed in Table 1. Once the model 
was recalibrated, the P sorption linear or nonlinear equations were 
selected by choosing the linear (LBP = 0) or Langmuir (LBP =1) 
adsorption isotherm options in the command file. Tile flow estimates 
were also improved by removing an outlier value. A zero tile flow 
value was reported by NSERL’s database on May 25, 2010. However, 
there was a precipitation event of 48 mm that day. Given the patterns 
observed for tile flow compared to the amount of precipitation 
and antecedent soil moisture in the soil, the May 25 data point was 
assumed to be an error. By removing this data point the calibration 
of tile flow was improved from R2 = 0.42 and NS = 0.40 to R2 = 0.52 
and NS = 0.45 in 2010. Model efficiency for both tile flow and surface 
runoff was considered satisfactory at the daily time scale (NS > 
0.40). Furthermore, sediment and P in surface runoff had acceptable 
statistical scores (NS > 0.40) according to the standards described by 
Moriasi et al. [34] for a daily time step. Overall, the recalibration of 
APEX reasonably simulated hydrology, erosion, and P transport in 
surface runoff (Table 2).

Results and Discussion
Soluble P in surface runoff

The inclusion of the Langmuir isotherm equation and parameter 
(KLAN) in APEX proved to be effective at improving the estimation of 
P at the no-till site during the corn planting year. Compared to the 
calibration values produced by the linear equation, the Langmuir 
sorption option resulted in better calibration scores estimating TP and 
SP in surface runoff during 2010 (Table 2). While R2 values remained 
the same, NS scores improved by 18% for both TP and SP. In 2010, 4.5 
Mg of manure were applied to the field prior to corn planting. In typical 
agricultural settings, that the same management hardly repeats every 
year. From the modeling standpoint, these varying inputs give dynamic 
and more realistic modeling environment to APEX, allowing for users to 
test model processes like P loads in tile drainage more realistically. This 
is analogous to weather input, for example, rainfall in year 1 is different 
from year 2 and temperature is also different day by day. If correctly 
implemented, changing management should be a positive point to 
introduce when it comes to model evaluation. The incorporation of an 
option in APEX that includes a maximum sorption capacity, which is 
based on the fraction of clay content, sets the upper limits for P binding 
capacity to soil particles in the top soil layer. Hence, the estimation of 
P takes into account the soil’s characteristics to establish a nonlinear 
relation between the concentration found in solution and that bound 
to the soil phase, which is a relationship that has been observed 
experimentally [35] (Sharpley). Given the nonlinear characteristics of 
the Langmuir equation compared to the linear method, its application 
may be considered when P content in the soil is relatively high. The 
work by Rossi et al. [21] validated the use of Langmuir to adequately 
simulate higher P concentration in watershed nutrient analysis using 
the Soil and Water Assessment Tool (SWAT). Under the high fertilizer 
application conditions observed at the no-till site for the year 2010, 
the nonlinear adsorption method would be more appropriate for 

No. Parameter Parameter Description
Range Value Assigned

Initial Final
1 PARM 47 RUSLE C factor coefficient 0.5 – 1.5 1.5 0.5
2 PARM 18 Sediment routing exponent 1.0 – 1.5 1.5 2.0
3 PARM 76 Standing dead fall rate 0.0001 – 0.1 0.001 0.005
4 PARM 18 Sediment routing exponent 1.0 – 1.5 1.5 2.0
5 PARM 58 P Enrichment ratio exponent for routing 0.3 – 0.9 0.24 0.35
6 PARM 57 P Enrichment ratio coefficient or routing 0.05 – 0.20 0.78 0.05
7 PARM 59 P Upward movement by evaporation coefficient 1 – 20 0.5 1.0
8 PARM 8 Soluble P adsorption coefficient 10 – 20 20 16
9 PARM 62 Manure erosion equation coefficient 0.1 – 0.5 0.1 0.3
10 LBP Soluble phosphorus runoff estimate equation 0 or 1 0 1
11 PARM 96 Soluble P leaching KD value* 1 – 15 10 1.0

*Parameter modified to calibrate soluble P in tile.
Table 1: Model recalibration for utilizing APEX0806 (February, 2014) version with new routing capabilities for SP-tile and Langmuir equation.

Variable Linear Langmuir
 2010 2011 2010 2011

R2 NS R2 NS R2 NS R2 NS
Runoff 0.90 0.84 0.84 0.79 0.90 0.84 0.84 0.79
Sediment 0.96 0.96 0.96 0.86 0.96 0.96 0.96 0.86
Total P 0.95 0.50 0.74 0.38 0.95 0.68 0.73 0.36
SP 0.93 0.75 0.58 0.36 0.93 0.92 0.58 -15
Tile Flow 0.52 0.45 0.37 0.37 0.52 0.45 0.37 0.37
SP-Tile 0.17 -1.83 NA NA 0.16 -1.28 NA NA

NA = Data not available.
Table 2: APEX R2 and Nash Sutcliffe Efficiency (NS) recalibration (2010) and revalidation (2011) values.
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estimating P losses. In addition to the fertilizer rates and the soil 
characteristics, other aspects of crop management may have influenced 
the effectiveness of the P adsorption method used in 2010. At the no-till 
site, the application of the manure was conducted using a surface-spread 
application technique. The manure was applied in mid-February while 
the ground was still frozen prior to planting the corn, and the type of 
manure used was chicken litter. Even though the nutrient composition 
of poultry manure varies depending on several factors (such as species, 
feed ratio, type of litter), P content is generally high compared to cattle 
manure (at about 30 – 50% that of nitrogen) [36] (Nicholson et al.). The 
application of chicken litter in fields that may be considered to have 
nutrient rich soils can result in the overapplication of P and nutrient 
transport to surface water [37] (Sharpley et al.). Furthermore, the 
application of manure fertilizers without incorporation into the soil 
would most likely result in nutrient losses if high precipitation events 
occur before crop planting takes place. Given the placement, the source, 
and the timing of the fertilizer application at the no-till site, high P losses 
could be expected. Thus a nonlinear adsorption option would better 
simulate P losses as was observed when using the Langmuir option in 
2010. The Langmuir option was not advantageous when estimating P 
values under the low P conditions in 2011. On the contrary, the use 
of the Langmuir option made the calibration of TP and SP in runoff 
worse (Table 2). According to the management at the no-till site, no 
fertilizer applications were added during the soybeans year in 2011. The 
P applied during 2010 through the chicken manure application would 
have been taken-up by the corn crop roots, extracted in runoff, moved 
into the soil profile, transformed into other P pools, or degraded [25,28] 
(Jones et al. and Leonard et al.). The amount of labile P available for 
extraction into runoff in 2011 would have been greatly reduced from 
the topsoil layer, thus making the linear nutrient adsorption method 
more appropriate during the soybean year. The reduction of P in 2011 
is not only observed by the monitoring data, but was also simulated in 
APEX (Figure 2). When using Langmuir, the P losses estimated by the 

model were lower compared to those observed and estimated by the 
linear option (Table 3). While R2 scores remained the similar for both 
TP and SP, NS values were slightly reduced (2%) for TP, and resulted 
in an error value (NS = -15) for SP. The negative NS score indicates 
that the observed mean would be a better predictor than the model for 
estimating SP in runoff [38] (Nash and Sutcliffe). 

Soluble P in tile

Soluble P in tile is a recent nutrient routing capability in APEX. As 
per the modification of the subsurface lateral flow to simulate the 
presence of an artificial drainage system, the model has been updated to 
predict nutrients in tile flow. Compared to the observed data in 2010, the 
model results predicting SP-in tile were very poor (R2 = 0.17 NS = - 
1.87). Given that no monitoring data was available for 2011, no modeling 
results were available for that year. The poor SP-tile prediction values in 
2010 can be partly explained by the relatively low tile flow calibration 
scores (R2 = 0.52 and NS = 0.45). Given that the estimation of nutrients 
in tile depends on the accuracy of water percolation process in the soil 
profile, low tile flow calibration values will result in even lower nutrient 
prediction. Currently, tile flow modeling in APEX offers a practical, but 
simplified approach to measuring artificial drainage systems in 
agricultural fields. The predicted values provide a broad estimate of 
drainage flow that can be used to ensure the reasonable water balance 
estimation by the model during calibration, and/or to provide a rough 
prediction of nutrient losses through tile flow. In addition to P, APEX 
has also been modified to simulate N losses in tile flow. Model 
performance estimating this nutrient however, have been more 
successful. Francesconi et al. reported NS values of 0.27 for APEX 
estimations of N in tile flow in a corn-soybean rotation [32]. Similar to 
P, N losses through drainage flow in APEX are determined by estimating 
the change in N concentration at the soil depth where the tile is present 
[21]. The simulation of N in tile in APEX is derived from the EPIC 
model. Both EPIC and APEX incorporate various N cycle processes (i.e., 
nitrification, denitrification, fixation, transformation), which provide a 
more complex simulation of its transformation and transport to the tile 
compared to P. The values estimated by Chung et al. [16] using EPIC 
indicate a satisfactory model performance (R2 = 0.52 - 0.62 and NS = 
0.43 - 0.54) when comparing monthly average N losses via tile in a corn-
soybean system. Furthermore, the average monthly estimations by 
Gassman et al. and Saleh et al. [1,39] using APEX or a combination of 
APEX-SWAT, resulted in R2 values of 0.63 and 0.74 (respectively). Yet, R2 
values and monthly averages are less rigorous evaluation methods than 
comparisons at a daily time step. Even though N routines in APEX 
utilize a more comprehensive approach than P, which has led to better 
estimations in tile drainage, N simulations have also been considered a 
simplified representation of this nutrient cycling process in APEX 

Figure 2: Graphic comparison of SP observed and APEX modeled values over time in surface runoff during growing season in 2010 – 2011.

   Observed Linear Langmuir
SP (kg/ha) 2010 Storm Mean 0.030 0.044 0.031

Total Annual 0.360 0.524 0.371
2011 Storm Mean 0.009 0.007 0.002

Total Annual 0.121 0.096 0.029
SP-Tile (kg/ha) 2010 Storm Mean 0.005 0.044 0.005
  Total Annual 0.063 0.532 0.060

2011* Storm Mean N/A N/A N/A
  Total Annual N/A N/A N/A

*N/A data was not available for SP-Tile this year.
Table 3: Observed and APEX values for SP in surface runoff and SP-tile using the 
linear and Langmuir adsorption options for the corn (2010) and soybean (2011) 
years. Storm mean and total annual values were estimated for storm events during 
the growing season.
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(Wang et al.) [33]. Phosphorous transfer processes from the surface 
through the soil profile is less understood than that of N. The tendency 
of P to bind to soil particles makes it mostly immobile and resistant to 
leaching [40] (Holford). Hence, little consideration had been given to P 
losses through tile as an environmental pollution problem in agriculture. 
In light of the persistent eutrophication processes observed, and the 
accumulating evidence showing P losses through artificially drained 
agricultural systems, attention has been brought to potential P leaching 
and transport mechanisms [1,24,41-43] (Breeuwsma et al., Beauchemin 
et al., Sims et al., Smith et al. and Gentry et al.). The observed results for 
P in tile flow suggest that the mechanisms by which P moves through the 
soil profile could be primarily associated to water percolation and 
preferential flow (macropore) processes. While preferential flow is not 
currently simulated in APEX, there is a vertical crack component that 
could be used for this purpose [44] (Steglich and Williams). However, 
this feature was not utilized in the present analysis as the relatively 
satisfactory tile-flow values were obtained prior to examining the P-tile 
model output. In the absence of a preferential flow modeling component, 
and disregarding the user-defined vertical soil crack characteristic, our 
results did not show an adequate simulation of P transport process in 
APEX. Given the high clay content in the St. Joseph River watershed 
[45], the soils are susceptible to shrink-swell conditions leading to 
cracking and macropores under dry conditions [46]. Macropores can 
also be caused by soil fauna and decomposing plant materials. The 
potential presence of macropores in the Midwest has been validated as 
an important contribution pathway of nutrients and pesticides to tile 
drainage systems and subsequently to ditches, streams, and lakes [47]. 
Furthermore, the long-term no-till management (more than 25 years) at 
the simulated site could result in a large number of biopores in the soil 
[23]. When comparing surface runoff and tile flow discharge at the field 
site, peak values tend to occur almost simultaneously; which is indicative 
of the quick water transfer from the surface to the tile [32]. In contrast, 
peak discharge in the tile from water percolation through the soil matrix 
is expected to occur following surface runoff [46]. Given that the P losses 
in the tile at the no-till site were associated with storm events, the main 
water transfer mechanism from the surface to the tile may be due to the 
presence of macropores. Hence, the absence of a modeling feature 
specific to preferential flow in APEX may be reflected in the relatively 
low tile flow, through satisfactory calibration score, and subsequently in 
the very poor SP-tile calibration results. In addition, the hydrology 
routine (storage-routing concept) in APEX may be less accurate than a 
more physically based model using the Richard’s equation when 
estimating water percolation through the soil matrix. Regardless of the 
water flow path, one could argue that the satisfactory calibration of tile 
flow should provide reasonable SP-tile output values. Yet, estimations of 
SP in tile flow in APEX are subjected to the extraction and plant uptake 
at each layer, which are dependent on soil characteristics. After the 
model was recalibrated for tile flow as well as for surface runoff, TP, and 
SP, the values predicted for SP-tile using the linear option for P were two 
orders of magnitude higher than those observed. Using the default 
setting for PARM 96, which modifies SP-tile, the initial outputs resulted 
in extremely poor calibration values (R2 = 0.0 and NS = -18.0). After 
modifying the user defined value for SP leaching (KD) value (PARM 96 
= 1) to comply with the lower SP observed in the tile, some improvements 
were observed (R2 = 0.16 and NS = -1.83) (Figure 3). While the 
calibration of tile flow can be done by modifying a few parameters (time 
lapse, concentration, and tile depth), it is unlikely that improvements in 
the prediction of this variable would result in the satisfactory estimation 
of SP-tile values in the present study. Given the limited dataset and the 
low P loads being measured, it is important to acknowledge that 
uncertainty in the data collection and analysis will influence the 

modeling results (Kavetski et al.) [14]. In addition to this potential 
source of error, it becomes apparent that a preferential flow component 
would be essential in the estimation of tile flow, as well as the need to 
better understand and model P dynamics to improve SP-tile predictions. 
While the calibration values for SP-tile were unsatisfactory using the 
linear method, the Langmuir option provided a reasonable 
approximation for the P in tile values. Despite the still very poor 
calibration scores using the Langmuir P adsorption option, the nonlinear 
model followed the trends of the observed data and in most instances it 
under predicted the mass of P transported through the tile (Figure 3). 
The results indicate that storm mean and total values during the growing 
season in 2010, were similar between the observed and APEX (Table 3). 
While the observed storm mean value was 0.005 kg ha-1 and the total 
annual value was 0.063 kg ha-1, the APEX predicted storm mean was 
0.005 kg ha-1 and the total annual value was 0.065 kg ha-1. Given the high 
SP concentration in water resulting from the chicken litter application in 
2010, high SP values can be expected to move from the surface to the tile 
layer. The effective use of the nonlinear adsorption option at the surface 
corresponds with the more effective use of the same method at the 
subsurface for estimating SP-tile. These results are promising. Even 
though APEX modeling of SP losses in tile will need to be further 
improved, prediction outputs from the current model can serve as a 
starting point for the generalized comparison between practices and 
their effect on reducing nutrient transport through artificial drainage.

Conclusion
Provided the satisfactory calibration of APEX for most of the 

variables of interest, SP-tile modeling still needs improvement. 
Phosphorus estimations for tile use the same analytical approach as in 
surface runoff. Even though the model takes into consideration the soil 
characteristics, as well as other important processes in the fate of P such 
as plant uptake, a better understanding of the main transfer mechanisms 
and how they interact is necessary. On the other hand, the monitoring 
data may have not been sufficient to adequately evaluate SP-tile outputs 
in APEX. A larger dataset would provide greater confidence. Despite the 
restrictions of the measured data and the model limitations predicting 
SP-tile, APEX may be on the right track simulating P dynamics in 
the soil. The inclusion of the Langmuir adsorption isotherm provides 
evidence of the model’s plasticity to adapt to environmental conditions 
in order to better simulate P transfer and transformation processes. 
Among the existing process-bases models, APEX is capable of broadly 
simulating tile flow and nutrient transport in tile, and can be utilized to 
roughly assess a variety of agricultural practices, which otherwise could 
not be reproducible experimentally due to cost and time constraints.

Figure 3: Graphic comparison of SP in tile (SP-tile) values observed and 
predicted in APEX during growing season in 2010.



Citation: Francesconi W, Williams CO, Smith DR,  Williams JR, Jeong J (2016) Phosphorus Modeling in Tile Drained Agricultural Systems Using 
APEX. J Fertil Pestic 7: 166. doi:10.4172/2471-2728.1000166

Page 7 of 7

Volume 7 • Issue 1 • 1000166
J Fertil Pestic
ISSN: 2471-2728 JBFBP, an open access journal 

References

1. Beauchemin S, Simard RR, Cluis D (1998) Forms and concentrations of 
phosphorus in drainage water of twenty-seven tile drained soils. J Environ Qua 
27: 721-728.

2. Walker WW, Havens KE (1995) Relating algal bloom frequencies to phosphorus 
concentrations in Lake Okeechobee. Lake and Reserv Manage 11: 77-83.

3. Lowrance R, Altier LS, Williams RG, Inamdar SP, Sheridan JM et al. (2000) 
REMM: The riparian ecosystem management model. J Soil Water Conserv 55: 
27-34.

4. Sharpley AN, JR Williams (1990) EPIC-Erosion/Productivity Impact Calculator: 
1. Model Documentation. US Department of Agriculture Technical Bulletin No. 
1768.

5. Williams JR, Arnold JG, Kiniry JR, Gassman PW, Green CH (2008). History of 
model development at Temple, Texas. Hydro Sci J 53: 948-960.

6. William JR, Izaurralde RC (2000) The APEX model. BRC Report No. 006. 
Research Center, Temple, Texas, USA.

7. Williams JR, Jones CA, Dyke PT (1984). A modeling approach to determining 
the relationship between erosion and soil productivity. Trans ASAE 27: 129-
144.

8. Williams JR (1995) The EPIC model. In: Computer Models of Watershed 
Hydrology, Water Resources Publications, Highlands Ranch, Colorado, USA. 

9. Smith DR, King KW, Johnson L, Francesconi W, Richards P et al. (2014) 
Surface runoff and tile drainage of phosphorus in the Midwestern. US J Environ 
Qual 44: 495-502.

10. Wang X, Potter SR, Williams JR, Atwood JD, Pitts T (2006) Sensitivity analysis 
of APEX for national assessment. Trans ASABE 49: 679-688.

11. Jones CA, Cole CV, Sharpley AN, Williams JR (1984) A simplified soil and plant 
phosphorus model: I. Documentation. Soil Sci Soc Am J 48: 800-805.

12. Sharpley AN, Jones CA, Gray C, Cole CV (1984) A simplified soil and plant 
phosphorus model: II. Prediction of labile, organic, and sorbed phosphorus. 
Soil Sci Soc Am J 48: 805-809.

13. Gassman PW, Osei E, Saleh A, Rodecap J, Norvell S (2006) Alternative 
practices for sediment and nutrient loss control on livestock farms. Agric 
Ecosys Environ 117: 135-144.

14. Chung, SW, Gassman PW, Gu R, RS Kanwa (2002) Evaluation of EPIC for 
assessing tile flow and nitrogen losses for alternative agricultural management 
systems. Trans ASAE 45: 1135-1146.

15. Chung SW, Gassman PW, Huggins DR, Randall GW (2001) EPIC tile flow and 
nitrate loss predictions for three Minnesota Cropping Systems. J Environ Qual 
30: 822-830.

16. Langmuir I (1918) The adsorption of gases on plane surfaces of glass, mica 
and platinum. Journal of the American Chemical society 40: 1361-1403.

17. Olsen SR, Watanabe FS (1957) A Method to Determine a Phosphorus 
Adsorption Maximum of Soils as Measured by the Langmuir Isotherm. Soil Sci 
Soc Am Proc 21: 144-149.

18. Pautler MC, Sims JT (2000) Relationships between soil test phosphorus, 
soluble phosphorus, and phosphorus saturation in Delaware soils. Soil Sci Soc 
Am J 64: 765-773.

19. Vadas PA, Krogstad T, Sharpley AN (2006) Modeling phosphorus transfer 
between labile and non-labile soil pools: updating the EPIC model. Soil Sci Soc 
Am J 70: 736-743.

20. Rossi CG, Heil DM, Bonumà NB, Williams JR (2012) Evaluation of the Langmuir 
model in the Soil and Water Assessment Tool for a high soil phosphorus 
condition. Environ Mod Soft 38: 40-49.

21. Vanden BAJ, Protz R, Tomlin AD (1999) Changes in pore structure in a no-till 
chronosequence of silt loam soils, southern Ontario. Can J Soil Sci 79: 149-
160.

22. Sims JT, Simard RR, Joern BC (1998) Phosphorus losses in agricultural 
drainage: Historical perspective and current research. J Environ Qual 27: 
277–293.

23. Knisel WG (1980) CREAMS: A field-scale model for chemicals, runoff, and 
erosion from agricultural management systems. U.S. Department of Agriculture, 
Science and Education Administration, Conservation Research Report No. 26. 

24. Salton NA, Wayne ES (2009) Arkansas Soil Fertility Studies -2008, Arkansas 
Agricultural Experiment Station, Division of Agriculture, University of Arkansas 
System, Research Series 569.

25. Leonard RA, Knisel WG, Still DA (1987) GLEAMS: Groundwater Loading 
Effects of Agricultural Management Systems. Trans ASAE 30: 1403-1418.

26. Richardson CW, Bucks DA, Sadler EJ (2008) The Conservation Effects 
Assessment Project benchmark watersheds: synthesis of preliminary findings. 
J Soil Water Conserv 63: 590-604.

27. Flanagan DC, Huang C, Pappas EA, Smith DR, Heathman GC (2008) Assessing 
conservation effects on water quality in the St. Joseph River watershed. Proc 
Agro Environ 1-12.

28. Francesconi W, Smith DR, Heathman GC, Wang X, Williams CO (2014) 
Monitoring and APEX modeling of no-till and reduced-till in tile drained 
agricultural landscapes for water quality. ASABE 57(3): 777-789.

29. Wang X, Williams JR, Gassman PW, Baffaut C, Izaurralde RC et al. (2012) 
EPIC and APEX: Model use, calibration, and validation. Trans ASABE 55: 
1447-1462.

30. Moriasi DN, Arnorld JG, Van LMW, Bingner RL, Harmel RD et al. (2007) Model 
evaluation guidelines for systematic quantification of accuracy in watershed 
simulations. Am Soc Agric Biol Eng 50: 885-900.

31. Sharpley AN (1982) A prediction of the water extractable phosphorus content of 
soil following a phosphorus addition. J Environ Qual 11: 166-170.

32. Nicholson FA, Chambers BJ, Smith KA (1996) Nutrient composition of poultry 
manures in England and Wales. Biores Techn 58: 279-284.

33. Sharpley AN, Chapra SC, Wedepohl R, Sims JT, Daniel TC et al. (1994) 
Managing agricultural phosphorus for protection of surface waters: Issues and 
options. J Environ Qual 23: 437-451.

34. Nash JE, Sutcliffe JV (1970) River flow forecasting through conceptual models: 
Part I. A discussion of principles. J Hydro 10: 282-290.

35. Gassman PW, Williams JR, Wang S, Saleh A, Osei E et al. (2010) The 
Agricultural Policy Environmental Extender (APEX) model: An emerging tool for 
landscape and watershed environmental analyses. Trans ASABE 53: 711-740.

36. Saleh A, Gassman PW, Abraham J, Rodecap J (2003) Application of SWAT and 
APEX models for Upper Maquoketa River watershed in northeast Iowa. ASAE 
Paper No. 032063.

37. Holford ICR 1997. Soil phosphorus: its measurement, and its uptake by plants. 
Aust J Soil Res 35: 227-239.

38. Breeuwsma A, Reijerink JGA, Schoumans OF 1(995) Impact of manure on 
accumulation and leaching of phosphate in areas of intensive livestock farming. 
Animal waste and the land-water interface. Lewis Public, CRC, New York pp: 
239-249.

39. Smith DR, Haggard BE, Warnemuende EA, Huang C (2005) Sediment 
Phosphorus dynamics for three tile fed drainage in Northeast Indiana. Agri 
Water Manage 71: 19-32.

40. Gentry LE, David MB, Royer TV, Mitchell CA, Starks KM (2007) Phosphorus 
transport pathways to streams in tile-drained agricultural watershed. J Environ 
Qual 36: 408-415.

41. Steglich E, Williams JR (2013) Agricultural Policy/Extension extender: User 
manual version 0806. Blackland Research and Extension Center. 

42. Richards, RP, Calhoum FG, Matisoff G (2002) The Lake Erie agricultural systems 
for environmental quality project: an introduction. J Environ Qual 31: 6-16.

43. Riedel M, Selegean J, Dahl T (2010) Sediment budget development for the 
Great Lakes region. 2nd Joint Federal Interagency Conference, Las Vegas, NV.

44. Stone WW, Wilson JT (2006) Preferential flow estimates to an agricultural tile 
drain with implications for glyphosate transport. J Environ Qual 35: 1825-1835.

45. Algoazany AS, Kalita PK, Czapar GF, Mitchell JK (2007) Phosphorus transport 
through subsurface drainage and surface runoff from a flat watershed in east 
central Illinois, USA. J Environ Qual 36: 681-693.

46. Shipitalo MJ, Dick WA, Edwards WM (2000) Conservation tillage and 
macropore factors that affect water movement and the fate of chemicals. Soil 
Tillage Res 53: 167-183.

47. Kavetski D, Kuczera G, Franks SW (2006) Bayesian analysis of input 
uncertainty in hydrological modelling: 1. Theory, Water Resources Research, 
42 Article W03407.

https://dl.sciencesocieties.org/publications/jeq/abstracts/27/3/JEQ0270030721
https://dl.sciencesocieties.org/publications/jeq/abstracts/27/3/JEQ0270030721
https://dl.sciencesocieties.org/publications/jeq/abstracts/27/3/JEQ0270030721
http://m.wwwalker.net/pdf/chlaokee.pdf
http://m.wwwalker.net/pdf/chlaokee.pdf
http://www.jswconline.org/content/55/1/27.abstract
http://www.jswconline.org/content/55/1/27.abstract
http://www.jswconline.org/content/55/1/27.abstract
https://unfccc.int/adaptation/nairobi_work_programme/knowledge_resources_and_publications/items/5454txt.php
https://unfccc.int/adaptation/nairobi_work_programme/knowledge_resources_and_publications/items/5454txt.php
https://unfccc.int/adaptation/nairobi_work_programme/knowledge_resources_and_publications/items/5454txt.php
https://www.card.iastate.edu/swat_articles/show_details.aspx?id=404
https://www.card.iastate.edu/swat_articles/show_details.aspx?id=404
http://elibrary.asabe.org/abstract.asp?aid=32748&t=2&redir=&redirType=
http://elibrary.asabe.org/abstract.asp?aid=32748&t=2&redir=&redirType=
http://elibrary.asabe.org/abstract.asp?aid=32748&t=2&redir=&redirType=
https://dl.sciencesocieties.org/publications/jeq/abstracts/44/2/495?access=0&view=pdf
https://dl.sciencesocieties.org/publications/jeq/abstracts/44/2/495?access=0&view=pdf
https://dl.sciencesocieties.org/publications/jeq/abstracts/44/2/495?access=0&view=pdf
http://agris.fao.org/agris-search/search.do?recordID=US201301094952
http://agris.fao.org/agris-search/search.do?recordID=US201301094952
https://dl.sciencesocieties.org/publications/sssaj/abstracts/48/4/SS0480040800?access=0&view=pdf
https://dl.sciencesocieties.org/publications/sssaj/abstracts/48/4/SS0480040800?access=0&view=pdf
http://naldc.nal.usda.gov/catalog/20846
http://naldc.nal.usda.gov/catalog/20846
http://naldc.nal.usda.gov/catalog/20846
http://www.sciencedirect.com/science/article/pii/S0167880906001253
http://www.sciencedirect.com/science/article/pii/S0167880906001253
http://www.sciencedirect.com/science/article/pii/S0167880906001253
http://lib.dr.iastate.edu/abe_eng_pubs/497/
http://lib.dr.iastate.edu/abe_eng_pubs/497/
http://lib.dr.iastate.edu/abe_eng_pubs/497/
http://www.ncbi.nlm.nih.gov/pubmed/11401271
http://www.ncbi.nlm.nih.gov/pubmed/11401271
http://www.ncbi.nlm.nih.gov/pubmed/11401271
http://pubs.acs.org/doi/abs/10.1021/ja02242a004
http://pubs.acs.org/doi/abs/10.1021/ja02242a004
https://dl.sciencesocieties.org/publications/sssaj/abstracts/21/2/SS0210020144
https://dl.sciencesocieties.org/publications/sssaj/abstracts/21/2/SS0210020144
https://dl.sciencesocieties.org/publications/sssaj/abstracts/21/2/SS0210020144
https://dl.sciencesocieties.org/publications/sssaj/abstracts/64/2/765
https://dl.sciencesocieties.org/publications/sssaj/abstracts/64/2/765
https://dl.sciencesocieties.org/publications/sssaj/abstracts/64/2/765
http://naldc.nal.usda.gov/catalog/4003
http://naldc.nal.usda.gov/catalog/4003
http://naldc.nal.usda.gov/catalog/4003
http://europepmc.org/abstract/AGR/IND22039535
http://europepmc.org/abstract/AGR/IND22039535
http://europepmc.org/abstract/AGR/IND22039535
http://agris.fao.org/agris-search/search.do?recordID=US1997091812
http://agris.fao.org/agris-search/search.do?recordID=US1997091812
http://agris.fao.org/agris-search/search.do?recordID=US1997091812
https://archive.org/details/creamsfieldscale26unit
https://archive.org/details/creamsfieldscale26unit
https://archive.org/details/creamsfieldscale26unit
http://tools.envirolink.govt.nz/dsss/groundwater-loading-effects-of-agricultural-management-systems/
http://tools.envirolink.govt.nz/dsss/groundwater-loading-effects-of-agricultural-management-systems/
http://www.jswconline.org/content/63/6/590.abstract
http://www.jswconline.org/content/63/6/590.abstract
http://www.jswconline.org/content/63/6/590.abstract
http://www.ars.usda.gov/SP2UserFiles/Place/50201000/Flanagan_AgroEnviron2008.pdf
http://www.ars.usda.gov/SP2UserFiles/Place/50201000/Flanagan_AgroEnviron2008.pdf
http://www.ars.usda.gov/SP2UserFiles/Place/50201000/Flanagan_AgroEnviron2008.pdf
http://elibrary.asabe.org/abstract.asp?aid=44981
http://elibrary.asabe.org/abstract.asp?aid=44981
http://elibrary.asabe.org/abstract.asp?aid=44981
http://elibrary.asabe.org/abstract.asp?aid=42253
http://elibrary.asabe.org/abstract.asp?aid=42253
http://elibrary.asabe.org/abstract.asp?aid=42253
http://libra.msra.cn/Publication/10444052/model-evaluation-guidelines-for-systematic-quantification-of-accuracy-in-watershed-simulations
http://libra.msra.cn/Publication/10444052/model-evaluation-guidelines-for-systematic-quantification-of-accuracy-in-watershed-simulations
http://libra.msra.cn/Publication/10444052/model-evaluation-guidelines-for-systematic-quantification-of-accuracy-in-watershed-simulations
F:\Life Sciences\JBFBP\Volume 7\Volume 7.1\JBFBP7.1_W\JBFBP 16-117(166)\Nutrient composition of poultry manures in England and Wales
F:\Life Sciences\JBFBP\Volume 7\Volume 7.1\JBFBP7.1_W\JBFBP 16-117(166)\Nutrient composition of poultry manures in England and Wales
https://dl.sciencesocieties.org/publications/jeq/abstracts/23/3/JEQ0230030437
https://dl.sciencesocieties.org/publications/jeq/abstracts/23/3/JEQ0230030437
https://dl.sciencesocieties.org/publications/jeq/abstracts/23/3/JEQ0230030437
http://www.sciencedirect.com/science/article/pii/0022169470902556
http://www.sciencedirect.com/science/article/pii/0022169470902556
http://www.card.iastate.edu/publications/synopsis.aspx?id=1101
http://www.card.iastate.edu/publications/synopsis.aspx?id=1101
http://www.card.iastate.edu/publications/synopsis.aspx?id=1101
http://elibrary.asabe.org/abstract.asp?aid=13766
http://elibrary.asabe.org/abstract.asp?aid=13766
http://elibrary.asabe.org/abstract.asp?aid=13766
http://www.publish.csiro.au/paper/S96047.htm
http://www.publish.csiro.au/paper/S96047.htm
http://library.wur.nl/WebQuery/wurpubs/302050
http://library.wur.nl/WebQuery/wurpubs/302050
http://library.wur.nl/WebQuery/wurpubs/302050
http://library.wur.nl/WebQuery/wurpubs/302050
http://www.sciencedirect.com/science/article/pii/S0378377404001842
http://www.sciencedirect.com/science/article/pii/S0378377404001842
http://www.sciencedirect.com/science/article/pii/S0378377404001842
http://www.ncbi.nlm.nih.gov/pubmed/17255628
http://www.ncbi.nlm.nih.gov/pubmed/17255628
http://www.ncbi.nlm.nih.gov/pubmed/17255628
http://apex.tamu.edu/media/71997/apex0806-user-guide.pdf
http://apex.tamu.edu/media/71997/apex0806-user-guide.pdf
http://www.ncbi.nlm.nih.gov/pubmed/11837445
http://www.ncbi.nlm.nih.gov/pubmed/11837445
http://acwi.gov/sos/pubs/2ndJFIC/Contents/2B_Riedel_03_01_10_paper.pdf
http://acwi.gov/sos/pubs/2ndJFIC/Contents/2B_Riedel_03_01_10_paper.pdf
http://www.ncbi.nlm.nih.gov/pubmed/16899754
http://www.ncbi.nlm.nih.gov/pubmed/16899754
http://www.ncbi.nlm.nih.gov/pubmed/17412904
http://www.ncbi.nlm.nih.gov/pubmed/17412904
http://www.ncbi.nlm.nih.gov/pubmed/17412904
http://www.sciencedirect.com/science/article/pii/S016719879900104X
http://www.sciencedirect.com/science/article/pii/S016719879900104X
http://www.sciencedirect.com/science/article/pii/S016719879900104X
http://onlinelibrary.wiley.com/doi/10.1029/2005WR004376/abstract
http://onlinelibrary.wiley.com/doi/10.1029/2005WR004376/abstract
http://onlinelibrary.wiley.com/doi/10.1029/2005WR004376/abstract

	Title
	Corresponding author
	Abstract
	Keywords
	Introduction
	Materials and Methods 
	General hydrology and phosphorus modeling in APEX 

	Results and Discussion 
	Soluble P in surface runoff 
	Soluble P in tile 

	Conclusion
	Figure 1
	Figure 2
	Figure 3
	Table 1
	Table 2
	Table 3
	References

