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The wide application of fertilizers in tile-drained agricultural systems commonly results in the loss of phosphorus (P) to the

underground tile drains during precipitation events and emission to downstream surface waters. As different catchments

are subject to local geological and climatic conditions, among other factors, it is observed a large spatiotemporal variation

in the dynamics of P emissions, including the load and dominant form (i.e., particulate or dissolved). In-farm practices may

be able to mitigate this problem to some extent (e.g. by optimizing the P application), but may not suffice in areas

saturated with P. Therefore, systems designed to reduce the excess P loads at relatively low costs and located at the

edge of tile-drained catchments have been tested and implemented. This has been done by increasing the hydraulic

residence time of the drainage discharge, allowing sedimentation of particles and biogeochemical processes between the

water, soil/sediments and biota to occur; by trapping P at the bank of watercourses; and by enhancing the retention of

dissolved P with filters rich in P sorbents. The retention of P by these measures, however, can be rather variable and

largely depends on the catchment conditions. Thus, a series of considerations, e.g., in regards to design parameters,

long-term stability of the P retained and retention of different P forms, must be taken into account, including major

constraints (e.g., use of agricultural land), to ensure successful application of edge-of-field measures and achieve the

desired cost-efficiency.
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Phosphorus emission from agriculture

The widespread use of fertilizers in agricultural fields has commonly led to the accumulation of phosphorus (P) in the soil

followed by loss during precipitation events . The P loads eventually reach downstream surface waters and may cause

eutrophication . This is particularly the case in tile-drained agricultural areas, where the excess P in the soil is rapidly

transported in drainage networks (Figure 1).

Figure 1. Schematic of phosphorus (P) transport from a tile-drained agricultural area to a downstream surface water,

causing eutrophication. Adapted from Mendes .

The P load and dominant P form in tile drains vary in different agricultural catchments according to local conditions (e.g.,

geology, climate and agricultural practices) . Moreover, large variations can also occur in the same catchment mainly due

to seasonal variations in precipitation, resulting in base and peak-flow events . The leaching of P to tile drains occurs in

dissolved and particulate forms, and the dominant form can vary depending on the soil pH and redox conditions as well as

the P sorption capacity, which all influence sorption reactions of P to its sorbents (e.g., iron, aluminum and calcium) . In

addition, finer-textured soils may favor the loss of particles and associated P , as well as sorption to dissolved P owing to

larger surface area .
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In-farm attempts to minimize P loss

Agricultural practices have a great effect on the loss of P. This reflects mainly on the application and management of

fertilizers . Therefore, attempts to optimize crop uptake with the amount of P inputs in the field are essential to minimize

P loss . Other practices may include tillage , catch crops , soil liming  and controlled drainage . Furthermore,

strategies to reduce the P loss at agricultural catchments may target the leaching of P into tile drains by increasing the P

sorption capacity of the subsoils (e.g., by mixing with materials rich in P sorbents) . However, the effect of in-farm

practices may be limited by long-term loss of P in soils with considerable P concentrations. Moreover, freezing-thaw

cycles and heavy precipitation events promote leaching of P in an annual basis . Therefore, additional measures may

be needed to ensure that the P load transported through drainage networks is reduced prior to discharging into surface

waters.

Mitigation measures at the edge of the catchment

Agricultural areas where in-farm practices are not enough to reduce the P loads to acceptable levels normally need

measures implemented at the edge of the catchment. This is commonly the case when P loss to the tile drains is

considerably high (i.e., critical source areas). Currently recognized and used measures or technologies include

constructed wetlands, restored wetlands, vegetated buffer strips and filter materials. These systems are implemented so

as to receive the drainage discharge at the outlet of the main drainage pipe and reduce the P load to surface waters

through mechanisms deemed low cost, e.g., sedimentation, sorption and biological uptake (Figure 2).

Figure 2. Schematic of an edge-of-field technology receiving drainage discharge from an agricultural catchment to reduce

the excess phosphorus (P) load by intrinsic retention mechanisms prior to reaching a downstream surface water.

The effect of edge-of-field technologies on reducing the P loads, however, can be rather difficult to predict, and is in many

cases variable, especially when the drainage discharge is event-driven or typically has seasonal oscillations. Moreover, it

is observed that the catchment characteristics (e.g., P load and dominant P form) play a large role on the performance of

these systems. Therefore, it is important that these are designed so as to achieve acceptable P retention according to

local conditions, which would consequently improve the cost-efficiency.

Retention of P by increasing the hydraulic residence time

One way to reduce the P load at the edge of the catchment is by allowing the drainage discharge to flood over a certain

area in order to increase the hydraulic residence time (HRT) and favor natural retention mechanisms. This is the case for

constructed and restored wetlands, which replicate the P retention processes of natural wetlands (Figure 3a). Herein,

sedimentation of particulate P is especially promoted, as the water flow decreases at the inlet of these systems, allowing

particles to settle on the upper sediments . Therefore, it is expected that a layer of deposited material containing most of

the P retained will form and develop over time, resulting in long-term P retention . Sorption and biological uptake of

dissolved P also occur, although generally to a lesser extent, as transport of dissolved P to reactive sites in the soil or

plant roots depends largely on diffusion regulated by concentration gradients . Therefore, satisfactory retention of

dissolved P normally requires long HRTs–which can cause great variability in retention under different HRTs–in addition to

sufficient amounts of P sorbents. Moreover, retention of dissolved P can be limited by the mineralization of previously

assimilated P by biota during the senescence period , or by the release of P bound to redox-sensitive sorbents (e.g.,

iron) under reducing conditions . Therefore, it is important that these systems ensure not only adequate HRT for P

retention, but also biogeochemical stability and the presence of oxidizing conditions for the P retained.
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Figure 3. Schematic of reduction processes for phosphorus (P) load from agricultural drainage discharge in a constructed

or restored wetland (a); integrated buffer zone (b), adapted from Zak et al. ; and filter material (c). The water, sediment,

soil and filter compartments are indicated by the blue, brown, black and purple lines, respectively. The water flow direction

is from left to right.

Constructed wetlands and their applications have been particularly studied, and it is found that these are generally

effective as P sinks , although net P export has also been observed in some cases . Large variations in HRT

normally affect the performance, and systems with more stable hydrological regime tend to demonstrate better and

consistent results . However, systems receiving increasing P loads tend to present higher mass P retention , even

though this may reflect on lower HRTs. In this case, the P retention mechanisms are promoted by the increasing P inputs.

Decreasing the HRT to a critical threshold, on the other hand, may prevent a significant fraction of the P load to be

retained, and result in lower percentage P retention . Variations in HRT may thus have a marked effect on the retention

efficiency (%). Therefore, it is important that the water flow is not high enough to substantially decrease the contact time of

the drainage discharge with these systems (i.e., the HRT) and lessen the retention of P.

Wetland restoration occurs in areas where a natural wetland existed and was drained for the expansion of agriculture .

These areas were thus subject to crop rotations and the application of fertilizers. Therefore, it is common that restored

wetlands initiate operation with high P contents in their topsoil layers, which normally result in low availability of P sorption

sites. Increasing the HRT for the drainage discharge in these systems, therefore, may support P desorption and release

from the soil to the water column upon re-flooding owing to a P concentration gradient, emergence of reducing

conditions  and mineralization of organic P from previous crop rotations . These likely effects indicate that the

performance of restored wetlands in the retention of P can be rather unpredictable, and that these systems are a potential

source of dissolved P . In line with this, P retention in these systems may be more sensitive to variations in HRT in

comparison to constructed wetlands.

Protection along the bank of watercourses

A common measure to prevent the discharge of high P loads into watercourses flowing through agricultural fields is the

use of vegetated buffer strips. These consist of a variety of plants, including trees, bushes and grass located between

agricultural catchments and downstream watercourses such as streams and rivers . Therein, the excess P load is

expected to be retained by plant uptake in the root zone, entrapment of particulate P into the soil matrix or vegetation, and

sorption of dissolved P to reactive sites in the soil profile . There is a vast documentation of the effect of these

systems on the treatment of P from agricultural surface runoff. In tile-drained catchments, however, the tile drains

commonly lead the drainage discharge across the systems, skipping the P retention mechanisms and resulting in no or
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little P retention . Thus, an alternative system design called integrated buffer zone, which combines a ditch-like pond

with a vegetated filter bed, has been tested to receive and treat agricultural drainage discharge  (Figure 3b). The initial

results are promising, with significant reductions on the P loads and effective retention of dissolved P.

Enhancing sorption of dissolved P

Retention of dissolved P can be limited or highly variable by the measures described above, as retention mechanisms for

particulate P are generally more efficient. Therefore, alternative systems have been tested to target P loads rich in

dissolved P. These include a series of porous filter materials with different retention capacities for P, in which the primary

retention mechanism is sorption (Figure 3c). Therefore, the materials must be rich in P sorbents and have appropriate

hydraulic conductivity so as to allow the drainage discharge to flow through the system and promote the retention of P .

Furthermore, these must ensure low P desorption rates.

Commonly used filters contain high contents of iron and aluminum, in which sorption of P onto the surface material

occurs, or calcium, in which P retention occurs through precipitation . Batch and column experiments have

demonstrated that the former filters are generally more efficient due to fast ligand exchange with P, resulting in higher

retention and lower desorption rate . Thus, these have been recommended for application in the treatment of

drainage discharge, either as single systems or paired with woodchip bioreactors, which target the reduction of nitrogen

loads. Calcium-based filters, on the other hand, may be recommended when the HRT is long enough to allow precipitation

with P at an acceptable rate  and when the drainage discharge has a basic pH , which promotes calcium solubility.

Finally, intragranular P diffusion caused by P concentration gradients between mobile and immobile pore regions was

found to be an important retention mechanism which enhances P sorption in filter materials .

Local catchment conditions also influence the level of P retention in filter materials. Systems receiving increasing

hydraulic loads and P concentrations tend to show higher mass P retention, as this enhances the sorption rate of P . On

the other hand, this may decrease the percentage P retention, as the HRT would be shorter. As filter materials are

relatively small systems, marked variations in HRT may be expected during operation, resulting in varying P retention.

Considerations in the implementation of edge-of-field technologies

In order to successfully reduce the P loads at the edge of tile-drained catchments, it is fundamental to evaluate whether

the implemented technologies are cost-effective. This can be ensured, for example, by targeting local and specific

catchment conditions with well-designed systems. These can take into account appropriate sizing and configuration so as

to allow sufficient HRT and proper hydraulic efficiency, i.e., the water flow distribution across the system, which affects the

level of P mixing. In the case of constructed and restored wetlands, the aspect ratio of length to width and location of the

inlet and outlet are generally relevant when addressing design considerations, as these affect the hydraulic efficiency .

Retention of P in vegetated buffer strips, in turn, normally enhances the larger the width of the system, with greater effects

on steeper slopes . In regards to filter materials, the mass and composition of the material are relevant when estimating

the P retention rate and efficiency (%) desired . Iron and aluminum-based filters are recommended in tile-drained

agricultural catchments in which the water flow is considerably variable and high owing to fast sorption reactions, whereas

filters based on calcium may be implemented when the hydrological regime is considered stable and HRTs are sufficiently

long to allow precipitation with P and acceptable retention . Thus, the use of the latter filters can be restricted. Moreover,

the pH of the discharge may also influence the choice of the filter material, where acid and basic discharges favor P

retention in iron and aluminum, and calcium-based filters, respectively . Finally, it is important to ascertain that the

concentration of dissolved P in the drainage discharge is not sufficiently low to induce P desorption from the filter to be

implemented as a result of P concentration gradients.

The load of P sorbents in the drainage discharge is also relevant when implementing edge-of-field technologies,

especially in constructed and restored wetlands, which are prone to P saturation in the long-term . In this context, a

consistent load would ensure the availability of P sorption sites in the soil and sediments, and maintain the P stability,

resulting in long-term P retention.

Despite the documented efficiency of edge-of-field technologies in the retention of P, these are expected to decrease the

performance in the long-term due to accumulation of P and saturation of P sorption sites, which decrease the stability of P

and enhance the chance of P release. In constructed and restored wetlands, this particularly occurs in the sediment layer,

while filter materials may no longer be able to retain P after being spent. The system design and catchment conditions

fundamentally determine the lifetime or operating time of the system. Therefore, maintenance operations can be expected

within a timeframe, and normally include harvesting of the vegetation, removal of the sediment layer and replacement of

the spent filter material. The idea is to remove or replace the saturated P storage compartment of the system to enhance

P retention while ensuring stability of the P retained, which ultimately result in continuous net P retention at acceptable
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levels. Another strategy to prolong the lifetime of edge-of-field technologies consists on constructing a sedimentation

basin prior to the system, especially when the load of particles and associated P is large . This way, system saturation

with P is expected to slow down.

A major constraint in the implementation of edge-of-field technologies refers to the use of agricultural land which would

otherwise be used for cropping systems. This is especially the case for systems aiming to increase the HRT for P

retention (e.g., constructed and restored wetlands), and even more if the P loads are dominated by dissolved P. Restored

wetlands may require larger areas so as to achieve a more stable hydrological regime and consistent P retention, owing

to the potential release of P from the P-enriched soils . Thus, it is recommended to verify the level of P saturation of the

soil and ascertain whether it contains sufficient amounts of P sorbents available for sorption prior to wetland restoration, in

order to ensure proper performance and minimize the required area. The integrated buffer zone mentioned above was

effective in the retention of P, although its area represented only 0.1% of the catchment area . This indicates that this

system can be an alternative in catchments with limited area available for the treatment of drainage discharge.

Another limitation of edge-of-field technologies is that these systems are generally not effective in the retention of both

particulate and dissolved P forms–i.e., constructed and restored wetlands, and vegetated buffer strips are normally

consistent sinks for particulate P, but show variable retention for dissolved P, while filter materials are designed to reduce

dissolved P loads. However, although a few field studies demonstrated the potential of filter materials in the reduction of P

loads , most experiments were conducted in the laboratory. Therefore, it is recommended additional tests under field

conditions with locally available materials to ensure their successful application. The reduction of both P and nitrogen

loads, on the other hand, has been tested through a combination of woodchip bioreactors with filter materials .

The results show that the paired systems can be rather successful in the retention of P, with cases of almost complete

retention . The arrangement of the paired system, however, must be taken into account to ensure proper retention. It is

found that filter materials placed downstream the woodchip bioreactors show better results, as this arrangement prevents

the export of P from the paired system if marked reducing conditions arise in the bioreactors with subsequent release of

iron-bound P. Overly reduced effluents from the bioreactors–possibly owing to long HRTs–on the other hand, may inhibit P

sorption and/or favor P desorption in the downstream filter material, hindering P retention . This is a particular situation

where an opposite arrangement may be preferable.

Finally, cost-efficiency assessments are crucial to determine whether the implementation of an edge-of-field technology in

a specific agricultural catchment is feasible or not. A general finding is that increasing P loads lead to higher P retention

and better cost-efficiency . This indicates that the feasibility depends to some extent on the P loads, and likely increases

in critical source areas. In the case of filters, the choice of the material has a major impact, in which locally available

materials rich in iron and aluminum may represent a cost-efficient option in catchments with unstable hydrological regime.

Final remarks

Edge-of-field technologies are an alternative to agricultural catchments where in-farm management of P is not able to

minimize P loss to tile drains at acceptable levels. Thus, these have been used to reduce the excess P loads from

drainage discharge prior to reaching downstream surface waters, preventing eutrophication. The successful application of

these measures largely depends on properly designing the systems according to local catchment conditions. For that, a P

retention goal must first be defined and subsequently achieved, e.g., by determining the minimum HRT of the system; by

finding the optimal width and configuration of vegetated buffer strips; and by choosing a suitable filter material. In this

context, simulation and modelling of P retention performance in different systems and under varying catchment conditions

represent potential methods to formulate a basis for system optimization and improve the cost-efficiency.

Implementation of edge-of-field technologies is recommended in critical source areas not only to reduce the excess P

loads but also because these can be more cost-efficient when receiving higher P loads . A limitation of these systems,

however, is that effective retention of both particulate and dissolved P forms is generally not achieved in single systems.

Therefore, pairing systems can be a promising alternative. This has been observed in systems containing a sedimentation

basin as the first treatment stage, where most of the incoming particulate P settles on the upper sediments . Other

options may include pairing the system with a filter material in case the fraction of dissolved P from the P load is

significant and the HRT is normally short to allow proper retention.

Finally, the successful application of edge-of-field technologies depends not only on consistent net P retention but also on

long-term stability of the P retained. Therefore, it is essential to ensure the availability of P sorption sites so that P

saturation occurs at a slow rate, in addition to the prevalence of oxidizing conditions. This could be partly achieved with

regular maintenance, contributing to prolong the system lifetime and potentially improving the cost-efficiency.
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