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How to deal with 
increasing weather variability?

A. Don’t change practices: good years and bad years average out 
over time.

B. Precision management, precision conservation: 
• Manage nutrients and crops at the sub-field scale
• Consider taking the “money pits” out of production

C. Engineer our way out of the problem: more drainage and 
irrigation!



Poorly drained field areas can have 
disproportionate economic impact

McNunn et al., 2018
Front. Sus. Food Sys.

McNunn et al. Subfield Cost-Benefit Analysis Framework

FIGURE 2 | Average 2013 and 2014 ROI map of field used to identify spatial economic zones in which N-fertilizer rate trials were performed in 2015 and 2016.

SSURGO soil mapunit polygons are overlayed and labeled with unique Mukey identifier (e.g., 403442). Each soil polygon was modeled independently to determine an

optimum management for that area. Boundaries defining the identified economic zones (gray areas) include two “no-cost” zones defined by an average ROI of

−15.0% or less; two “cost-limited” zones with a mean annual ROI between −15.0 and 15.0%; and two “revenue” zones with a mean annual ROI >15.0% (Google

imagery 2017, DigitalGlobe).

FIGURE 3 | Modeled yield and ROI values fit to observations obtained from spatially averaged precision yield monitor data. Gray data points represent data removed

from soils with small areal extent located near the field boundary.
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Poorly drained field areas can have 
disproportionate economic impact



Poorly drained field areas can have 
disproportionate economic impact

• 10-year average loss of $400/ac/y!

1490 |   EDMONDS ET AL.

September 8, 2016 and depth 0.56 m occurred on September 
25, 2016 and were the result of compounding precipitation 
events where the pothole did not fully drain until October 9, 
2016 (data not shown).

The 2016 Lettuce pothole LAI measurements (Figure 4a) 
reflect the same spatial pattern observed in the 2016 yield 
map (Figure 4b). The spatial pattern in observed LAI cor-
related with yield (R2 = 0.45, p < 0.05) at both high and low 
values, for example, from higher yielding areas along the bor-
der of the pothole (LAI ≥ 3.0 m2 m−2) as well as low yielding 
areas (LAI ~ 1.0 m2 m−2) in the center of the pothole. LAI 
values ranged from 0.0 m2 m−2 in the center of the pothole 
to 4.0 m2 m−2 at the edge, with corresponding yield ranges 
from 0 to 14.3 Mg ha−1 (Figure 4). In general, there was an 
increase in observed yield with elevation, especially when 
the elevation raised the crops high enough to be outside the 
influence of the pothole.

3.2 | Model evaluation

Average simulated corn yield was similar (±4.8%; p > 0.05) 
to the average observed corn yield and average simulated 
soybean yield was similar (±1.9%; p > 0.05) to the average 
observed soybean yield (Figure S1). The 2014, 2015, and 

2016 simulated spatial corn and soybean yields (Figure 5a– 
c) also reflected not only similar yields to the observations 
(Figure 5c– e) but also captured the shape of the pothole, sug-
gesting that pothole dynamics and influence on crops were 
well represented.

Simulated miscanthus LAI for the 2016  growing sea-
son captured the early season increase and the start of the 
late season decrease, with maximum LAI slightly greater 
than the observed (9.00 and 8.65  m2  m−2, respectively; 
Figure S2). Simulated total (stem and leaf) miscanthus yield 
(18.78 Mg ha−1) was within 13.5% of the average observed 
miscanthus yield (16.55  Mg  ha−1  ±  1.38  standard error; 
Table S1). Simulated stem yield (14.28 Mg ha−1) was sim-
ilar to observations (within 8.9%), whereas simulated leaf 
yield (4.54 Mg ha−1) was significantly greater than observed 
(427.9%). It is worth noting observed miscanthus harvest 
data were collected in March of 2017 after stand senescence 
and considerable leaf drop had occurred, whereas the model 
harvests at the end of the 2016 calendar year.

3.3 | Precipitation scenarios

Twelve years of simulated corn and soybean yields using the 
control precipitation scenario illustrates temporal changes in 

F I G U R E  6  Maps of simulated corn 
(even year) and soybean (odd year) yield for 
12 years under the Control scenario showing 
the year- to- year variability of the pothole 
extent as indicated by the approximately 
0 Mg ha−1 area in the center of the domain. 
Yield mean for the domain of interest is 
listed in the subplot corner

Edmonds et al. 2021, GCB-Bioenergy



Poorly drained field areas can have 
disproportionate environmental impact



Poorly drained field areas can have 
disproportionate environmental impact

• Lower living plant cover
• Lower nitrogen-use efficiency
• Greater nitrate leaching
• Greater soluble phosphorus 

leaching

Halle et al. 2023 JEQ, Lawrence and Hall 2024 JEQ, Lawrence et al. 2021 PNAS



Poorly drained field areas can have 
disproportionate environmental impact

• Lower living plant cover
• Lower nitrogen-use efficiency
• Greater nitrate leaching
• Greater soluble phosphorus 

leaching

• Potentially greater erosion 
and particulate phosphorus 
loss
• Potentially greater 

greenhouse gas emissions

Halle et al. 2023 JEQ, Lawrence and Hall 2024 JEQ, Lawrence et al. 2021 PNAS



Approach: measure the chemistry of infiltrating 
water along a topographic gradient

Lawrence and Hall 2024 JEQ



Approach: measure the chemistry of infiltrating 
water along a topographic gradient

Lawrence and Hall 2024 JEQ



Farmed depressions had the highest and 
lowest nitrate concentrations

6 LAWRENCE AND HALL
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F I G U R E 1 Hydrologic variables and nutrient concentrations in lysimeter samples plotted by day of year (x-axis) and study year (left and right
columns, respectively). Tot. precip. denotes cumulative total precipitation. Ponding denotes the depth of ponding above the soil surface measured at
the depression bottom. Nitrate (NO3−), ammonium (NH4+), and soluble reactive phosphorus (SRP) were measured in zero-tension lysimeters (note
the log10 scale for SRP). Point color for nutrient measurements indicates the elevation (m) of each lysimeter relative to the transect bottom. The
vertical dot-dashed line denotes fertilization with monoammonium phosphate (MAP). The vertical dotted lines denote fertilization with urea
ammonium nitrate (UAN).

3.2 Nutrients in soil extractions

3.2.1 Soil nitrate and ammonium

Soil nitrate concentrations were highly variable among sam-
pling plots throughout 2017 (Figure 3). In contrast to lysimeter
nitrate concentrations, which peaked after pre-plant UAN

fertilization, soil nitrate was generally greatest following
the second UAN application, when precipitation was low
(Figure 3). In 2018, soil nitrate and ammonium were generally
much lower than 2017, as expected given the lack of fertilizer
application. However, soil ammonium increased above 5 mg
N kg−1 in three of the depression plots on DOY 176 (Figure 3),
which corresponded to a period of sustained ponding. By the
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3.2 Nutrients in soil extractions

3.2.1 Soil nitrate and ammonium

Soil nitrate concentrations were highly variable among sam-
pling plots throughout 2017 (Figure 3). In contrast to lysimeter
nitrate concentrations, which peaked after pre-plant UAN

fertilization, soil nitrate was generally greatest following
the second UAN application, when precipitation was low
(Figure 3). In 2018, soil nitrate and ammonium were generally
much lower than 2017, as expected given the lack of fertilizer
application. However, soil ammonium increased above 5 mg
N kg−1 in three of the depression plots on DOY 176 (Figure 3),
which corresponded to a period of sustained ponding. By the
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Farmed depressions had sporadically 
high soluble phosphorus concentrations
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F I G U R E 1 Hydrologic variables and nutrient concentrations in lysimeter samples plotted by day of year (x-axis) and study year (left and right
columns, respectively). Tot. precip. denotes cumulative total precipitation. Ponding denotes the depth of ponding above the soil surface measured at
the depression bottom. Nitrate (NO3−), ammonium (NH4+), and soluble reactive phosphorus (SRP) were measured in zero-tension lysimeters (note
the log10 scale for SRP). Point color for nutrient measurements indicates the elevation (m) of each lysimeter relative to the transect bottom. The
vertical dot-dashed line denotes fertilization with monoammonium phosphate (MAP). The vertical dotted lines denote fertilization with urea
ammonium nitrate (UAN).

3.2 Nutrients in soil extractions

3.2.1 Soil nitrate and ammonium

Soil nitrate concentrations were highly variable among sam-
pling plots throughout 2017 (Figure 3). In contrast to lysimeter
nitrate concentrations, which peaked after pre-plant UAN

fertilization, soil nitrate was generally greatest following
the second UAN application, when precipitation was low
(Figure 3). In 2018, soil nitrate and ammonium were generally
much lower than 2017, as expected given the lack of fertilizer
application. However, soil ammonium increased above 5 mg
N kg−1 in three of the depression plots on DOY 176 (Figure 3),
which corresponded to a period of sustained ponding. By the
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3.2 Nutrients in soil extractions

3.2.1 Soil nitrate and ammonium

Soil nitrate concentrations were highly variable among sam-
pling plots throughout 2017 (Figure 3). In contrast to lysimeter
nitrate concentrations, which peaked after pre-plant UAN

fertilization, soil nitrate was generally greatest following
the second UAN application, when precipitation was low
(Figure 3). In 2018, soil nitrate and ammonium were generally
much lower than 2017, as expected given the lack of fertilizer
application. However, soil ammonium increased above 5 mg
N kg−1 in three of the depression plots on DOY 176 (Figure 3),
which corresponded to a period of sustained ponding. By the
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Nutrients don’t always stay where we put them;
 they often move downslope!

Lawrence and Hall 2024 JEQ, Loper et al. 2024 JEQ

Recommendations:
• Save money and improve water quality 

by decreasing N and P application to 
depressions and toeslopes

• During “normal” years, nutrients are 
transported downslope

• During wet years, N is removed through 
denitrification

• During dry years, legacy nutrients and 
shallow groundwater may sustain plant 
growth 
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Precision conservation: 
taking the money pits out of production

5 acres



Precision conservation: 
taking the money pits out of production

• Farm for profit, not for 
total yield
• Consider cost-share 

opportunities…

5 acres



Precision conservation: 
taking the money pits out of production

What land is eligible for CREP?

Land is eligible if it:

• Is in one of the 52 Wisconsin CREP counties
Map

• Has a history of crop or pasture use
• Is within 150 feet of a ditch, stream, lake or wetland (or 1000 feet, for the Grassland Project

Areas)

The typical CREP site consists of buffers ranging from 30 to 150 feet wide along a stream,
covering about 10 acres.

What conservation practices are eligible for CREP?
There are many options available under CREP. The practice installed depends on the site and the
wishes of the landowner. Eligible practices include:

• Filter strips
• Riparian buffers
• Grassed waterways
• Wetland restoration
• Marginal pastureland habitat buffers
• Permanent introduced grasses
• Permanent native grasses
• Grass prairie restoration
• Established legumes and grasses

(See CREP Practices factsheet)

You can find more information under Additional Resources at right. Landowners interested in
enrolling should contact their county land and water conservation office or local Farm Service
Agency office.

<< Back to main CREP page

Additional
Resources
Brochure (payments, practices
and requirements)

Practices Fact Sheet

Map of Eligible Areas

Payment Calculator

Best Management Practices
for Pollinator Protection

USDA-FSA Factsheet: CREP
- Wisconsin 

Partners
FSA CREP website

NRCS

WI Land + Water

Conservation Directory

CREP Implementation
Committee

Contact
brian.loeffelholz@wisconsin.g
ov
(608) 224-4632

stacy.tierman@wisconsin.gov
(608) 224-4633

Contact Us

 2811 Agriculture Dr.
P.O. Box 8911
Madison, WI 53708-8911

! (608) 224-5012
! (608) 224-5058 (TDD for
hearing or speech assistance)

Rules and Notices Additional Information Follow Us

DATCP Home Conservation Reserve Enhancement Program: Information for Landowners https://datcp.wi.gov/Pages/Programs_Services/CREPLandowners.aspx

2 of 3 11/26/24, 10:16 AM

Wisconsin.Gov 

State of Wisconsin

Department of Agriculture, Trade and Consumer Protection

    

Conservation Reserve Enhancement Program: Information for
Landowners

DATCP Home Conservation Reserve Enhancement Program: Information for Landowners https://datcp.wi.gov/Pages/Programs_Services/CREPLandowners.aspx

1 of 3 11/26/24, 10:16 AM

• Several cost-share 
programs focus on “wet 
spots”
• CREP is an especially 

generous one
• Upfront payment, annual 

payment, and practice 
payment

• Can be hundreds of $ per 
acre per year

• Contact your county land 
and water conservation 
office



Precision conservation: 
taking the money pits out of production

• In Wisconsin, Pheasants Forever provides a free precision 
conservation service: precision@pheasantsforever.com
• Evaluate sub-field profitability and cost-effective conservation 

opportunities

https://pheasantsforever.org/Conservation/Precision-Agriculture.aspx

mailto:precision@pheasantsforever.org


How to deal with 
increasing weather variability?

A. Don’t change practices: good years and bad years average out 
over time.

B. Precision management, precision conservation: 
• Manage nutrients and crops at the sub-field scale
• Consider taking the “money pits” out of production

C. Engineer our way out of the problem: more drainage and 
irrigation!



• Useful tool from Purdue University:
• Frankenberger, J., Reinhart, B., Hancock, B. 

(2022). Likely Extent of Agricultural Drainage in 
the U.S. Midwest. Transforming Drainage 
Tools, https://transformingdrainage.org/tools.

• Uses soil drainage class to estimate likelihood 
of drainage 

• Percent of WI agricultural land likely to be 
drained: 10.5%

• Percent of WI agricultural land likely/potentially 
drained: 25.7%

• As with any tool, caution is needed…

Estimated extent of tile drainage in WI

https://transformingdrainage.org/tools


Tile drainage is 
more common in 

WI than often 
assumed

• The yellow star shows a 
field site on soils mapped 
as “well-drained”

• Yet, there is a tile running 
through the middle of the 
site, and a shallow 
groundwater table

Field site



Tile drainage is 
more common in 

WI than often 
assumed

• The yellow star shows a 
field site on soils mapped 
as “well-drained”

• Yet, there is a tile in this 
field…

Field site



Our tile systems are often 
many decades old and need renovation 

• Clay tile discovered during tile replacement…
• Photo credits: Jane Frankenberger, Chris Hay



Our tile systems are often 
many decades old and need renovation 

• Replacing clay or cement tile with modern corrugated plastic tile 
can decrease phosphorus losses while improving water removal

Tile monitoring sites with higher concentrations of soil 
were older cement or clay tile systems with surface 
intakes or tile collapses. Sites with corrugated plastic 
had almost no soil loss (left side of graph) compared 
to sites with cement or clay (right side of graph). Also, 
particulate phosphorus concentrations increased as soil 
concentrations increased.

Modernize old cement or clay tile systems with 
corrugated plastic pipe. 
Gaps at the connections of cement and clay pipes are 
larger than the perforations in modern corrugated 
plastic tile and allow more soil particles to pass through. 

Remove the need for surface intakes. 
Surface intakes allow more soil to enter the system because they are directly connected to the surface.

Prevent collapse. 
Collapses can create direct conduits to the soil surface. Check for degradation over time, inadequate venting, outlet 
blockages, and animal burrows. Adequately size mains and use proper joints to prevent collapse.

Consider timing and rate of nutrient application to reduce nitrogen loss.
The graph displays tile nitrate concentrations from 2011-2013 at a Discovery Farms location in Central Minnesota. In 
2011 and 2012, spring manure applications were made and resulted in little change in tile nitrate concentrations. In 
2013, manure was applied in the fall and resulted in higher nitrate concentrations in the tile !ow the following spring. 
An additional fertilizer application was made in the spring and further 
increased the nitrate concentrations. 
Determine nitrogen rates based on crop need, previous crop, soil texture, 
and organic matter content.
Applying the proper rate of nitrogen is essential to reduce nitrogen 
losses through tile systems. Many studies show that nitrate 
concentrations in tile !ow decrease as nitrogen fertilizer rates decrease.  

Time application as close to crop need as possible.
Timing of application has a large impact on water quality. Switching 
nitrogen applications from fall to spring has the most potential to 
limit losses because the time between application and crop uptake is 
decreased. If still applying in the fall, wait until soil temperatures are 
below 50 F or use a nitri"cation inhibitor to reduce the potential for 
losses.

Check soil test phosphorus levels to reduce 
dissolved phosphorus loss.

Dissolved phosphorus concentrations increased as soil test phosphorus levels 
increased. Routine soil testing and following University recommendations for 
phosphorus fertilizer applications will e#ectively manage soil test phosphorus 
levels and reduce dissolved phosphorus losses.

Maintain tile systems to prevent soil and particulate phosphorus loss.



Drainage modernization can improve 
environmental and agronomic performance

• Conservation drainage includes a 
range of in-field and edge-of-field 
infrastructure and practices



Conservation drainage practices include…
• Drainage water 

management
• Woodchip bioreactor (a.k.a. 

denitrifying bioreactor)
• Saturated buffer

• Blind inlet and/or P trap
• Water quality wetland
• Drainage water recycling

transformingdrainage.org



Drainage water management 
(controlled drainage)

• Install control structure(s) with 
movable weirs
• Hold water back after the crop 

is established
• Capture the benefits of drainage 

with less risk of moisture stress 
later in the season

transformingdrainage.org



Drainage water management 
(controlled drainage)

transformingdrainage.org



Drainage water management 
(controlled drainage)

• Constraints: need a relatively 
level field (~0.5% slope is best)
• Nevertheless, this practice could 

be implemented in many areas 
of WI
• Can potentially benefit crop 

yields during dry years
• Decreases nitrate losses to 

downstream waters 
Red areas: suitable for controlled drainage, 
according to Purdue’s site suitability tool



Key risk of tile drainage:
Increased nitrate and soluble P losses 



• Divert tile drainage through a buffer 
planted with perennial vegetation

• Removes almost all the diverted nitrate!

Saturated riparian buffer

transformingdrainage.org





Controlled drainage can be readily 
combined with a saturated buffer
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planting the stoplogs were reinserted on 26 May 2011 to establish a 
water level in the middle chamber 47 cm below the ground surface. 
In 2012, the stoplogs were again pulled for 6 d as a precaution 
against wet soil conditions along the edge of the bu!er before "eld 
planting on 8 May and pulled again on 1 June and 13 June for short 
periods to allow for veri"cation of the v-notch weir calibrations. 
#e water level in the middle chamber was maintained at 47 cm 
below the ground surface at all other times. Stoplogs controlling 
water level in the inlet chamber receiving water from the "eld tile 
were set to keep the water level 12.7 cm higher in this chamber than 
in the middle chamber of the control box.

#e weirs were calibrated in the laboratory and "tted to the 
curve:

q = 0.00511(d  – 1.582)2.5 

where q is $ow rate (L s-1), and d is depth of water above the 
v-notch (cm). Flow from the "eld was measured as $ow from 
the "rst chamber of the control box into the middle chamber 
over the "rst set of stoplogs. Water $ow discharging directly to 
the stream was measured by $ow over the second set of stoplogs 
separating the middle and third chamber of the control box. 
Flow that in"ltrated into the bu!er via the distribution pipe was 
determined by the di!erence between $ows over the two sets of 
stoplogs. Flow rates for both v-notch weirs were veri"ed in the 
"eld against timed catch-can volumes to determine the correct 
elevation of the bottom of the v-notches as measured with the 
pressure transducers. Accuracy of individual $ow measurements 
were within 11% relative error but were larger for the computed 
bu!er in"ltration rate, which was determined as the di!erence 
between two $ow measurements. During peak events this was 
o%en a small di!erence between two large values.

Soil cores taken from the southeast and northwest ends of the 
grassed portion of the bu!er were used to measure soil texture (using 
the sedimentation method of Gee and Bauder [1986]) and soil 
organic carbon content on 30-cm sections down to 240 cm depth. 
Total organic C (a%er removal of carbonates with 1 mol L−1 H2SO4) 
was measured using a dry combustion method in a Carlo-Erba 
NA1500 NCS elemental analyzer (Haake Buchler Instruments). 
Additionally, soil coring was continued down to 6.2 m depth to 
probe for hydraulically restricting layers below the bu!er.

Monitoring wells were installed within the bu!er along 
four transects (Fig. 1). Each transect consisted of three wells 
equally spaced between the distribution pipe used to convey 

Fig. 1. Schematic of the experimental !eld and riparian bu"er next to Bear Creek, the existing tile outlets, installed control box, distribution pipe, 
and wells in transects 1 through 4.

Fig. 2. Schematic of the control box used to redirect tile #ow showing 
the three chambers separated by two sets of stoplogs, each topped 
with a v-notch weir (not drawn to scale). Jaynes and Isenhart 2014, 

JEQ



Drainage water recycling (DWR)

• Capture drainage water in a reservoir
• Use the water for irrigation during periods of water stress
• Average corn yield increase of 19 bu/ac across Midwest.                    

(Willison et al. 2021 Ag. J)



Drainage water recycling (DWR)

• Downside: 
• Need to take land out of production to construct a reservoir
• Large up-front costs

• Upsides: 
• Can pay back the investment in less than 10 years with increased yields (Dean 

Lemke, personal communication)
• Can achieve benefits of drainage in basins without an outlet
• Wisconsin has already been doing DWR for many decades in one key industry… 



Blind inlet

• Replace slotted surface inlet 
(Hickenbottom riser) with perforated 
pipe buried underneath gravel
• Can improve drainage in depressional 

areas
• Improves water quality by decreasing 

sediment and phosphorus loss through 
tile
• Can be combined with other materials 

(woodchips and steel slag) to remove 
additional N and PImages: Ehsan Ghane,

MSU



Take-home points

• Our cropping systems need to withstand very wet and very dry 
conditions within the same season
• A combination of sub-field management, precision 

conservation, and conservation drainage can help us deal with 
these “new normal” conditions
• Feel free to contact me: steven.hall@wisc.edu



But I thought wetlands were effective at 
removing and retaining nutrients? 



Prevalence of wet and droughty field 
zones across the Midwest

5SCIENTIFIC REPORTS |         (2020) 10:2885  | https://doi.org/10.1038/s41598-020-59494-2
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Discussion
Enhancing the resilience of agricultural production to weather variability and climate change requires a better 
understanding of the underlying processes that drive weather-induced crop stress and yield loss. While temper-
ature and precipitation trends in the US Midwest have so far been bene!cial for corn and soybean production 
(accounting for about a quarter of the yield-increase trend in recent decades25–27), regional yields are also simul-
taneously becoming more vulnerable to weather shocks4–6,28. "e trend of intensifying rainfall in the Midwest3,29, 
in particular, poses a critical threat as extreme rainfall can also result in signi!cant production losses4,30. In fact, a 

Figure 4. Geographic distribution and estimated yield gaps of unstable yield areas in the US Midwest. (a) 
Geographical distribution of sub!eld zones prone to water excess and de!cits within corn and soybean !elds 
in the US Midwest. Estimates are derived from a published spatial dataset of sub!eld yield stability classes13 
and regional sub!eld landscape positions classi!cations (Fig. S7). (b) Distribution of estimated yield penalty in 
water stress-prone cropland compared to the county average for the period (2007–2016). "ese estimates are 
based on response curves developed using the measured yield map data (Fig. S5), county-level reports of corn 
and soybean yields (Figs. S11 and 12), and seasonal rainfall records (Fig. S13).

Area 
(M 
ha-1)

Yield penalty* 
(% of NASS 
county yield)

Less grain 
(M tons 
y−1)

Lost monetary 
value† (M USD 
y−1)

More 
reactive N†‡ 
(Gg N y−1)

Less CO2 captured 
in crop residues§ 
(M tons CO2 y−1)

Unstable cropland prone to excess water
Corn 0.73 17 (2.4–33) 1.3 182 24.4 1.6
Soybean 0.62 7 (0–27) 0.15 49 — 0.2
Unstable cropland prone to water de!cit
Corn 0.71 21 (4.6–36) 1.5 210 28.2 1.9
Soybean 0.59 14 (2.3–25) 0.27 95 — 0.3
Total 2.65 15 (7–19) 3.22 536 52.6 4.0

Table 1. Estimated weather impacts on water stress-prone cropland between 2007 and 2016. *Values in 
parentheses represent ranges. †Calculated assuming corn and soybean prices of 140 and 350 USD/ton, 
respectively. ‡Assuming corn nitrogen concentration is 1.2 and 0.8% in grain and stover, respectively, and 0.45 
harvest index. §Assuming plant biomass is 40% C and harvest index of 0.45, all on a dry-matter basis.

Martinez-Feria and Basso 2020, Sci. Rep.
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