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Phosphorus (P) loss to surface freshwater is a key driver of environmental degradation,
including blooms of both harmful (e.g., microcystis) and nuisance (e.g., cladophora)
algae, along with the development of hypoxic zones that could significantly impact fish
habitat. Mitigating P losses from agricultural land will require a detailed understanding of
the forms (particulate versus dissolved, and chemical speciation), sources (soil erosion,
desorption of soil P, dissolved P from fertilizer or manure application, or release from
frozen vegetation) and transport pathways (surface runoff, or subsurface runoff through
tile drains). This paper describes each of these components in detail, and discusses
how this can guide the adoption of appropriate beneficial management practices to
effectively reduce P losses. Further, it describes how this component structure has been
incorporated into the Canadian national Indicator of Risk of Water Contamination by
Phosphorus (IROWC-P) as an example of a risk assessment tool.
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INTRODUCTION

Phosphorus (P) loss to surface freshwater is a key driver of environmental degradation (Sharpley
et al, 2003; Jarvie et al., 2013; Scavia et al, 2014), including blooms of both harmful (e.g.,
microcystis) (Conroy et al.,, 2014; Steffen et al., 2014; Simic et al, 2017) and nuisance (e.g.,
cladophora) algae (Auer et al.,, 2010; Depew et al., 2011; Howell and Dove, 2017), along with
contributing to the development of hypoxic zones that impact fish habitat (Bouffard et al., 2013;
Scavia et al., 2014). While agricultural runoff is not the only source of P loading to surface water, it
is significant in many areas and is implicated as the dominant source to some of the most heavily
impacted waters (Sharpley et al., 2003; Michaud et al., 2004; Joosse and Baker, 2011; Bunting et al.,
2016).

Given the importance of agricultural runoff in P loading to surface water, there is great interest
in finding ways to mitigate these losses (Haygarth et al., 2005; OLEPTF, 2010; Reutter et al., 2011;
Osmond et al., 2012a; Kerr et al., 2016). The success of these mitigation activities depends on
how well our understanding of the source and transport processes for P represent what is actually
happening in an individual field, farm or catchment (Gburek et al., 2002; Osmond et al., 2012b;
Sharpley et al., 2012; Radcliffe et al., 2015). Unfortunately, this linkage is often less than perfect
for a number of reasons. For example, models may be adapted from other jurisdictions that are
dominated by different processes; our understanding of the underlying processes for the transport
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of P may be flawed, or based on outdated research; or the
models chosen may be biased by tightly held cultural, political
or economic preferences (Kleinman et al., 2015b).

This paper will attempt to outline our current understanding
of the dominant sources and transport pathways for phosphorus
loss from agricultural land under varying inherent conditions and
management practices, and how the relative importance of each
may be assessed. The Indicator of Risk of Water Contamination
by Phosphorus (IROWC-P) will be discussed as an example of
one type of assessment tool, including describing the areas for
future improvement.

THE SOURCE x TRANSPORT
PARADIGM FOR UNDERSTANDING
P LOSS

The earliest P indexes considered sources of P independently
from the risk of transport (Lemunyon and Gilbert, 1993) and
did not always assign risk correctly if there was, for example,
a large source of P with no transport risk. Gburek et al. (2000)
pointed out this flaw, and suggested an alternative model which
determined the potential P source for loss, and multiplied it by a
transport modifier to assess the risk of P loss to surface water.
This forms the basis for our understanding of P losses, where
water movement is needed before any P transport can occur.
The unfortunate corollary is that some models assume that any
water leaving the landscape will carry the same concentration of
P, which ignores the differences in the ways that P is released
into water traveling by different pathways, the opportunities for
mitigation of P traveling through different pathways, and the
ways that different forms of P will be transported.

This weakness is addressed by using a component model to
understand and predict P losses, where the combinations of P
sources and transport pathways are assessed individually, and
then summed to determine the total risk of P loss from the field or
region being assessed. The focus in this paper is on P transport by
water, although atmospheric deposition of P can also occur, and
may be a significant fraction of P inputs to some smaller water
bodies adjacent to sources of P (Anderson and Downing, 2006),
and this could be included in as a component in a P loss model.
The factors that make up each of the components are discussed
in the following sections.

PARTICULATE VERSUS DISSOLVED P

Phosphorus exported from terrestrial systems is a combination
of dissolved P, and P that is bound to soil as particulate P.
Dissolved P is predominantly phosphate ions [also identified as
dissolved reactive P (DRP) due to its reactivity with molybdate
to form a blue colored complex (Joosse and Baker, 2011)], but
it can also contain P sorbed to colloidal particles, organic P
compounds (Heathwaite et al., 2005), and non-reactive mineral
forms including polyphosphates and phosphonates (Turner and
Newman, 2005; Weihrauch and Opp, 2018). The phosphate ion
is extremely reactive, and therefore tends to form insoluble or

slightly soluble compounds if a suitable counter ion is available
(Sharpley, 1995). Most P in the soil is in the particulate form,
as precipitates of iron, aluminum or calcium phosphates, bound
to soil minerals (clay, calcite, aluminum hydroxides, etc.), or
occluded within soil granules (Wang et al., 2010). This has led
to the misconception that controlling soil erosion will effectively
control P export from agricultural land (Baker et al., 2014), but
recent developments have shown that a significant portion of P
losses can be in the dissolved form (Baker et al., 2007; Joosse and
Baker, 2011).

This is relevant to water quality because of the relative
availability of each P form to freshwater algae. Dissolved P,
especially PO4>~, is immediately available to algae, and is
absorbed within a time frame of minutes to hours (Barlow-Busch
et al.,, 2006), so many lake water analyses ignore the dissolved
fraction completely since the majority is in the algal biomass
(Lin and Guo, 2016). The particulate fraction is, generally, more
slowly available, as the recalcitrant compounds gradually dissolve.
This proportion will vary with the soil chemistry, and with the
amount of P in the soil. Estimates of the proportion of total
particulate P that is bioavailable vary widely, with Sharpley et al.
(1991) reporting a range from 0 to 95%, and Young et al. (1985)
reporting a range from 0 to 70% for sediments in the Great Lakes
basin. The most frequently used estimates, however, are in the
range of 10% (Fang et al., 2002) to 30% (Sharpley and Smith,
1993), which is within the range reported for five lower Great
Lakes tributaries by DePinto et al. (1981). A full discussion of the
complexity of various P forms in soils and sediments is beyond
the scope of this paper, but the topic has been well summarized by
Condron and Newman (2011) and Weihrauch and Opp (2018).

The biological response of lakes and streams to P inputs
will depend on the total amount of bioavailable P. This can be
calculated as the total of dissolved P and the bioavailable portion
of particulate P.

P SOURCES

One of the limitations of P risk assessments is focusing on a
limited number of potential sources, which may lead to ignoring
sources that are relevant to the conditions in a given area. This is
a particular danger if P indexes are adopted from other regions
with different dominant P sources. While it may be appropriate
to focus on particular sources, this should only be done after an
objective assessment of the relative importance of each source
within the area of interest, rather than adopting the assumptions
made in different geographies.

Particulate P From Eroded Soil

In many environments, the particulate P fraction represents the
majority of total P leaving a field, although it may not represent
the largest amount of bioavailable P. Nonetheless, it is important
to consider in any assessment of P loss.

The factors affecting particulate P loss include the quantity
of eroded soil, and the P concentration within that sediment. It
is difficult to measure soil loss directly, but there are a number
of tools available to estimate soil erosion from soil, landscape,
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climate, and management factors. These are generally based on
the Universal Soil Loss Equation (USLE), which is a mixed
model that combines both source and transport factors to predict
soil delivery to the bottom of a 22.7 m slope (Foster et al,
2003; Kinnell, 2008). This helps to explain why soil erosion
is often included as a transport factor rather than a source
factor. Variations on USLE, like RUSLE (Renard et al., 1995) or
WEPP (Flanagan et al., 2007), use similar equations to estimate
the quantity of soil detached but also account for additional
landscape factors to improve estimates of P delivery to the edge
of field.

Two different methods have been used for estimation of the
particulate P concentration within the soil. Some studies have
shown a correlation between the soil test P (STP) of the soil
and total P concentration (van der Perk et al., 2007; Withers
et al., 2009). The second method is to assume that particulate
P concentration is a constant fraction of the soil, which is
supported by data showing a weak relationship between STP and
PP (Uusitalo et al., 2003; Reid, 2011; Glaesner et al., 2013; Borda
etal., 2014). It is likely that this proportion varies with mineralogy
as well as organic matter content and composition, so there may
be significant differences between regions that are independent
of STP.

Complicating the estimation of PP losses are the issues
of P stratification and P enrichment. P stratification is the
accumulation of elevated levels of P at the soil surface, either
by the deposition of plant residues on the soil surface or by the
surface application of fertilizer or manure (Smith et al., 2017).
P stratification is an important consideration because the runoft
water interacts with a very shallow layer of soil at the surface
(Sharpley, 1985). P enrichment refers to the selective erosion of
sediments with a higher P concentration than the bulk soil during
small erosion events (Sharpley, 1980).

Some risk assessment tools are attempting to estimate the
bioavailable fraction of PP, rather than the total, to better predict
the biological consequences of the P loss. This can be estimated as
a constant proportion of the PP (see previous section), or related
to the STP (Sharpley et al., 1992; Sharpley and Smith, 1993).
Ellison and Brett (2006) showed the proportion of bioavailable
particulate P (BAPP) ranging from 12 to 29% in runoff from rural
areas in Washington State, United States. DePinto et al. (1981)
found that the BAPP of suspended sediments in tributaries of
Lakes Erie and Ontario were relatively consistent within tributary
samples, but varied between tributaries with a range of 6.1-35.8%
of total sediment P.

Dissolved P Desorbed From Soil

When rain or snow-melt interacts with the soil surface, a small
part of the P contained in that soil will dissolve and be transported
with runoff water, either across the soil surface in surface runoff
or diverted vertically through macropores to tile drains. The exact
proportion of soil P that desorbs will vary with P content of the
soil, and the soil mineralogy. A number of studies have shown
that DP losses are related to the agronomic soil tests that are
appropriate for that region, which provides a readily available
tool for estimating the risk of DP losses (Vadas et al., 2005; Little
et al, 2007; Wang et al., 2012, 2015). Some of these studies have

shown greater accuracy when the STP is expressed as a degree of P
saturation (DPS), calculated as the STP divided by the P sorption
capacity of the soil. The importance of this increased accuracy for
routine evaluations is unclear, however, since it would require soil
analyses that are not included as part of most STP evaluations,
and the increase in accuracy is modest relative to the range of
STP values found under field conditions (Vadas et al., 2005; Wang
etal, 2010, 2015).

The proportion of desorbed P has generally been assessed
using artificial rainfall on small field plots or repacked soil boxes
(National Phosphorus Research Project [NPRP], 2001; Wang
et al.,, 2010). This consistent approach has been very good for
assessing the relative difference between different soils and STP
values, although there is evidence that it may be underestimating
the concentration of P in runoff water from small rain events
(Shigaki et al., 2007; Srinivasan et al., 2007; Dougherty et al.,
2008; Dunkerley, 2017). It is speculated that the intensive rainfall
in the rainfall simulators limits the opportunity for rainwater to
interact with the soil surface due to the rapid runoff, and that the
estimated proportions should be increased for light rain.

Dissolved P Desorbed From Applied

Fertilizer
Fertilizer applied to the soil surface represents a highly soluble
source of phosphorus, which can readily be mobilized in runoft
water. Vadas et al. (2008) summarized the state of knowledge
regarding interactions of fertilizer with soil and precipitation,
noting that fertilizer granules dissolve over time with successive
rainfall events. The resulting solution is more concentrated than
what would result from the interaction of runoft water with soil,
so the soil represents a net sink for the P desorbed from fertilizer.
Using the assumption that the P in water which infiltrates into
the soil will be retained there, the P losses from fertilizer can
be estimated by using a distribution factor to account for the
partitioning between runoff and infiltration (Vadas et al., 2008).
It is important to note that losses from applied P are
only relevant from fertilizer that remains on the surface. Sub-
surface banding or incorporation by tillage should, theoretically,
eliminate losses from applied P fertilizer, although the reality is
that a small amount of the applied P remains on the surface. The
degree of incorporation, and the lag time between application
and incorporation, if known, should be considered in P loss risk
assessments.

Dissolved P Released From Applied

Manure

Similar to fertilizer, manure is a highly available source of P
for runoff, but has two key differences. The first is that manure
contains a range of organic and mineral forms of P (Johannesson
et al.,, 2017), so not all is immediately soluble although some
compounds will degrade to release soluble P over time (Sharpley
and Moyer, 2000; Vadas et al, 2011). The rate of release of
these compounds can also vary with soil conditions, e.g., redox
potential (Turner and Newman, 2005). The second is the physical
form of the manure, as there may be immediate infiltration
of liquid manure (Vadas, 2006), or reduced effectiveness of
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incorporation due to the larger volume applied and the clumpy
nature of solid manure (Vadas et al., 2007). The net result is that
the immediate release from applied manure may be less than from
an equivalent amount of fertilizer P, but the concentration of P in
runoff water will not decline as quickly.

Dissolved P release from applied manure can be estimated
from the total P application rate multiplied by the water
extractable P proportion in the manure, which varies among
livestock species (Kleinman et al., 2002, 2005, 2006), minus
the amount of liquid manure that has infiltrated (Vadas et al.,
2007). This dissolved P is then subject to a similar partitioning
between runoff and infiltration as fertilizer, but with a different
partitioning coefficient to reflect the slower rate but longer
duration of P release from manure (Vadas et al., 2008, 2009).

Dissolved P Released From Frozen Plant

Residue
In areas where annual runoft is dominated by snowmelt, P that
is released from frozen plant residue can represent a significant
part of annual P losses to surface water (Elliott, 2013). It has
been well established that the rate of P release from plant
tissue is accelerated by freezing and thawing (Miller et al,
1994; Bechmann et al., 2005; Liu J. et al., 2013; Kirchmann and
Wessling, 2017), although this has not translated into increased
P losses to surface water under all conditions (Lozier et al.,
2017). The most likely explanation for this seeming discrepancy
is the difference in water infiltration under different climatic
conditions. Where freezing conditions are followed by warm
weather and rainfall, the P leached out of the plant residues will
have to opportunity to interact with the soil and be adsorbed.
In contrast, if there is little or no rainfall between freezing
conditions and the onset of winter with snow accumulation,
most of the P would remain in the residue in soluble form
until it is carried off the field during snowmelt (Roberson et al.,
2007).

This can be modeled by assuming the labile portion of the
P in crop residue (roughly 50% for most residues) is converted
to soluble forms according to an exponential decay function
(Damon et al., 2014). This soluble P is then washed out of the
residue by rainwater or by “steeping” in the water from snowmelt
(Elliott, 2013), and partitions between infiltration and runoff in
the same manner as dissolved P from fertilizer (Vadas et al,,
2009). Modeling the P in alfalfa residue against actual weather
conditions in southwestern Ontario (Harrow) and southern
Saskatchewan (Swift Current) showed that most of the P was
leached out of the Ontario residue by January with relatively
little carried off the field, while significant amounts remained
over winter in the prairie environment (Saskatchewan) and was
exported in runoff during snowmelt (Figure 1).

P TRANSPORT PATHWAYS

As already noted, P movement in runoff cannot occur unless
there is also water movement (Chardon and Schoumans, 2002).
Most models of P loss account for surface runoff, but in regions
with extensive tile drainage it is important to consider this

pathway, as well (Reid et al., 2012; Jarvie et al., 2017). In some
environments, subsurface lateral movement of P can contribute
to P losses, but this requires preferential flow pathways in both
vertical and horizontal directions, that discharge to surface water
(Allen et al., 2012; McGrath et al., 2013; Kleinman et al., 2015a).

It should be noted that, although it is common to refer to
the vertical movement of P as “leaching,” that this is a different
process from the leaching of compounds like nitrate. Both
dissolved and particulate forms of P are significantly retarded by
contact with the soil matrix, so the vertical movement of P to tile
drains is through preferential flow pathways rather than through
the soil matrix (Radcliffe et al., 2015). Leaching to deep aquifers
is not assessed as part of P loss, both because dissolved P does not
pose a direct human health risk, and because the conditions to
support the biological response to P loading (i.e., algae growth)
are not present in groundwater.

Transport of P through the air to surface water is ignored in
most models, because, unlike N, there are no gaseous losses of P
from the soil surface and it is considered to be a relatively minor
contributor to P loading. There can, however, be significant
generation of dust by soil disturbance that can then be deposited
on surface water, which can contribute a significant part of P
loading to water bodies that are relatively small (Anderson and
Downing, 2006).

Surface Runoff

Surface runoft will be generated whenever water inputs from
precipitation or snowmelt exceed the capacity of the soil to
absorb that water. This exceedance may occur because the
rate of precipitation exceeds the infiltration capacity of the
soil (Infiltration excess runoff, or Hortonian flow), or because
the soil is already saturated and cannot absorb any more
water (saturation excess runoff). The amount of runoff, and
therefore the risk of P loss in that runoff, is driven by the
total amount of precipitation, the intensity of that precipitation,
and the proportion of that precipitation that becomes runoft.
Runoftf from any landscape will be a combination of both
processes, although the dominant process will depend on climate,
topography, and soils.

Infiltration excess is the basis of runoff predictions using
the SCS Curve Number approach (Garen and Moore, 2005;
Singh et al, 2010). The underlying assumption is that areas
with similar infiltration capacity (hydrologic response units, or
HRUs), as determined by soil type, crop types, soil management
and antecedent moisture, will all generate runoff at the same
time when an intense rain event occurs. The corollary of this
assumption is that the runoft generated will all run downslope
to surface water, so the entire HRU is a source for P transport.
Infiltration excess runoff will dominate in areas where soil
permeability is low and precipitation is concentrated into intense
storm events. Because of the influence of crop type and soil
management (particularly tillage system), this form of runoft
generation will change in response to management (Garen and
Moore, 2005).

Saturation excess flow, in contrast, occurs in parts of the
landscape where the water table is close to the surface of the soil.
This may be due to topographic position (i.e., low elevation),
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FIGURE 1 | Predicted plant residue P available for loss from forages in different climate zones.

or to impermeable layers in (cemented horizons or shallow
bedrock) or at the surface (compacted soils) of the soil. It is
the basis for variable source areas for runoff (Gburek et al.,
2006; Schneiderman et al., 2007; Dahlke et al., 2009). Runoff will
generally occur from only a small part of the landscape, but can
have a disproportionate effect because they are concentrated close
to surface water. The proportion of precipitation that becomes
runoff is related to the proportion of the landscape with saturated
conditions; this parameter will not be affected by changes in crop
type or soil management.

Both of these methods can be calibrated to provide good
estimations of total runoff volume from a landscape, but the parts
of that landscape that are assumed to be generating runoff can
be quite different for each (Lyon et al., 2006). Models based on
infiltration excess will predict most of the runoff coming from
upland areas within a watershed, while saturation excess models
will predict that most runoff comes from the lower reaches.
Understanding the relative importance of each process within an
area will be critical to the choice of P source mitigation efforts, if
the goal is to reduce P losses to surface water.

Runoft from snowmelt is a special case, since large parts of the
landscape may be either saturated or frozen. If this occurs, the
differences between infiltration and saturation excess disappear.
One of the major challenges, from both a modeling and a
management perspective, is that there are also conditions where
the snow melts gradually over a permeable soil so almost all of it
infiltrates (Zhang, 2005; Dutta et al., 2017). This process has not
been extensively researched, and the process of infiltration into
unfrozen soils is not included in the Cold Regions Hydrologic
Model (Pomeroy et al., 2007), although it does include a factor
for infiltration into unsaturated frozen soils.

The impact of the interactions between regional climate
variation and the seasonality of runoff generation on potential
source areas for P loss can be illustrated by some examples.
In the northern Great Plains, dry conditions dictate that there
is virtually no runoft except during spring snowmelt (Liu K.
et al., 2013; Liu et al., 2014; Mahmood et al., 2017), but there
is also little opportunity for infiltration of P into frozen soils.
Surface applied P during the fall or winter, or P from frozen
plant residues, would represent a high risk of P loss. In contrast,
runoff generation in much of south-eastern United States is
dominated by infiltration excess from summer storms so losses
from spring applied nutrients are more problematic than from
fall applications (Osmond et al., 2012b; Woodbury et al., 2014).
The Eastern Corn Belt is a transition zone, where runoff in
the spring freshet mimics infiltration excess, while during the
growing season there are seldom storms intense enough to exceed
soil infiltration capacity so runoff is dominated by saturation
excess (Gburek et al., 2006; Easton et al., 2008).

Tile Runoff

Tile drainage is widely used in many humid temperate
agricultural areas to manage excess soil moisture and improve
crop growth, with some of the most intensive areas of tile
drainage in the southern parts of the Great Lakes basin (Tan and
Zhang, 2011; Reid et al., 2012; King et al., 2015), the Mississippi
River basin (Blann et al., 2009), and northern Europe (Uusitalo
et al., 2007; Ulén et al., 2011). Tile drains have a marked effect
on hydrology by reducing the volume of surface runoft, lowering
the water table within the soil, and changing the timing and
duration of peak runoff flows (Sloan et al,, 2016), although the
total runoff from an individual field may not increase very much
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(King et al., 2014) if at all (Singh et al., 2006; Turunen et al., 2013).
At the same time, the increased connectivity of the upper parts
of the landscape and the greater conductivity of straightened
streams and surface drains installed to receive tile water can
increase the total water export from the landscape (Blann et al.,
2009).

Although tile drains may have limited impact on total water
movement off the landscape, they typically carry a significant
part of the total annual runoff. King et al. (2014) measured tile
contribution to stream flow on a silt loam to clay loam watershed
in Ohio that ranged from 0 to 100% of total runoft in any month,
with a mean annual value of 41%. This is similar to the 42%
of total streamflow from tiles found by Macrae et al. (2007) on
a watershed with coarse to medium texture soils in southern
Ontario. Van Esbroeck et al. (2016) found a higher proportion
of tile runoff at edge of field on three coarse to medium textured
sites, ranging from 78 to 90% of total runoff. Tan and Zhang
(2011) found that 96% of the total runoff, averaged over 5 years,
was through tile drains on a clay soil in Essex County, ON,
Canada.

Phosphorus export through tile drains in all of the above
studies was less than the proportion of total flow, indicating
that either movement of P from the surface to the tile drains
was being partially impeded, or that the tile flow was a mix
of surface runoff diverted to the tiles through macropores and
water that had percolated through the soil matrix. Given the
propensity of most soils in the tile drained regions to adsorb P
(Richards et al., 1995; Wang et al., 2014), the latter mechanism

seems much more likely, and has been proposed by a number
of authors as an explanation for the P concentrations found
in tile flow (Stamm et al., 1998; Chikhaoui et al., 2008; Van
Bochove et al., 2010; Reid et al., 2012; Beven and Germann, 2013;
Radcliffe et al., 2015; Jarvis et al., 2016). Further evidence that P
transport to tile drains is occurring through macropores is that
the proportion of particulate P in the tiles is similar to that in
the surface runoft, when averaged over a year (Ball Coelho et al,,
2010; Radcliffe et al., 2015; Pease et al., 2017), although there
can be significant variability between individual flow events, and
the application of fertilizer or manure can temporarily increase
the proportion of dissolved P (Macrae et al., 2007). Within
this framework, the main determinant of P movement to tile
drains will be the partitioning of water reaching the tile drains
between macropore flow, with a relatively high P concentration,
and matrix flow which carries very little P. This partitioning is
not well represented in most models of P transport (Radcliffe
et al,, 2015), but there has been some progress in empirical
determination of macropore flow showing a strong influence of
soil texture (Allaire et al., 2009; Eastman et al., 2010; Karahan and
Ersahin, 2017). The textural influence may be directly affecting
the propensity of the soil to form shrinkage cracks, or indirectly
affect the population of anecic earthworms, both of which can
contribute to macroporosity (van Bochove et al, 2007; Fox
et al., 2008; Koestel et al., 2011; Jarvis et al., 2016). The general
trend, where there have been direct comparisons, is for greater
macropore flow in fine than coarse textured soils (Eastman et al.,
2010).
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Since the installation of tile drains reduces the volume of
surface runoff, proper accounting for the contribution of tile
drains to P transport requires estimation of the reduced surface
runoff, as well as the macropore portion of tile flow as shown
in Figure 2. Since the macropores with direct connection to the
tiles are concentrated in a narrow strip over the tile drains, the
spacing between the tile runs will influence the amount of P that
could move to the tile. An additional complication is the extent
of many subsurface drainage systems. Within an individual field,
the catchment areas for surface runoff and subsurface runoff may
correspond fairly closely, but modern tile drainage systems may
encompass many fields and extend for a kilometer or more into
the landscape. This represents a large increase in the connectivity
of the landscape to surface water, and since there is essentially no
mitigation of P in the tile flow and the drain outlets are generally
directly into surface water, it can bypass the riparian buffers that
can reduce the P entrained in surface runoff.

Sub Surface Lateral Flow

Preferential flow is generally considered to be vertical, but there
are situations where there are horizontal preferential pathways,
often where there is an impervious layer beneath the surface
that impedes vertical flow and creates a perched water table.
Water reaching these lateral flow paths, either through vertical
macropores or by matrix flow through a soil that is saturated
with P, can be carried horizontally to side-hill seeps (where
the impervious layer reaches the soil surface along a slope) or
into drainage ditches that intersect the impervious layer. This
is the dominant pathway for P loss in the Delmarva Peninsula
(Kleinman et al., 2007, 2015a).

MITIGATION FROM EDGE-OF-FIELD TO
EDGE-OF-WATER

The sources of P from agricultural land, and the transport factors
that are calculated are operating within the same geography, so
the end result is an estimate of P delivery to the edge of the field.
If this coincides with the shore of a water body it is a reasonable
estimate of risk, but more often the field is at some distance from
surface water, and runoff must travel over other fields or buffer
areas where mitigation of the P losses could occur. The actual risk
to surface water quality, therefore, will depend on the distance
from the edge of field to the stream, and on the nature of the soils
and vegetation in this area.

Mitigation of P runoff can occur in several ways. Particulate
P can be trapped or filtered by growing vegetation, particularly
if there is a dense sward of grasses (Butler et al., 2006). Surface
runoff can infiltrate into the soil in a buffer zone, which will
reduce both dissolved and particulate P (Leguédois et al., 2008;
Dosskey et al., 2010). There can even be some mitigation of P
in runoff over a field, as the P concentration in the runoff water
reaches equilibrium with the soil surface. All of these mechanisms
will be most effective if there is sheet flow, to maximize the area
of interaction. Concentrated flow will have enough energy to
travel through the buffer without any appreciable reduction in P
(Dosskey et al., 2002).

This mitigation is generally accounted for in models as a
delivery ratio. This may be a single coeflicient for buffers of a
given width, or there may be more complex models that account
for landscape types and vegetation (Li et al., 2011). Neither of
these approaches has been well calibrated, and this remains an
area requiring further work.

THE COMPONENT MODEL STRUCTURE

The principle of the component model structure is that each
source has a unique transport modifier, and the product of
each source x transport calculation is summed to determine
the total risk of P loss. If taken to this extreme, the component
model would become complex to the point of being impractical.
Fortunately, it is possible to lump together many of the sources to
simplify the calculations. The transport of dissolved P is going to
be similar, for example, whether it came from applied fertilizer or
released from frozen vegetation.

Even with the rationalization of transport coefficients, there
are many possible combinations of source and transport which
could make the model unwieldy. Anyone developing a P
Index using this approach should apply judgment as to which
components are most important for the conditions within their
jurisdiction, and which can be safely excluded. This will mean
that indexes will vary between jurisdictions, but if both are using
the component structure the results should still be comparable.
This structure also encourages an objective assessment of which
components should be included or excluded, and a framework
for explaining why there are differences across jurisdictional
boundaries.

Key considerations in the development of a component P
index are consistency of units, and ensuring that the weighting of
each of the individual components is correct. Ignoring either of
these details can result in a model that is highly skewed because
one of the components is generating results on a different scale
than the others, and so is off by an order of magnitude or more.
One advantage of the component structure is that, while the
models are not complex enough to generate P loadings from
individual storm events, the results should correlate with water
quality measurements over the annual time scale and so can be
validated as to whether they meet the goal of being “directionally
and magnitudinally correct” (Sharpley et al., 2012).

We will discuss the IROWC-P model as an example of the
component structure in the Section “ROWC-P as an Example
of P Loss Risk Assessment.”

SETTING CATEGORIES FOR RISK OF
P LOSS

The numbers generated by any index do not, without context,
provide any useful information, so it is important to assign the
results into categories. This will allow users to quickly determine
if they are at a high or low risk. For risk indicators that cover a
broad area, it will also facilitate visual representation of the data
on a map. There are a number of ways to define risk categories,
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but two of the most common are to relate the categories to
environmental outcomes (or reduction targets), or to use the
frequency distribution of the index results to base the categories
on percentiles.

The idea of classifying risk categories by environmental
outcomes is attractive, but it overestimates the model’s ability
to quantify the losses from the landscape. There is also a
danger that the choice of thresholds, even if the model were
accurate, would be set so that the highest level of risk would
not exceed environmental outcomes, even though the majority
of the catchment is already below that level. In this case, the
categories could provide an unrealistically harsh perception of the
performance of farmers in a region.

Another approach is to use the frequency distribution to
separate the risk categories, either as even quartiles or quintiles,
or using a skewed distribution of the percentiles. This latter
approach can use the cumulative risk at each level to inform
the setting of the categories, since a few very large scores at the
top of the range can have a much greater impact than a large
number of low scores. This focuses attention on the relatively few
operations that contribute disproportionately to environmental
impact, and allows for continuous improvement as the frequency
distribution moves downward. It depends, however, on knowing
the distribution of index scores. Since this is not possible before
the use of the index is widespread, the distribution can be
estimated by using Monte Carlo simulations as a proxy.

IROWC-P AS AN EXAMPLE OF P LOSS
RISK ASSESSMENT

Developing models to assess the risk of P loss from terrestrial
systems is a balancing act between representing all of the source
and transport processes as accurately as possible, the availability
of input data at an appropriate level of detail to run a process-
based model, and the complexity of the model, at a scale that
is useful to the end user (Sharpley et al., 2002). One of the key
challenges is that individual source and transport factors have
been quantified through research, but there are few studies that
account for the relative weighting of these factors in describing
P losses at the field or landscape scale under varying soil
types, topography, vegetation, P inputs and weather. Osmond
et al. (2012b) found that P Indices developed using professional
judgment about local conditions were more accurate at predicting
runoff water quality than process based models. This may stem,
in part, from imperfect representation of P loss processes in
the model, or from over-parameterization where the errors
associated with input variables propagate through the model to
skew the final results (Vadas et al., 2013).

IROWC-P is one of the agri-environmental indicators
developed by Agriculture and Agri-Food Canada (AAFC) to
provide information on the status and trends of environmental
performance by Canadian agricultural producers (Reid et al.,
2016). Although this indicator operates at a regional rather than
field scale - the basic spatial unit is a Soil Landscape of Canada
(SLC) polygon, or 1:1,000,000 scale — the calculations used to
estimate risk of P loss are parallel to those used in a field scale

P Index. Each SLC polygon is treated as a virtual field, with
input parameters to the model estimated from publicly available
data. The version used in the last report was a multiplicative
approach to P risk assessment, with a single transport coefficient,
but it is currently being updated to a component model. The
discussion in this paper will focus on the updated version, and
on the algorithms used for determining risk of P loss but not the
estimation procedures for the input parameters.

IROWC-P first determines the risk of P loss at the edge of field,
and then applies a delivery ratio to estimate the proportion of this
loss that reaches surface water. The source and transport factors
for each of the components are summarized in Table 1.

BioAvailable Particulate P

The developers of this indicator chose to express the results in
terms of bioavailable P rather than total P to provide better
information on the potential impact of P loss in different forms
on water quality. The sediment loss to the edge of field is derived
from the water erosion component of the AAFC Soil Erosion
indicator (Lobb et al., 2016), and the bioavailable portion of
this sediment is predicted from the STP levels according to the
method of Sharpley and Smith (1993). A P enrichment factor is
also included to account for the increased P concentrations in
eroded sediment relative to the bulk soil in the field, particularly
under small runoft events (Sharpley, 1980). The product of this
equation is multiplied by a scaling factor to align the units of the
outputs with the rest of the components in IROWC-P (Reid et al.,
2016).

Soil erosion models combine sediment source and transport
to predict delivery of sediment to the bottom of a slope or, in
this case, to the edge of a field. A separate transport modifier
is not required, except where tile drains are present. The tile
drains reduce the amount of surface runoff, diverting that water
into the tile drains, but also carrying the portion of the sediment
that is carried with the portion of tile flow that has reached
the tile through macropores rather than soil matrix flow. The
partitioning of water between surface runoff and tile flow is
predicted using the hydrology module of the DNDC model
(Krobel et al., 2010; Dutta et al.,, 2016; Guest et al., 2017),
and the fraction of tile flow from macropores is derived from
the probability of burrow flow (through anecic worm burrows)
(Dadfar et al., 2010a) and crack flow (Dadfar et al., 2010b). In
general, the macropore flow is highest for the fine and medium
textured soils, and lowest for the coarse textured soils. Since there
is compelling evidence that macropore flow represents diverted
surface runoff, and that the ratio of dissolved to particulate P in
macropore flow tracks that in surface runoft (Radcliffe et al., 2009;
Reid et al., 2012), this partitioning of water into surface runoff,
macropore tile flow and matrix tile flow will be used for all of the
components.

Dissolved P Desorbed From Soil

This component represents the release of dissolved P from the
soil surface as it interacts with runoff water. Water Extractable P
(WEP), derived from the STP values, is used as an indicator of
the amount of P that could be desorbed from the soil surface.
This is multiplied by an extraction coefficient to convert the
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TABLE 1 | Source and transport components in IROWC-P.

Component

Source

Transport

BioAvailable Particulate P (BAPP)
(annual)

Dissolved P desorbed from soil (annual)

Dissolved P from applied fertilizer
(growing season)

Dissolved P from applied fertilizer
(non-growing season)

Dissolved P from applied manure
(growing season)

Dissolved P from applied manure
(non-growing season)

T/ha eroded sediment from WatERI
indicator * STP (Mehlich-3 equivalent) *
enrichment ratio

Soil WEP (derived from STP) *
extraction coefficient * stratification
factor

Applied P rate (GS) * application
method factor

Applied P rate (NGS) * application
method factor

Applied P rate (GS) * application
method factor * P availability

Applied P rate (NGS) * application
method factor * P availability

Plant biomass * P content * labile P
fraction * release of labile P into soluble
P (function of time after freezing)

Dissolved P from over-winter plant
residue (non-growing season)

Transport to edge of field is implicit in the WatERI calculations. Where tile drains
are present, surface runoff is reduced and BAPP is partitioned to tile flow in
proportion to macropore flow

Runoff volume (mm * 10,000), predicted for soil types from DNDC hydrology
module

Where tile drains are present, surface runoff is reduced and DP is partitioned to
macropore flow fraction of tile flow

(GS runoff/GS precipitation) * P distribution factor for fertilizer (PDFfert)

Where tile drains are present, this quantity is multiplied by the (surface runoff
with tiles/total surface runoff) to determine the surface runoff contribution, and
by (macropore flow volume/total surface runoff) to determine the tile contribution
Same as for growing season, except runoff/precipitation ratio and PDF are both
calculated for non-growing season conditions

(GS runoff/GS precipitation) * P distribution factor for manure (PDFman)

Where tile drains are present, this quantity is multiplied by the (surface runoff
with tiles/total surface runoff) to determine the surface runoff contribution, and
by (macropore flow volume/total surface runoff) to determine the tile contribution
Same as for growing season, except runoff/precipitation ratio and PDF are both
calculated for non-growing season conditions

Rainfall > 3 mm (movement of soluble P from residue); partitioning of desorbed
P between infiltration and runoff using the PDFfert

potentially desorbed P into actual dissolved P (Wang et al., 2010),
and modified by a stratification factor based on tillage system to
account for the build-up of P in the shallow surface layer that
runoff water interacts with (Sharpley, 1985).

The transport factor for this component is the total volume of
runoff, as predicted by the DNDC hydrology module (Dutta et al.,
2016; Guest et al., 2017). This is assessed on an annual basis, since
the pool of P available for desorption is very large relative to the
actual losses and so does not vary over the year. Adjustments for
tile drains are the same as for BAPP.

Dissolved P From Applied Fertilizer
Because the risk of P loss from applied nutrients is highest
immediately after application and declines quickly as they
interact with the soil (Vadas et al., 2008), both fertilizer and
manure applications are assessed separately for the growing- and
non-growing-seasons. Under Canadian climatic conditions, the
partitioning of water between infiltration and runoft is markedly
different between these two periods (Liu K. et al., 2013; Mahmood
et al., 2017). The source factor for this component is the rate of
fertilizer P applied, modified by an application factor to account
for the proportion of fertilizer remaining on the soil surface.
Incorporation has been shown to effectively shield the applied P
from immediate losses (Sharpley, 1985), but there will always be
a small amount remaining at the surface so the application factor
estimates these proportions for different application systems.
The concentration of P in runoff water from applied fertilizer
will be high relative to the P desorbed from soil, so the
transport factor needs to account for the soil as a sink for
this dissolved P. IROWC-P follows the method of Vadas et al.
(2008), using a P distribution factor (PDF) multiplied by the
ratio of runoff:precipitation to partition the applied P between

adsorption by the soil and loss in runoff. The proportion of
precipitation that runs off is much greater in the non-growing
season under Canadian climatic conditions, so differentiating
between P applications in the growing- versus non-growing-
season is important for predicting risk of P loss. As noted above,
the impact of tile drainage is predicted using the same algorithms
as for BAPP.

Dissolved P From Applied Manure

The prediction of P losses from applied manure parallels that
of applied fertilizer, with three exceptions. The source factor is
based on the water extractable P in the manure, so only a portion
of the total P applied is considered to be available for loss. The
application factors are also modified to reflect the difficulty in
achieving complete incorporation of the large volumes normally
associated with manure application. On the transport side, the
PDF is specific to manure (Vadas et al., 2004), reflecting the
difference in the timing of P release from manure compared to
fertilizer.

Dissolved P From Over-Wintering

Vegetation

This component only applies to the non-growing season, from
the time of killing frost until the spring freshet prior to the
next growing season. The source factor for this component is
the labile, or easily degraded, portion of the P contained in the
above-ground portion of plant residues at the time of killing
frost in the fall. This is calculated as the plant biomass times
the P concentration times the labile fraction, which is assumed
to be 0.50 after Damon et al. (2014). An exponential decay
function is used to estimate the conversion of labile P to soluble
P within the plant biomass from freezing until the P is leached
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out by rainfall. These calculations can be applied to crop residue
remaining in the field post-harvest (in which case the harvest date
is used as a proxy for plant maturity and the beginning of plant
senescence) or for forage regrowth. The current version of the
indicator is not assessing the P contributions from cover crops
because of insufficient data regarding the area of cover crops, the
biomass production and the P concentration, although it would
be desirable to include this in future versions.

The transport of P from the frozen plant residues is in two
steps, with the first being the leaching of the P out of the plant
residue. It is assumed that rainfall must be >3 mm to initiate this
process, or that the residue is in contact with meltwater from the
accumulated snowpack, and that the dissolution of the soluble P
in the residue follows a similar pattern to that of fertilizer P as
described in Vadas et al. (2008), but with the duration of rainfall
used by Vadas et al. (2008) replaced by the accumulated rainfall.
The dissolved P that was then entrained in the runoff water was
distributed between soil adsorption and runoff using the PDF for
fertilizer (Vadas et al., 2009). Melt water runoff that occurs on
frozen soils will carry much of the over-winter accumulation of
soluble P from the field, because of limited infiltration.

Aggregate Risk of P Loss

Since the components are designed so that all of the outputs are
at the same scale, the total risk of P loss at the edge of field is
calculated by summing the values for each of the components.

Delivery Ratio From Edge of Field to
Surface Water

To assess the potential impact of agricultural P losses on surface
water quality, it is necessary to estimate how much of the P
leaving the edge of a field actually reaches surface water. The
underlying assumption in assessing connectivity to surface water
is that there is mitigation of P losses with greater transport
distance to surface water. Processes that could contribute to this
mitigation include:

e infiltration of runoff water or trapping of water in ponds (Li
etal., 2011), so less water (with its associated P load) reaches
surface water, or

e trapping of sediment (Leguédois et al., 2008) or adsorption
of dissolved P to the underlying soil (Sharpley et al., 1981),
so the concentration of P in runoff water is reduced, or

e both operating simultaneously.

These processes are not well quantified, and have seldom been
included in P transport models beyond rudimentary estimates.
Gburek et al. (2006), for example, estimated the proportion
of the landscape that was contributing surface runoff from
the proportion of precipitation that contributed to increased
streamflow during storm events. Other models have simply
assumed a delivery ratio based on the measured P loading at a
watershed scale, relative to modeled or measured P losses within
fields in the watershed, but without any understanding in the
processes involved in P delivery from the field to the stream.

The AAFC Soil Erosion indicator (Lobb et al., 2016) includes
calculations for sediment reaching surface water based on the

stream density (defined as the kilometers of shoreline per square
kilometer of watershed), and the landform type and slope within
the watershed. This has been modified to assume the greatest
mitigation of BAPP losses in overland runoff, less mitigation of
dissolved P in surface runoff, and no mitigation of either BAPP
or dissolved P in tile flow.

Additional Considerations

Phosphorus losses in sub-surface lateral flow are not included
as part of the IROWC-P model. The conditions favorable for
this type of P transport from Canadian agricultural land are
considered to be rare enough that ignoring it will not introduce a
significant source of error in the estimates of P loss.

One of the desired outcomes from this indicator is an
assessment of the impact of changes in management on the risk
of P loss from agricultural landscapes, but extreme weather events
can completely eclipse the effect of management changes in any
given year. This could be addressed by using average weather
conditions in model runs, so that regional variations in climate
are accounted for but annual weather is de-emphasized. The
drawback to this approach is that responses to weather conditions
non-linear and losses from areas with more variable weather may
be underestimated. Calculations for IROWC-P are conducted
using weather data from each year within the 30-year window
that makes up the climate norm, and then the results averaged.

GAPS AND NEXT STEPS

While the authors consider this revision of IROWC-P to be
a significant advance in accurately representing the geographic
distribution and temporal trends in the relative risk of P losses
from Canadian agricultural land, there are still some areas in need
of improvement. The individual components have been derived
from a large body of scientific research, but not all of them have
been validated for Canadian conditions. The aggregate values for
edge of field losses are also in need of validation to ensure that
the relative contribution from each of the components has been
captured correctly. This model does not, nor was it intended to,
provide a quantitative estimate of P loss from agricultural land
during individual runoff events, so validation needs to be based
on whether the relative P losses from contrasting fields matches
the relative predicted risk of P loss, over an annual period or
longer.

As previously mentioned, the delivery ratios from edge of field
to surface water are an area of significant uncertainty. The scope
of this issue means that it will require a large research effort
to adequately address. The mandate to conduct this research,
however, or the funding availability, often falls between the areas
of responsibility of organizations with a primary focus on land
management, and those focused on water quality impacts.

A perennial challenge for any regional or national scale
indicator is the availability of input data to run the models.
We do not know what each individual land manager is
doing on their properties, so average or typical values are
inferred from public data sources. In the case of IROWC-P,
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these values are based on interpretation of data from the Census
of Agriculture, supplemented by data from surveys (Reid et al.,
2016), but it is recognized that the information about nutrient
management practices is extremely limited. In the United States,
the Conservation Effects Assessment Program (CEAP, 2011) has
addressed this issue through detailed interviews with a stratified
sample of farmers within a region, but this requires a large
resource commitment, and while it provides a more complete
picture of individual farmer activities there is limited opportunity
to assess how well this represents the population as a whole. We
can expect future improvements in some of the input data using
remote sensing, which can detect topography and soil moisture,
and enumerate areas of different crops or amount of soil cover,
but this will be of little use for capturing data about management.
Better methods of data collection will improve the accuracy of
the model predictions, but they will need to meet the multiple
requirements of protecting individual privacy, ensuring accuracy
of the collected data, and being economical to collect and store.

The focus to this point has been on understanding the spatial
variation in risk of P loss to surface water, and how it is changing
over time. The indicator has been designed in such a way,
however, that data for individual crops or farming systems can
be extracted, although it will have to be at a coarser spatial scale
to be meaningful. This creates the opportunity to work with
commodity organizations to generate intensity based indicators
of risk of P loss per unit of production. An additional benefit to
this type of assessment might be the ability for individual farmers
to compare the performance of their own farms to regional
averages.

SUMMARY AND CONCLUSION

Phosphorus loss from a landscape is not a single process, but
rather is the aggregate of a number of different source x transport
interactions. Which of these components will dominate in a
particular area, or on a particular farm, is a function of climate,
soils, topography, and both long- and short-term management.
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