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ARTICLE

Modelling dissolved phosphorus losses from accumulated
soil phosphorus and applied fertilizer and manure for a
national risk indicator
Keith Reid and Kimberley Schneider

Abstract: Balancing the weighting of various components of phosphorus loss in models is a critical but often
overlooked step in accurate estimation of risk of P loss under field conditions. This study compared the P loss
coefficients used to predict dissolved P losses from desorption from accumulated P in the soil, and those incidental
to applications of P as fertilizer or manure, with extraction coefficients determined from actual P losses reported
in literature for sites in Canada, with the addition of some sites with similar soils and climate from some northern
states. The extraction coefficients for dissolved P measured in runoff water were 6.5× greater in year-round
edge-of-field (EoF) measurements than in runoff boxes, indicating that models using P extraction coefficients
derived from runoff box experiments will be underestimating the magnitude of losses from P accumulation in
soil. Differences among the measurement methods (runoff box, rainfall simulator, or EoF) were not evident for
incidental losses from applied P, but current models appear to overpredict the losses of applied P. Good agreement
between measured and predicted dissolved P (DP) concentrations using the equations in the Annual Phosphorous
Loss Estimator model were achieved by applying coefficients of 0.275 to the fertilizer equations and 0.219 to the
manure equations, implying that 72.5% of fertilizer P and 78% of manure P are not available for runoff. This study
underlines the importance of considering the relative weights of the various components of P loss as new models
are developed and validated.

Key words: soil, phosphorus, manure, fertilizer, water quality.

Résumé : Dans un modèle, il est impérieux d’équilibrer la pondération des diverses composantes de la perte de
phosphore (P), mais on néglige souvent cette étape quand on s’efforce d’estimer avec précision les risques d’une
telle perte sur le terrain. Les auteurs comparent les coefficients employés pour prédire les pertes de P dissous
associées à la désorption du P accumulé dans le sol et les pertes découlant de l’application de P sous forme d’en-
grais ou de fumier aux coefficients d’extraction établis en fonction des pertes de P réelles rapportées dans la
littérature, pour différents sites au Canada et certains endroits dans quelques États du nord, au sol et au climat
similaires. Les coefficients d’extraction du P dissous dosé dans les eaux de ruissellement sont 6,5 fois plus élevés
pour les relevés pris en bordure du champ durant l’année que pour ceux venant des récipients qui recueillent l’eau
de ruissellement, signe que les modèles utilisant les coefficients calculés lors des expériences sur le ruissellement
sous-estiment l’ampleur des pertes du P accumulé dans le sol. Les divergences des méthodes de mesure (boîte de
ruissellement, simulateur de précipitations, relevés en bordure du champ) ne se reflètent pas dans les pertes sec-
ondaires issues de l’application de P, mais les modèles courants semblent surestimer les pertes de P. Les auteurs
ont obtenu une bonne concordance entre la concentration réelle et la concentration prévue de P dissous en uti-
lisant les équations du modèle APLE et en appliquant un coefficient de 0,275 aux équations se rapportant aux
engrais ou de 0,219 à celles se rapportant au fumier, ce qui signifie que 72,5 % du P des engrais et 78 % du P du
fumier ne peut se retrouver dans le ruissellement. Cette étude souligne combien il importe de prendre en compte
les facteurs de pondération des composantes de la perte de P quand on élabore et valide un nouveau modèle.
[Traduit par la Rédaction]

Mots-clés : sol, phosphore, fumier, engrais, qualité de l’eau.
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Introduction
Losses of both particulate and dissolved phosphorus

(DP) from agricultural land have been identified as
important drivers for surface water quality impairment
by encouraging harmful (Steffen et al. 2014) and
nuisance algae growth (Howell and Dove 2017) and
hypoxic zones (Scavia et al. 2014). Recently, attention
has focused on the disproportionate role of DP in algae
blooms because of its high bioavailability and because
the proportion of DP to total P exported from farmland
appears to be increasing, particularly in the Lake Erie
basin (Joosse and Baker 2011; Baker et al. 2014). This shift
in the proportion of P fractions has been attributed
to changes in agricultural management including a
conversion to conservation tillage combined with
surface broadcast of P fertilizers (Jarvie et al. 2017;
Smith et al. 2017). DP losses from agricultural land are
generally attributed to one of three sources: (i) desorp-
tion of a portion of the P that has accumulated on soil
particles (from previous applications of mineral or
organic fertilizers or native in the soil) into runoff water
(desorbed P, DeP); (ii) incidental losses of DP from recent
application of P fertilizer or manure while these remain
on the surface of the soil (applied P, ApP) (Reid et al.
2018); or (iii) losses of P from the above-ground portion
of overwintering vegetation (Liu et al. 2019). The third
source has been identified as being important for prairie
environments, but less so for parts of Canada with
milder winters (Plach et al. 2019). This paper focuses on
the P desorption from the soil and P loss incidental to
fertilizer or manure application, as being important
for the entire country. The third source (P losses from
overwintering vegetation) has recently been thoroughly
reviewed in Liu et al. (2019) and will not be discussed
further in this paper.

Models are of critical importance in understanding
the drivers for DP losses and for predicting the impacts
of management practices on reducing DP exports
(Bolster et al. 2012; Sharpley et al. 2012). There is a
continuum of spatial and temporal scales for models of
water and solute movement, but they can be classed very
broadly into the bench-top or pedon scale mechanistic
models, edge-of-field (EoF) models, and watershed-scale
models. An example of a very detailed mechanistic
model is Hydrus (Šimůnek et al. 2012), which requires
many parameters at a high level of precision. It would
be impractical to scale up to a field or regional scale
and therefore, is out of scope for this study. At the oppo-
site end of the scale are watershed models, such as SWAT
(Radcliffe et al. 2009; Woodbury et al. 2014), SPARROW
(Benoy et al. 2016), or CANWET (Singh et al. 2012).
A common element in all of these models is the
estimation of DP concentration and (or) loading in
runoff water. Pferdmenges et al. (2020) have compiled a
comprehensive review of the P source routines used in
runoff models and point out that a large number of

watershed models use the same conceptual model,
initially developed for the EPIC model, for DP release
into runoff and pore water. These quasi-mechanistic P
routines assume partitioning between organic and
mineral forms of P in classes of varying degrees of stabil-
ity, with transfers between these pools controlled by
zero- or first-order kinetics. Unfortunately, as Das et al.
(2019) and Neumann et al. (2021) point out, the EPIC
model (and, by extension, all of the models based on
the EPIC P routine) does not accurately characterize P
cycling across a wide range of soils, and better models
of P release from soils are required. For a mechanistic
model such as EPIC, this would require much greater
detail regarding soil properties and initial soil P
fractions, and at a much finer spatial scale, than is
widely available. The P routines embedded in SWAT
(Radcliffe et al. 2009) have also been shown to provide
poor estimates of P losses from applications of concen-
trated P sources such as manure or fertilizer, in large
part because these additions are assumed to immedi-
ately enter the soil pool with no allowance for any
incidental losses from the appliedmaterials (Collick et al.
2016; Menzies Pluer et al. 2019). The result is that most
watershed models are much less sensitive to the impact
of field-scale management decisions on dissolved P
losses than on total P losses (that tend to be dominated
by soil erosion and particulate P). This has been partially,
but not completely, addressed in the Conservation
Effects Assessment Program in the United States (CEAP
2011) by linking the Agricultural Policy Environmental
Extender (APEX) Model (Williams and Izaurralde 2005;
Gassman et al. 2009) to SWAT. This linkage allows better
characterization of fertilizer and manure applications
within the HRUs used in the SWAT model but does not
correct the lack of accounting for incidental P losses
within SWAT.

The third group of models focuses on P losses at the
EoF and explicitly accounts for variability in soil charac-
teristics and in soil, fertilizer, and manure management.
The most common of these are the P Indexes (Sharpley
et al. 2012; Sharpley et al. 2017), which have evolved over
time from conceptual, additive models (Lemunyon and
Gilbert 1993) to mixed empirical–mechanistic models
with a component structure such as the N.C. P Loss
Assessment Tool (N.C. PLAT Committee 2005). These
indexes do not attempt to predict P losses from runoff
events, but rather to indicate the relative risk of P loss
from fields based on inherent soil and climate condi-
tions combined with soil and nutrient management
practices by farmers. Also included in the EoF group of
models is the semiquantitative Annual Phosphorous
Loss Estimator (APLE) (Vadas 2017), which has been
proposed to be robust enough for use in validating other
P loss models (Fiorellino et al. 2017).

Rather than a process-based model of DP release, the
EoF models use empirical relationships between soil test
P values (either an agronomic test or an environmental
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indicator such as water extractable P (WEP)) and DP
concentration in runoff. Additional coefficients are used
to predict the incidental losses of DP from applied fertil-
izer or manure. Discussion of the derivation of these
coefficients follows later in the paper. This approach
has been used in the national Indicator of Risk of Water
Contamination by Phosphorus (IROWC-P) to predict the
spatial and temporal variation in the risk of P loss
(Reid et al. 2018). The coefficients for DP loss from
accumulated P in soil have been updated from the pre-
vious versions of IROWC-P (van Bochove et al. 2010), and
factors for the incidental losses from applied P have been
added.

A key part of model development is validation of
the model outputs against measured data to assess the
accuracy and precision of the model predictions
(Bolster and Vadas 2013; Vadas et al. 2013). One challenge
with this validation step is avoiding being misled by
equifinality, where models with different weightings of
coefficients can give very similar results, so simply
accepting the model with the most precise fit may not
necessarily give the best characterization of the underly-
ing processes (Hollaway et al. 2018). This could occur, for
example, where the validation dataset includes fields
with elevated soil test values that are also receiving
applications of manure; models that attribute different
relative weightings to the soil test P and the applied P
could give similar results, and the validation data would
not be able to ascertain which model was correct. This
takes on great importance if the models are going to be
used in different geographies or are going to be used to
predict the impact of management changes on P losses.
The authors are not aware, however, of any studies that
have attempted to validate the relative weighting of the
components in predictions of P losses within a compre-
hensive model, to ensure that not only are the model
totals accurate but that the values of the individual com-
ponents can be used confidently to identify appropriate
management responses. This study aims to overcome
that deficiency.

Methods
IROWC-P is a national-scale indicator of the spatial and

temporal variability in the risk of P loss from Canadian
agricultural land, derived from publicly available data
on land use, nutrient application, and on-farm practices.
The spatial scale of the assessment is the Soil Landscape
of Canada (SLC) polygon. It uses a component structure,
where each source of P loss from agricultural land
(desorption of DP from soil; DP losses incidental to appli-
cation of fertilizer or manure; DP leached from overwin-
tering vegetation; and bioavailable particulate P from
water erosion) is multiplied by a transport modifier
appropriate for that P source, and then the products of
these calculations are summed to give an overall risk of
P loss at the edge of the field. The transport modifiers
are derived from the surface runoff and tile flow

predictions in the hydrology module of the DNDC
model, which accounts for soil type, crop cover, and local
precipitation. Delivery modifiers based on topography
and distance to streams then predict the risk of P from
agricultural land reaching surface water. The details of
this modelling approach are found in Reid et al. (2018),
and a very similar structure is used in the provincial P
Loss Assessment Tool for Ontario (PLATO) (Ontario
Ministry of Agriculture, Food and Rural Affairs 2021).

The goals of the recent updates to the IROWC-P model
were to incorporate recent advances in our understand-
ing of P losses from agricultural land while maintaining
parsimony in data inputs and model structure. To
accomplish this, updated coefficients were derived from
current literature to predict DeP (Wang et al. 2010) and
ApP for fertilizer (Vadas et al. 2008) and manure (Vadas
et al. 2004; Vadas et al. 2009). The DeP coefficient is
multiplied by soil test P (STP, converted to WEP as
described below) and runoff (surface, plus the propor-
tion of subsurface runoff that reaches tile drains
through preferential pathways) to estimate the mass of
DP that could be exported under average weather condi-
tions (Reid et al. 2018). The DeP coefficient from Wang
et al. (2010) was chosen as it represented a broad range
of Ontario soil types and STP values and produced values
in a similar range to those found by Vadas et al. (2005).
Both studies showed strong correlations between DeP
and soil WEP that appeared to be independent of soil
type. The DeP coefficient should be validated in future
for soils across Canada, to confirm that it is independent
of soil type, but it represents the best currently avail-
able data.

The ApP coefficients were used in the manner of
Vadas (2017), where a P distribution factor (PDF) is multi-
plied by the runoff: precipitation ratio between and an
estimate of the WEP applied to estimate the mass of
applied P that could be exported. The theoretical basis
for this is that the runoff concentration of DP desorbed
from freshly applied fertilizer or manure will be more
concentrated than any runoff that has only interacted
with the soil, so infiltration into the soil will trap the P
from the runoff and reduce potential losses. The PDF
values are different for fertilizer and manure, reflecting
the differing nature of these two materials (Vadas et al.
2004; Vadas et al. 2008). For all materials, these calcula-
tions apply only to what remains on the soil surface, as
fertilizer or manure that has been placed below the soil
surface is assumed to be protected from desorption to
runoff (Daverede et al. 2004). Differences in manure
characteristics between livestock species are accounted
for by basing the calculations on the water-extractable
portion of the P in the manure rather than the total P
applied.

These predictions of incidental P losses were
integrated into larger models to allow their use for
assessment of water quality impacts from agricultural
activities. The ApP coefficients were developed using
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data from studies across the United States, as cited in
Vadas et al. (2004, 2008, and 2009), and have been
incorporated into the APLE model (Vadas 2017), which
has been recognized as a suitable model for assessing
the performance of P Indexes in the United States
(Bolster et al. 2012; Bolster et al. 2014). Significant effort
was expended in assessing the precision of each these
coefficients during their development, so they were
simply added together along with the soil desorption
components when the APLE model was created. There
have also been assessments of the accuracy of the APLE
model that combines the predictions using these coeffi-
cients with other components to predict total P losses
(e.g., Bolster and Vadas 2013; Kleinman et al. 2017;
Sharpley et al. 2017).

A literature review was conducted to gather existing
data on P runoff across a range of conditions. The
geographic scope of this review was primarily Canada,
but studies from some of the northern American States
were included where, in the authors’ opinion, the
soil and climatic conditions were similar enough to the
adjacent Canadian regions to be relevant to IROWC-P
(See Table 1 for a full list). Criteria for study selection
included data for DP concentrations in runoff from
individual treatments (or included both P loading and
mean runoff volume so DP concentrations could be
calculated), STP, soil texture, and P application data
(source, rate, timing, incorporation method, and
timing), as well as the type of runoff study. Some papers
were excluded because the data was presented in aggre-
gate to derive P loss coefficients so individual values for
DP losses could not be determined (e.g., Wang et al.
2010; Vadas et al. 2005) or because only tile or surface
runoff was reported but not both (e.g., Zhang et al.
2015). Runoff DP concentration data was categorized
according to four methods of sample collection:

• year-round EoF monitoring,
• rainfall simulator studies in-situ on each plot at

various times of the year, usually following a P
application (RS),

• measurements from individual rainfall events, and
• runoff box studies from samples collected from the

field and repacked into boxes for rainfall simulator
studies in the laboratory (RB).

Only one study reported measurements of DP
concentrations from individual rainfall events, so it was
excluded from further statistical analysis for DeP.
Studies that included P applications were only consid-
ered if there was a check treatment without any added
P, so that the runoff P incidental to applied manure or
fertilizer could be separated from the inherent P losses
from the soil. A total of 38 references had adequate data
for inclusion in the assessment (Table 1).

The structure of a component P Index, like that used
in IROWC-P and PLATO, calculates the contribution from
DeP and ApP separately and then sums them. For consis-
tency with this structure, the contribution from DeP was
deducted from the total DP runoff by subtracting the P
loading in runoff from check plots from the P loading
in the corresponding amended plot, as follows:

ApP = DPTreated − DPCheck

where DPTreated is the mass of DP from the plots amended
with fertilizer or manure, and DPCheck is the mass of DP
from the corresponding unamended plot. This avoided
the double counting of the contribution of P losses from
soil desorption that would otherwise occur.

WEP concentrations were calculated from the STP
concentrations, and where appropriate, soil textural
class and soil pH, according to the method used in
IROWC-P (details of this method are included in the
Supplementary Material). The coefficients used to con-
vert STP to WEP varied from province to province
because the standard soil tests vary between provinces
(Mehlich-3 in Quebec and Atlantic Canada, Olsen
in Ontario and Manitoba, and Modified Kelowna
Saskatchewan, Alberta, and British Columbia); there are
also cases of different measured conversion factors
between provinces, e.g., Manitoba soils showed higher
proportion of WEP in Olsen P than Ontario soils (Table 2
and Supplementary Fig. S11). Standardizing the soil P con-
centrations as WEP allowed comparison of a single
extraction coefficient to estimate DeP in runoff water
across the country. Where WEP was not reported directly
in the American studies, values for STP were converted to
WEP using the methodology for the nearest province.
Predicted values for runoff P concentrations were calcu-
lated from theWEP data, and the conversion factors from
WEP to DeP were used in the IROWC-P model. Measured
and predicted values for runoff P losses from soil desorp-
tion and applied P were compared graphically, and
goodness-of-fit statistics (R2, RMSE) were calculated using
the Analysis Tool Pack add-in in Excel (Microsoft 2016).

Results and discussion
P loss from desorbed P

The results from the three different water quality
sample collection methods (EoF, RS, and RB), where
sufficient data was available in the literature, were
compared to determine if they were predicting P losses
in a similar manner, in terms of both total losses and rel-
ative to STP or applied P. When assessing losses of DeP,
the measured values of DP in runoff appeared to fall into
different populations with higher mean concentrations
observed in EoF monitoring than in RB, although the
differences were not statistically significant (Table 2).

1Supplementary data are available with the article at https://doi.org/10.1139/cjss-2021-0049.
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Table 1. Summary of plots used for assessment of the IROWC-P and PLATO models.

Location
Soil
Texture STP Method

STP concentration
(mg·kg−1) Amendment Type

P rate
(kg P·ha−1)

Runoff
Type Reference

Wisconsin SiL Bray-Kurtz P1 33–104 Dairy Manure 29–88 RS Andraski et al. 2003
Pennsylvania fine-loamy Mehlich-3 P 93–109 Dairy Manure 80 RB Bechmann et al. 2005
Wisconsin SiL Bray-Kurtz P1 1–135 Fertilizer, Dairy Manure, Biosolids 24–207.5 RS Bundy et al. 2001
Saskatchewan nr Kelowna Extract 8.3–14.7 Fertilizer 31 EoF Cade-Menun et al. 2013
Indiana SiL Mehlich-3 P 109 LDM 22 RB Cherobim et al. 2017
Wisconsin SiL Bray-Kutrz P1 14 Dairy Manure 40–108 RS Ebeling et al. 2002
Minnesota L Olsen-P 5.2–10.9 Liq Swine Manure 14 EoF Gessel et al. 2004
Minnesota L Olsen-P 6–30 Cattle Manure 164 EoF Ginting et al. 1998
Vermont SiL Mod. Morgan 4.6 Manure 30–62 RB Hanrahan et al. 2009
New York SiL Morgan 1.45–20.2 SCM–Surface Applied 8.6 RS Hively et al. 2005
Pennsylvania SiL Mehlich-3 P 12 Dairy manure slurry 84 RS Johnson et al. 2011
Wisconsin SiL Bray-Kurtz P1 40.5 Dairy manure 48 RS Jokela et al. 2012
Wisconsin SiL Bray-Kurtz P1 26.2–33.9 Dairy manure 20 RS Jokela et al. 2016
Maryland fine-silty Mehlich-3 P 633 Poultry Manure 130 RS Kibet et al. 2011
New York L Mehlich-3 P 26–78 Dairy Manure 75 RS Kleinman et al. 2005a
New York nr Mehlich-3 P 117–190 Dairy, Poultry, Swine Manure 77 RB Kleinman and Sharpley 2003
New York nr Mehlich-3 P 13–415 Dairy/Poultry/Swine, DAP 100 RB Kleinman et al. 2002
Pennsylvania SiL, CL Mehlich-3 P 54–119 Dairy Manure 25 RS Kleinman et al. 2009
Pennsylvania SiL, L Mehlich-3 P 16–215 Dairy, Poultry, Swine Manure 100 RB Kleinman et al. 2004
Manitoba CL, S Olsen-P 19.6–29.8 None 0 RB Kumaragamage et al. 2011
Alberta CL Kelowna Extract 34 None 0 RS Little et al. 2005
Alberta L, SiL, CL Kelowna Extract 3–35 Fertilizer 15–20 EoF Little et al. 2007
Manitoba nr Olsen-P 19.8 Fertilizer 7.1 EoF Liu et al. 2014
Quebec nr Mehlich-3 P 51–189 Hog Manure 59 RS Michaud and Laverdière 2004
Quebec CL Mehlich-3 P 33–45 None 0 Event Michaud and Poirier 2009
Alberta L Kelowna Extract 32–64 Cattle Manure 12–24 RS Miller et al. 2011
Saskatchewan L Kelowna Extract 15.4 None 0 EoF Nicholaichuk and Read 1978
Pennsylvania fine loam Mehlich-3 P 44–72 Rock P and Swine manure 100 RS Shigaki et al. 2006
Indiana nr Mehlich-3 P 20–39 DAP, MAP, and polyphosphate 9.6–24.4 RS Smith et al. 2017
Wisconsin SiL Bray-Kurtz P1 32–45 Liquid DM 13 EoF Stock et al. 2019
New York Coarse-loamy Mehlich-3 P 15–20 Spring and Fall Dairy Manure 75 RS Srinivasan et al. 2007
New Hampshire coarse-loamy Mehlich-3 P 100 Fall Dairy Manure 24 RS Srinivasan et al. 2007
Manitoba CL Olsen-P 10.3–21.3 Inorganic Fertilizer 14.8–17 EoF Tiessen et al. 2010
Ontario L, CL Olsen-P 12–15 Poultry manure and MAP 44.5–64 EoF Van Esbroeck et al. 2016
Pennsylvania SiL Mehlich-3 P 12 Liquid Dairy manure 34 EoF Veith et al. 2011
Manitoba CL Olsen-P 5.4–21.2 MAP 0–18.4 EoF Wilson et al. 2019
Wisconsin SiL Bray-Kurtz P1 75 Dairy Pit and Composted 0, 47, 95 RS Yague et al. 2011
Ontario CL Olsen-P 27–36.1 Control 0 EoF Zhang et al. 2015

Note: nr, not reported; EoF, year-round edge-of-field monitoring; event, monitoring of individual runoff events; RB, runoff boxes with rainfall simulation; RS,
rainfall simulator in field.
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The range of STP in each of the measurement categories
also varied, so that when the DP concentrations were
regressed against soil test (expressed as WEP), the
extraction coefficients, indicated by the slopes of the
lines, were significantly different (Table 2 and Fig. 1).
Year-round EoF measurements were felt by the authors
to be more relevant to environmental impacts of P losses
from agricultural land, as they represent the spatial scale
most likely to influence adjacent water bodies and the
temporal scale, which represents the range of runoff
events over the year, so this was the primary focus of
comparisons between measured and modelled DeP. The
extraction coefficients in the literature cited for all of
the measurement systems were much higher than those
reported by Wang et al. (2010) or Vadas et al. (2005), so to
maintain consistency with the original dataset used in
the IROWC-P model, the relative difference between
extraction ratios was used rather than applying the
extraction coefficients directly from the literature
values.

The impact of the choice of extraction coefficients
in predicted DP concentrations is significant, with
much lower predictions from the coefficients derived
from runoff box data than from year-round EoF studies
(Fig. 2).

The initial estimates of P desorption for use in
IROWC-P were based on extraction coefficients derived
from runoff box experiments by Wang et al. (2010),
which had shown similar relationships to STP as Vadas
et al. (2005). The study by Wang et al. (2010) showed a lin-
ear relationship between DP concentration in runoff and
STP, with a coefficient of 0.0183 mg·L−1 DP in runoff
water per mg·kg−1 of WEP. Applying this coefficient to
WEP values reported in the literature showed a strong
linear correlation between STP and predicted DP concen-
trations (Fig. 2), but the model was significantly underes-
timating the DP losses from soil desorption at EoF. The
slope of the correlation was lower than the measured
DP concentrations from these plots by a factor of
6.5 (the slope of the regression of modelled to observed
EoF plots was greater than the slope of the RB plots by
this factor; Fig. 1 and Table 2). Multiplying the original
coefficient by the observed difference between the RB
and the EoF values (6.5) increased the coefficient to a
value of 0.114 and brought the predicted and measured

DP concentrations into nearly perfect alignment. When
the revised coefficients are used, there is a very close cor-
respondence between the measured and modelled DP
values from DeP (Fig. 3), with a slope that does not differ
significantly from one and an R2 value of 75%.

The reasons for the discrepancy between year-round
EoF measurements and measurements based on
artificial rainfall are unclear. The studies for all three
measurement systems included a broad range of soil
types, covering similar ranges of soil texture and pH
and with no obvious differences in past management
where information was provided. The runoff box studies
included soils with higher values for WEP than the EoF
or RS, but there is no evidence that the slope of the corre-
lation with runoff P concentrations changes at the
higherWEP values. Kleinman et al. (2004) and Vadas et al.
(2005) found only small differences between DP concen-
trations measured in runoff box and field plots using a
rainfall simulator (with a trend toward higher concentra-
tions from the rainfall simulator studies), but neither of
these studies included year-round measurement of DP
concentration in runoff from natural precipitation. In
contrast, Doody et al. (2006) found that DP concentra-
tions in runoff water increased as the length of flow path
increased, which could partly explain the pattern of
higher concentrations measured at the EoF compared
with artificial runoff experiments with small areas.
Little et al. (2007) also noted that P extraction coeffi-
cients for small Alberta watersheds were higher than
those measured in runoff box experiments. Studies
from Ontario (Lozier et al. 2017) and the Canadian
prairie provinces (Tiessen et al. 2010) have suggested
that longer contact time between runoff water and soil,
as could occur in snowmelt, would increase soluble reac-
tions between soil and water. The implication of this
observation is that the direct application of runoff coef-
ficients from runoff boxes or rainfall simulator studies
to models of DP loss from agricultural fields can result
in a significant underestimation of the actual risk of
P loss.

P loss from applied manure and fertilizer
When losses incidental to the application of P fertil-

izer or manure were compared among the three sample
collection methods, each appeared to fall into distinct

Table 2. Summary statistics of regression between measured DP concentrations in runoff from different study types
(EoF, year-round edge-of-field; RS, rainfall simulated field plots; RB, runoff boxes) and soil WEP concentrations
(no applied P).

Study Type n Mean DP (mg·L−1) Intercept Slope R2 (%) RMSE Lower 95% Upper 95%

EoF 22 0.245ns 0.0027ns 0.746** 54.3 0.159 0.426 1.065
RS 51 0.282ns 0.1625** 0.418** 21.7 0.235 0.190 0.647
RB 26 0.178ns 0.0949** 0.114** 64.6 0.076 0.079 0.150

Note: P values for differences between means, and for intercept and slope of each regression. ns, not significant; **,
P< 0.001.
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populations for both the amount of applied P and
the measured ApP losses, in order of EoF < RS < RB
(Table 3). The differences among the measurement meth-
ods in ApP, however, were not due to the measurement
method but rather to the rate of P applied. When the
ratio of P loss from ApP to mass of P applied as fertilizer
or manure was calculated, there were no significant

differences among the three sample collection methods
for either fertilizer or manure, indicating that the
proportion of applied P that was desorbed into runoff
water was the same for all three methods. Since applica-
tion rate is part of the prediction of ApP, the data
from the sample collection methods was pooled for
assessment of the model.

Fig. 1. Comparison of observed and modelled DP concentrations in annual surface runoff from check plots (no added P) to soil
WEP values from different measurement systems. Statistical values for these correlations are in Table 2.

Fig. 2. Comparison of measured to modelled DP predictions from soil WEP using coefficients from year-round edge-of-field or
runoff box experiments. Regression statistics are found in Table 2.
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Applying the coefficients derived by Vadas et al. (2009)
to predict the proportion of applied P from both manure
and fertilizer that was lost in runoff resulted in values
that were significantly higher than those that were
measured by any of the sampling methods. It should be
noted that the derivation of the PDF values did not
appear to segregate the DeP from ApP, as has been done
here, which would result in higher apparent P loss from
ApP. This effect would be largest in cases where the P
applications were on soils that were already high in
WEP (e.g., from historic manure applications in excess
of crop P requirements). The PDFs from the APLE model
(Vadas et al. 2009) have unique values for fertilizer and
manure to account for the differences in the P release
characteristics of the materials. These equations
predicted that close to 100% of the available WEP would
be lost in runoff at high runoff: precipitation ratios, but
across all of the studies reported in the literature, WEP
losses were less than one-third of this value.

The relative amount of P loss for both fertilizer and
manure as the runoff: precipitation ratio increased
appeared to be well characterized by the PDF equations,
as indicated by statistically significant correlations
between measured and predicted DP concentrations in
runoff. Using the equations directly from the APLE
model, however, resulted in significant overprediction
of DP concentrations from applied P in runoff water
(Figs. 4 and 5), by a factor of 3.63× for fertilizer and
4.57× for manure (Note: the assumption from the APLE
model that 60% of liquid manure infiltrates immediately
was not used in this analysis, so that solid manure was
not assigned a 2.5× greater risk of P loss than liquid
manure; this discrepancy in risk was not apparent in
the data we examined). The relative amount of applied
P that was lost in runoff water was very well predicted
by the APLE equations, but the predicted results only
matched the measured when the equations were multi-
plied by the inverse of the overprediction, resulting in

Fig. 3. Comparison of modelled to observed DP concentrations in surface runoff for the edge-of-field plots with no added
fertilizer or manure.

Table 3. Mean values for DP concentration in runoff incidental to P application (ApP), rates of applied P as fertilizer or
manure, and the DP concentration as a proportion of applied P.

Sampling
Methods

Manure Fertilizer

ApP (mg·L−1) Applied P (kg·ha−1) ApP/Applied ApP (mg·L−1) Applied P ApP/Applied

EoF 0.62 11.01 0.123 0.18 4.23 0.123
RS 2.04 15.28 0.140 2.67 15.28 0.265
RB 4.89 24.21 0.221 5.64 65.75 0.091

P value 0.0013 0.0049 0.1597 0.0003 0.0000 0.0523

Note: Bold values indicate that the difference between sampling methods is significant at P < 0.05.
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factors of 0.275 for fertilizer and 0.219 for manure, imply-
ing that 72.5% of fertilizer P and 78% of manure P are not
available for runoff. (Figs. 4 and 5). Regression analysis

shows that the slope of the measured to modelled corre-
lation was not different from 1. The intercept for the fer-
tilizer prediction was not significantly different from 0,

Fig. 4. Modelled DP concentrations from fertilizer applications compared with measured DP concentrations. Open circles
and dashed line are predicted P losses incidental to fertilizer application using the equations in the APLE model, which
overpredicted the P losses by 3.63×. The closed circles and solid line show the result of multiplying the APLE model equations by a
factor of 0.275. Statistics are for the linear fit of the revised model.

Fig. 5. Modelled DP concentrations from manure applications compared with measured DP concentrations. Open circles
and dashed line are predicted P losses incidental to manure application using the equations in the APLE model, which
overpredicted the P losses by 4.57×. The closed circles and solid line show the result of multiplying the APLE model equations
by a factor of 0.219. Statistics are for the linear fit with the revised model.
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while for manure there was a significant positive
intercept. This suggests that the model is predicting
some risk of P loss inherent in manure application,
although this value is small relative to the total risk.
There was also greater variability in the measured P
losses incidental to manure application. This is not unex-
pected given the inherently greater variability in
manure P stemming from uncertainty regarding the pre-
cise proportion of both DP and total P in manure
(Kleinman et al. 2005b) and variability in the amount
remaining on the soil surface following incorporation
due to the bulky nature of manure. Relations between
measured and predicted DP concentrations for both fer-
tilizer and manure were highly significant (p<0.001) with
moderately high R2 values and low RMSE (Figs. 4 and 5).
Residuals were evenly distributed with average = 0 and
no significant slope. The adjustment to the fertilizer
availability for loss is consistent with the original model
proposed by Vadas et al. (2007), which included a factor
for P absorption by the soil between the time of fertilizer
application and the first runoff event. In the literature
investigated, it appears that the greatest fertilizer loss
expected would be 27.5% of the total applied.

The APLE model includes a factor for infiltration of
liquid manure into the soil, assuming that 60% of the
applied liquid infiltrated and therefore protected the
P from loss in runoff (Vadas et al. 2004). This had not
been included in the original IROWC-P model, to treat
the P from solid manure in a similar manner to liquid
manure as a source of P runoff. If infiltration was the
only mechanism reducing the loss of P from applied
manure, we would expect to see relatively greater
losses from solid manure applications than from
liquid, but this difference was not observed in the
literature results. It suggests there is another mecha-
nism in place. Possibly the temporal pattern of
runoff generation, which is accounted for in the

SWCS Curve Number approach as the “initial abstrac-
tion” (SCS 1985; Rawat et al. 2010), is carrying a dispro-
portionate amount of desorbable P into the soil
during the early part of a rain event and therefore, lim-
iting the amount available for runoff. There could also
be different mechanisms operating with liquid and
solid manure (infiltration of liquid manure and seques-
tration of P within solid manure either in organic
forms or physically protected from diffusion out of
clumps) that result in similar apparent availability for
loss from the two forms. This is an area that requires
further investigation to fully understand the underly-
ing processes of manure and fertilizer P dissolution
and transfer to runoff water.

In the APLE model, P runoff from fertilizer or manure
is estimated through the use of a PDF based on the run-
off:precipitation ratio to partition DP between runoff
and infiltration, assuming that the P that infiltrates into
the soil is then adsorbed to the soil (Vadas et al. 2009).
To align the predictions of P loss with the measured
P concentrations in the literature, we suggest that the
equations for the PDF for incidental losses from applied
P need to be multiplied by the upper limit of P available
for loss: 0.275 in the case of fertilizer and 0.219 in the
case of manure.

Impact of model revisions on relative weighting of P loss
components

A set of synthetic values was constructed using various
combinations of soil erosion (Bio Available Particulate P,
BAPP), soil test values, and manure and fertilizer applica-
tion rates to test the relative contributions of each
component using the original and revised coefficients
(Fig. 6). The relative importance of STP to the overall
scores increased, while manure and fertilizer were
reduced, providing a much more balanced weighting
for these components. It would be beneficial to carry

Fig. 6. Relative weighting for components in the IROWC-P model before and after adjusting coefficients, based on a constructed
database of 8900 combinations of erosion rate (expressed as Bioavailable Particulate P–BAPP), soil tests, and manure and fertilizer
applications.
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out a sensitivity analysis to determine the impact of
changes to individual components to the final P loss
assessments, as well as to compare the overall scores to
a range of water quality measurements from across the
country to test the overall performance of the model, as
these steps have not yet been completed.

Future work
Despite the broad range of conditions represented by

the literature reviewed, further work is needed to
increase confidence in the weightings of components of
P loss. In particular, there needs to be emphasis on
year-round EoF monitoring under a range of soil types,
climatic conditions, P sources, and application rates.
Performing these trials with a broad enough range of
P management practices will increase confidence that
the P losses are being partitioned correctly among the
different components.

Conclusions
This paper compares the results of P runoff experi-

ments relevant to Canadian soil and climatic conditions
with modelled P concentrations, focusing in particular
on the relative weights of P losses through desorption
from the soil and incidental to P applications. The
measurements of DeP varied significantly depending on
what sampling methods were used. Within each sam-
pling method, there were strong and consistent correla-
tions between STP and DeP, but the DP concentrations
measured in runoff boxes were significantly lower than
in year-round EoF measurements. Models using DeP
coefficients derived from runoff box studies are likely
to be underestimating the contribution of elevated STP
to risk of P loss from fields over the course of a year.
Runoff box and rainfall simulator studies will continue
to be valuable for understanding the underlying P
release processes and the impacts of soil test P, soil tex-
ture and pH, and other soil parameters on the relative
losses of DP in runoff. The controlled conditions of these
studies are not reflective of EoF situations, and so scaling
up their results to field scale models should be
approached with caution.

Applying the same type of analysis to ApP showed
much less variation between sampling methods, once
the rate of P application had been considered. The
amount of P desorption, however, did not approach that
which would be expected if all of the applied P (or
applied WEP in the case of manure) on the soil surface
desorbed into runoff water. Models using the
assumption of 100% availability for loss of P applied as
manure or fertilizer appear to be overestimating the
contribution of applied P to the risk of P loss within a
component P index.

Ensuring correct balance among the components of P
loss in any P index or P loss model will improve the
overall accuracy of risk assessments and provide better
guidance to land managers regarding the optimum

choice of mitigation techniques if the risk of P loss is
high. Further, it will improve the capacity of models to
correctly predict the impact of applying various benefi-
cial management practices on P loss reduction in both
the short and long term, which is critical for meeting P
reduction targets.
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