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Executive Summary

This Expert Panel was charged to determihe water quality benefit associated with the
practice of irrigation on cropland, agutice of specific importance on the Delmarva Peniasul
region of the Chesapeake Bawtershed(CBW)This regiornis characterized by upredictable
rainfall patterns and widepreadcoursetextured sandysoils with low water retention

capacity Theprimaryintention of cropland irrigation is to increase crop yield and consistency.
The literature review process revealed lindteesearchdirectly addressing thempacts of
irrigation systenson respective local or regionalater quality, in contrast to other partnership
approved Best Management Practices (BMPs), such as caps and conservation tillage. The
fates of field-applied nitrogen(N)andphosphorus (P)r sediment loss due to erosion aoé
specific concerm regard towater quality. Bking into account the agrittural practices

relevant to the CBWhe Panel arrowed its focus t@enterpivot, lateral moveand traveling
gunirrigation systems on corfgrain or silage)The panel was also limited td@essing N
leaching, as there isot sufficient data available addressing P and sedimelatted to cropland
irrigation at this time.

¢KS / KSal LIS 1 €BRAprieultureN® RdiduA@NG asked the panel to
considerseveral aspects of cropland irrigatisrinen reviewing the research finding8rimary
among themwas to refine thecurrent CBRnterim BMP! definition andN efficiency value for
cropland irrigationaccounting fopossible deviations in efficiency values basedveather
variability across growing seasof$epanel determined thatt cannotrefine the estimated
interim Nefficiency vale at this time. Tie research currently availabttbes notsufficiently
substantiate a water quality benefit associated with cropland irrigatidre panel waalso
asked to consider creating separate efficiency values based on decreased variation in yields
with irrigation, water management of irrigated systems, andifation. The pasel determined
that these factors are not mutually exclusivél areinterrelated in influencingotential loss of
N from irrigated fields For this reason, they are not considered as separate systems in this
report.

The panel electethe Delmarva Peninsalportion of the watershed ake focus of this report

due to the prevalence of cropland irrigation iraetitregion.However,much of theliterature

related to irrigation comes from the mid/est United Stateswhere frigation of croplanchas
beenubiquitous across the agricultural landscdpe some time, due talimate conditionghat

leave crops regularly subjett moisture stess. Additionally, most of thesearch is focused on
comparing various irrigation systems to each othweith the goal of defininghe 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 deleteobus

irrigated croplandon surroundirg 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 USERASigned TMDL goals. Interim BMR®sild have scientific justificatiobut cannot

be submitted for annual progressward achieving these goals. In contrast, CBP BMPs submitted for progress
toward TMDL goals have first been considered by a BMP Expert Parmlilzsetjuently 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 CBWwhere irrigation is a growing practice, the baseline condition remains dryland
agriculture. While many studies compared cerpévot irrigation to other systems (e.g., furrow,
drip), there was seldom a control dryland condition.

The Expert Panel eged that there is not sufficient sciendmsed research available to indieat
a reduction in Nosses due tarrigation of corn, therefore an Mfficiency value cannot be
established at this timelhis does not preclude the possibility of rétgy cropbnd irrigation as
a BMP for a futurexpertpanel should amore robustcatalogue of scientific research literature
addressing cropland irrigation management and its water quality impaotsrge In that vein,
the panel stronglyndorses further researchnathe impacts of cropland irrigation on nutrient
and sediment loss and encourages the reader to reviewAihallary benefits and unintended
consequence.38)andFuture research and management ne¢agl0)sections of this report.
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Acronyms and Abbreviations

AgWG Agriculture Workgroup

BMP Best Management Practice

CBP Chesapeake Bay Program

CBW Chesapeake Bay Watershed

CBWM Chesapeake Bay Watershed Model

EP Expert Panel

EPA Environmental Protection Agency
EPEG Expert Panel Establishment Group
HUC Hydrologic Unit Code

LSD Least Significant Difference

N Nitrogen

NRCS Natural Resource Conservation Service (Division of USDA)
NUE Nitrogen Use Effiency

P Phosphorus

SD StandardDeviation

TMDL Total Maximum Daily Load

TN Total Nitrogen

TP Total Phosphorus

USGS United States Geological Survey

USDA United States Department of Agriculture

USDANASS United States Department of Agriculturisdational Agricultural Statistics Service
USDANRCS United States Department of AgricultuMatural Resource Conservation Service

USEPA United States Environmental Protection Agency
WQGIT Water Quality Goal Implementation Team
WTWG Watershed Technical Workgrp

WUE Water Use Efficiency
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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 B&fPisecused for
planningscenarios buare 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 aed@&pprove BMPs for this
LJdzN1J32 &S Aad4 RSAONAROSR Ay (GKS 2 (SNProtalforA (& D2
the Development, Review, and Approval of Loading and Effectiveness Estimates for Nutrient and
Sediment Controls in the Chesapeake Bay Wagerdlodell { I G KS d&. at wS@OASH t
G.at tNR(GI202f ®¢

In 2015 the Agriculture Workgroup (AgWG) identified cropland irrigation as a BMBhitatd
be considered by a BMP Expesartel(EPunder the BMP Protocol. The AQWG formed an ad
hoc groupg or Expert Panel Establishment Group (EREG Yormulate the scope of work and
suggested expertise for the subsequent pabel ¢ K S re@omednh@aiionsvere approve by
the AgWG in April 2015 (see Append)»aBd when staff resources were available a grotip o
experts were identified for partnership consideration in May 2016. The panel convened
following AQWG approval of the membership in July 20Eblel). The paneinet eighttimes
from August 2016 t®ecember2018.

Tablel ¢ Cropland IrrigatioriPanel membelsp and support

Panel Member ldme Affiliation

Tim Sexton, Panel Chair | Virginia Department of Conservation and Recreation

James Adkins University of Delaware

Judy Denver USGeological Surveyetired)

Greg McCarty, PhD US Department of AgriculturgAgriculture Research Service
Cory WhaleyPhD University of Delaware

Support to the panel provided byerry Lewis (USBRRCS), oretta Collins (U. of MD),
Jeremy Hanson (VA Tech), Mark Dubin (U. of, M}t Johnston (U. of MD), DBrian
Benham (VA Tech) and Lindsey Gordonesapeake Research Consortium)er Monteith
(DE DNREQWith acknowledgment: Mark Nardi (USJGAmy Shober (U. of Delaware)

2 https://www.chesapeakebay.net/documents/CBP_BMP_Expert_Panel_Protocol WQGIT approved 7.13.15.pd
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Scope of Work

The Cropland Irrigation Managementgext Panelwas asked taevelop definitions and loading
or effectiveness estimates for cropland irrigation management prasticeluding
effectiveness estimates for N, 8)d sediment, where possible based on available data.

The panelvas instructed tovork with the AQWG and WTWG to develop a report that includes
information as described in the v D L BMP &rotocaol

Specifically, the Croplandigation Management EPEG recommeddhe following four
charges with associated tasks to be completed by the Cropland Irrigation ManagEm@&ee
AppendixB):

1. Refine interim BMP definition and efficiency values for cropland irrigation under
average hydslogic 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:

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

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

1 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 chargevasnecessary beasse the interim definition and efficiency values for Cropland
Irrigation Managementemainpreliminary. The interim BMP for Cropland Irrigation included a
preliminarytotal nitrogen(TN) reduction efficiency based dhe difference in corn grain yields
between dryland and irrigated commaodity grain corn yields fromltimted States Department
of Agriculture USDACensu®f Agriculturefor 2002 and 200i7the only twosuch reports that
provided this separation of data at the tintiee interim BMP was formulad. The census
analysis results identified a smaller range in crop yields for irrigated agriculture than dry land
crops. The ERas instructed tagather additional information to either refine or replace the
interim BMP definition for improved targeting ofitrient applications based on more
consistent yields for irrigated systems. ThewiERalsorequested toconsider includind? and
sediment reduction efficiencies if appropriate based on available data.

The second charge addresithe range of variationn cropland irrigation practices and their
effects on potential nutrient and sediment loss pathways. The Expert Rasehsked to
consider developing definitions and effectiveness values for three potential categories of
cropland irrigation as describechithe EPEG report (Appendix B)

Cropland IrrigatiorExpert Panle 2
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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 predidbée crop yields based on decreased annual
yield variations.

2. lIrrigation 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 effiiencies 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 systemsateatised 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 systenes, @nalogous 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, theMdRconsider 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 dowaeunting and ensureffective reporting of
practices.

The ERvas asked talevelop N, Pand sediment efficiencies for all categories of the BMP
definition, to the extent possible based on available data.

The third charge acknowleddé¢he potential variation in pollutant redttion 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. peo 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 pollutasburces rather than providing a pollution reduction benefit,
especially in wet years. The wBs asked t@onsider establishing a baseline condition for

system management that would guide the identification of systems which would qualify for the
practice.The ERvould consider factors such as appropriagstem selection and design,

proper system installation and operation, and adequate system maintenance. In considering
these and other appropriate factors, the B®uld seek to balance improved confidencethe
efficiency values for a wethanaged system, with potential limitations in identifying BMP
applicability for a specificaliglefined baseline condition. The B®uld consider whether a
baseline condition is appropriate for all categories of the BM, drso, whether the same
baseline should apply to all categories. Finally, thev&®asked tarticulate how baseline
conditions will be tracked, reported, and verified.

The fourth chargevasnecessary to address the potential differences in BMP effodgés for
different hydrologic, geomorphic, agricultural crop production, and other conditions that vary

Cropland IrrigatiorExpert Panle 3



throughout the watershed. To the extent that adequate supporting data are available, the EP
was instructed taddress variations in BMP efficiencies &l categories based on

physiographic region or other locational considerations. The EPE@ thattesome 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 agpasate category.

In addressing these charges, thevied® asked ttN S FSNJ G2 GKS LINF OGAOS&a R2
National Management Measures for the Control of Nonpoint Pollution from Agriculture,

chapter 4F, Irrigation Water ManagemeiiiPA2003) The ERvasadvised of ongoing research

by the U.S. Geological Survey (USGS) under the Small Watershed Studies projeeaJSGS
investigating small watersheds in Delaware and Maryland to document the effects of irrigation

and other conservation practices on hydrgl and shallow groundwater qualiffhe results of

the project conducted in the Bucks Branch watershexute published in Augus2018 (Denver

et al. 2018) A contemporaneous foryear study waslsoconductedinvestigatingvater-use

efficiencyand NUEon aUniversity of Delaware research farm nearbysrbeson, DE (Shober

et al, 2018).

References

Denver, J.M., A.M., Soroka,Reyes, T.R. Lester, D.A. Bringman, and, M.S. Brownley. 2018.
Monitoring the waterquality response of agricultural conservatioraptices in the Bucks
Branch watershed, Sussex County, Delaware, 208:4U.S. Geological Survey Scientific
Investigations Report 2058020, 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: &@ehre Department of Natural
Resources and Environmental Control with University of Delaware Department of Plant and Soil
Sciences, 50 pUnpublished Final Report.

US Environmental Protection Agency (EPA). 2R@8onalmanagement measures to control
nonpoint source pollution from agriculture, chapter 4F: Irrigation water managenihiB-
03-004. Published July 2003. Onlinenéps://www.epa.gov/nps/nationalmanagement
measurescontrolnonpointsourcepollution-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 additiorof water to lands via artificial means. While irrigation is essential to
agricultural systems in arid regions, it is also practiced in hamidsubhumid climates; such

as the MidAtlantic¢ to protect crops against periods of drought and to maximize production
FYR GKS FIF NYSNDa whePngetldd bydtie crophditél @sddyoRirrigatiod S NJ
can be from either groundwater or surfaevater 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 onghird of all water usethe majority of water usd for
irrigation occurs in 17 western states, with those states accounting for 83 percent of total
irrigationwater withdrawals and 74 percent of irrigated acres based on 2010 data (Matipin
al., 2014). Altogether the six Bay states account for only about titesghs of one percent of
the total water withdrawals and nintenths of one percent of the total irrigated land
nationwide.These estimates, summarizedTiable2, are statewide values and are not
adjusted to the portion of thestates within the Chesapeake Bay Watershed. Furthermore, they
include all irrigation uses, not just agriculture. However, they still illustrate the relative
importance of irrigation in theomparativelysmaller states of Delaware amdaryland, whose
estimaed water withdrawals for irrigation are larger thalmat of the other statesand account
for over half of the total water use (194,800 adet out of 373,000 acréeet in 2010).

The 2012 Census of Agriculture reinforces the relative importance oftioigia Delaware and
Maryland. Proportionally speaking, approximatetinis Delaware farms and-ib-10 Maryland
farms have irrigation (se€able3). Consistent with Maupin et al. (2014), these two states
account for over half théotal 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 Agritture data for the MidAtlantic watershed provides additional clarity to
statewide estimatesTable4 summarizegarms and irrigated land at a HWCscale, with only

the Mid-Atlantic watersheds associated with the CBW. The Uppdriawer Chesapeake
watersheds; which include the entire Delmarva Peninsula as well as some lower Bay and
Western shore areasclearly represent the large majority (77 percent) of irrigated land in the
CBW even though those areas only account for ab&yp&cent 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 Delawaportions.

Cropland IrrigatiorExpert Panle 5



Table2 - Estimatedrrigated land andvater usein 201Q irrigation water withdrawalsData alapted

from Table 7 in Maupiet al.(2015). Note: These estimates include all irrigated water uses and irrigation
systems, ot just agricultural crop production, e.g., golf courses, parks, nurseries, cemeteries and other
landscapewatering.

Irrigated land (thousands of acres) by | Withdrawals (in thousand®of
type acrefeet) by source
Sprinkler| Micro- | Surface | Total | Ground | Surface | Total Avg rate
irrigation | water water water (acrefeet
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
Y 2.52 0 1.09 3.61 0.06 0.04 0.1 0.03
Bay state
total (whole |74 59 4 535 | 217 156 | 373
states, not
CBWonly) 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 referringrtee Eatern Shore Coastal Plain
(synonymous with Delmarva for the purposes of this repiartgss than half thareaof the

Western Shore Coastal Plain, lausignificantly higher proportion of land useagricultural,and

its sandy sedimentf&vor the transpat of nitrate into groundwater (Denver et ak014), 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 (Sanfordnd Pope2013).The Western Shoreas more finegrained aquifer

sediments, moralevelopedand forestedareasand less agriculturédltogether, Eastern Shore
tributaries deliver nearly eight times more nitrate (27,300 pounds per day) to the Chesapeake
Baythan Western Shore tributariesriginatingin 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 reductisnrgoal
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 opp&isimgs, respectively (Denver et

al., 2014), demonstrating the importance of groundwater quality, particularly on the Eastern
Shore (Delmarva).

Cropland IrrigatiorExpert Panle 6



Table3 ¢ From USDAIASS201%. Estimates of farms with irrigation and irrigated Ilari#)12 and 2007

Farmswith irrigation Irrigated land
# of farms # ofacres
%of farms (in state) (Avg.acresper irrigated
farm)
State* 2012 2007 2012 2007
Delaware 533 560 127,272 104,562
21.7% 22% (239 (187
Maryland 1,220 1,326 104,910 92,805
10% 10.3% (86) (70)
New York 3,404 3,036 59,807 68,010
9.6% 8.4% (18) (22
Pennsylvania 4,539 3,958 38,990 37,786
7.7% 6.3% 9) (10)
Virginia 2,456 2,347 68,651 82,187
5.3% 5.0% (28) (35)
West Virginia 466 457 2,064 2,189
2.2% 1.9% 4 (5)
Sixstate total 12,618 11,684 401,694 387,539
- - 32 33
*Statewide totals from 2012 Census of Agriculture, Table 10 for each
respective stateNot adjusted for the counties/area within the Chesapeake
Bay watershed.

Table4 ¢ From USDAIRCS2012a. 2012 Census of Agriculture, total farms and irrigated land from-HUC
6 Chesapeake Bay watershed areas

Upper and Lower Everywhere else** Total
Chesapeake*
2012 2007 2012 2007 2012 2007

Farms with 1,558 1,651 4,646 4,056 | 6204 | 5,707
irrigated land
0,
% of CBW 25 29 75 71 . .
total
Acres,
o 187,599 187,739 56,620 56,406 244,219 | 244,145
irrigated land
0,
% of CBW 77 77 23 23 - -
total
*Composed of Upper Chesapeake (H020600) and Lower Chesapeake (H020801) includes the
Delmarva but also largaeas on the wstern shore. fiere are some discrepancies in the HUC6
watersheds, in particular the boundaries of H020600 changed significantly between 2007 and 2
*Composed of Upper Susquehanna (H020501), West Branch Susquehanna (H020502), Lowe
Susquehanna (H02050)3otomac (020700), and James (020802)
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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 alsset 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 fio@#tion by
gravity, (2) sprinkler, (3) tricklénicro-irrigation), and (4) subsurface. Those four methods
include multple types of irrigation systems (See Table 5).

Surface ¢r flood) irrigationis an irrigation method that encompasses furrow, basin, border,
contour-levee or contour ditch types of irrigation systemssdcommonly referred to as
irrigation by gravity Irrigation by gravity is uncommon in tli&hesapeake Bay watershed

The other three methods angressurebasedirrigation, as opposed to irrigation by gravity.
There are many types of sprinkler irrigatioysgems, but the most common ones are: self
propelled lateral move or centguivot systems antraveling gun oother traveling singleor
multi-sprinkler systems portable by hand or tractbticro-irrigation or trickle irrigation

includes a variety of igation systems that generally apply water through frequent,-low
volume and lowpressure systemsf porous tubing with uniformly spaced emitter points. These
systems are typically associated with orchards, vineyards, or other cropping systems that are
not considered for thepurposes of this ERubsurface irrigationmethods 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 Chalsa@ay watershed and
are therefore also not considered for purposes of this expert panel.

Irrigation schedulings the use of water management strategies to prevent esgplication of
water while avoiding yield loss due to water shortage. L-tergn decisons on water use are
particularly saknt in regions in whicknown limitations on seasonal water supply have been
determined based on historical data. Shtetm decisions are more appropriate in humid
regions where there is significant weather variatmma daily basis.

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

Variable rate irrigationis an emerging technique that accounts for ssfgecific variability
within a field by applying different rates of irrigation across identified management zdhes.
technology is not evaluated in thispert, as its implementation is extremely limited, and no
relevant or applicable research is available.
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Table5- General Irrigation System Definitions

tubes or drip tape line
sources

Method Irrigation system type(s) Features/description | Applicable to CBW?
Surface Furrows, basin, border, ponding of water No
(Flood) contour levee, contour ground surface to
ditch allow for
infiltration/percolation
through the soil
profile
Sprinkler selfpropelled centepivot | typically a pressure | Yes
and lateralmoving systems| based system;
traveling boom systems, | gravitational system
fixed (solid set systems), | possible in regions
traveling gun with sufficient
elevation drops
Micro- drip, trickle, bubbler frequent lowrvolume, | orchards, vineyards,
irrigation emmitters; pointsource low-pressure localized horticultural crops
and surface line source water delivery to root
zones
Subsurface | buried subsurface drip low-pressure porous | No. Technology

tubing buried beneath
the surface, potential
for increased water
useefficiency
compared to above
surface micre
irrigation through
reduced evaporation

directed toward
water-limited
regions. Limited in
scope nationally due
to cost.

Water Use EfficiencpWUE)is generally defined as the unit afop yield pe unit of water

applied, either by natural or mechanized means. A variety of mathematical expressions have
been usedo account for WUE, some accounting for water specifically attributed to irrigation.
WUE efficiency can vary significantly across diffeirrigation methods.

Cropland IrrigatiorExpert Panle
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Review of science and literature

9RAG2Z2NIDAE VY20 Sut@ngkshhdiufitSonweiSibnR $hedlitéraiuPe dissed in this

section generallyeports values in International System of Units (Sl), i.e. metric units,asuch

kilograms per hectare (kg/har millimeters (mm). The Chesapeake Bay Program typically uses

US customary units such as pounds (Ibs), acres (ac) and inches (in). Many figures below cited

from the original sources still have original labels in Sl units. To reduce confusi@edtion

presents values innits consistent with the literaturef-or intext data references, units are

presented per original literature with conversions in parentheses. FONtRel RSNB Q 02y @Sy
here are some common conversion factors:

Multiply by To obtain

kilograms per hectare (kg/ha | 0.893 pounds per acre (Ibs/ac

pounds per acre (Ibs/ha 1.121 kilograms per hectare (kg/ha

megagrams (i.e., metric tons) | 15.93 Bushés per acre (bu/ax for

per hectare (My/ha) corn, assumes 56 Ibs per bush

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

inchesper year (inlyjy 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 accauogptforagriculture practices in th€Ehesapeake
Bay watershed, the Expert Panel destido focustheir review oncenter-pivot, lateral move
and traveling gun sprinklerrigation on corn for grain and silagBther crops irrigated in the
region (e.g. wheat, tobacco and cotton) were unlikely to meet an annual regida threshold
minimum d 10,000 irrigated acrethat wouldwarrant consideration of an irrigation BMP for
those crop types. Althodgwheat in the CBW hovers near the minimthmeshold, available
research for wheat and the other crop types was even more limited than for corn.

TheEPspent considerable time looking for and reviewmgsting published research on
cropland rrigation. Very limited researchvas availabléhat addressedvater quality and
nutrient transporton irrigated land. Published research related to other BH2g., cover crops
and conservation tillage) ha®nsideredhutrient removalefficiencies based updoss of
nutrients by leachingpast the root zonethus informinghe recommendation oprevious CBP
BMP Expert Panelés the panel identified and assessed avddaesearch, it became apparent
that there islimited Nleachingdatain the researchBEven lesgpublished research &vailable

for Pand sediment. Accordingly, the panel narrowisifocus to N though this chapter does
includebrief 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 a Nefficiengy, the panel needed to assettw difference in Nremoval of the crop
between irrigated and noirrigated (baseline conditionjnanagementsystemsThis was a
major barrierin making informed determinations. The few availapiglished studieshat did
assesd losses from farm fieldaere conduted in regionof the United Statesvhere irrigation
has a long history ancbmparisonsveretypically madebetween different irrigation
management strategies, rather than betweerigatedand non-irrigatedtreatments In other
words, the baseline for coparison in these regional studies tends to be a commonly used
irrigation management program in that region, rather thaon-irrigated conditions.
Additionally, the climatic and soil characteristics in these regions (primarily the midwestern
U.S.)are subsantially different fran those of the Delmarva Peninsula.general, thestudies
obtained and reviewed by the panel lookedcabp yields, water use efficiency (WUE),
economic factorand sometimesNUEunder different irrigated management methods without
comparisons to similarly managed namigated plots.Furthermore, the irrigatiormethods
studiedwere often not applicable to the systems or approaches in the G8Wdng those
published, peereviewed articles that di@dddress N lossaw residual Nthe potential for
increasedN lossedrom inefficiently managedrigated fields was a common discussion item
(Alva et al. 2005Gehl et al. 2005Green et al. 2008ylaharjan et al. 2014Schepers et al.
1995. Recent research efforts on the Delmapeninsulaprovide somenew insight into the
impacts of irrigation on N leachir{®enver et al.2018; Shober et al., 2018he two studies
were conductedetweenyears2013-2016 a time inwhich crop moisture stress was not an
issuedue to adequate to abovaverageregional precipitation Therefore, this time period was
not anideal basis from which to contrast irrigated versus #igigated fields.These studieare
described in detail in a latesection.

The ExperPanelagreed that there is not sufficient scienrbased research available tadicate
a reduction in Nosses due to irrigadin of corn, therefore a Mfficiency value cannoted
established at this timeThe research reviewed by the panel consistently indicated that
irrigated lards had more or greateiigk of N leakagpast the root zone versus ndrrigated
lands With this decision, the panelcknowledgeshe need for additional research, as well as
further exploration of nutrient transport associated with irrigation w@delingand monitoring
efforts due to the complexities of the intersection between surface water, groundwater, and
flowing water (tributary systems)he inability to define a Meduction estimatedueto

cropland irrigatiorat this time does not preclude definingrautrient efficiencyvalue(s)n the
future, if more information isavailable. This chapter describes key relevant information and
findings from the literature.

Overview of the a vailable science and literature

Dueto the fact that in the U.S. thre is considerable research oarn, most ofthe researchhe
EPwasable tofind and accesaddressedtorn under irrigationAnother portion of the

literature is based on furrow or related surface irrigation systems, including research into

partial rootzone and alternating partial ot-zone irrigation methods. The Ederstands that
furrow or surface irrigation systems are not applicable to the CBW, although some lessons from
those studies regardiniy transport or NUEmayhave limited relevancy to the focus of this
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report. Therefore the EPprimarilyfocused on corn production arrélevantsprinklerirrigation
systems (center pivotateral moveandtraveling gun)

Nitrogen in irrigated systems

The research available relaginnformation on fate of N inrigated cropland systems¢fuded
consideration of NUB leaching through the root zoreecrosddifferent types of irrigaton and

crop management systems. Few studies compared irrigation systems to a dryland control, as
most research was conducted in regions where irrigation sysamsibiquitous for grain

crops.

A study of five agricultural researdites(including

an irrigated site in California and namigated site 250
2y al NBEflFyRQa 91 aidSNy {
impact of soil characteristics on N leaching. Soils
consistingof sander unsaturated zone sediments
tendedto have greater fractions of Maching to the
deep unsaturated zonthan finertextured soils
(Green et a].2008). At heavily irrigated sites
(including CA), water applicatie during the

growing season weras®ciated with large and rapid
fluxes of N, whereas the other sites (including MD 0
without irrigation) displayed more gradual fluxes

that occurred during the fall and spring. - 2002

2001
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Nitrogen leaching

For all types of irrigation, ieachinghas the
potential toreduce NUE, thus increasipgllution of
ground water. It is well established the literature
that irrigation management is criticed control the
risk ofN leaching below the root zorie a variety of
systemsApplication oftoo much irrigation water
after N fertilization with the purpose of improving N .
uptake can dissolvtertilizer Ninto irrigation water  185splt 250spit 250 300
andtransport it intodeeper soil layersandeven to N treatment (kg N ha™)

ground water directlyBarton et al., 2006; Brown et Figure1. From Gehl et al. 2005easonal
al., 1977; Ebrahimian et al., 2013; Fu et2014; Han |eaching losses of N@N for four N

et al., 2016; Morton et al., 1988; Snyder et al., 1984; treatments andwo water treatments in
Zhang et al., 2014Yhe resultan bea lowerNUEand 2001 and 2002. Bars labeled with the san
water pollution.Proper irrigation management is letter for a given yeaare not different as
therefore critical in both agronomjand determined by LSD at=0.10.

environmental contexts.
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Even if N is apj@d incrementallywith sound management practicesitrate leaching can be
substantial if sandy soils are ovierigated, as demonstreed byHergert(1986)in a Nebraska
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study. While efficient irrigation ismportant to minimize Neaching from irrigated corn fieldg,
isespeciallycriticalif N is applied in excess of crop ne&@ehlet al. (2005) tested two irrigation
treatmentsc using a sprinkler system, irrigation rates atimal water rate and +25% of the
optimal water rate¢ and four Napplication treatments on corn fieldsstablishedon sandy sds

in Kansas. For someti¢atments the additional 25% irrigation water above the optimal rate
resulted in as great as6-fold increase in observed nitrateeaching while there were no
significant observed differences in leaching among the N treatments at the optimal water rate
(seeFigure ). The results suggest that excess irrigation can indeed be problematic for water
quality, butexponentially so if Nsnot applied based on crop need or in conjunction with
appropriate nutrient management planningmphasizing the importance of a welanaged
irrigation program

Kessavalou et al. (1996) usemide and Nracers to track nitratdeaching under aater-pivot
irrigation on analluvialfine-silty and sikloam Mollisd soil in Nebraska and found that split

BROMIDE NITROGEN
Harvest (Oct. 27, 1992)

Loss
(Leached)
41%

N20 (1%)
+
Denitrification (5%)

Volatilization
(7%)

Leaching (41%)
Spring (April 22, 1993)

N20 (1%)
+
Deniltrification (5%)

Volatilization
(7%)

Leaching (46%)

Figure2. From Kessavalou et al. 1996. Fate of Br andlab&led fertilizer N applied
to irrigated corn at the Management System Evaluation Area (MSEA) near Shel
NE, 19921993.

applications of N fertilizer (starter and 3 applicatsovia fertigation adjusted based on N
content in irrigation wate), consilereda best management practice in the region, still allowed
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for significantioss of nitrogern(SeeFigure 2), particularly on cours¢extured soilsThis study
alsodid not have a dryland comparison condition.

Another study in Nebraska by Spalding e(2001) focused sgifically on nitrate leaching by
comparing sevel different irrigation system&he authors collected groumcater quality data

from 16 dephs and 31 multievel samples threémes annually from 1991996 under furrow
irrigated corn, stge-irrigated corn, center pot-irrigated corn, and centepivot alfalfa. The

data indicated that centepivot sprinkler irrigation combined with a fertigation program
significantly reduced nitrate leaching in comparison to furrewd surgeirrigated con with

only minor reductios (6%)n crop yield As with most miewestU.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 emergingaayn regarding increased nitrate

concentration in aquifers in the Midwest with a look at N leaching from corn andsmmybean
rotations on Nebraska loamy soils under sprinkler irrigation over six growing seasons. They
found that careful irrigation scheding 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 cesoybean 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 cornsoybean rotation management schemegheir region of Nebraska hey did not

study alternative irrigation systems.

At a Univergy of Minnesota research farmith loamysand soikubject to excessive drainage,
Maharjanet al. (2014 found thatsolid-set sprinkleiirrigation, managed witlguidance from

daily soil water mass balangfully irrigated) significantly increased nitrate leachiogmpared

to aminimd irrigation {rrigation limited to mid-season) schedulguring the growing season.
The fully irrigated site leached 30.6 kg/f¥.3 Ibs/ac) approximately twice as much nitrate per
unit area as the minimal irrigation system 15.5 kg(ha.8 (Ibs/ac)astatistically 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 decreadall with
irrigation. Specifically, the authors colucled that to grow the same amount of corn, the fully
irrigated system leached about 9&ss nitrate on a yielddjusted basis, though the difference
was not statistically significamor the yieldadjusted calculationsThe authas concluded that
assumingsimilar grain yield acrossrlited and full irrigation, théimited irrigation condition can
be expected to have greater N loss in the spriagt-harvest soil N and seilater nitrate in
spring showed the potentiabf greater N leaching in minimatigationthan fully irrigated

plots. Thefully irrigated andlimited irrigationconditions were fertilized at the same rate in this
study.Generally, however, it is expected that irrigated cavill have significantly higher yields
and coincidindnhigher rates of fertilizer applicatio to accommodate those potential yieldSven

a wellmanaged 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 highyield irrigated field couleshegate the benefi of reduced leachingue to proportional N
uptake and loss.
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A Wisconsirstudy (Kraft and Stites, 2008)n coursetextured soilsunder humid climate
conditions investigatedweet cornunder irrigationand concluded that welmanaged

irrigation, in conjunction with proper nutrient managemerg not likely to substantially reduce
nitrate leaching if profability must also be maximized. The authors suggested foce$iogs

on BMPs that manage minerald® from crop residue and other BMPs that might avert N loss
(e.g., cover cropsyather than improvements on irrigation managemegtmilar to most

Midwest studies, there waiso dryland controbnd thefocus of thisstudy was to quantify
nitrate-N loadingto groundwater under typical management scenaringhat region, rather

than comparing irrigatiorto adrylandscenario.

Afour-year lysimeter study iMinnesota (Timmons and Dylla, 1981) on a sandy loam soil in a
region subject to drought is among thev# studies found that did compare irrigated and ron
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 sessthized drip

irrigation. In thenorirrigated treatment, all N was applied in granular form and disked pre
planting. Irrigated treatments received either granular N applied once apfaeting or liquid

N via fertigation during multiple irrigation events over the course of the grow@ason.

Overall, the authors found that average annual nitrate losses from the irrigated systems were
17%62% greater than the losses from nongated systems acrodé-fertilized treatments.

There was limited evidence of improved N retemtiunder fertigation compared ta@ranular
application.

A lab study (Peng et aP015)demonstrated the importance of choice of N source on nitrate
leaching.SeveraN fertilizer typeswvere applied to aoursetextured Nebraska soilnder
incubationand it wasfound thatcoated urea products resulted in reduced N leaching under
simulated rainfallTiming, duration, and intensity of irrigation cycles were also factors in
determiningnitrate leaching.This study again emphasizes the importance of management
decisions on paintial for N leaching.

Technigues to mitigate N leaching potential via precision agriculture were considered by
Delgado and Bausch (2005) on cerpérot irrigated corn fields in Colorado over two
consecutive growing seasons. The goal of the study wasdluate the use of geographic
information systems (GIS), global positioning systems (GPS), modeling and remotg &ensin
reducing residual soil nitratdl and nitrateN leaching. Soil and plant samples from the corn
fields were analyzed for N conteahdused to identify differences in residual soil nitrate and N
leaching potentiabcross the fields. It was demonstrated that GIS, GPS, and modeling
technologies can be used to identify and simulate the spetgitiual soil nitrateN patterns.
Lower residubsoil nitrateN was found on the lower productivity sandier areas, wlhildo had

a higher nitrateN leaching potential.

Marinov and Marinov (2014)rpposel a model describing physical transport and
biogeochemical dynamics of water and N in the-s@iter-plant-groundwater systemTheir
specific objective was to use model simulations to investigate the effects of sejlityigation
rate, and Nrertilizer application rate on Maching toward groundwater and on the behavior of
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a pollutant plume in an agter inthe European country dRomaniaSimulations indicatethat

in order to achieve high crogelds while minimizing Mading to soils and groundwater there
neededto bean optimal balance between the amount of chemical fertilizers and water applied
to crops orthe one hand, and the amount of nitrate and water used by plants on the other.
The conditions used to define the model weresbd on a region in Romania, but the proposal
offers some bottordine insights regarding N transpoiif certain paraméers related to
groundwater recharge are known, such as soil water retentive capacity, hydraulic conductivity
of the soil, and velocity and longitudihdispersity for groundwater, better predictions of N fate
can be made. ffeir findings indicated that medm-textured soils are superioof corn

production, since suctexture restricts downward movement of water and nitrate, ensuring
more plant uptake and greater yield, in addition to less aquifer pollution. Additionally, intensely
fertilized and irrigateccoarse soil areas with shallow aquifers are especially prone to
groundwatercontamination. They demonstrated thaigher rates of irrigation resulted in

lower N concentrations in both soil and aquifer, but much larger net leaching to the aquifer.
The authes concludé that an irrigation strategy that emphasizes water management in
addition to optimizing N fertilization is necessary to reduce N leaching.

Water Use Efficiency

This sections included in this report due to the reasonable assumption thatdyetYUE
correlates with minimizing ovadrrigation. Reducing overrigation can be a significa factor in
reducing N loss fra crop fields (Gehl et al., 2005).

A field study in Nebraska (Schepers eti95) on alluviasilty Mollisol soils, further
demonstrated the importat of choice inrrigation management system on reduction of nitrate
leaching, when comparing centgivot irrigation toconventional furrow irrigation. \Ater
application was reduced by 60 to 72% when a cepieot system was choserver furrow
irrigation. The authors also indicated unpublished data demonstrating that three years of
center-pivot irrigation resulted in reduced concentrations of nitrateleaching beneath the

root zone ¢compared to furrow irrigation)This study did noinclude 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 managaemeiceson WUE.

Areview ofliterature oncropland irrigatiorpractices in Bushland, Texag Howell (2001)
suggested that WUE can beaximized by slighinderirrigation commonly referred to as

deficit irrigation and defined here &75-0.8 of full irrigation or withholahg early vegetative
irrigation), perhaps § promoting deepeextraction 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)olleced data on varousirrigation WUE metrics for fourrigation levels anc
drylandtreatment over multipleyearsin an effort to study deficit/limited irrigation
managemenbn corn(less tha 100% of crop water requirement is provided forrogans of
precipitaton, soil water, and irrigationombined. 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 colleuted datato

support this potential Research on these limited irrigation management strategies are a means
of addressing current and predicted future water shortages in thewwedt U.S(in this case
Nebraska)an issue that is not at the forefront of igultural research on the Midtlantic

Coastal Plain at this tim&he study enphasizedhe importanceof manayement in South
CentralNebraskaon centerpivot irrigated corn.

AnotherNebraskastudy (Rudnick and Irmak, 201@)nsidereddata on grain yieldnd WUE
factorsunder various N application rates for full irrigation, 75% irrigafabeficit irrigation)and

a drylandcontrol over two consecutiveggrowing seasons he goal of the study wde compare
irrigated corn to raiAfed corn anddetermine how b maximize the effects of irrigation and
WUEas acomplimentto yield and evapotranspirationThe authors observed that irrigation
water was most effective at improving grain yield above dryland conditdren N application
rates were increased and thatfrtilization rates were more impactfudn grain yieldutcomes
than evapotranspirationThe impacbf factors such as weather conditions and management
practicesinfluenced the efficacy of irrigation WUE primarily due to their effectsiryland

grain yeld. 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 asresasos, indicating the
importanceof weather condtions onnot only WUE, but NUE as wébil moisture was
measured, but no water quality sgples were taken from any sites that could providsight

on the fate of Nunder different irrigation managemerand Napplication rates, as N loggas
not a consideration in this study.

Grassini et al. (2011b) conducted a datelysis to quantify and improve water productivity
irrigated corn. Data colt#ed from private farms in a Nebraska natural resources distvars
evaluated for yield, fertilizer, and irrigation watéswith other studies cited hergthis study
compareddifferent typesof irrigation to each otheand concludedhat centerpivot irrigation
resulted in significantlgreater WUEompared to surfag systems, suchsafurrow irrigation.
There was naliscussion of N leaching rigloiin irrigation although the authors identifietine-
tuned water management as a means to reduce water and energy usage without significant
yield loss.

Yield Consistency in | rrigated Systems

Among theadvantage®f irrigated farmland systems is the potential not just for increased
yields, butimprovedyield corsistency amss growing seasons bgssening thempact of water
as a limitingactor for plant growth.Yield consistecy leads to better informed yield goals, and
therefore the potential for fertilizeapplications that are more closely aligned watttual crop
need during the growing season. If NUE is improved, one would expect ebueaching

from the root zoneUnfortunately, research considering yield consistency is usually geared
towards maximum yield and profit, without consideration of watgsality, resulting in a lack of
hard evidence to affirm water quality benefits associated with improved yield consistency.
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Boyer et al. (2014Jemonstrated thatcenterpivot irrigationon asilty Alfisolsoilin Tennessee
can result in better corn yield stabilityver-time compared to nofirrigated cornin a semi
humid climate(SeeFigure 3). Both the irrigatel and drylandlots receiveddentical fertilizer
rates.Nitrogen eaching was not measured in the study, but increased NUE daéettilization
program based on reliable yietgbals has the potential to redud¢ loss below the root zone.

As discussed in thiditrogenLeachingsection abovethe Maharjan et al(2014)study in
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Figure3. Fom Boyer et al. 2014. Above: Nbrigated 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 rate:
N/ha) from 2006 to 2011 at Milan TN.

Minnesota predicted less potential for N leachimg a yieldadjusted basisinder full irrigation,
compared to a minimal irrigation scenario, based on guatvest soil N and soil water nitrate
dataavailable in the spring.itMogenleaching potential was presumably high under minimal
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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 mirimigation dots, N was
appliedat the same rate, regardless of expected yield differerazsss irrigabn treatments

In a typical irrigated corn scenario on the Mitlantic Coastal Plain, N fertierrates are
plannedbased orexpected yield at the oset 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 theate of N applied per acre will begher under irrigated conditions.

Grassinet al. (2011a) studieduantifying yield gapéverage yield versuseld potential) and
impact of agronona practices on irrigated corn in Nebraska. They presenéddcllled from
GKS adl GdSQa districts drdianalyzétdShio2ralahdd &f yield with N fertilizer rate,
applied irrigationand planting date butdid not consideiN losses. The three former factors
were considered in the context of identifyimgajor management constraints to actual
productivity. Rotation, tillage system, sowing date, and plant plagpion density were identified
as most sensitiveattors affecting current yields on irrigated lands. Although thiénaxs were
clear thatthere is a need to increase crgpoductiondue to gldal demand, they concede that
the top reported yields in Nebraskae unlikely to be economically or environmentally
sustainable on a commercial scale. They conclude that improving standard irrigation practices
in Nebraska through water management and memit management may help to reduce
excessive N inputs and help protect environmental quality thraagtroved input efficiency
(NUE), ideally witla negligible impact on yield.

Schlegel et al. (2016pnducted a skyear field sudy on a silt loam soil in Kaasto determine

the effect of limited irrigation on yield, water esand profitability of severalrops(corn,

sorghum, soybean, sunflower) in a region whtéte main source of irrigation water is
depleting,and judicious use of water resourcesisecesity. There was no dryland treatment
condition, but theydid 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 yid increased by 49% from the lowest irrigation treatment (127mm per
season) to the next (254 mm per season) and increased an additional 17%hajhbst

treatment (381 mm per seasgnFor 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
authorsfound that at higher levels of irrigation, corn is the most piadfie 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. (201@pmpared N, water inputs and other site properties torn fields with
small and large differencdgield gappetween potential and actual yields, based on data from
3,000 privately owned Nebraska farfields. They defined yield potential (Yp¥dthe yield of a
crop cultivar withnutrients and water nodimiting, and pests and diseases effectively
controlledbé | A St R 3 L) e différencabetiveeRYpandA att@dield. he goal

of the report was to create a frameworklatingthe factors that help to determine endf-
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season Yg. The$actorswere split into persistent (consistent over yeassich as producer skills
and soil quality) and nepersistent (yeato-year changessuch as weather and pest
outbreakg. Estimaingfield Yds challenging due lack 6&ld-specific highquality data ornyield
collected from darge population of fields oveanough years to infer trendslowever, better
understanding of what contributes to Yg caetter inform water and nutrient management
decisionsTheiranalysis suggested that roughlycB®% of Y@f irrigated maize in Nebraska
can be attributed to factors thadre persistent over time, such as soils and aolaptive
operator managemeniThe authors demonstratethat highresolution satellite data@ombined
with crop models to measure field pastent fa¢ors can reasonablpredict Yg, particularly at
the regional levelThey suggested that in regions where Yg proved to be persistent overitime
is useful to differentiate betweethose persistent factors that are manageable (e.g., early
sowing,crop segence, N and water management) versus finanageablde.g., soil type).

¢ KSe O2 ha ivaRé&yeddrrigated fields can achievigh yields with higher than
average inputs, without sacrificirigput-use efficiency I Y Roil pl&ya key role in
determiningthe magnitudeof yield gaps. The greatest Yg values and variation in Yg were
associated with regions that have tkergestvariation in soil properties across fields

Water quality of irrigation water source

An irrigation program geared towardedudng potential N leaching should include nutrient
management as part adhe management decision process. For this reason, irrigated
management systemsiaywant to account for the Nh the irrigationwater, especially if the
FINYQa 41 S Nficanehitats&hceKtiations édiisapplied 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 (%&acre
kg/ha)were accounted for as contributions to total availabigogen, another 42 Ibs N/acre

(47 kg/ha)from grourdwater was not accounted for; this average value of unaccounted water
N suggested that fertilizer rates could be reduced by 4MNiacre (45 kg/ha)with no significant
reductions in yield (Fergusat al. 1991). Te average for all sitgears in the Fergusaet al.
(1991) study was 20.5 inchés21 mm)of annual irrigation water application (range: 6.3 #8

in; 160 mm1200 mn) and groundwater nitrate concentrations ranged from 0.5 to 4fpfin
NCrs-N.

Natural groundwater on the Delaware Coastal Plain rarely exceeggpf4butdue to

cumulative anthropogenic impacts nitrate concentrations are often much higher in the surficial
aquifer, with a median concentration of 4.9pm in samples from 48ells(min. 0.34ppm,

max 41.47%pm); Fleming et al(2017) found thatthe group of wellsassociatedvith the highest
percentage of agricultural lands had the highestdian nitrate concentration a0.15ppm

(min. 3.0ppm, max 41.4ppm). Though the expeed application rate of irrigation water is

lower on the Delmarva Peninsula than the average Nebraskarsitatoredin Fergusoret al.
(1991), the comparable nitrate concentrations suggest that the nitrate load in irrigation water
may beworth considerimg as part of the nutrient management planning processen the

farmer and technical assistance providers can test the groundwater qualityently, it is not
required, nor standard practice, fowutrient management planning ithe Coastal Plain regions
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of Maryland and Delaware to test nitrate levels in irrigation water for consideration when
planning Nbased fertiization for the cropping seasomcorporating irrigation water crediting
into corn fertilization plans ithe Delmarvaegion poses a challender two reasons: timing

and weather conditionsAll N fertilization should be applied prior to th&sselingstage, but a
significant proportion of irrigation is applied aftdis stageat which pointnitrate in the

irrigation waterwill not be efficienly used by the plant. Additionally, the timing and rafe
irrigation prior to tasselingvaries on a yeato-year basis due to varying weather conditions,
making it difficultto adaptpre-season nutrienplanning to accountor 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.

Recentirrigation research in the Chesapeake Bay watershed

As indicated abovegesults oftwo contemporaneougsesearchstudies conducted on the
DelmarvaPeninsulawere recentlypublished (Shober et a).2018; Denver et gl12018) Due to
the lack of regionally relevamésearchrelated directlyto the aimsof this panel, these two
publications are of paicular influenceon the conclusions of this reporBoth are current,
regionally @propriate, and address irrigation management avitbssin a manner réevant to
water quality, rather than solely yield performandeéree additional sources, including a
al a i S NXpSorokaR®A g)dbacioral dissertatiorfHanna 20063nd a report to DNRESiIms
et al., 2012were 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 figation to estimatethe 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 fieléHe 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 toverify 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 canttokduce 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 tairepglUE, 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 capacitiin the region, combined with an unpredictable and large Hatemual

variability in precipitation. The authors provided four theoretical situations and the formula to calculate
unaccounted for N after corn harvest, based on assumptions specific togimnré he 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), desoeiloed

tested the field apptiability of these scenarios. They were unable to test the benefits of irrigation under
typical summer drought conditions, but were able to compare irrigated andimigated corn under

fairly ideal precipitation conditions, finding yields to be comparauss 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. (2012kcommendsthree areas for future research:) Lpdating UD

recommendations forrrigated corn based on reports of high yielding corn at appboarates lower

than 1 Ib N/bu;2) more reliable estimates of soil N availabilignd; 3) more accurate data on the

availability of ammoniacal and organic N in animal manures (particulaulrpp

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
masSNRa G(KSaArAa | fa2 NBOASSHGSR KAAG2NROFE @ASEtR RIGE
yield and NUE in corn. Data from the twear plot study showed that increased quantities of

unaccounted for N (residual N) pesarvest aligned with higer 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 tHeigeated

plots were80-85% 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 yieldingated 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 Programatershed 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 managermamditions and risk of N

loss.

University of Delaware Shober et al. (2018)

Shober et al. (2018) conducted a feygrar (20132016) field study in Sussex County, DE
observing the effects of irrigation on WUE and NUE in corn. The years during which the stud
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., R042jenerally
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 pia to stabilize yields and increase profitability
during lesgthan-ideal cropping years.

Centerpivot irrigation on corn, managed based on sensor measurements for soil matric
potential or evapotranspiration estimates, were compared to a4roigated (dyland) control

on a University of Delaware (UD) Research Farm in Sussex Countgnétiémevide buffers

between treatment plots ensured no confounding of treatment effects on neighboring plots.
Soil moisture data was monitored daily to optimize irrigaticratments. All plots received

poultry litter and N fertilizer at the same total PAN rate to meet crop need based on realistic
yield goals. lrseason N applications to these plots were applied via sidedress application at the
same total N rate for all tegments, 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-mogated corn in 2013 or

2014. In 2015 and 2® this measure of NUE was lower for rAamgated 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 fertilizeecjpl

2015 and 2016, respectively); 7 of the 10 irrigation treatments resulted in improved NUE in
2016 when compared to the nainrigated control.

However,when NUE was calculatesing a mass balance approatie results suggested

lower NUE overall whecompared to the partial factor productivity measurement. Mass
balance based NUE of the nonigated crop was only significantly different than irrigated plots
in 2015, where the estimated efficiency of the nwngated 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 theirraggated control in 2015.
Notably thoughthe authors concluded that unddroth irrigatedand non-irrigated conditions,
40% or more of N available to growing cr¢jpsluding N from poultry litter, fertilizer, soil
residual N, atmospheric deposition, or irrigation wategspotentially at risk for loss to the
environment The authors suspected & 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 haetgadeil
precipitation and temprature conditions. As such, there was often no significant irrigation

effect on WUE; WUE was not significantly higher WUE iAmigated 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 conditims See Figure)

Shober et al. (2018) supplemied work conductedby USGSdescribed belowDenver et al.,
2018)by calculating NUE for the irrigated and rRiongated fields at Bucks Branch using farmer
indicatedmanagement information for the 2015 growing seasbranagement data was not
available irother 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 nosrrigated field. Yield was 12.6 Mg/ha (2[&8ac) in the irrigated

field and 8.7 kg/ha (164 Ib/ac) in the namigated field. Similarly, grain and stover N uptake

were 174 and 81 kg/ha (155 and 72 Ib/ac) for the irrigated field, respectively and 126 and 64
kg/ha (112 and 57 Ib/ac) for the drylafiéld, respectively. When evaluated using the patrtial
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 usinghe mass balance approach, there was a trend for lower NUE in the irrigated
field than the nonirrigated 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 t
higher estimated soil N mineralization in the irrigated field (73 vs. 52 kg/ha [65 vs. 47 Ib/ac] for
the irrigated and nosrrigated fields, respectively) and N applied in irrigation water (19 vs. O
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kg/ha [17 vs. O Ib/ac] for the irrigated and namigated 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 efegtilization. If the other N sources

were held at the same ta as in the norrrigated field, the mass balance based NUE would

improve to 75% in the irrigated fielth sum, the authors did not find conclusive evidence of a
beneficial effect of irrigation on NUE, but they were also unable to conclude that irmgiadeo

a negativeeffect on these factorsThe results highlight the need for better estimation of

G2GKSNE b a2dzNDOSa 6KSy YF{Ay3a b FSNIAEAT SNI NI

USGS

Denver et al. (2018) recently published results from a-jwar study (2014 and 2015ayving
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 &l182 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 drylanchdeeld. Bucks Branch has been identified by
USGS as having among the highest nitfdteurface water concentrations within the Nanticoke
River basin. Although both residential and agricultural faeds have contributed to the high
levels of nitrate, gedeemical 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 niteato 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 irrigatedndition. 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 rechargd 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 grateng
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 raadf 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 gowater 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 groundwatefhey 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 CoastaPlain, 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, indicatdxbth irrigated and
norirrigated corn often remove more N than what is laaplplied 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 tithesapeake 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 thatmogated in paired trialsNo datawere
collectedto determinethe 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 z@aiglitionally, no data were

collected to determine othepossiblepools of Navailable for uptakeWhile the panel discussed
where the N might come frorte.g.,mineralization of organics in the soil, ammonium in the

soil, N conversion from the atmosphere thg respiratior), all of which we believe contribute,

the panelfound no research to directly support this theofn sites that have a long history or
manure application,tere is research that shaeontinuedmineralization of organic N

exceeding3 or 4yearsafter the last application of nutrient®Regardlessthere is clear

indication of greater yield stability in corn under irrigation over 21 years of continuous field
trials at this Virginia Tech sitgSee Figure 8).
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Figured. 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.

Cropland IrrigatiorExpert Panle 28



4 A)2013

4 { B)2014 =
Bco BC  gep  BC B
cD BC BCD D BCD

4 4 C)2015

Water Use Efficiency (kg m™)

6 Q\d‘

7‘0@%0*?0 bp*? @Yga AQ"L 20’“ 0\0 Q\o‘l\ 0@[0 %@

Irrlgatlon Treatment
Figure5. From Shober et al. 281 Average water use efficiency as affected by center piv
irrigation treatments at the University of Delaware (UD) Warrington Irrigation Researct
near Harbeson, DE in A)2013, B) 2014, C) 2015, and D) 2016. Letters that are the sat
indicate nosigfi A OF yiiT RAFFSNBYOSa 0Si6SSy aioBs | i

Cropland IrrigatiorExpert Pane 29



16 | A) 2013

16 . B) 2014

A A A A A A A A, (2015

Dry Grain Yield (Mg ha™)
>
b3

16 A D) 2016

12 A
10 -
a_
68 -
4_
50|
0

2
10"? gﬁ“? Lﬁ‘? ;_.,'Q "5"@,5010 ?p\o °|° @gw

Img ation Treatment
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Figure8. From W Thomason personal communicatior2017 Data from 21 consecutive years of paired
corn trials on the coastal plain of Virginia. Unpublished. AbGwen yield from noirrigated field trials,
SD = 45. Below: Corn yields on irrigated field trials, SD = 27
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