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SPECIAL SECTION

THE EVOLVING SCIENCE OF PHOSPHORUS SITE ASSESSMENT

Southern Phosphorus Indices, Water Quality Data,
and Modeling (APEX, APLE, and TBET) Results: A Comparison

Deanna Osmond,* Carl Bolster, Andrew Sharpley, Miguel Cabrera, Sam Feagley, Adam Forsberg,
Charles Mitchell, Rao Mylavarapu, J. Larry Oldham, David E. Radcliffe, John J. Ramirez-Avila,

Dan E. Storm, Forbes Walker, and Hailin Zhang

Abstract

Phosphorus (P) Indices in the southern United States frequently
produce different recommendations for similar conditions.
We compared risk ratings from 12 southern states (Alabama,
Arkansas, Florida, Georgia, Kentucky, Louisiana, Mississippi,
North Carolina, Oklahoma, South Carolina, Tennessee, and
Texas) using data collected from benchmark sites in the South
(Arkansas, Georgia, Mississippi, North Carolina, Oklahoma, and
Texas). Phosphorus Index ratings were developed using both
measured erosion losses from each benchmark site and Revised
Universal Soil Loss Equation 2 predictions; mostly, there was no
difference in P Index outcome. The derived loss ratings were then
compared with measured P loads at the benchmark sites by using
equivalent USDA-NRCS P Index ratings and three water quality
models (Annual P Loss Estimator [APLE], Agricultural Policy
Environmental eXtender [APEX], and Texas Best Management
Practice Evaluation Tool [TBET]). Phosphorus indices were finally
compared against each other using USDA-NRCS loss ratings
model estimate correspondence with USDA-NRCS loss ratings.
Correspondence was 61% for APEX, 48% for APLE, and 52% for
TBET, with overall P index correspondence at 55%. Additive P
Indices (Alabama and Texas) had the lowest USDA-NRCS loss
rating correspondence (31%), while the multiplicative (Arkansas,
Florida, Louisiana, Mississippi, South Carolina, and Tennessee) and
component (Georgia, Kentucky, and North Carolina) indices had
similar USDA-NRCS loss rating correspondence—60 and 64%,
respectively. Analysis using Kendall's modified Tau suggested
that correlations between measured and calculated P-loss ratings
were similar or better for most P Indices than the models.

Core Ideas

» Southern region P Indices estimate P losses as well as water
quality models.

+ APLE and TBET P-loss predictions were more similar than were
results from APEX.

- Assigning potential P-loss risk from P Indices to any given water
resource is challenging.
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ATER quality impairment caused by nutrient enrich-
ment remains a major concern (Dubrovsky and
Hamilton, 2010). Recent harmful algal blooms in
Lake Erie caused Toledo to shut down its drinking water supply
for several days, refocusing the link between nutrient enrich-
ment (particularly phosphorus [P]) and water quality impair-
ment (Stow et al., 2015), with many of these nutrients being
agriculturally derived. To control agricultural nutrient loading
to surface waters, multiple control strategies are necessary at the
source and during transport into the receiving water resources.
The USDA-NRCS refers to this as “avoid, control, and trap.”
Since the late 1990s, the USDA and USEPA jointly required
all states to adopt a unified nutrient management policy through
the NRCS Code 590 Standard (USDA and USEPA, 1999).
States were required to establish a soil-test P threshold based on
crop requirements (above which P applications were restricted),
to establish an alternative soil test P threshold using water quality
criteria, or to develop a P Index to identify fields at risk for P losses.
Forty-cight states and some territories, including Puerto Rico,
chose to use P Indices (Sharpley et al., 2003), a concept originally
developed by USDA-NRCS for assigning relative risk of P loss to
agricultural fields (Lemunyon and Gilbert, 1993). California and
Connecticut use soil-test P crop response (Sharpley et al., 2003).
To address local hydrologic, soils, landscapes, crops, and nutri-
ent sources, cach state developed its own P Index. Some states
modified the original P Index (Lemunyon and Gilbert, 1993),
while other states, such as Arkansas, Georgia, and North Carolina,
used different strategies to develop their P Index (Osmond et
al,, 2006). Not surprisingly, state P Index recommendations vary
widely (Osmond etal., 2006, 2012; Sharpley et al., 2003). Osmond
et al. (2006) compared P Indices from 12 southern US states and
found that there were diverse P Index ratings between states for the
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same conditions, which led to differences in P management and
the amount of animal manures, efluents, and fertilizer allowed.

In 2011, the USDA-NRCS revised the 590 standard (USDA
NRCS, 2011b), in part to address the stark differences in P Index
ratings and recommendations across state boundaries, and to
address the concern that there had been no change in elevated
soil-test P levels and runoff P (Osmond et al., 2006; USEPA,
2010; Sharpley et al., 2011). Since the USDA-NRCS did not
generally provide resources to test P Indices (Sharpley et al.,
2012), the ability of states to verify their P Indices resided at the
state level. Many states did not fund either development or vali-
dation of their P Indices, and southern states were no exception.

In one of the few P Index verifications from the South, Harmel et
al. (2005) compared measured P runoff from pasture and cropped
watersheds of the Texas Blackland Prairies with three indices from
Arkansas, Iowa, and Texas. Even though the three indices were
fundamentally different, the Iowa and Texas indices both provided
reasonable estimates of P-loss potential (p < 0.01; Harmel et al,,
2005). This was the case for Arkansas, even though this index was
developed for pastures with low erosion potential (DeLaune et al,,
2004). In another southern P Index validation, Butler et al. (2010)
showed good agreement between the risk of P loss and measured
total P ('TP) loss in runoff from Georgia. Lately, Bolster et al. (2014)
evaluated the recently modified Kentucky P Index with data used to
evaluate the Annual P Loss Estimator (APLE) model (Vadas et al,,
2009); they reported relatively good correlations between measured
P loss and predicted risk of P loss.

To reduce P Index rating variability and management inter-
pretation, the 2011 590 USDA-NRCS standard suggested that
the Agricultural Policy Environmental eXtender (APEX) model
replace each state P Index (USDA-NRCS, 2011a; Williams et
al,, 2012). Concerned that APEX could not adequately capture P
losses, members of the USDA Southern Extension and Research
Activity 17 (SERA-17) developed a white paper stating the need
to compare indices and water quality model performance using
edge-of-field-based P runoff data (Sharpley et al., 2011). To test
the veracity of APEX and other commonly used water quality
models, the Southern, Chesapeake, and Heartland project teams
were funded by USDA-NRCS and coordinated through SERA-
17, with the goals of supporting the refinement of state P Indices
and demonstrating their accuracy in identifying the magnitude
and extent of P-loss risk and their utility to improve water quality.

Specific objectives of the southern group were (i) to com-
pare measured P runoff losses from prior edge-of-field studies
(Arkansas, Georgia, Mississippi, North Carolina, Oklahoma, and
Texas) with each of the 12 southern P Indices (Alabama, Arkansas,
Florida, Georgia, Kentucky, Louisiana, Mississippi, North
Carolina, Oklahoma, South Carolina, Tennessee, and Texas); (ii)
to compare measured P runoff losses from the aforementioned
datasets to estimates from APEX (Williams et al., 2012), APLE
(Vadas et al,, 2009), and Texas Best management Evaluation Tool
(TBET) (White et al,, 2012); and (iii) to compare southern P

Indices against each other and model predictions.

Materials and Methods
Water Quality and Land Use Data

Six current and/or published edge-of-field water quality data-
sets from northwest Arkansas, central Georgia, the Mississippi

Delta, western North Carolina, Oklahoma, and Texas were
assembled and used to evaluate the southern P Indices (Pierson
et al., 2001; White et al., 2012; Yuan et al., 2013; Edgell et al.,
2015; Sharpley, unpublished data, 2016). Multiple water qual-
ity datasets existed from Oklahoma and Texas, but eight were
selected to represent varied cropping systems that included small
grains and row crops, as well as pasture and rangeland (White
et al.,, 2012). Data from Georgia, Arkansas, and North Carolina
represented different treatments at the same location, while data
from the remaining locations were unique fields. These sites rep-
resented a range of agroecological areas, cropping systems, nutri-
ent application rates, and tillage. Soil characteristics (Table 1), as
well as land use information (Table 2), were assembled for these
benchmark locations. A detailed description of these six bench-
mark sites can be found in Bolster et al. (2017).

Southern Phosphorus Indices

A description of the 12 southern P Indices can be found in
Osmond et al. (2012). Indices, however, can be generally defined
as additive, multiplicative, and component. Texas and Alabama
P Indices are additive, with the weighted transport and source
factors summed (Lemunyon and Gilbert, 1993). The multiplica-
tive P Indices (Arkansas, Florida, Louisiana, Mississippi, South
Carolina, and Tennessee) combine all source and transport
factors into two separate factors, which are then multiplied to
obtain the final P Index value (Gburek et al., 2000). Finally, com-
ponent indices (Georgia, Kentucky, and North Carolina) sum P
loss from each individual process contributing to P loads; each
component is calculated as the product of transport and source
factors (Bolster et al.,, 2012). Only the Oklahoma P Index cannot
be categorized, as it is strictly qualitative. Since the last analysis
of southern P Indices (Osmond et al., 2012), modifications
have occurred in four states: Kentucky (Bolster et al., 2014),
Mississippi, Tennessee, and Texas.

Thirty-four input variables were assembled from each site to serve
as inputs to the various P Indices (Osmond et al., 2006; Osmond et
al., 2012). Some factors, however, were not available and had to be
assumed: water resource impairment, buffer (since all collected data
were edge of field), irrigation, rock fragments > 25.4 cm, and infre-
quent flooding. Counties are required to process two state P Indices;
selected counties were Putnam (Georgia) and Buncombe, Cabarrus,
Chatham, Durham, Person, or Union (North Carolina), depending
on the soil series and rainfall of the benchmark locations.

Ratings for individual state P Indices were determined for
each of the six datasets using sediment losses measured from each
location (Table 3). Phosphorus Indices were then recalculated
using erosion losses using Revised Universal Soil Loss Equation 2
(RUSLE2) predictions for the benchmark locations of Arkansas,
Georgia, North Carolina, and Mississippi ( Table 3).

Water Quality Models

Three water quality models—APEX, APLE and TBET—
were selected for this analysis. The APLE model is a field-scale
model that operates on an annual time step, predicts annual P
loss where runoff is the dominant transport process, and has
been shown to provide good predictions of P loss at the field
scale for a wide range of climatic and land use conditions (Vadas
et al,, 2009). The APEX model predicts surface runoff; erosion,
sediment deposition and degradation, nutrient and pesticide
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Table 1. Soil factors from six benchmark edge-of-field research sites: Arkansas (Sharpley, unpublished data, 2016), Georgia (Pierson et al., 2001),
Mississippi (Yuan et al., 2013), North Carolina (Edgell et al., 2015), Oklahoma, and Texas (White et al., 2012).

North Oklahoma Texas
Soil properties Arkansas Georgia  Mississippi . - - -
Carolina  Chickasaw  Cyril Demo  ElReno Goosebranch  Melde Patton Reisel
Predominant soil ~ Captina Cecil/ Tensas Delanco McLain Norge  Clarksville Bethany Duffau Topsey Duff ~ Houston Black
map unit Sedgefield
Texture Silt loam Siltloam  Silty clay Silt loam Silty clay ~ Siltloam  Siltloam Siltloam Finesandy  Clayloam Gravelly Clay
loam loam loam loam
Hydrologic group C C/D D C C B B - B C C D
Curve number 71 70/80 90 88 82 69 66 - 55 83 80 90
Slope, % 20 6.0-8.0 1.0 3.5-43 0.5 20 16.0 3.6 23 2.1 24 23
Slope length, m 30 30.5 - 183 124 106 25 105 76 76 69 114
Runoff class - Medium- High Slow— Low Low Medium- Low Low Medium Rapid Very high
rapid medium very high
Soil drainage Moderately Well to Poorly  Moderately Moderately — Well Well Well Well Well Well Moderately
class well drained somewhat drained well drained well drained drained drained drained drained drained  drained  well drained
poorly
drained
Depth to water 10 5 - 0.8 - - - - - >2 - -
table, m
Rainfall, mm 1215 1003-1123 1300 1023-1194 840 864 1092 865 790 737 400 889

transport, and subsurface flow (Williams et al., 2012), while
TBET is a field-scale application of the Soil Water Assessment
Tool (White et al., 2012). All models estimate edge-of-field P
and sediment loss. More detailed descriptions of APLE can be
found in Bolster et al. (2017), of TBET in Forsberg et al. (2017),
and of APEX in Ramirez-Avila et al. (unpublished data, 2016).

Water quality modeling was conducted with TBET for
Arkansas, Georgia, and North Carolina datasets (Forsberg et
al., 2017) and for Oklahoma and Texas datasets (White et al.,
2012). The APLE model was applied to all data sites (Bolster
et al, 2017), and APEX was employed with datasets from
Arkansas, Georgia, Mississippi, and North Carolina (Ramirez-
Avila et al. , unpublished data, 2016). Model type was matched
to benchmark datasets based on a combination of prior work,
such as the case of TBET use with the Oklahoma and Texas data,
or time step differences (annual vs. daily) between the collected
data and model requirements of APEX, which precluded the use
of Oklahoma and Texas as benchmark sites, as the data did not
match model requirements.

Analysis and Statistics

The NRCS Tide 190, National Instruction, Part 302 of the
revised 590 Nutrient Management Standard suggested that edge-
of-field P losses be categorical for potential risk (USDA-NRCS,
2012), using equivalencies of low (<22 kg ha™ yr~!), moderate
(2.2-5.5 kg ha™' yr™'), and high (>5.5 kg ha™ yr™!). Water quality
data from the benchmark locations included water volume, TP, and
dissolved P (DP) concentrations and TP and DP loads (Table 3).
Using NRCS equivalencies, TP loads were transformed to P ratings
of low, moderate, and high (Table 3), which allowed a comparison
between measured water quality losses and P Index ratings.

Kendalls modified Tau (7,) for ordinal data (Helsel and
Hirsch, 2002) was calculated to test whether there was a signifi-
cant correlation between how each P Index categorized P-loss
risk and the actual risk associated with each field, based on our
assigned thresholds for low, moderate, and high risk. To test for
significance, the test statistic was computed to get a one-sided

p-value from a normal distribution table. Correlations were con-
sidered significant at o < 0.05.

The accuracy of each model and P Index in assigning the cor-
rect risk category for each field was calculated using the Heidke
skill score (HSS), a metric commonly used for evaluating accu-
racy of weather forecasts. The HSS measures the fraction of cor-
rect forecasts after accounting for correct forecasts due to chance

by (Wilkes, 2011):

S 0000~ 32 p(3)2(0,)
HSS — i=1 i=1

I_ZP()G‘)P(”Z‘)

where the first term in the numerator is the proportion of correct

forecasts and the second term in the denominator is the fraction
of correct forecasts resulting from chance. A score of one means
perfect forecast, whereas a value of zero means that all correct
forecasts are due to random chance.

Results and Discussion

All southern P Indices were used to assess P loss using land-
use data from the six benchmark sites, except the Arkansas and
Oklahoma index tools. The Arkansas P Index is only used for
pasture or hay conditions, and the Oklahoma P Index could not
be used with the Georgia dataset (Pierson et al., 2001), as more
litter was applied than would be allowed by Oklahoma state law.

Measured and Predicted Phosphorus Loads

Measured TP and DP loads from the six benchmark edge-
of-field research sites ranged from 0.02 to 19.8 kg ha™ yr™!
(Table 3), with 65% of the sites measuring losses <2.2 kg ha™
yr'. Smith et al. (2014) reported similar losses for the major-
ity of the fields and years monitored in Ohio. Modeled average
loads to Lake Erie suggest that the 2.5 kg ha™' contributed yearly
may be sufficient for algal production (USDA-NRCS, 2011a).
In Ireland, however, measured TP losses were an order of mag-
nitude lower, averaging around 0.10 kg ha™! yr™! or less (Shore

Journal of Environmental Quality



et al., 2016). Losses of TP were clevated at the Georgia location
(5.1-19.8 kg ha™" yr™') due to the extremely high annual licter
application (>215 kg P ha™ yr™!) (Pierson et al., 2001). The
range of DP losses (0.02-13.4 kg ha™ yr™') was almost as great
as TP losses (Table 3). The ratio of DP to TP was much greater
when animal manures and effluents were applied (Arkansas,
Georgia, Oklahoma Demo North, and Texas Goosebranch),
with ratios of ~70 to 100% of total losses as DP (Table 3). The

ratio of DP to TP loss was greatest (1.0) for the Demo North
site in Oklahoma, where manure was applied but measured
losses were extremely low (0.02 kg ha™ yr™"). Crop field DP to
TP ratios ranged from almost no DP to about 30%, even when
poultry litcer pellets were surface applied to some fields (North
Carolina, organic production).

Phosphorus loads predicted by APEX, APLE, and TBET for
TP and DP varied from alow 0f 0.03 to a high of 15.7 kgha™ yr™’,

Table 2. Factors for the southern Phosphorus (P) Indices derived from six benchmark edge-of-field research sites: Arkansas (Sharpley, unpublished
data, 2016), Georgia (Pierson et al., 2001), Mississippi (Yuan et al., 2013), North Carolina (Edgell et al., 2015), Oklahoma, and Texas (White et al., 2012).

Measured RUSLE2t

Benchmark field sites Crop Field management Timing Mehlich 3 . T Applied P
mg P kg™ ——Mgha' — kg P ha™
Arkansas
Check Fescue hay No nutrients applied April 91 0.03 0.2 0
Broad litter (Festuca L) Litter broadcast 131 0.04 0.2 40
Injected litter Litter Injected 112 0.03 0.2 40
Injected litter x2 2x litter rate injected 183 0.03 0.2 80
Continuous grazing Fescue pasture Continuous grazing + litter applied 160 0.03 0.2 50
Rotational grazing Rotational grazing + litter applied 150 0.05 0.2 50
Hay Fescue hay Litter applied 135 0.05 0.2 50
Georgia
Field 2,1 Bermudagrass None March and 35 0.5 1.6 215
Field 2,2 [Cynodon dactylon (L.) None September or 53 0.5 16 230
. Pers.]/fescue October
Field 4,1 None 22 0.5 1.7 222
Field 4,2 None 50 0.5 1.7 304
Field 6,1 None 25 0.5 1.7 243
Field 6,2 None 53 0.5 1.7 327
Mississippi
Yuan field 1 Cotton (Gossypium Reduced tillage October 38 23 6.5 9.5
Yuan field 2 h’xﬁg"a’:‘(%f;’ﬁer Reduced tillage 50 23 6.7 95
aestivum L.) or
soybeans [Glycine
max (L.) Merr.]/winter
wheat
North Carolina
CT,C 2011 Sweet corn Conventional tillage and management May 27 5.0 57 0
CT,C 2012 (Zeamays L) 33 1.0 5.7 0
NT,C 2011 No tillage; conventional management 58 0.1 1.2 0
NT,C 2012 51 0.05 1.2 0
CT,02011 Conventional tillage; organic management 54 0.8 57 100
CT,02012 52 0.3 5.7 69
NT,0 2011 No tillage; organic management 81 0.1 1.2 114
NT,0 2012 69 0.05 1.2 62
Oklahoma
Chicksaw Cotton Cotton - 20 3.9 - 67
Cyril Wheat Reduced tillage Fall 35 14 - 12
Demo North Pasture Pasture June 50 0 - 44
El Reno Native grass 0.051 animal units ha™' for91d - 15 - - -
Texas
Goosebranch Hay Broadcast manure June 435 0.09 - 131
Sorghum [Sorghum Broadcast manure March and 34 1.1 - 35/45%
sl e
Schreb.)
Patton Rangeland 0.027 animal units ha~'for 180 d August 10 0.4 - 29
Reisel Corn/corn/wheat April 52 29 - -

1t RUSLE2, Revised Universal Soil Loss Equation 2.
¥ Denotes spring-applied/fall-applied P from litter
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which was a similar range to the measured data. For this study, nei-
ther APLE nor TBET performed better than the other (Table 3).
Sometimes TBET predicted greater TP or DP losses than APLE,
while at other times APLE gave the greater predictions. The one
instance where TP losses were almost always greater for TBET
than APLE was in the cropped North Carolina fields; this has
implications that, if sediment-attached P is the primary loss path-
way, TBET results may be more restrictive to P application than
APLE. Overall, APLE, the simpler model, performed about as
well as the more complex and calibrated TBET model, although
both models had limited accuracy for predicting field-scale P losses
in the South (Table 3). Bolster et al. (2017) provided a detailed
comparison analysis of the benchmark data and modeled P loads

from APLE and TBET. Using a slightly more expanded dataset for
the fields evaluated in our study, predictions of DP loss by APLE
(model efficiency [E] = 0.52, percent bias [PBIAS] = —9.8%) were
slightly better than those with TBET (£ = 0.42; PBIAS = 40%)
(Bolster et al., 2017). For predictions of TP, model efficiencies for
both models were negative, indicating that the models provided
worse predictions of TP loss than simply taking the average of
the measured values. Percent bias values, however, were low for
both models, with values of —8.3 and 1.5% for APLE and TBET,
respectively. Bolster et al. (2017) showed that the relatively poor
predictions with the APLE model were due, in part, to poor pre-
dictions of runoff and erosion. When using measured runoff and

Table 3. Measured total phosphorus (TP) and dissolved phosphorus (DP) loads from the six benchmark edge-of-field research sites (Pierson et al.,
2001; White et al., 2012; Yuan et al., 2013; Edgell et al., 2015; Sharpley, unpublished data, 2016), TP and DP loads predicted by the Agricultural Policy
Environmental eXtender (APEX), Annual P Loss Estimator (APLE), and Texas Best Management Practice Evaluation Tool (TBET) models, and USDA-

NRCS P Index ratings.

. Measured APEX APLE TBET NRCS P Index
Benchmark field sites - :
TP DP DP:TP ratio TP DP TP DP TP DP ratingt
kgha'yr! kgha'yr!
Arkansas
Check 0.10 0.07 0.70 1.15 0.93 0.63 0.49 0.58 0.42 Low
Broad litter 0.71 0.60 0.85 0.39 0.33 2.89 2.51 1.26 0.42 Low
Injected litter 0.84 0.76 0.90 0.52 0.49 1.40 0.85 1.67 0.51 Low
Injected litter x2 0.87 0.79 0.91 0.94 0.91 1.38 1.06 0.99 0.45 Low
Rotational grazing + litter 2.12 1.72 0.81 0.69 0.63 4.71 4.56 1.44 1.24 Low
Continuous grazing + litter 1.52 1.41 0.93 042 0.39 5.66 547 2.70 2.39 Low
Hay + litter 1.50 1.29 0.86 0.07 0.01 5.44 4.73 2.39 0.96 Low
Georgia
Field 2,1 5.77 4.09 0.71 0.28 0.20 7.39 7.38 6.78 6.41 High
Field 2,2 5.05 3.20 0.63 0.36 0.32 8.27 8.08 538 5.02 Moderate
Field 4,1 9.32 7.20 0.77 0.87 0.32 4.70 4.74 4.14 3.92 High
Field 4,2 13.7 11.7 0.86 0.33 0.27 8.89 14.20 5.88 8.90 High
Field 6,1 10.8 7.53 0.70 0.77 0.55 9.59 9.61 8.60 8.11 High
Field 6,2 19.8 134 0.68 0.51 0.50 9.70 15.71 5.97 8.85 High
Mississippi
Field 1 2.26 0.36 0.16 2.64 0.97 3.23 1.62 1.58 0.07 Moderate
Field 2 2.23 0.60 0.27 2.25 0.88 217 0.83 2.08 0.19 Low
North Carolina
CT,C2011 7.88 0.18 0.02 0.84 0.33 2.87 0.24 53 0.10 High
CT,C2012 1.62 0.07 0.04 0.84 0.33 4.01 0.19 10.3 0.15 Low
NT,C 2011 0.69 0.15 0.22 0.09 0.03 433 0.47 58 0.17 Low
NT,C 2012 0.27 0.06 0.22 0.09 0.03 537 0.23 9.8 0.16 Low
CT,02011 3.08 0.63 0.20 0.23 0.06 11.9 6.29 9.2 0.26 Moderate
CT,02012 1.79 0.26 0.15 0.23 0.06 10.1 2.66 15.6 0.23 Low
NT,0 2011 1.05 0.30 0.29 0.05 0.01 9.83 443 9.3 0.76 Low
NT,0 2012 0.47 0.14 0.30 0.05 0.01 7.80 1.37 11.7 0.28 Low
Oklahoma

Chickasha 6.69 1.09 0.16 - - 1.32 0.25 3.15 0.06 High
Cyril 1.08 0.15 0.14 - - 0.74 0.06 1.25 0.04 Low
Demo North 0.02 0.02 1.00 - - 0.05 0.05 0.06 0.06 Low

El Reno 0.28 - 1.00 - - 0.16 - 033 - Low

Texas

Goosebranch 1.62 1.11 0.69 - - 0.16 0.13 0.10 0.09 Low
Melde 1.05 0.06 0.06 - - 0.53 0.29 0.90 0.07 Low
Patton 0.51 0.20 0.39 - - 134 133 0.50 0.16 Low
Riesel 3.07 0.86 0.28 - - 1.28 0.75 0.76 0.23 Moderate

1 NRCS P Index ratings: low (<2.2 kg ha™' yr™'), moderate (2.2-5.5 kg ha™" yr™'), and high (>5.5 kg ha™' yr™).
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erosion data, model efficiencies for APLE increased to 0.62 for DP
and from —0.13 to 0.43 for TP.

APEX always predicted lower TP compared with measured
losses, except for Mississippi fields, and often these P loss differ-
ences were more than an order of magnitude (Table 3). Overall,
compared with measured P loads, APEX calibrated predictions
were highly variable among the different soil types but com-
pared more favorably for row crops than pasture and better for
inorganic fertilizer than animal manures (Ramirez-Avila et al.,
unpublished data, 2016). The linear regression analysis between
measured and APEX-predicted P loads showed no significant
relationship at o = 0.05. Finally, APEX results were almost
always lower than loads predicted by APLE or TBET (Table 3).

Comparison of NRCS and Southern Phosphorus
Index Ratings

The USDA-NRCS P Index ratings were associated with
measured TP loads using the suggested equivalencies of low
(<2.2 kg ha™! yr'!), moderate (2.2-5.5 kg ha™! yr!) and high
(>5.5 kg ha™! yr'!) (USDA-NRCS, 2012). Using this metric, P
losses would be low for all benchmark fields except the Georgia
site, one of two fields in Mississippi, two of eight site years in
North Carolina, and one location each in Oklahoma and Texas
(Table 4). High P losses in the Georgia fields were most certainly
associated with the very high P applied as poultry litter. The
Mississippi fields were adjacent and TP losses were similar, but the
TP loss in field 1 was just barely above the 2.2-kg ha™ yr™' thresh-
old. In North Carolina, the conventionally tilled and managed
field had large P losses in 2011 due to high erosion rates, hence the
high loss rating; TP losses from the conventionally tilled, organi-
cally managed field were classified as moderate, probably due to
the applied chicken litter pellets. The Chickasaw, OK, location
was rated as moderate, while the Riesel, TX, location was rated
as high.

Phosphorus Indices were calculated twice, first with erosion
determined from measured data, and then using RUSLE2 pre-
dictions (Table 4). The RUSLE2 erosion predictions were always
much greater than measured sediment losses, often by an order
of magnitude or more (Table 2). Most P Indices, however, were
insensitive to these differences, generally because predicted sedi-
ment losses were low. Since most state USDA-NRCS nutrient
management conservation standards require the use of RUSLE2
(USDA-NRCS, 2011b), erosion may be overpredicted and, in
some cases, may lead to P Index ratings greater than actual condi-
tions. Researchers have noted a tenfold variation in soil-loss esti-
mates, made using RUSLE2 on pastures, that were consistently
greater than measured soil loss (Dabney et al.,, 2006; USDA-ARS,
2013) primarily due to an underestimation of biomass production
for grazed and hayed pastures (Dabney and Yoder, 2012). Harmel
et al. (2005) found that the correlation between P loss and index
rating increased with measured, rather than estimated, erosion
(using RUSLE2), giving 7* of 0.09 and 0.32 for Arkansas, 0.31
and 0.90 for Iowa, and 0.31 and 0.51 for Texas. Thus, any future
P Index refinements must ensure that accurate soil-loss estimates
are being given by the most up-to-date, locally relevant version of
RUSLE?2 to increase the accuracy of any Index.

Not unlike prior analyses (Osmond et al., 2006, 2012), when
cach state’s P Index was determined and then rated using ecach

state’s rating system (typically four or five ratings), southern P
Index ratings varied for each location and field (Table 4). For
most benchmark field sites, state P Index ratings ranged from
low to very high or severe, the exceptions being the Mississippi
fields and the Oklahoma and Texas locations, where the range
was generally from low to high (Table 4).

Management of P is tied to index ratings, which allow nitro-
gen-based rates for low, P-based rates for medium, and no P with
high ratings. Interpreting management outcomes, however, has
additional complications, because most southern P Indices still use
four or five categories, rather than the three that USDA-NRCS
established in 2011 (USDA-NRCS, 2011b); only Kentucky
uses three categories. Translation of state P Index ratings to three
USDA-NRCS management categories was subjective and varied
from state to state (Table 5). Many states (Arkansas, Georgia,
Louisiana, Mississippi, North Carolina, Oklahoma, and South
Carolina) allow nitrogen-based rates at low and medium, P-based
rates at high, and no P applications with very high P Index ratings.
The Tennessee P Index rating does not absolutely prevent applica-
tion of P at very high ratings, but further application is strongly
discouraged. Phosphorus management in Texas is a function of
both the index value and the water resource of concern.

Overall, southern P Indices matched the USDA-NRCS loss
rating 55% of the time. Individual state matches between southern
P Indices and USDA-NRCS loss ratings were as follows: Alabama
(39%), Arkansas (59%), Florida (52%), Georgia (71%), Kentucky
(61%), Louisiana (61%), Mississippi (58%), North Carolina
(61%), Oklahoma (44%), South Carolina (77%), Tennessee (55%),
and Texas (23%). The additive P Indices (Alabama and Texas) had
the lowest USDA-NRCS loss rating correspondence (31%), pri-
marily because Alabama and Texas ratings often overestimated
loss and thus were more conservative than other types of indices.
Multiplicative (Arkansas, Florida, Louisiana, Mississippi, South
Carolina, and Tennessee) and component (Georgia, Kentucky,
and North Carolina) indices had similar USDA-NRCS loss
rating correspondence—60 and 64%, respectively. Most south-
ern P Index ratings matched USDA-NRCS loss ratings from
the measured P losses of Arkansas, Oklahoma, and Texas (mostly
rated low) benchmark sites (Table 6). Neither high P losses mea-
sured from the Georgia pastures nor mostly low P losses from the
North Carolina site were accurately classified, suggesting that high
P applications (Georgia) and high or low erosion losses and the
application of poultry pellets (North Carolina) were inadequately
captured in many Southern indices. Field-scale evaluation of P
Indices is difficult, as most states do not have sufficient water qual-
ity data, and because rating determinations relative to P losses are
subjective. Williams et al. (2017) were able to use TP and DP data
from 112 site—years to evaluate the performance of the individual
components within the Ohio P Index, separate from the rating
thresholds; they concluded that local P loading thresholds are crit-
ical to make the Ohio P Index more sensitive to local conditions.
Our datasets allowed us to compare the 12 southern P Indices to
cach other. The data, however, were insufficiently robust to allow
us to determine specific state P Index strengths and weaknesses.
Sensitivity analyses have been used to determine the importance of
individual factors within a P Index (Johnson 2004), but this also
requires significant state-specific data, which were unavailable for
this analysis. Finally, the wide variation in measured P loss, used
as ground-truthing information in the present research, highlights
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Table 4. USDA-NRCS Phosphorus (P) Index ratings using measured P and sediment loss from the six benchmark sites and the corresponding 12
southern state P-loss rankings for each benchmark site.

Southern state P Index ratings using measured sediment for erosion lossest

Benchmark field sites

NRCS# AL AR FL GA KY LA MS NC OK SC TN TX

Arkansas
Check Low Low Low Low Low Low Low Low Low High Low Low Low
Broad litter Low High  Mod Mod Low Low Low Mod Low High Low Low Mod

Injected litter Low High Low  Mod Low Low Low Mod Low High Low Low Mod
Injected litter x2 Low High  Mod  Mod Low Low Low Mod Low  Severe = Mod Low Mod
Rotational grazing + litter Low High  Mod Mod Low Low Low Mod Low High Mod Low Mod
Continuous grazing + litter Low High  Mod Mod High  Mod Low Mod Low Severe  Mod Low Mod
Hay + litter Low High Mod Mod Low Low Low Mod Low High Mod Low Mod
Georgia
Field 2,1 High  Ex.high Low V.high V.high Low Mod High  High -§ V.high  Mod  High
Field 2,2 Mod Ex.high Low V.high V.high Low Mod High Mod - V.high  Mod  High
Field 4,1 High  Ex.high Low High V.high Low Mod High Low - V.high  Mod Mod
Field 4,2 High  Ex.high Low V.high V.high Low High  High Mod - V.high High  High
Field 6,1 High Ex. high Low Mod  V.high Mod Mod High Mod - V.high  Mod High
Field 6,2 High Ex. high Low Mod  V.high Mod High High High - V.high High High
Mississippi
Field 1 Mod High - Low Low Low Low Mod Low Mod Low Mod Mod
Field 2 Low High - Low Low Mod Low Mod Low Mod Low Mod Mod
North Carolina
CT,C2011 High Low - Low Low Low Low Low Low Low Low Low Low
CT,C2012 Low Low - Low Low Low Low Low Low Mod Low Low Low
NT,C 2011 Low Low - Low Low Low Low Low Low Mod Low Low Mod
NT,C 2012 Low Low - Low Low Low Low Low Low Mod Low Low Mod
CT,02011 Mod V. high - Mod  V.high Mod Low Mod Low Mod High Mod Mod
CT,02012 Low V. high - Mod High Low Low Mod Low Mod Mod Mod Mod
NT,0 2011 Low V. high - Mod  V.high Low Low High High Mod High High Mod
NT,0 2012 Low V. high - Mod Mod Low Low Mod Mod Mod High High Mod
Oklahoma
Chickasha High High - Mod Low Mod Low Low Low Low Mod High Mod
Cyril Low Mod - Low Low Low Low Low Low Mod Low Low Low
Demo North Low High - Mod Low Low Low Mod Low Mod Low Mod  High
El Reno Low Low - Low Low Low Low Low Low Low Low Low Mod
Texas
Goosebranch Low V.high ~ High Low Low V.high High Mod  Severe Low Mod Mod
Melde Low High ~ Low Mod Low Low Mod Low Mod Low Mod  High
Patton Low High ~ Mod Low Low Low Low Low Low Mod Low Low
Riesel Mod Mod -~ Low Low Low Mod Mod Low Mod Low Low High

1V, very; Ex,, extremely; Mod, moderate.
$ NRCS P Index ratings: low (<2.2 kg ha™' yr™'), moderate (2.2-5.5 kg ha™" yr™'), and high (>5.5 kg ha™' yr™).
§ Oklahoma P Index would not allow these high rates of P application

Table 5. Translation of state Phosphorus (P) Index ratings into USDA-NRCS ranking categories of low (<2.2 kg ha™" yr™'), moderate (2.2-5.5 kg ha™'
yr~'), and high (>5.5 kg ha' yr') for P management decisions.

USDA-NRCS P Index rating

State N-based (low) P-based (moderate) No P (high)
State P Index rating
Alabama Low Medium, high Very high
Arkansas Low, medium High Very high
Florida Low Medium High, very high
Georgia Low, medium High Very high
Kentucky Low Medium High
Louisiana Low, medium High Very high
Mississippi Low, medium High Very high
North Carolina Low, medium High Very high
Oklahoma Low, medium High Very high, severe
South Carolina Low, medium High Very high
Tennessee Low Medium, high Very high
Texast Low Medium, high, very high High, very high with P impairment

1 Rankings vary based on water quality impairment.
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Table 6. USDA-NRCS Phosphorus (P) Index rating based on measured P loss from the six benchmark sites, the number of southern P Index ratings
corresponding to different loss risks, and the percentage of southern index ratings corresponding to different loss risks.

. NRCS P Index Number of P Index ratings P Index ratings
Benchmark field sites State . . .
ratingt Low Moderate High Low Moderate High
%

Check AR Low 1 1 0 92 8 0
Broad litter Low 8 4 0 67 33 0
Injected litter Low 8 4 0 67 33 0
Injected litter x2 Low 8 3 1 67 25 8
Rotational grazing + litter Low 8 4 0 67 33 0
Continuous grazing + litter Low 6 5 1 42 50 8
Hay + litter Low 8 4 0 67 33 0
Field 2,1 GA High 4 4 4 33 33 34
Field 2,2 Moderate 5 3 4 42 25 34
Field 4,1 High 5 3 4 42 25 34
Field 4,2 High 4 4 4 33 33 34
Field 6,1 High 4 4 4 33 33 34
Field 6,2 High 2 6 4 17 50 33
Field 1 MS Moderate 8 3 0 73 27 0
Field 2 Low 7 4 0 64 36 0
CT,C2011 NC High 1 0 0 100 0
CT,C2012 Low 1 0 0 100 0
NT,C 2011 Low 10 1 0 91 9 0
NT,C 2012 Low 10 1 0 91 9 0
CT,02011 Moderate 5 4 2 46 36 18
CT,02012 Low 7 3 1 64 27 9
NT,0 2011 Low 4 5 2 36 46 18
NT,0 2012 Low 7 2 1 64 27 9
Chickasha OK High 7 4 0 64 36 0
Cyril Low 10 1 0 91 9 0
Demo North Low 8 3 0 73 27 0
El Reno Low 10 1 0 91 9 0
Goosebranch X Low 4 3 4 36 28 36
Melde Low 8 3 0 73 27 0
Patton Low 8 3 0 73 27 0
Riesel Moderate 8 3 0 73 27 0

1 NRCS P Index ratings: low (<2.2 kg ha™" yr'), moderate (2.2-5.5 kg ha™' yr™'), and high (>5.5 kg ha™" yr™).

the need for long-term data records and a large number of sites
to provide reliable estimates of P runoff. Without this data, our
results highlight the difficulties in accurately defining or quantify-
ing loss categories for each state index at the present time.

After transforming APEX predicted loads to P-loss rat-
ings, all ratings except the two Mississippi sites, or 94%, would
be classified low (Table 3); data from Oklahoma and Texas
benchmark sites could not be used. The APEX predictions
matched rating losses 61% of the time, primarily because loss
ratings and APEX ratings were low. In addition, APEX could
only be run on 17 fields. Direct comparisons between overall
APEX results with APLE and TBET, as well as the southern
P Indices, must be made with care. The APLE-predicted P
ratings designated 11 of the 31 benchmark sites as low (35%),
nine as moderate (29%), and 11 as high (35%), with the cor-
rect frequency of 48%. The TBET loss ratings partitioned
similarly to APLE: 14 low (45%); six moderate (19%); and 11
high (35%), with the correct frequency of 52%. Comparing
model-predicted P ratings with southern P Index ratings, all

were essentially similar, with a range in prediction frequency
between 48 and 61%.

Based on Kendall’s Ty the risk categorizations assigned to
cach field by each model and the majority of P Indices (Arkansas
and Oklahoma being the exceptions) were positively corre-
lated, with the risk categorizations determined by the measured
P-loss data (Table 7). Of these correlations, only the APEX and
Kentucky, Louisiana, and North Carolina P Index categoriza-
tions were not statistically significant at the 0.05 level. Overall,
correlations for the majority of P Indices were similar or better
than those of the models. This may be due to the use of mea-
sured erosion data for the P Indices and estimated erosion data
for models, and/or the fact that the majority of fields have low
P losses (20 of 31 fields classified as low risk based on assigned
thresholds). The HSS scores were in general agreement with the
correlation analysis (i.c., higher HSS values tended to coincide
with higher 7, values) (Table 7). When lower thresholds were
constructed (low [<0.57 kgha™'], moderate [0.57-1.68 kgha™'],
and high [>1.68 kg ha™']) and then compared with ratings from
the water quality models and southern P Indices (Table 7), the
greatest impact was on HSS for some of the indices, whereas
impact on T, was limited. While reducing the threshold values
for the categorizations did change (primarily, reduce) 7, for
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Table 7. Kendall modified Tau analysis (,) Z-score, and Heidke skill score (HSS) testing the correct forecast for the models and the southern P
Indicest for both USDA-NRCS threshold and reduced threshold conditions using measured erosion rates from the benchmark field sites. APEX,
Agricultural Policy Environmental eXtender; APLE, Annual P Loss Estimator; TBET, Texas Best Management Practice Evaluation Tool. All models and
state P Indices are significant at o < 0.05 except APEX, Kentucky, Louisiana and North Carolina.

NRCS thresholds and measured erosion rates#

APEX APLE TBET AL AR FL GA

KY LA MS NC OK SC TN TX

T, 0.10 0.23 0.26 0.27 -0.18 0.30 0.41 0.23 0.17 0.37 0.18 -0.28 0.43 0.28 0.08

Z-score 0.62 1.99 2.20 228 -1.19 2.53 337 1.86 1.36 298 144 -238 3.61 2.23 0.61

HSS 0.17 0.19 0.29 0.17 -0.15 0.24 0.46 0.15 0.04 0.21 0.04 -0.28 0.54 0.27 0.06
Reduced thresholds and measured erosion rates§

T, 0.16 0.26 0.30 030 -0.20 0.26 0.36 0.25 0.10 0.26 0.12 -0.16 0.27 0.30 0.17

Z-score 1.15 2.21 2.60 258 -1.31 224 2.99 2.09 0.84 2.11 092 -1.40 2.29 2.43 142

HSS 0.04 0.20 0.37 035 -0.10 0.25 0.21 1.34E-03 -0.02 0.03 0.02 0.02 0.17 -0.07 0.04

tn =31, except for APEX (n = 23, not run on OK and TX) and AR P Index (n = 17).
F NRCS P Index ratings: low (<2.2 kg ha™' yr™'), moderate (2.2-5.5 kg ha™" yr™'), and high (>5.5 kg ha™' yr™).
§ Reduced ranking equivalencies: low (<0.57 kg ha™'), moderate (0.57-1.68 kg ha™"), and high (>1.68 kg ha™").

some of the models and P Indices, it did not affect whether the
correlation was considered statistically significant (Table 7). The
drastic reduction in HSS with the Kentucky P Index is consistent
with the fact that it was developed based on rating thresholds
suggest by the NRCS, as we used in our analysis (Bolster et al.,
2014). These data support the results of Table 6, with an overall
pattern of P Indices working as well as, if not better than, the
water quality models.

It is critically important, however, to recognize that estab-
lishing P Index rating equivalencies tied to management and
eventually offsite P loss and water quality impact is difficult and
very complex. A recent study from Smith et al. (2014) indicated
that, in Ohio, TP losses were <2.2 kgha™ yr! and would be suf-
ficient to trigger algal blooms in Lake Erie. If the rating equiva-
lency was established as 1.0 kg ha™, almost no southern P Index
would have matched the NRCS rating (Table 7), but neither
would the water quality models. Overall this analysis suggests
that P loss from agricultural fields is difficult to predict (Buda et
al., 2009; Edgell et al., 2015), and that the simpler, field-based
southern P Indices are as predictive as the more complex water
quality models.

Conclusion

Comparisons among southern P Indices (Alabama, Arkansas,
Florida, Georgia, Kentucky, Louisiana, Mississippi, North
Carolina, Oklahoma, South Carolina, Tennessee ,and Texas)
were derived using water quality and land treatment data
from benchmark sites (Arkansas, Georgia, Mississippi, North
Carolina, Oklahoma, and Texas). Measured P loads from the
benchmark sites were converted to USDA-NRCS P Index
rating equivalents [low (<2.2 kg ha™ yr™'), moderate (2.2-5.5
kgha™ yr!), and high (>5.5 kg ha™ yr!)] and compared with P
Indices. Concomitantly, the benchmark data were used in three
water quality models (APLE, APEX, and TBET) to predict TP
losses. When state P Indices were compared against each other
and USDA-NRCS loss ratings, there was 55% correspondence.
Correspondence with model predictions to USDA-NRCS loss
ratings was similar: 61% for APEX, 48% for APLE, and 52%
for TBET. Analysis using Kendall’s modified Tau indicated that
correlations between measured and calculated P-loss ratings
were similar or better for most P Indices than the models. These
results suggest that southern P Indices are just as robust as the

harder-to-use water quality models. However, a critical challenge
to risk assessment tools is the difficulty of assigning potential
P-loss risk to any given water resource.
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