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Executive Summary  
This Expert Panel was charged to determine the water quality benefit associated with the 
practice of irrigation on cropland, a practice of specific importance on the Delmarva Peninsula 
region of the Chesapeake Bay watershed (CBW). This region is characterized by unpredictable 
rainfall patterns and wide-spread course-textured sandy soils with low water retention 
capacity. The primary intention of cropland irrigation is to increase crop yield and consistency. 
The literature review process revealed limited research directly addressing the impacts of 
irrigation systems on respective local or regional water quality, in contrast to other partnership-
approved Best Management Practices (BMPs), such as cover crops and conservation tillage. The 
fates of field-applied nitrogen (N) and phosphorus (P), or sediment loss due to erosion are of 
specific concern in regard to water quality. Taking into account the agricultural practices 
relevant to the CBW, the Panel narrowed its focus to center-pivot, lateral move and traveling 
gun irrigation systems on corn (grain or silage). The panel was also limited to addressing N 
leaching, as there is not sufficient data available addressing P and sediment related to cropland 
irrigation at this time. 

¢ƘŜ /ƘŜǎŀǇŜŀƪŜ .ŀȅ tǊƻƎǊŀƳΩǎ (CBP) Agriculture Workgroup (AgWG) asked the panel to 
consider several aspects of cropland irrigation when reviewing the research findings. Primary 
among them was to refine the current CBP interim BMP 1 definition and N efficiency value for 
cropland irrigation, accounting for possible deviations in efficiency values based on weather 
variability across growing seasons. The panel determined that it cannot refine the estimated 
interim N efficiency value at this time. The research currently available does not sufficiently 
substantiate a water quality benefit associated with cropland irrigation. The panel was also 
asked to consider creating separate efficiency values based on decreased variation in yields 
with irrigation, water management of irrigated systems, and fertigation. The panel determined 
that these factors are not mutually exclusive. All are interrelated in influencing potential loss of 
N from irrigated fields. For this reason, they are not considered as separate systems in this 
report.  

The panel elected the Delmarva Peninsula portion of the watershed as the focus of this report 
due to the prevalence of cropland irrigation in that region. However, much of the literature 
related to irrigation comes from the mid-west United States, where irrigation of cropland has 
been ubiquitous across the agricultural landscape for some time, due to climate conditions that 
leave crops regularly subject to moisture stress. Additionally, most of the research is focused on 
comparing various irrigation systems to each other, with the goal of defining the system that 
provides the greatest yields, water use efficiency (WUE), nitrogen use efficiency (NUE), and/or 
economic benefits. Few studies consider the impacts, either beneficial or deleterious, of 
irrigated cropland on surrounding water quality. Among the limited publications addressing 

                                                      
1 CBP interim BMPs are requested by CBW state jurisdictions for use in planning scenarios used to determine a 
path forward to achieve USEPA-assigned TMDL goals. Interim BMPs should have scientific justification but cannot 
be submitted for annual progress toward achieving these goals. In contrast, CBP BMPs submitted for progress 
toward TMDL goals have first been considered by a BMP Expert Panel and subsequently approved by the CBP 
partnership. 
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nutrient transport beyond the root zone, some found greater loss of N from irrigated conditions 
in comparison to dryland conditions, indicating a potential detriment to local water quality. 
Within the CBW where irrigation is a growing practice, the baseline condition remains dryland 
agriculture. While many studies compared center-pivot irrigation to other systems (e.g., furrow, 
drip), there was seldom a control dryland condition. 

The Expert Panel agreed that there is not sufficient science-based research available to indicate 
a reduction in N losses due to irrigation of corn, therefore an N efficiency value cannot be 
established at this time. This does not preclude the possibility of revisiting cropland irrigation as 
a BMP for a future expert panel, should a more robust catalogue of scientific research literature 
addressing cropland irrigation management and its water quality impacts emerge. In that vein, 
the panel strongly endorses further research on the impacts of cropland irrigation on nutrient 
and sediment loss and encourages the reader to review the Ancillary benefits and unintended 
consequences (p.38) and Future research and management needs (p.40) sections of this report.  
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Background: Charge and Membership of the Expert Panel  

In the Phase 5.3.2 Chesapeake Bay Watershed Model, cropland irrigation was recognized as an 
interim best management practice (BMP) for planning purposes. Interim BMPs can be used for 
planning scenarios but are not credited in annual progress scenarios as part of net management 
actions or BMP implementation until the BMP has been reviewed and approved by the 
Chesapeake Bay Program (CBP) partnership. The process to review and approve BMPs for this 
ǇǳǊǇƻǎŜ ƛǎ ŘŜǎŎǊƛōŜŘ ƛƴ ǘƘŜ ²ŀǘŜǊ vǳŀƭƛǘȅ Dƻŀƭ LƳǇƭŜƳŜƴǘŀǘƛƻƴ ¢ŜŀƳΩǎ ό²vDL¢ύ Protocol for 
the Development, Review, and Approval of Loading and Effectiveness Estimates for Nutrient and 
Sediment Controls in the Chesapeake Bay Watershed Model, ŀƪŀ ǘƘŜ ά.at wŜǾƛŜǿ tǊƻǘƻŎƻƭέ ƻǊ 
ά.at tǊƻǘƻŎƻƭΦέ2 

In 2015 the Agriculture Workgroup (AgWG) identified cropland irrigation as a BMP that should 
be considered by a BMP Expert Panel (EP) under the BMP Protocol. The AgWG formed an ad 
hoc group ς or Expert Panel Establishment Group (EPEG) ς to formulate the scope of work and 
suggested expertise for the subsequent panelΦ ¢ƘŜ 9t9DΩǎ recommendations were approved by 
the AgWG in April 2015 (see Appendix B) and when staff resources were available a group of 
experts were identified for partnership consideration in May 2016. The panel convened 
following AgWG approval of the membership in July 2016 (Table 1). The panel met eight times 
from August 2016 to December 2018 .  

Table 1 ς Cropland Irrigation Panel membership and support 

Panel Member Name Affiliation 

Tim Sexton, Panel Chair Virginia Department of Conservation and Recreation 

James Adkins University of Delaware 

Judy Denver US Geological Survey (retired) 

Greg McCarty, PhD US Department of Agriculture ς Agriculture Research Service 

Cory Whaley, PhD  University of Delaware 

Support to the panel provided by: Jerry Lewis (USDA-NRCS), Loretta Collins (U. of MD), 
Jeremy Hanson (VA Tech), Mark Dubin (U. of MD), Matt Johnston (U. of MD), Dr. Brian 
Benham (VA Tech) and Lindsey Gordon (Chesapeake Research Consortium); Tyler Monteith 
(DE DNREC). With acknowledgment: Mark Nardi (USGS); Amy Shober (U. of Delaware) 

 

                                                      
2 https://www.chesapeakebay.net/documents/CBP_BMP_Expert_Panel_Protocol_WQGIT_approved_7.13.15.pdf 

https://www.chesapeakebay.net/documents/CBP_BMP_Expert_Panel_Protocol_WQGIT_approved_7.13.15.pdf
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Scope of Work 
The Cropland Irrigation Management Expert Panel was asked to develop definitions and loading 
or effectiveness estimates for cropland irrigation management practices, including 
effectiveness estimates for N, P, and sediment, where possible based on available data. 

The panel was instructed to work with the AgWG and WTWG to develop a report that includes 
information as described in the ²vDL¢Ωǎ BMP Protocol. 

Specifically, the Cropland Irrigation Management EPEG recommended the following four 
charges with associated tasks to be completed by the Cropland Irrigation Management EP (See 
Appendix B): 

1. Refine interim BMP definition and efficiency values for cropland irrigation under 
average hydrologic conditions, taking into account how efficiencies might deviate from 
average values during wet or dry years. 

2. Consider developing BMP definitions and efficiency recommendations for three 
categories of cropland irrigation: 

¶ Cropland irrigation (i.e., decreased variation in yields between dry land and irrigated 
cropland production) 

¶ Irrigation water management (i.e., soil moisture management and water 
conservation practices) 

¶ Fertigation (i.e. utilization of irrigation systems to irrigate as well as apply 
supplemental organic or inorganic nutrients) 

3. Consider establishing a baseline condition that addresses irrigation system operation 
and management. 

4. Consider regional variations in irrigation practices and BMP efficiencies. 

The first charge was necessary because the interim definition and efficiency values for Cropland 
Irrigation Management remain preliminary. The interim BMP for Cropland Irrigation included a 
preliminary total nitrogen (TN) reduction efficiency based on the difference in corn grain yields 
between dryland and irrigated commodity grain corn yields from the United States Department 
of Agriculture (USDA) Census of Agriculture for 2002 and 2007; the only two such reports that 
provided this separation of data at the time the interim BMP was formulated. The census 
analysis results identified a smaller range in crop yields for irrigated agriculture than dry land 
crops. The EP was instructed to gather additional information to either refine or replace the 
interim BMP definition for improved targeting of nutrient applications based on more 
consistent yields for irrigated systems. The EP was also requested to consider including P and 
sediment reduction efficiencies if appropriate based on available data. 

The second charge addressed the range of variation in cropland irrigation practices and their 
effects on potential nutrient and sediment loss pathways. The Expert Panel was asked to 
consider developing definitions and effectiveness values for three potential categories of 
cropland irrigation, as described in the EPEG report (Appendix B): 

https://www.chesapeakebay.net/documents/CBP_BMP_Expert_Panel_Protocol_WQGIT_approved_7.13.15.pdf
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1. Cropland irrigation. This category is comparable to the refinement of the interim BMP 
definition under the first charge. It addresses efficiencies to be gained through targeting 
of nutrient application rates to more predictable crop yields based on decreased annual 
yield variations. 

2. Irrigation water management. This category addresses potential reductions in nutrient 
and sediment loss from improved management of the volume of water applied. The EP 
will consider potential efficiencies from reductions in both runoff and leaching past the 
root zone with enhanced water management. 

3. Fertigation. This category addresses differences in crop yield response variation and 
surface and subsurface nutrient losses for irrigation systems that are used to deliver 
supplemental organic or inorganic nutrients. The EP should consider definitions and 
efficiencies based on cropland irrigation systems as a basis (i.e., analogous to the first 
category) and water management under fertigation systems (i.e., analogous to the 
second category). The EP will also consider whether to establish BMP definitions and 
efficiencies based on various types of irrigation systems (e.g., drip irrigation versus 
center pivot versus traveling gun irrigation). Finally, the EP will consider how to address 
acres where irrigation and fertigation are combined. Collaboration with the Nutrient 
Management EP on fertigation will be critical to ensure that recommendations are 
complementary as well as to avoid double-counting and ensure effective reporting of 
practices. 

The EP was asked to develop N, P, and sediment efficiencies for all categories of the BMP 
definition, to the extent possible based on available data. 

The third charge acknowledged the potential variation in pollutant reduction efficiency based 
on irrigation type selection, operation and maintenance, and overall management of the 
irrigation system. Selection of type and management of irrigation systems dictates, to a high 
degree, the effect of irrigation on crop yields. Proper system design, operation, and 
maintenance are critical to achieving consistent yields in dry years and optimizing water use to 
achieve the desired crop yield response. Furthermore, improperly managed irrigation and 
fertigation systems can be pollutant sources rather than providing a pollution reduction benefit, 
especially in wet years. The EP was asked to consider establishing a baseline condition for 
system management that would guide the identification of systems which would qualify for the 
practice. The EP would consider factors such as appropriate system selection and design, 
proper system installation and operation, and adequate system maintenance. In considering 
these and other appropriate factors, the EP would seek to balance improved confidence in the 
efficiency values for a well-managed system, with potential limitations in identifying BMP 
applicability for a specifically-defined baseline condition. The EP would consider whether a 
baseline condition is appropriate for all categories of the BMP and, if so, whether the same 
baseline should apply to all categories. Finally, the EP was asked to articulate how baseline 
conditions will be tracked, reported, and verified. 

The fourth charge was necessary to address the potential differences in BMP efficiencies for 
different hydrologic, geomorphic, agricultural crop production, and other conditions that vary 
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throughout the watershed. To the extent that adequate supporting data are available, the EP 
was instructed to address variations in BMP efficiencies for all categories based on 
physiographic region or other locational considerations. The EPEG noted that some of the 
previously approved CBWM BMPs have chosen to treat karst geology the same as coastal plain 
physiography to avoid the need to add karst as a separate category. 

In addressing these charges, the EP was asked to ǊŜŦŜǊ ǘƻ ǘƘŜ ǇǊŀŎǘƛŎŜǎ ŘƻŎǳƳŜƴǘŜŘ ƛƴ 9t!Ωǎ 
National Management Measures for the Control of Nonpoint Pollution from Agriculture, 
chapter 4F, Irrigation Water Management (EPA, 2003). The EP was advised of ongoing research 
by the U.S. Geological Survey (USGS) under the Small Watershed Studies project. USGS was 
investigating small watersheds in Delaware and Maryland to document the effects of irrigation 
and other conservation practices on hydrology and shallow groundwater quality. The results of 
the project conducted in the Bucks Branch watershed were published in August 2018 (Denver 
et al. 2018). A contemporaneous four-year study was also conducted investigating water-use 
efficiency and NUE on a University of Delaware research farm nearby in Harbeson, DE (Shober 
et al., 2018).  

References 
Denver, J.M., A.M., Soroka, B. Reyes, T.R. Lester, D.A. Bringman, and, M.S. Brownley. 2018. 
Monitoring the water-quality response of agricultural conservation practices in the Bucks 
Branch watershed, Sussex County, Delaware, 2014ς16: U.S. Geological Survey Scientific 
Investigations Report 2018ς5020, 43 p., https://doi.org/10.3133/sir20185020  

Shober, A., J. Adkins, J. Volk, A. Soroka, and C. Whaley. 2018. Quantifying the effects of 
irrigation and fertigation on nutrient use efficiency in corn: Delaware Department of Natural 
Resources and Environmental Control with University of Delaware Department of Plant and Soil 
Sciences, 50 p., Unpublished Final Report.  

US Environmental Protection Agency (EPA). 2003. National management measures to control 
nonpoint source pollution from agriculture, chapter 4F: Irrigation water management. EPA-B-
03-004. Published July 2003. Online at https://www.epa.gov/nps/national-management-
measures-control-nonpoint-source-pollution-agriculture  

  

https://doi.org/10.3133/sir20185020
https://www.epa.gov/nps/national-management-measures-control-nonpoint-source-pollution-agriculture
https://www.epa.gov/nps/national-management-measures-control-nonpoint-source-pollution-agriculture
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Background: Agricultural cropland irri gation in the 
Chesapeake Bay Watershed 
 

Extent of i rrigation and context for the region  
Irrigation is the addition of water to lands via artificial means. While irrigation is essential to 
agricultural systems in arid regions, it is also practiced in humid and sub-humid climates ς such 
as the Mid-Atlantic ς to protect crops against periods of drought and to maximize production 
ŀƴŘ ǘƘŜ ŦŀǊƳŜǊΩǎ ǇǊƻŦƛǘ ōȅ ŀǇǇƭȅƛƴƎ ǿŀǘŜǊ when needed by the crop. Water used for irrigation 
can be from either groundwater or surface water sources. Some irrigation systems use 
reclaimed wastewater from treatment facilities, but those systems are not considered for the 
purposes of this report. 

Nationally, irrigation represents one-third of all water use; the majority of water used for 
irrigation occurs in 17 western states, with those states accounting for 83 percent of total 
irrigation water withdrawals and 74 percent of irrigated acres based on 2010 data (Maupin et 
al., 2014). Altogether the six Bay states account for only about three-tenths of one percent of 
the total water withdrawals and nine-tenths of one percent of the total irrigated land 
nationwide. These estimates, summarized in Table 2, are state-wide values and are not 
adjusted to the portion of the states within the Chesapeake Bay Watershed. Furthermore, they 
include all irrigation uses, not just agriculture. However, they still illustrate the relative 
importance of irrigation in the comparatively smaller states of Delaware and Maryland, whose 
estimated water withdrawals for irrigation are larger than that of the other states and account 
for over half of the total water use (194,800 acre-feet out of 373,000 acre-feet in 2010). 

The 2012 Census of Agriculture reinforces the relative importance of irrigation in Delaware and 
Maryland. Proportionally speaking, approximately 1-in-5 Delaware farms and 1-in-10 Maryland 
farms have irrigation (see Table 3). Consistent with Maupin et al. (2014), these two states 
account for over half the total irrigated land on a statewide basis, despite their relatively small 
size. Large portions of these two states are located within the Chesapeake Bay watershed 
(CBW), whereas irrigated land in New York State is mostly outside the CBW.  

Census of Agriculture data for the Mid-Atlantic watershed provides additional clarity to 
statewide estimates. Table 4 summarizes farms and irrigated land at a HUC-6 scale, with only 
the Mid-Atlantic watersheds associated with the CBW. The Upper and Lower Chesapeake 
watersheds ς which include the entire Delmarva Peninsula as well as some lower Bay and 
Western shore areas ς clearly represent the large majority (77 percent) of irrigated land in the 
CBW even though those areas only account for about 25 percent of farms with irrigation. Since 
irrigated land in the CBW is concentrated primarily on the Delmarva Peninsula the panel 
focused its attention on the factors and available data most applicable in that context, 
particularly the Maryland and Delaware portions. 
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Table 2 - Estimated irrigated land and water use in 2010, irrigation water withdrawals. Data adapted 
from Table 7 in Maupin et al. (2015). Note: These estimates include all irrigated water uses and irrigation 
systems, not just agricultural crop production, e.g., golf courses, parks, nurseries, cemeteries and other 
landscape-watering.  

 Irrigated land (thousands of acres) by 
type 

Withdrawals (in thousands of 
acre-feet) by source 

 

 Sprinkler Micro-
irrigation 

Surface-
water 

Total Ground-
water 

Surface-
water 

Total Avg rate 
(acre-feet 
per acre) 

Delaware 132 1.11 0 133 96.5 17.1 114 0.85 

Maryland 102 3.43 0 105 59.9 20.9 80.8 0.77 

NY 81.1 24.6 2.77 108 33.9 45 78.9 0.73 

PA 53 15.1 0 68.1 8.28 22.1 30.4 0.45 

VA 102 14.6 0 117 18 50.8 68.8 0.59 

WV 2.52 0 1.09 3.61 0.06 0.04 0.1 0.03 

Bay state 
total (whole 
states, not 
CBW-only) 

473 59 4 535 217 156 373 

0.70 

National 
totals 31,600 4,610 26,200 62,400 55,400 73,900 129,000 2.07 

 

Understanding irrigation and water dynamics of the Delmarva  
The Maryland portion of physiographic region known as the Coastal Plain is effectively bisected 
by the Chesapeake Bay and are nominally described as the Western and Eastern Shores, 
depending on which side of the Bay one is referring to. The Eastern Shore Coastal Plain 
(synonymous with Delmarva for the purposes of this report) is less than half the area of the 
Western Shore Coastal Plain, but a significantly higher proportion of land use is agricultural, and 
its sandy sediments favor the transport of nitrate into groundwater (Denver et al., 2014), which 
finds its way to surface water in variable time scales. More than half of groundwater 
discharging to streams on the Delmarva Peninsula may be older than 13 years by some recent 
estimates (Sanford and Pope, 2013). The Western Shore has more fine-grained aquifer 
sediments, more developed and forested areas and less agriculture. Altogether, Eastern Shore 
tributaries deliver nearly eight times more nitrate (27,300 pounds per day) to the Chesapeake 
Bay than Western Shore tributaries originating in the Coastal Plain (3,500 pounds per day) 
(Denver et al., 2014). The United States Environmental Protection Agency (USEPA) Total 
Maximum Daily Load (TMDL), and therefore CBP, communicates nutrient reduction goals in 
terms of total elemental concentrations, in this case total nitrogen (TN). Nitrate loads supplied 
by regional groundwater discharge to tributaries of the Eastern and Western Shores represent 
70% and 5% of TN loads reaching the Bay from these opposing shores, respectively (Denver et 
al., 2014), demonstrating the importance of groundwater quality, particularly on the Eastern 
Shore (Delmarva). 



 

Cropland Irrigation Expert Panel  7 
 

Table 3 ς From USDA-NASS. 2012b. Estimates of farms with irrigation and irrigated land, 2012 and 2007. 

 Farms with irrigation 
# of farms 

% of farms (in state) 

Irrigated land 
# of acres 

(Avg. acres per irrigated 
farm) 

State* 2012 2007 2012 2007 

Delaware 533 
21.7% 

560 
22% 

127,272 
(239) 

104,562 
(187) 

Maryland 1,220 
10% 

1,326 
10.3% 

104,910 
(86) 

92,805 
(70) 

New York 3,404 
9.6% 

3,036 
8.4% 

59,807 
(18) 

68,010 
(22) 

Pennsylvania 4,539 
7.7% 

3,958 
6.3% 

38,990 
(9) 

37,786 
(10) 

Virginia 2,456 
5.3% 

2,347 
5.0% 

68,651 
(28) 

82,187 
(35) 

West Virginia 466 
2.2% 

457 
1.9% 

2,064 
(4) 

2,189 
(5) 

Six-state total  12,618 
- 

11,684 
- 

401,694 
(32) 

387,539 
(33) 

*Statewide totals from 2012 Census of Agriculture, Table 10 for each 
respective state. Not adjusted for the counties/area within the Chesapeake 
Bay watershed. 

 

Table 4 ς From USDA-NRCS. 2012a. 2012 Census of Agriculture, total farms and irrigated land from HUC-
6 Chesapeake Bay watershed areas. 

 Upper and Lower 
Chesapeake* 

Everywhere else** Total 

 2012 2007 2012 2007 2012 2007 

Farms with 
irrigated land 

1,558 1,651 4,646 4,056 6,204 5,707 

% of CBW 
total 

25 29 75 71 - - 

Acres, 
irrigated land 

187,599 187,739 56,620 56,406 244,219 244,145 

% of CBW 
total 

77 77 23 23 - - 

*Composed of Upper Chesapeake (H020600) and Lower Chesapeake (H020801) includes the 
Delmarva but also large areas on the western shore. There are some discrepancies in the HUC6 
watersheds, in particular the boundaries of H020600 changed significantly between 2007 and 2012. 
**Composed of Upper Susquehanna (H020501), West Branch Susquehanna (H020502), Lower 
Susquehanna (H020503), Potomac (020700), and James (020802) 
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.pdf  

USDA-NASS. 2012b. Table 10. Irrigation: 2012 2007. Retrieved from 
https://www.nass.usda.gov/Publications/AgCensus/2012/Full_Report/Volume_1,_Chapter_2_
US_State_Level/st99_2_010_010.pdf   
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https://www.nass.usda.gov/Publications/AgCensus/2012/Full_Report/Volume_1,_Chapter_2_US_State_Level/st99_2_010_010.pdf
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Key terms, definitio ns and concepts 
Irrigation is the addition of water to lands via artificial means, as opposed to strictly natural 
means (i.e., rain).  

There are multiple methods for irrigation, and many more types of irrigation systems, 
summarized below. However, only a subset of irrigation systems are currently applicable to the 
Chesapeake Bay region and the Delmarva Peninsula. 

The basic methods of applying irrigation water include (1) surface (or flood) irrigation by 
gravity, (2) sprinkler, (3) trickle (micro-irrigation), and (4) subsurface. Those four methods 
include multiple types of irrigation systems (See Table 5). 

Surface (or flood) irrigation is an irrigation method that encompasses furrow, basin, border, 
contour-levee or contour ditch types of irrigation systems. Also commonly referred to as 
irrigation by gravity. Irrigation by gravity is uncommon in the Chesapeake Bay watershed. 

The other three methods are pressure-based irrigation, as opposed to irrigation by gravity. 
There are many types of sprinkler irrigation systems, but the most common ones are: self-
propelled lateral move or center-pivot systems and traveling gun or other traveling single- or 
multi-sprinkler systems portable by hand or tractor. Micro-irrigation or trickle irrigation 
includes a variety of irrigation systems that generally apply water through frequent, low-
volume and low-pressure systems of porous tubing with uniformly spaced emitter points. These 
systems are typically associated with orchards, vineyards, or other cropping systems that are 
not considered for the purposes of this EP. Subsurface irrigation methods involve systems that 
manage the water table by providing subsurface and controlled drainage, irrigating via buried 
laterals; these systems are not applicable to the crop types and Chesapeake Bay watershed and 
are therefore also not considered for purposes of this expert panel. 

Irrigation scheduling is the use of water management strategies to prevent over-application of 
water while avoiding yield loss due to water shortage. Long-term decisions on water use are 
particularly salient in regions in which known limitations on seasonal water supply have been 
determined based on historical data. Short-term decisions are more appropriate in humid 
regions where there is significant weather variation on a daily basis.  

Nitrogen Use Efficiency (NUE) is a term used to indicate the ratio between the amount of plant-
available N removed from the field by a crop and the amount of plant-available N applied. It 
describes the efficiency of N fertilizer utilization in crop production.  

Variable rate irrigation is an emerging technique that accounts for site-specific variability 
within a field by applying different rates of irrigation across identified management zones. This 
technology is not evaluated in this report, as its implementation is extremely limited, and no 
relevant or applicable research is available.  
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Table 5- General Irrigation System Definitions. 

Method Irrigation system type(s) Features/description Applicable to CBW? 

Surface 
(Flood)  

Furrows, basin, border, 
contour levee, contour 
ditch 

ponding of water 
ground surface to 
allow for 
infiltration/percolation 
through the soil 
profile  

No 

Sprinkler self-propelled center-pivot 
and lateral-moving systems, 
traveling boom systems, 
fixed (solid set systems), 
traveling gun 

typically a pressure-
based system; 
gravitational system 
possible in regions 
with sufficient 
elevation drops 

Yes 

Micro-
irrigation  

drip, trickle, bubbler 
emmitters; point-source 
and surface line source 

frequent low-volume, 
low-pressure localized 
water delivery to root 
zones 

orchards, vineyards, 
horticultural crops 

Subsurface buried subsurface drip 
tubes or drip tape line 
sources 

low-pressure porous 
tubing buried beneath 
the surface, potential 
for increased water 
use efficiency 
compared to above-
surface micro-
irrigation through 
reduced evaporation 

No. Technology 
directed toward 
water-limited 
regions. Limited in 
scope nationally due 
to cost.  

 

Water Use Efficiency (WUE) is generally defined as the unit of crop yield per unit of water 
applied, either by natural or mechanized means. A variety of mathematical expressions have 
been used to account for WUE, some accounting for water specifically attributed to irrigation. 
WUE efficiency can vary significantly across different irrigation methods.  
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Review of science and literature  
9ŘƛǘƻǊΩǎ ƴƻǘŜ ŦƻǊ ǘƘŜ ǊŜŀŘŜǊ ŀōƻut units and unit conversions: The literature discussed in this 
section generally reports values in International System of Units (SI), i.e. metric units, such as 
kilograms per hectare (kg/ha) or millimeters (mm). The Chesapeake Bay Program typically uses 
US customary units such as pounds (lbs), acres (ac) and inches (in). Many figures below cited 
from the original sources still have original labels in SI units. To reduce confusion this section 
presents values in units consistent with the literature. For in-text data references, units are 
presented per original literature with conversions in parentheses. For the ǊŜŀŘŜǊǎΩ ŎƻƴǾŜƴƛŜƴŎŜΣ 
here are some common conversion factors: 

Multiply   by To obtain 

kilograms per hectare (kg/ha) 0.893  pounds per acre (lbs/ac) 

pounds per acre (lbs/ha) 1.121 kilograms per hectare (kg/ha) 

megagrams (i.e., metric tons) 
per hectare (Mg/ha) 

15.93  Bushels per acre (bu/ac), for 
corn, assumes 56 lbs per bushel 

millimeters per year (mm/yr)  0.03937  inches per year (in/yr) 

inches per year (in/yr) 25.4 millimeters per year (mm/yr) 

milligrams per liter (mg/L) 1.0 parts per million (ppm) 

 

Introduction  
After a review of available research and accounting for agriculture practices in the Chesapeake 
Bay watershed, the Expert Panel decided to focus their review on center-pivot, lateral move 
and traveling gun sprinkler irrigation on corn for grain and silage. Other crops irrigated in the 
region (e.g. wheat, tobacco and cotton) were unlikely to meet an annual region-wide threshold 
minimum of 10,000 irrigated acres that would warrant consideration of an irrigation BMP for 
those crop types. Although wheat in the CBW hovers near the minimum threshold, available 
research for wheat and the other crop types was even more limited than for corn. 

The EP spent considerable time looking for and reviewing existing published research on 
cropland irrigation. Very limited research was available that addressed water quality and 
nutrient transport on irrigated land. Published research related to other BMPs (e.g., cover crops 
and conservation tillage) has considered nutrient removal efficiencies based upon loss of 
nutrients by leaching past the root zone, thus informing the recommendation of previous CBP 
BMP Expert Panels. As the panel identified and assessed available research, it became apparent 
that there is limited N leaching data in the research. Even less published research is available 
for P and sediment. Accordingly, the panel narrowed its focus to N, though this chapter does 
include brief summaries of other related research, thus providing an overview of the type of 
irrigated corn research data that is presently available.  
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To consider an N efficiency, the panel needed to assess the difference in N removal of the crop 
between irrigated and non-irrigated (baseline condition) management systems. This was a 
major barrier in making informed determinations. The few available published studies that did 
assess N losses from farm fields were conducted in regions of the United States where irrigation 
has a long history and comparisons were typically made between different irrigation 
management strategies, rather than between irrigated and non-irrigated treatments. In other 
words, the baseline for comparison in these regional studies tends to be a commonly used 
irrigation management program in that region, rather than non-irrigated conditions. 
Additionally, the climatic and soil characteristics in these regions (primarily the midwestern 
U.S.) are substantially different from those of the Delmarva Peninsula. In general, the studies 
obtained and reviewed by the panel looked at crop yields, water use efficiency (WUE), 
economic factors and sometimes NUE under different irrigated management methods without 
comparisons to similarly managed non-irrigated plots. Furthermore, the irrigation methods 
studied were often not applicable to the systems or approaches in the CBW. Among those 
published, peer-reviewed articles that did address N losses or residual N, the potential for 
increased N losses from inefficiently managed irrigated fields was a common discussion item 
(Alva et al. 2005; Gehl et al. 2005; Green et al. 2008; Maharjan et al. 2014; Schepers et al. 
1995). Recent research efforts on the Delmarva peninsula provide some new insight into the 
impacts of irrigation on N leaching (Denver et al., 2018; Shober et al., 2018). The two studies 
were conducted between years 2013-2016, a time in which crop moisture stress was not an 
issue due to adequate to above-average regional precipitation. Therefore, this time period was 
not an ideal basis from which to contrast irrigated versus non-irrigated fields. These studies are 
described in detail in a later section. 

The Expert Panel agreed that there is not sufficient science-based research available to indicate 
a reduction in N losses due to irrigation of corn, therefore a N efficiency value cannot be 
established at this time. The research reviewed by the panel consistently indicated that 
irrigated lands had more or greater risk of N leakage past the root zone versus non-irrigated 
lands. With this decision, the panel acknowledges the need for additional research, as well as 
further exploration of nutrient transport associated with irrigation via modeling and monitoring 
efforts due to the complexities of the intersection between surface water, groundwater, and 
flowing water (tributary systems). The inability to define a N reduction estimate due to 
cropland irrigation at this time does not preclude defining a nutrient efficiency value(s) in the 
future, if more information is available. This chapter describes key relevant information and 
findings from the literature.  

Overview of the a vailable science and literature  
Due to the fact that in the U.S. there is considerable research on corn, most of the research the 
EP was able to find and access addressed corn under irrigation. Another portion of the 
literature is based on furrow or related surface irrigation systems, including research into 
partial root-zone and alternating partial root-zone irrigation methods. The EP understands that 
furrow or surface irrigation systems are not applicable to the CBW, although some lessons from 
those studies regarding N transport or NUE may have limited relevancy to the focus of this 
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report. Therefore, the EP primarily focused on corn production and relevant sprinkler irrigation 
systems (center pivot, lateral move, and traveling gun).  

Nitrogen in irrigated systems  
The research available relating information on fate of N in irrigated cropland systems included 
consideration of NUE, N leaching through the root zone across different types of irrigation and 
crop management systems. Few studies compared irrigation systems to a dryland control, as 
most research was conducted in regions where irrigation systems are ubiquitous for grain 
crops. 

 
A study of five agricultural research sites (including 
an irrigated site in California and non-irrigated site 
ƻƴ aŀǊȅƭŀƴŘΩǎ 9ŀǎǘŜǊƴ {ƘƻǊŜύ ŘŜƳƻƴǎǘǊŀǘŜŘ ǘƘŜ 
impact of soil characteristics on N leaching. Soils 
consisting of sandier unsaturated zone sediments 
tended to have greater fractions of N leaching to the 
deep unsaturated zone than finer-textured soils 
(Green et al., 2008). At heavily irrigated sites 
(including CA), water applications during the 
growing season were associated with large and rapid 
fluxes of N, whereas the other sites (including MD 
without irrigation) displayed more gradual fluxes 
that occurred during the fall and spring. 

Nitrogen leaching 
For all types of irrigation, N leaching has the 
potential to reduce NUE, thus increasing pollution of 
ground water. It is well established in the literature 
that irrigation management is critical to control the 
risk of N leaching below the root zone in a variety of 
systems. Application of too much irrigation water 
after N fertilization with the purpose of improving N 
uptake can dissolve fertilizer N into irrigation water 
and transport it into deeper soil layers, and even to 
ground water directly (Barton et al., 2006; Brown et 
al., 1977; Ebrahimian et al., 2013; Fu et al., 2014; Han 
et al., 2016; Morton et al., 1988; Snyder et al., 1984; 
Zhang et al., 2014). The result can be a lower NUE and 
water pollution. Proper irrigation management is 
therefore critical in both agronomic, and 
environmental contexts.  

Even if N is applied incrementally with sound management practices, nitrate leaching can be 
substantial if sandy soils are over-irrigated, as demonstrated by Hergert (1986) in a Nebraska 

Figure 1. From Gehl et al. 2005. Seasonal 
leaching losses of NO-

3ςN for four N 
treatments and two water treatments in 
2001 and 2002. Bars labeled with the same 
letter for a given year are not different as 

determined by LSD ata  = 0.10. 
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study. While efficient irrigation is important to minimize N leaching from irrigated corn fields, it 
is especially critical if N is applied in excess of crop need. Gehl et al. (2005) tested two irrigation 
treatments ς using a sprinkler system, irrigation rates at optimal water rate and +25% of the 
optimal water rate ς and four N application treatments on corn fields established on sandy soils 
in Kansas. For some N treatments the additional 25% irrigation water above the optimal rate 
resulted in as great as 16-fold increase in observed nitrate leaching, while there were no 
significant observed differences in leaching among the N treatments at the optimal water rate 
(see Figure 1). The results suggest that excess irrigation can indeed be problematic for water 
quality, but exponentially so if N is not applied based on crop need or in conjunction with 
appropriate nutrient management planning, emphasizing the importance of a well-managed 
irrigation program. 

Kessavalou et al. (1996) used bromide and N tracers to track nitrate leaching under center-pivot 
irrigation on an alluvial fine-silty and silt-loam Mollisol soil in Nebraska and found that split 

applications of N fertilizer (starter and 3 applications via fertigation, adjusted based on N 
content in irrigation water), considered a best management practice in the region, still allowed 

Figure 2. From Kessavalou et al. 1996. Fate of Br and 15N-labeled fertilizer N applied 
to irrigated corn at the Management System Evaluation Area (MSEA) near Shelton, 
NE, 1992-1993. 
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for significant loss of nitrogen (See Figure 2), particularly on course-textured soils. This study 
also did not have a dryland comparison condition.  

Another study in Nebraska by Spalding et al. (2001) focused specifically on nitrate leaching by 
comparing several different irrigation systems. The authors collected groundwater quality data 
from 16 depths and 31 multi-level samples three times annually from 1991-1996 under furrow-
irrigated corn, surge-irrigated corn, center pivot-irrigated corn, and center-pivot alfalfa. The 
data indicated that center-pivot sprinkler irrigation combined with a fertigation program 
significantly reduced nitrate leaching in comparison to furrow- and surge-irrigated corn with 
only minor reductions (6%) in crop yield. As with most mid-west U.S. field studies, it did not 
include a dryland condition, minimizing the usefulness of this study to the charge of the Expert 
Panel. 

Klocke et al. (1999) followed up on an emerging concern regarding increased nitrate 
concentration in aquifers in the Midwest with a look at N leaching from corn and corn-soybean 
rotations on Nebraska loamy soils under sprinkler irrigation over six growing seasons. They 
found that careful irrigation scheduling in conjunction with appropriate BMPs such as nutrient 
management did result in environmental benefits. On average 27% of N applied was lost in corn 
and 105% of N applied in corn-soybean rotation was lost. There was no dryland condition in this 
study and the primary driver for the study was to quantify N loss in standard continuous corn 
and corn-soybean rotation management schemes in their region of Nebraska. They did not 
study alternative irrigation systems.  

At a University of Minnesota research farm with loamy-sand soil subject to excessive drainage, 
Maharjan et al. (2014) found that solid-set sprinkler irrigation, managed with guidance from 
daily soil water mass balances (fully irrigated), significantly increased nitrate leaching compared 
to a minimal irrigation (irrigation limited to mid-season) schedule during the growing season. 
The fully irrigated site leached 30.6 kg/ha (27.3 lbs/ac), approximately twice as much nitrate per 
unit area as the minimal irrigation system 15.5 kg/ha (13.8 (lbs/ac), a statistically significant 
difference (p<0.01). However, after accounting for significantly increased yields with irrigation, 
N losses expressed on a yield basis did not differ and in some cases decreased with full 
irrigation. Specifically, the authors concluded that to grow the same amount of corn, the fully 
irrigated system leached about 9% less nitrate on a yield-adjusted basis, though the difference 
was not statistically significant for the yield-adjusted calculations. The authors concluded that 
assuming similar grain yield across limited and full irrigation, the limited irrigation condition can 
be expected to have greater N loss in the spring. Post-harvest soil N and soil-water nitrate in 
spring showed the potential for greater N leaching in minimal-irrigation than fully irrigated 
plots. The fully irrigated and limited irrigation conditions were fertilized at the same rate in this 
study. Generally, however, it is expected that irrigated corn will have significantly higher yields 
and coinciding higher rates of fertilizer application to accommodate those potential yields. Even 
a well-managed system can experience N leaching due to the many factors that impact crop 
cultivation from one growing season to the next. The proportional increase in N application on 
a high-yield irrigated field could negate the benefits of reduced leaching due to proportional N 
uptake and loss.  
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A Wisconsin study (Kraft and Stites, 2003) on course-textured soils under humid climate 
conditions investigated sweet corn under irrigation and concluded that well-managed 
irrigation, in conjunction with proper nutrient management, is not likely to substantially reduce 
nitrate leaching if profitability must also be maximized. The authors suggested focusing efforts 
on BMPs that manage mineralized N from crop residue and other BMPs that might avert N loss 
(e.g., cover crops), rather than improvements on irrigation management. Similar to most 
Midwest studies, there was no dryland control and the focus of this study was to quantify 
nitrate-N loading to groundwater under typical management scenarios in that region, rather 
than comparing irrigation to a dryland scenario. 

A four-year lysimeter study in Minnesota (Timmons and Dylla, 1981) on a sandy loam soil in a 
region subject to drought is among the few studies found that did compare irrigated and non-
irrigated sites under corn production over the course of five growing seasons. The first two 
years of the study utilized sprinkler irrigation, while the last three seasons utilized drip 
irrigation. In the non-irrigated treatment, all N was applied in granular form and disked pre-
planting. Irrigated treatments received either granular N applied once at pre-planting or liquid 
N via fertigation during multiple irrigation events over the course of the growing season. 
Overall, the authors found that average annual nitrate losses from the irrigated systems were 
17%-62% greater than the losses from non-irrigated systems across N-fertilized treatments. 
There was limited evidence of improved N retention under fertigation compared to granular 
application. 

A lab study (Peng et al., 2015) demonstrated the importance of choice of N source on nitrate 
leaching. Several N fertilizer types were applied to a course-textured Nebraska soil under 
incubation and it was found that coated urea products resulted in reduced N leaching under 
simulated rainfall. Timing, duration, and intensity of irrigation cycles were also factors in 
determining nitrate leaching. This study again emphasizes the importance of management 
decisions on potential for N leaching.  

Techniques to mitigate N leaching potential via precision agriculture were considered by 
Delgado and Bausch (2005) on center-pivot irrigated corn fields in Colorado over two 
consecutive growing seasons. The goal of the study was to evaluate the use of geographic 
information systems (GIS), global positioning systems (GPS), modeling and remote sensing for 
reducing residual soil nitrate-N and nitrate-N leaching. Soil and plant samples from the corn 
fields were analyzed for N content and used to identify differences in residual soil nitrate and N 
leaching potential across the fields. It was demonstrated that GIS, GPS, and modeling 
technologies can be used to identify and simulate the spatial residual soil nitrate-N patterns. 
Lower residual soil nitrate-N was found on the lower productivity sandier areas, which also had 
a higher nitrate-N leaching potential. 

Marinov and Marinov (2014) proposed a model describing physical transport and 
biogeochemical dynamics of water and N in the soil-water-plant-groundwater system. Their 
specific objective was to use model simulations to investigate the effects of soil type, irrigation 
rate, and N fertilizer application rate on N leaching toward groundwater and on the behavior of 
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a pollutant plume in an aquifer in the European country of Romania. Simulations indicated that 
in order to achieve high crop yields while minimizing N loading to soils and groundwater there 
needed to be an optimal balance between the amount of chemical fertilizers and water applied 
to crops on the one hand, and the amount of nitrate and water used by plants on the other. 
The conditions used to define the model were based on a region in Romania, but the proposal 
offers some bottom-line insights regarding N transport: if certain parameters related to 
groundwater recharge are known, such as soil water retentive capacity, hydraulic conductivity 
of the soil, and velocity and longitudinal dispersity for groundwater, better predictions of N fate 
can be made. Their findings indicated that medium-textured soils are superior for corn 
production, since such texture restricts downward movement of water and nitrate, ensuring 
more plant uptake and greater yield, in addition to less aquifer pollution. Additionally, intensely 
fertilized and irrigated coarse soil areas with shallow aquifers are especially prone to 
groundwater contamination. They demonstrated that higher rates of irrigation resulted in 
lower N concentrations in both soil and aquifer, but much larger net leaching to the aquifer. 
The authors concluded that an irrigation strategy that emphasizes water management in 
addition to optimizing N fertilization is necessary to reduce N leaching.  

Water Use Efficiency  
This section is included in this report due to the reasonable assumption that better WUE 
correlates with minimizing over-irrigation. Reducing over-irrigation can be a significant factor in 
reducing N loss from crop fields (Gehl et al., 2005). 

A field study in Nebraska (Schepers et al., 1995) on alluvial silty Mollisol soils, further 
demonstrated the important of choice in irrigation management system on reduction of nitrate 
leaching, when comparing center-pivot irrigation to conventional furrow irrigation. Water 
application was reduced by 60 to 72% when a center-pivot system was chosen over furrow 
irrigation. The authors also indicated unpublished data demonstrating that three years of 
center-pivot irrigation resulted in reduced concentrations of nitrate-N leaching beneath the 
root zone (compared to furrow irrigation). This study did not include a dryland condition for 
comparison and furrow irrigation in corn cultivation is not common practice on the Coastal 
Plain, nevertheless the results indicate the consequences of management choices on WUE. 

A review of literature on cropland irrigation practices in Bushland, Texas by Howell (2001) 
suggested that WUE can be maximized by slight under-irrigation (commonly referred to as 
deficit irrigation and defined here as 0.75-0.8 of full irrigation or withholding early vegetative 
irrigation), perhaps by promoting deeper extraction of stored soil water. If the rooting system is 
encouraged to search deeper into the soil profile for water there is potential for reduction in N 
leaching beyond the root zone under limited irrigation. 

Irmak (2015) collected data on various irrigation WUE metrics for four irrigation levels and a 
dryland treatment over multiple years in an effort to study deficit/limited irrigation 
management on corn (less than 100% of crop water requirement is provided for by means of 
precipitation, soil water, and irrigation combined). Timing and magnitude of potential plant 
stress must be considered carefully with this approach. Providing limited irrigation has the 
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potential to decrease N leaching below the root zone, but the authors collected no N data to 
support this potential. Research on these limited irrigation management strategies are a means 
of addressing current and predicted future water shortages in the mid-west U.S. (in this case 
Nebraska), an issue that is not at the forefront of agricultural research on the Mid-Atlantic 
Coastal Plain at this time. The study emphasized the importance of management in South 
Central Nebraska on center-pivot irrigated corn.  

Another Nebraska study (Rudnick and Irmak, 2013) considered data on grain yield and WUE 
factors under various N application rates for full irrigation, 75% irrigation (deficit irrigation) and 
a dryland control over two consecutive growing seasons. The goal of the study was to compare 
irrigated corn to rain-fed corn and determine how to maximize the effects of irrigation and 
WUE as a compliment to yield and evapotranspiration. The authors observed that irrigation 
water was most effective at improving grain yield above dryland conditions when N application 
rates were increased and that N fertilization rates were more impactful on grain yield outcomes 
than evapotranspiration. The impact of factors such as weather conditions and management 
practices influenced the efficacy of irrigation WUE primarily due to their effects on dryland 
grain yield. Grain yield responses to irrigation were greater during the drier of the two growing 
seasons. Essentially, they concluded that optimal N applications for maximum productivity 
varied not by irrigation regime, but within irrigation regimes across seasons, indicating the 
importance of weather conditions on not only WUE, but NUE as well. Soil moisture was 
measured, but no water quality samples were taken from any sites that could provide insight 
on the fate of N under different irrigation management and N application rates, as N loss was 
not a consideration in this study. 
 
Grassini et al. (2011b) conducted a data analysis to quantify and improve water productivity in 
irrigated corn. Data collected from private farms in a Nebraska natural resources district was 
evaluated for yield, fertilizer, and irrigation water. As with other studies cited here, this study 
compared different types of irrigation to each other and concluded that center-pivot irrigation 
resulted in significantly greater WUE compared to surface systems, such as furrow irrigation. 
There was no discussion of N leaching risk from irrigation, although the authors identified fine-
tuned water management as a means to reduce water and energy usage without significant 
yield loss. 

Yield Consistency in I rrigated Systems  
Among the advantages of irrigated farmland systems is the potential not just for increased 
yields, but improved yield consistency across growing seasons by lessening the impact of water 
as a limiting factor for plant growth. Yield consistency leads to better informed yield goals, and 
therefore the potential for fertilizer applications that are more closely aligned with actual crop 
need during the growing season. If NUE is improved, one would expect reduced N leaching 
from the root zone. Unfortunately, research considering yield consistency is usually geared 
towards maximum yield and profit, without consideration of water quality, resulting in a lack of 
hard evidence to affirm water quality benefits associated with improved yield consistency.  
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Boyer et al. (2014) demonstrated that center-pivot irrigation on a silty Alfisol soil in Tennessee 
can result in better corn yield stability over-time compared to non-irrigated corn in a semi-
humid climate (See Figure 3). Both the irrigated and dryland plots received identical fertilizer 
rates. Nitrogen leaching was not measured in the study, but increased NUE due to a fertilization 
program based on reliable yield goals has the potential to reduce N loss below the root zone.  

As discussed in the Nitrogen Leaching section above, the Maharjan et al. (2014) study in 

Minnesota predicted less potential for N leaching on a yield-adjusted basis under full irrigation, 
compared to a minimal irrigation scenario, based on post-harvest soil N and soil water nitrate 
data available in the spring. Nitrogen leaching potential was presumably high under minimal 

Figure 3. From Boyer et al. 2014. Above: Non-irrigated corn yields (Mg/ha) by nitrogen rates (kg 
N/ha) from 2006 to 2011 at Milan, TN. Below: Irrigated corn yields (Mg/ha) by nitrogen rates (kg 
N/ha) from 2006 to 2011 at Milan TN. 
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irrigation due to less efficient N uptake (reduced NUE). An important consideration with this 
research is the applied N fertilizer rates. Across both full and minimal irrigation plots, N was 
applied at the same rate, regardless of expected yield differences across irrigation treatments.  
In a typical irrigated corn scenario on the Mid-Atlantic Coastal Plain, N fertilizer rates are 
planned based on expected yield at the on-set of planting. Since irrigated corn is expected to 
result in substantially greater yield due to the removal of water as a limiting factor, it is 
expected that the rate of N applied per acre will be higher under irrigated conditions. 

Grassini et al. (2011a) studied quantifying yield gaps (average yield versus yield potential) and 
impact of agronomic practices on irrigated corn in Nebraska. They presented data culled from 
ǘƘŜ ǎǘŀǘŜΩǎ ƴŀǘǳǊŀƭ ǊŜǎƻǳǊŎŜ districts and analyzed the correlation of yield with N fertilizer rate, 
applied irrigation, and planting date, but did not consider N losses. The three former factors 
were considered in the context of identifying major management constraints to actual 
productivity. Rotation, tillage system, sowing date, and plant population density were identified 
as most sensitive factors affecting current yields on irrigated lands. Although the authors were 
clear that there is a need to increase crop production due to global demand, they concede that 
the top reported yields in Nebraska are unlikely to be economically or environmentally 
sustainable on a commercial scale. They conclude that improving standard irrigation practices 
in Nebraska through water management and nutrient management may help to reduce 
excessive N inputs and help protect environmental quality through improved input efficiency 
(NUE), ideally with a negligible impact on yield.  

 
Schlegel et al. (2016) conducted a six-year field study on a silt loam soil in Kansas to determine 
the effect of limited irrigation on yield, water use and profitability of several crops (corn, 
sorghum, soybean, sunflower) in a region where the main source of irrigation water is 
depleting, and judicious use of water resources is a necessity. There was no dryland treatment 
condition, but they did find a relative yield advantage for corn at higher levels of irrigation over 
other crops. The mean grain yield for corn was greater than the three other crops and within 
the corn plots, grain yield increased by 49% from the lowest irrigation treatment (127mm per 
season) to the next (254 mm per season) and increased an additional 17% at the highest 
treatment (381 mm per season). For each increase in irrigation treatment level, the initiation 
date was earlier and termination date of irrigation was later in the season.  Averaged over 
years, the yield of corn was greater than that of all other crops at all irrigation levels. The 
authors found that at higher levels of irrigation, corn is the most profitable crop, while with 
limited irrigation any of the four crops studied would produce similar results, demonstrating a 
significant advantage to corn yield under irrigated conditions. 

Farmaha et al. (2016) compared N, water inputs and other site properties for corn fields with 
small and large differences (yield gap) between potential and actual yields, based on data from 
3,000 privately owned Nebraska farm fields. They defined yield potential (Yp) as άthe yield of a 
crop cultivar with nutrients and water non-limiting, and pests and diseases effectively 
controlledΦέ ¸ƛŜƭŘ ƎŀǇ ό¸Ǝύ ǿŀǎ ŘŜŦƛƴŜŘ ŀǎ ǘhe difference between Yp and actual yield. The goal 
of the report was to create a framework relating the factors that help to determine end-of-
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season Yg. These factors were split into persistent (consistent over years, such as producer skills 
and soil quality) and non-persistent (year-to-year changes, such as weather and pest 
outbreaks). Estimating field Yg is challenging due lack of field-specific high-quality data on yield 
collected from a large population of fields over enough years to infer trends. However, better 
understanding of what contributes to Yg can better inform water and nutrient management 
decisions. Their analysis suggested that roughly 30ς50% of Yg of irrigated maize in Nebraska 
can be attributed to factors that are persistent over time, such as soils and non-adaptive 
operator management. The authors demonstrated that high-resolution satellite data combined 
with crop models to measure field persistent factors can reasonably predict Yg, particularly at 
the regional level. They suggested that in regions where Yg proved to be persistent over time, it 
is useful to differentiate between those persistent factors that are manageable (e.g., early 
sowing, crop sequence, N and water management) versus non-manageable (e.g., soil type). 
¢ƘŜȅ ŎƻƴŎƭǳŘŜŘ άthat well-managed irrigated fields can achieve high yields with higher than 
average inputs, without sacrificing input-use efficiencyέ ŀƴŘ ǘƘŀǘ soil plays a key role in 
determining the magnitude of yield gaps. The greatest Yg values and variation in Yg were 
associated with regions that have the largest variation in soil properties across fields.  

Water quality of irrigation water source  
An irrigation program geared towards reducing potential N leaching should include nutrient 
management as part of the management decision process. For this reason, irrigated 
management systems may want to account for the N in the irrigation water, especially if the 
ŦŀǊƳΩǎ ǿŀǘŜǊ ǎƻǳǊŎŜ Ƙŀǎ ǎƛƎnificant nitrate concentrations and is applied at a greater rate to 
ensure yield goal achievement.  

For example, a study of 79 irrigated corn sites in Nebraska found that while 19 lbs N/acre (21 
kg/ha) were accounted for as contributions to total available nitrogen, another 42 lbs N/acre 
(47 kg/ha) from groundwater was not accounted for; this average value of unaccounted water 
N suggested that fertilizer rates could be reduced by 40 lbs N/acre (45 kg/ha) with no significant 
reductions in yield (Ferguson et al. 1991). The average for all site-years in the Ferguson et al. 
(1991) study was 20.5 inches (521 mm) of annual irrigation water application (range: 6.3 in - 48 
in; 160 mm-1200 mm) and groundwater nitrate concentrations ranged from 0.5 to 46.1 ppm 
NOҍ3-N.  

Natural groundwater on the Delaware Coastal Plain rarely exceeds 0.4 ppm, but due to 
cumulative anthropogenic impacts nitrate concentrations are often much higher in the surficial 
aquifer, with a median concentration of 4.95 ppm in samples from 48 wells (min. 0.34 ppm, 
max 41.47 ppm); Fleming et al. (2017) found that the group of wells associated with the highest 
percentage of agricultural lands had the highest median nitrate concentration at 10.15 ppm 
(min. 3.0 ppm, max 41.47 ppm). Though the expected application rate of irrigation water is 
lower on the Delmarva Peninsula than the average Nebraska site monitored in Ferguson et al. 
(1991), the comparable nitrate concentrations suggest that the nitrate load in irrigation water 
may be worth considering as part of the nutrient management planning process when the 
farmer and technical assistance providers can test the groundwater quality. Currently, it is not 
required, nor standard practice, for nutrient management planning in the Coastal Plain regions 
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of Maryland and Delaware to test nitrate levels in irrigation water for consideration when 
planning N-based fertilization for the cropping season. Incorporating irrigation water crediting 
into corn fertilization plans in the Delmarva region poses a challenge for two reasons: timing 
and weather conditions. All N fertilization should be applied prior to the tasseling stage, but a 
significant proportion of irrigation is applied after this stage, at which point nitrate in the 
irrigation water will not be efficiently used by the plant. Additionally, the timing and rate of 
irrigation prior to tasseling varies on a year-to-year basis due to varying weather conditions, 
making it difficult to adapt pre-season nutrient planning to account for nitrate in the irrigation 
water, but this early season irrigation presents a possible benefit to water quality as the crop 
will certainly take up dissolved nitrate with the irrigation. 

Recent irrigation research in the Chesapeake Bay watershed  
As indicated above, results of two contemporaneous research studies conducted on the 
Delmarva Peninsula were recently published (Shober et al., 2018; Denver et al., 2018). Due to 
the lack of regionally relevant research related directly to the aims of this panel, these two 
publications are of particular influence on the conclusions of this report. Both are current, 
regionally appropriate, and address irrigation management and N loss in a manner relevant to 
water quality, rather than solely yield performance. Three additional sources, including a 
aŀǎǘŜǊΩǎ ǘƘŜǎƛǎ (Soroka 2016), doctoral dissertation (Hanna 2006) and a report to DNREC (Sims 
et al., 2012) were provided by Delaware during the CBP review and approval process; 
summaries of these sources are included below. 

Hanna dissertation (2006) 

Hanna (2006) applied the Soil and Water Assessment Tool (SWAT) model to study the economic 
benefits of irrigation in the Pocomoke River basin on the Maryland Eastern Shore. The modeling 
scenarios isolated effects of irrigation versus non-irrigation to estimate the yield and economic 
benefits, while holding other factors such as fertilizer applications constant. The author 
concluded, based on his model analysis, that the use of irrigation can reduce the total quantity 
of nitrogen export from an agricultural field. He also concluded, however, that the higher 
average soil moisture content levels from irrigation result in higher runoff volumes and thus 
increased phosphorus export and total sediment yield. The author calls for further modeling 
and field validation to verify or refute those conclusions, noting that such study could illuminate 
full impact of irrigation on fertilizer utilization and the potential reduction in fertilizer. Such a 
study, he concludes, could validate the use of irrigation as a BMP to control and reduce excess 
nutrients. 

University of Delaware: Sims et al. (2012) 
Sims et al. (2012) conducted a comprehensive overview of the state of irrigation for crop production in 
Delaware and among many objectives analyzed the potential for irrigation to improve NUE, particularly 
for corn, and therefore decrease residual N left in soils after harvest. The report examined the clear 
benefits of irrigation on crop yield, due to the presence of sandy soils with low organic matter and low 
moisture holding capacities in the region, combined with an unpredictable and large inter-annual 
variability in precipitation. The authors provided four theoretical situations and the formula to calculate 
unaccounted for N after corn harvest, based on assumptions specific to the region. The scenarios clearly 
demonstrate the advantage of irrigation in reducing the potential for residual applied N to be left in the 
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soil after harvest under typical summer drought conditions. Shober et al. (2018), described below, 
tested the field applicability of these scenarios. They were unable to test the benefits of irrigation under 
typical summer drought conditions, but were able to compare irrigated and non-irrigated corn under 
fairly ideal precipitation conditions, finding yields to be comparable across treatments in contrast to the 
Sims et al. (2012) proposition that irrigated corn yield would surpass dryland corn even in ideal weather 
conditions.  Sims et al. (2012) recommends three areas for future research: 1) updating UD 
recommendations for irrigated corn based on reports of high yielding corn at application rates lower 
than 1 lb N/bu; 2) more reliable estimates of soil N availability, and; 3) more accurate data on the 
availability of ammoniacal and organic N in animal manures (particularly poultry). 

University of Delaware: Soroka (2016) 
Soroka (2016) also conducted research at the UD Warrington Irrigation Research Farm over the course 
of two years to investigate the effects of N application rate and timing on corn grain yield and NUE. The 
mastŜǊΩǎ ǘƘŜǎƛǎ ŀƭǎƻ ǊŜǾƛŜǿŜŘ ƘƛǎǘƻǊƛŎŀƭ ȅƛŜƭŘ Řŀǘŀ ƛƴ 5ŜƭŀǿŀǊŜ ǘƻ ƛƴǾŜǎǘƛƎŀǘŜ ǘƘŜ ƛƳǇŀŎǘ ƻŦ ƛǊǊƛƎŀǘƛƻƴ ƻƴ 
yield and NUE in corn. Data from the two-year plot study showed that increased quantities of 
unaccounted for N (residual N) post-harvest aligned with higher rates of N application and that 
increased NUE on irrigated corn could result in the capability of achieving higher grain yield at lower N 
rates than currently recommended by UD. Trends in yield data over 35 years indicated that non-irrigated 
plots were 80-85% as efficient as irrigated plots in converting applied N to grain yield. These results led 
to two primary recommendation from the author. The first recommendation was a reduction in UD 
nitrogen application recommendations by 15% for high yielding irrigated corn in order to account for 
improved NUE. The second recommendation for this thesis was to further evaluate the modeling of 
improved NUE for irrigated corn as either a separate crop category or a BMP, as characterized by the 
Chesapeake Bay Program watershed model. Suggestions for engaging these recommendations included 
field research to further refine NUE on a regional scale, as well as collection and analysis of leachate and 
groundwater samples to explore correlations between irrigation management conditions and risk of N 
loss. 

University of Delaware: Shober et al. (2018) 

Shober et al. (2018) conducted a four-year (2013-2016) field study in Sussex County, DE 
observing the effects of irrigation on WUE and NUE in corn. The years during which the study 
was conducted were not ideal for observing potential differences between irrigated and 
dryland corn, because rainfall during the growing season did not appear to limit crop 
production (See Figure 4). This is not typical for the region (Sims et al., 2012). It is generally 
understood that the benefits of irrigation are most observable during dry to drought conditions 
that would contribute to moisture stress in a dryland scenario. Nevertheless, use of irrigation 
has been expanding in Delaware due to its potential to stabilize yields and increase profitability 
during less-than-ideal cropping years. 

Center-pivot irrigation on corn, managed based on sensor measurements for soil matric 
potential or evapotranspiration estimates, were compared to a non-irrigated (dryland) control 
on a University of Delaware (UD) Research Farm in Sussex County. Nine-meter wide buffers 
between treatment plots ensured no confounding of treatment effects on neighboring plots. 
Soil moisture data was monitored daily to optimize irrigation treatments. All plots received 
poultry litter and N fertilizer at the same total PAN rate to meet crop need based on realistic 
yield goals. In-season N applications to these plots were applied via sidedress application at the 
same total N rate for all treatments, based on realistic yield goals.  
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When NUE was calculated based on grain yield and fertilizer applied (partial factor productivity 
for N), NUE of irrigated corn was not significantly different than non-irrigated corn in 2013 or 
2014. In 2015 and 2016 this measure of NUE was lower for non-irrigated corn (30.8 and 31.0 kg 
grain per kg [0.65 and 0.66 bu/lb] N applied in 2015 and 2016, respectively) than for most 
irrigated treatments (42.3 and 35.8 kg grain per kg [0.89 and 0.76 bu/lb] N fertilizer applied in 
2015 and 2016, respectively); 7 of the 10 irrigation treatments resulted in improved NUE in 
2016 when compared to the non-irrigated control. 

However, when NUE was calculated using a mass balance approach, the results suggested 
lower NUE overall when compared to the partial factor productivity measurement. Mass 
balance based NUE of the non-irrigated crop was only significantly different than irrigated plots 
in 2015, where the estimated efficiency of the non-irrigated crops was 21% compared with 40% 
for the three of the 11 irrigation treatments evaluated. Seven irrigation treatments resulted in 
mass balance NUE that was not statistically different than the non-irrigated control in 2015. 
Notably though, the authors concluded that under both irrigated and non-irrigated conditions, 
40% or more of N available to growing crops (including N from poultry litter, fertilizer, soil 
residual N, atmospheric deposition, or irrigation water) was potentially at risk for loss to the 
environment. The authors suspected that differences in NUE between irrigated and non-
irrigated corn would be more drastic (in favor of irrigation) if water had been yield limiting. 

As indicated above, the four years during which the study was conducted had good-to-ideal 
precipitation and temperature conditions. As such, there was often no significant irrigation 
effect on WUE; WUE was not significantly higher WUE in non-irrigated plots over the course of 
the study (See Figure 5). Nitrogen uptake by irrigated corn was significantly greater than 
dryland corn only when irrigation resulted in significantly greater corn yield. However, in 2013 
and 2014 no significant difference in yield was observed between corn grown under irrigated or 
dryland conditions (See Figure 6). 

Shober et al. (2018) supplemented work conducted by USGS, described below (Denver et al., 
2018) by calculating NUE for the irrigated and non-irrigated fields at Bucks Branch using farmer 
indicated management information for the 2015 growing season; management data was not 
available in other years. Statistical analysis could not be completed on the results due to lack of 
replication. Data suggested that yield and N uptake (in grain and stover) was higher for the 
irrigated field than for the non-irrigated field. Yield was 12.6 Mg/ha (238 lb/ac) in the irrigated 
field and 8.7 kg/ha (164 lb/ac) in the non-irrigated field. Similarly, grain and stover N uptake 
were 174 and 81 kg/ha (155 and 72 lb/ac) for the irrigated field, respectively and 126 and 64 
kg/ha (112 and 57 lb/ac) for the dryland field, respectively. When evaluated using the partial 
factor productivity method, NUE was similar for both fields (46 and 49 kg grain per kg [0.97 and 
1.03 bu/lb] N fertilizer applied for irrigated and dryland, respectively). However, when 
evaluated using the mass balance approach, there was a trend for lower NUE in the irrigated 
field than the non-irrigated field (61 and 79%, respectively). Upon review of the data, the 
authors noted that most of the decline in NUE using the mass balance approach was due to 
higher estimated soil N mineralization in the irrigated field (73 vs. 52 kg/ha [65 vs. 47 lb/ac] for 
the irrigated and non-irrigated fields, respectively) and N applied in irrigation water (19 vs. 0 
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kg/ha [17 vs. 0 lb/ac] for the irrigated and non-irrigated fields). As such, the lower NUE for the 
irrigated field using the mass balance approach was due to higher inputs of N from other 
sources (namely soil and irrigation water) and not from over-fertilization. If the other N sources 
were held at the same rate as in the non-irrigated field, the mass balance based NUE would 
improve to 75% in the irrigated field. In sum, the authors did not find conclusive evidence of a 
beneficial effect of irrigation on NUE, but they were also unable to conclude that irrigation has 
a negative effect on these factors. The results highlight the need for better estimation of 
άƻǘƘŜǊέ b ǎƻǳǊŎŜǎ ǿƘŜƴ ƳŀƪƛƴƎ b ŦŜǊǘƛƭƛȊŜǊ ǊŀǘŜ ǊŜŎƻƳƳŜƴŘŀǘƛƻƴǎΦ 

USGS 

Denver et al. (2018) recently published results from a two-year study (2014 and 2015 growing 
seasons) concerned with the impacts of conservation practices on water quality within the 
Bucks Branch sub watershed of the Nanticoke River basin. The study site consisted of the same 
set of private farm fields indicated above in the Shober et al. (2018) publication. Rainfall 
frequency and intensity over the two years of the study were described as average, with no 
major rainfall events. Water monitoring was conducted across both the irrigated (irrigation 
management began in year 2000) and dryland corn field. Bucks Branch has been identified by 
USGS as having among the highest nitrate-N surface water concentrations within the Nanticoke 
River basin. Although both residential and agricultural land-uses have contributed to the high 
levels of nitrate, geochemical analysis by USGS determined that agriculture is the predominant 
source of nitrate to Bucks Branch. 

In studying the effects of irrigation on nutrient transport to groundwater, compared to dryland 
conditions, the authors found that movement of nitrate to groundwater was enhanced under 
irrigated conditions even with the presence of cover crops and nutrient management. Nitrate 
was present in all groundwater samples, with a median of 9 mg/L as N in the dryland condition 
and 14 mg/L as N in the irrigated condition. Younger groundwater (recharge <10 years) had 
higher nitrate concentrations under both dryland and irrigated conditions, with 10 mg/L as N 
and 18 mg/L as N, respectively (See Figure 7). Additionally, water beneath the irrigated field 
that recharged the aquifer more than 15 years prior to the USGS study (before irrigation was 
installed) had lower nitrate concentrations than the younger water under the same field. 
According to the authors, the majority (90%) of flow in Bucks Branch comes from groundwater, 
and the chemistry of the groundwater reflects the chemistry of the surface water subject to 
agricultural use.  

In sum, Denver et al. (2018) determined from data collected at this site, that when soil moisture 
was high, either after significant rainfall or irrigation, nutrients were carried through the root 
zone and soil zone via infiltration of water. Water infiltrating into the soil zone shortly after 
fertilizer application resulted in the highest nitrate concentrations (often greater than 50 mg/L). 
This has the potential to be a significant pathway for nitrate to reach groundwater, from which 
there is a high likelihood of that nitrate reaching Bucks Branch. The authors also estimated, 
however, that somewhere between 12 to 22% of nitrate in the groundwater would be lost to 
denitrification before discharge into Bucks Branch. The authors suggest that cover crops 
planted in standing corn can pull nitrate from below the root zone to the top layer of soil to 
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limit potential nitrate leaching to groundwater. They also note that irrigation management that 
lowers average soil moisture conditions could also potentially limit nitrogen transport. They 
conclude that limiting the leaching of nitrate will remain a challenge in sandy soils of the Mid-
Atlantic Coastal Plain, as soil moisture capacity is low and accounting for rainfall is difficult. 

Virginia Tech 
Unpublished data (W. Thomason, personal communication, 2017) presented to the panel by Dr. 
Wade Thomason, Extension Grain Specialist at Virginia Tech, indicated that both irrigated and 
non-irrigated corn often remove more N than what is land-applied during the growing season. 
The data comes from several years of field trials conducted at a research facility located within 
the Virginia coastal plain region of the Chesapeake Bay watershed. Nitrogen content in the 
form of crude protein (CP) often exceeded the one pound per bushel fertilization rate. Up to 
15% more CP was removed by irrigated corn that non-irrigated in paired trials. No data were 
collected to determine the impact of irrigation on the amount of N leaching past the root zone 
in any of the field trials, although greater concentrations of CP in irrigated corn could indicate 
that less N would be available to leach below the root zone. Additionally, no data were 
collected to determine other possible pools of N available for uptake. While the panel discussed 
where the N might come from (e.g., mineralization of organics in the soil, ammonium in the 
soil, N conversion from the atmosphere during respiration), all of which we believe contribute, 
the panel found no research to directly support this theory. On sites that have a long history or 
manure application, there is research that shows continued mineralization of organic N 
exceeding 3 or 4 years after the last application of nutrients. Regardless, there is clear 
indication of greater yield stability in corn under irrigation over 21 years of continuous field 
trials at this Virginia Tech site (See Figure 8). 
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Figure 4. From Shober et al. 2018. Daily and cumulative seasonal rainfall at the University of Delaware 
(UD) Warrington Irrigation Research Farm in A) 2013, B) 2014, C) 2015, and D) 2016 growing seasons. 
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Figure 5. From Shober et al. 2018. Average water use efficiency as affected by center pivot 
irrigation treatments at the University of Delaware (UD) Warrington Irrigation Research Farm 
near Harbeson, DE in A)2013, B) 2014, C) 2015, and D) 2016. Letters that are the same 

indicate no signiŦƛŎŀƴǘ ŘƛŦŦŜǊŜƴŎŜǎ ōŜǘǿŜŜƴ ǘǊŜŀǘƳŜƴǘǎ ǳǎƛƴƎ ¢ǳƪŜȅΩǎ I{5 ǘŜǎǘ ŀǘ a=0.05. 
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Figure 6. From Shober et al. 2018. Average dry grain yields by center pivot irrigation 
treatments at the University of DE (UD) Warrington Irrigation Research Farm near Harbeson, 
DE in A) 2013, B) 2014, C) 2015, D) 2016. Letters that are the same indicate no significant 

ŘƛŦŦŜǊŜƴŎŜǎ ōŜǘǿŜŜƴ ǘǊŜŀǘƳŜƴǘǎ ǳǎƛƴƎ ¢ǳƪŜȅΩǎ I{5 ǘŜǎǘ a=0.05. 
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Figure 7. From Denver et al. 2018. Concentration of nitrated as nitrogen in relation to the estimated 
apparent age of groundwater under the irrigated and dryland fields at the Bucks Branch study site, 
Sussex County, Delaware. 
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Figure 8. From W. Thomason, personal communication. 2017. Data from 21 consecutive years of paired- 
corn trials on the coastal plain of Virginia. Unpublished. Above: Corn yield from non-irrigated field trials, 
SD = 45. Below: Corn yields on irrigated field trials, SD = 27. 






































































































































