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Tiles create “hydrologic connection”
Route surface runoff and liquid manure
Especially in soils with good structure

Phosphorus in drainage water
Subsurface transport is ubiquitous

Tile drainage

Open ditches
Role of shallow lateral flow
Difficulty in managing legacy P

Even in sloping 
landscapes

Subsurface transport can be important



Field drainage – ditches and tiles
lower water tables, faster travel times, increased connectivity
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Intensifying artificial drainage

lower water tables, faster travel times, increased connectivity

Ditch drainage 

Tile drainage 



Hydrologic connectivityFlat, internal drainage

Managing phosphorus loss
Drainage expands critical source areas and “quick flow”
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Tile drains route surface runoff
Via macropores

Shipitalo, USDA-ARS

Shipitalo, USDA-ARS
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Kleinman et al., 2007 (J. Soil Water Conserv.)

Soil P transfers to drainage ditches
Shallow groundwater is the primary pathway

PPPPPPPPP ( 92%)
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Shallow subsurface flow pathways
Applying tracers with electrical resistivity imaging
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Soil test P, upper 5 cm

Source: King, USDA-ARS
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Drainage and subsurface P loss 
Many parallels with surface runoff



Mehlich-3 P, upper 5 cm

Source: King, USDA-ARS
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Drainage and soil P 
Follow your land grant university recommendations

Crop response 
threshold



Manure Applied
Manure Applied
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Kleinman et al., 2009 (Nutrient Cycling in Agroecosystems)



No model gets P in drainage water right
Journal of Environmental Quality, 2015

Idealized model proposed 
by Radcliffe et al. (2015) 

after their conclusion

The Bay Model is not 
alone.  Hopefully version 

6.0 will address this.



Delmarva Fresh Chickens: 

600 million birds, 800,000 tons 

litter

Legacy P and 
Artificial 
Drainage

Manokin River Watershed



Legacy P
Intensified and specialized farming systems
Disconnect between livestock production 

and soil P fertility objectives

Maguire et al.: J. 
Environ. Qual., 2008

New 

Castle

Sussex

Sims et al.: J. Environ. Qual., 1998

County P balances 

(Ag Census)

Low 
Medium
Optimum
High

Delaware: Sims, 1998
Maryland: McGrath, 2010

North Carolina: Johnson et al., 2005

Soil test P summaries 

(various sources)
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Estuary
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Open ditches and legacy P
Manokin River Watershed
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V-Notch Weir on
Public Drainage Association Ditch

Collection ditch
2.5 m deep
17 ha catchment

Drainage ditch monitoring network

Field ditch
1 m deep
2 ha catchment

H Flume on
Field Ditch
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Connect legacy P sources with streams
Flashy - drainage fluctuations can be enormous

Drainage
Ditches
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Phosphorus loss in ditch drainage

Greatest risk is in the near-ditch zone (within 5-10 m)

Kleinman et al., 2007 (J. Soil Water Conserv.)



Kleinman et al., 2010 (Canadian J. Soil Science) 
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Other long term studies 
courtesy A. Shober, U. Del.  Including 

Kamprath (1999) and  McCollum, (1991)



The “zero acre” farm
Routing  storm water through legacy P sources

3,425 
m3

Runoff generation prior 
to barn construction

28 ac field

Drainage ditch

Post-construction runoff

28 ac field

Drainage ditch

4,794 
m3

40% increase
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Manokin River
Modeling and 

monitoring



Allegheny 
Plateau

Piedmont

Coastal 
Plain

Ridge &
Valley

WE-38

Klingerstown, PA

WE-38 Watershed (7.3 km2)

Mattern 
(11 ha)

Variable source area hydrology
Chesapeake Bay uplands



fragipan

no fragipan

Fragipan soils and zones of saturation
Late October 2003



Surface runoff generation
Saturation vs. Infiltration excess

Saturation excess

Infiltration excess



Fragipan soils enhance
surface runoff generation

46 L

92 L

4620 L

Albrights soil
Fragipan, poorly drained

Berks soil
No fragipan, well drained



1 kg/ha/yr

<1 kg/ha/yr

which can lead to large phosphorus (P) losses, 
even from modest sources

6 kg/ha/yr

Soil test P 
177 mg/kg

Total P

Soil test P 
144 mg/kg

Soil test P 
78 mg/kg

Albrights soil
Fragipan, poorly drained

Berks soil
No fragipan, well drained



Subsurface P transport in sloping landscapes
An often overlooked pathway



fragipan

no fragipan

Site 4

Site 1

Site 2

Site 3

Site 1

Site 2Soil with fragipan
(perched water table)

Soil with no fragipan
(well drained)

Hillslope monitoring
Surface and subsurface flow

Mattern 
watershed 

(11 ha)

Overland flow

Ap

Bw or Bt

BC or Btx

3 m

Subsurface flow



fragipan

no fragipan
0.18 mg L-1

PP

DP

1.2 mg L-1

Site 1  - seepage slope
Soil P = 177 mg kg-1

Site 2 - foot slope
Soil P = 72 mg kg-1

Average P concentrations (mg/L)
Tropical storm Lee (Sept. 4-10, 2011)



fragipan

no fragipan

Site 1  - seepage slope
Soil P = 177 mg kg-1

Site 2 - foot slope
Soil P = 72 mg kg-1

P loads (g) – dominated by flow
Tropical storm Lee (Sept. 4-10, 2011)
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Management
All of the above, sooner rather than later

Manure management
Placement Close contact with soil minimizes P in drainage water.  

Applying 1-2 m away from drains avoids bypass.
Tillage effects are mixed (especially fine textured soils)

Timing Avoid periods before storm events and when soils are wet 
(can’t store liquid manures) or dry (and cracked)

Rate Keep application rates as low as possible
Form Liquid manures, amendments to reduce P solubility 
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