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HIGHLIGHTS 
 Subsurface drip irrigation (SDI) has continued to expand in irrigation area within the U.S. during the last 15 years. 
 Research with SDI continues for multiple crop types (fiber, grain and oilseed, horticultural, forage, and turf). 
 SDI usage on many crops has matured through research and development of appropriate strategies and technologies 
 Despite some persistent challenges to successful use of SDI, important opportunities exist for further adoption. 

ABSTRACT. Subsurface drip irrigation (SDI) offers several advantages over alternative irrigation systems when it is de-
signed and installed correctly and when best management practices are adopted. These advantages include the ability to 
apply water and nutrients directly and efficiently within the crop root zone. Disadvantages of SDI in commercial agriculture 
relative to alternative irrigation systems include greater capital cost per unit land area (except for small land parcels), 
unfamiliar management and maintenance protocols that can exacerbate the potential for emitter clogging, the visibility of 
system attributes (components and design characteristics) and performance, and the susceptibility to damage (i.e., rodents 
and tillage) of the subsurface driplines. Despite these disadvantages, SDI continues to be adopted in commercial agriculture 
in the U.S., and research efforts to evaluate and develop SDI systems continue as well. This article summarizes recent 
progress in research (2010 to 2020) and the status of commercial adoption of SDI, along with a discussion of current 
challenges and future opportunities. 

Keywords. Drip Irrigation, Irrigation, Irrigation systems, Microirrigation, SDI, Water management. 

he American Society of Agricultural and Biologi-
cal Engineers (ASABE) defines subsurface drip ir-
rigation (SDI) as the application of irrigation be-
low the soil surface by microirrigation emitters 

(ASABE, 2019). Although there are many microirrigation 
systems that are installed at very shallow depths and perform 
similarly to surface drip irrigation (DI), the focus of this 

article is limited to SDI systems that are intended for multi-
ple years of use before replacement. Modern use of SDI in 
the U.S. began about 60 years ago, and some of the earliest 
work during that period is attributed to Sterling Davis at the 
U.S. Salinity Laboratory in Riverside, California (Davis, 
1974; Hall, 1985). Early SDI systems were often plagued by 
emitter clogging, root intrusion, rodent damage, and poor 
uniformity. A resurgence in interest in the 1980s both in re-
search and commercial practice was reported by Camp et al. 
(2000), primarily because of better materials and compo-
nents, as well as development of improved management and 
maintenance practices. 

The status of SDI technology was discussed at the 2000 
and 2010 decennial national irrigation symposiums spon-
sored by ASABE and the Irrigation Association (IA) (Camp 
et al., 2000; Lamm et al., 2012a) and in a review of four pri-
mary SDI crops in the U.S. (cotton, tomato, corn, and onion) 
at another ASABE/IA symposium in 2015 (Lamm, 2016). 
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The goal of this review is to augment those earlier articles 
with a focus on SDI progress in the U.S. during the past ten 
years (2010 to 2020), and the literature discussed is limited 
to the U.S. At the end of this article, we discuss the antici-
pated future of SDI in the U.S. based on the research dis-
cussed here and on researchers’ knowledge and experience 
with SDI in their respective regions. For ease of following 
this article, all abbreviations are summarized in table 1. 

GROWTH OF SDI SYSTEMS 
The growth of SDI continues in the U.S. (fig. 1), increas-

ing in land area by 167% (164,017 to 437,893 ha) in the 
15-year period between 2003 and 2018 (USDA-NASS, 2004, 
2010, 2014, 2018), but is still only 27% of the total land area 
of surface drip (DI) and SDI combined (microsprinkler and 
bubbler irrigation are not included in these estimates). 

The bulk of the SDI land area (94%) is situated in ten U.S. 
states, but there is wide variation in the ratio of SDI / (SDI + 
DI) land area (fig. 2). California had by far the largest area 
in 2018, with 239,680 ha of SDI, but had only 22% of the 
total SDI + DI land area in SDI. Processing tomato is the 
primary SDI crop in California, and SDI has become a pri-
mary method because of its yield and quality advantages 

(Montazar, UC-Davis, personal communication, 2015). Alt-
hough the SDI land areas in states such as Arizona, Kansas, 
Nebraska, and Texas are much smaller than in California, the 
ratio of SDI / (SDI + DI) is much greater, likely reflecting 
the economics of irrigated crop production in those states. 
A deeper, multi-year SDI system that can be amortized over 
several years is often the only economical microirrigation 
option for producers growing lower-value commodity crops 
such as cotton and corn. 

SDI RESEARCH IN THE U.S. 
RESEARCH DISCOVERY METHOD 

Broad efforts to uncover published, peer-reviewed U.S. 
research related to SDI for the period from 2010 through 
2020 were conducted. These efforts are described below. 

Initially, an effort was made by the first author in 2019 to 
identify all institutional (e.g., universities and federal agen-
cies) irrigation engineers and scientists within the U.S. 
through various listservs, email contacts, institutional lists, 
and key contacts to regional irrigation specialists. Following 
this listing of U.S. irrigation specialists, all individuals on 
the list were contacted requesting citations of SDI research 
published during the specified period. 

A search of the USDA-NIFA Current Research Infor-
mation System (CRIS) was conducted in 2019 with the fol-
lowing keywords: drip irrigation, microirrigation, micro-ir-
rigation, micro irrigation, subsurface drip irrigation, SDI, 
and trickle irrigation. In addition to the larger research ef-
forts being conducted at many institutions, this search helped 
identify smaller SDI research efforts and more esoteric uses 
of the technology within the agricultural and horticultural 
topic areas. The CRIS listing, although cumbersome to use 
because of duplicate cross-listings, identified both pertinent 
citations and additional SDI specialists who had not been 
previously identified. These individuals were also contacted 
requesting citations of SDI research published during the 
specified period. 

The USDA-NIFA W-4128 multi-state regional five-year 
project concerning microirrigation, titled Microirrigation: A 
Sustainable Technology for Crop Intensification and Im-
proved Water Productivity, with a start date of 1 October 
2019, involves several of this article’s authors and was an-
other source of information about published research and re-
gional status of SDI technology. This regional project began 
in 1972 as W-128 and was succeeded by W-1128 in 2004, 
W-2128 in 2009, W-3128 in 2014. The titles of the other two 
projects overlapping the 2010 to 2020 period were W-2128: 
Microirrigation for Sustainable Water Use, and W-3128: 
Scaling Microirrigation Technologies to Address Global 
Water Challenges. 

Additional pertinent citations were gleaned from the table 
of contents listings of peer-reviewed journals that publish ir-
rigation-related research, including Transactions of the 
ASABE, Applied Engineering in Agriculture, Irrigation Sci-
ence, ASCE Journal of Irrigation and Drainage Engineer-
ing, Agricultural Water Management, Agronomy Journal, 
Soil Science Society of America Journal, and Crop Science. 

Finally, the references cited in each discovered research 
article were examined for additional pertinent citations. 

Table 1. Abbreviations used in the text and tables. 
CP Center pivot mechanical move irrigation system 
DI Surface drip irrigation 

DRZ Direct root zone (DRZ) irrigation as described  
by Jacoby and Ma (2018) 

EC Electrical conductivity of soil or water 
Epan Pan evaporation 
ET Crop evapotranspiration 
FI Furrow irrigation (gravity) 

GHG  Greenhouse gases 
Kc Crop coefficient to modify reference ET to crop ET 

MESA Mid-elevation spray application for center pivot  
and lateral move sprinklers 

N Nitrogen 
NA Not applicable or not available depending on context 
NR Net returns 

PRD Partial root zone drying 
S3DI Shallow subsurface drip irrigation as described  

by Sorensen et al. (2010b) 
SDI Subsurface drip irrigation 
SGI Surface irrigation (gravity) 
SprI Sprinkler irrigation 
WP Water productivity (crop yield / crop water use) 

 

Figure 1. Growth of land area in the U.S. using surface drip irrigation
(DI) and subsurface drip irrigation (SDI) from 2003 to 2018 according
to USDA-NASS surveys (USDA-NASS, 2004, 2010, 2014, 2018). 
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Overall, 162 published, peer-reviewed U.S. research re-
ports concerning SDI were identified as having been pub-
lished during the period 2010 to 2020. Although there are 
likely to be studies that remained undiscovered by this re-
view process, this summary should be reasonably repre-
sentative of the U.S. effort. 

RESEARCH CATEGORIZATION 
Broad crop categories of the studies were established to 

make the tabular listings (i.e., tables 2 through 6) and the 
subsequent discussion of the research more manageable. 
These SDI research crop categories were: 

 Cotton 
 Grain and oilseed crops 
 Horticultural crops 
 Forage crops 
 Turf grasses 
 No specific crop. 
A few studies (12 of 162) overlapped some of these crop 

categories, and those studies are listed in each appropriate 
crop table. Within each of the crop tables, subheadings are 
used to further categorize the studies using hierarchical cri-
teria chosen by the authors based on prevailing topic areas 
that appeared to emerge from the studies. These subcatego-
ries include: 

 Studies comparing SDI to alternative irrigation sys-
tems and also possibly to dryland production or pos-
sibly to improve SDI performance. 

 Studies comparing SDI to dryland production and 
possibly to improve an aspect of SDI performance. 

 Studies attempting to evaluate a response specifi-
cally for SDI or to improve SDI performance. 

 Studies primarily using SDI as an efficient or con-
venient irrigation system. 

It can be argued that studies that primarily used SDI as an 
efficient or convenient irrigation system could have been ex-
cluded from the review as not being especially pertinent. 
Their inclusion was based on trying to help future SDI re-
searchers make preliminary judgements about their 

pertinence. Perhaps more importantly, these studies clearly 
demonstrated SDI as a feasible, long-term, and efficient irri-
gation technology within a specific crop category. 

If a research report fell within an upper subcategory (of 
the four subcategories), that categorization prevailed, and 
the study was not included more than once within a given 
crop table, thus explaining the detailed wording of the sub-
categories. 

COTTON 
A total of 44 studies involving cotton were found in the 

review process (table 2) spread across the four subcategories. 

SDI IN COMPARISON TO ALTERNATIVE IRRIGATION 
SYSTEMS FOR COTTON PRODUCTION 

Seven studies (table 2) compared SDI to alternative irri-
gation systems, e.g., furrow irrigation (FI), surface gravity 
irrigation (SGI), sprinkler irrigation (SprI), or surface drip 
irrigation (DI). In five of the seven studies, SDI had at least 
some benefit in cotton production, and in two studies it did 
not. Stated SDI benefits varied between studies but included 
yield increases (Sij et al., 2010; Lamm, 2016; Barnes et al., 
2020; Sorensen et al., 2020), reduction in greenhouse gas 
(GHG) emissions (Bronson et al., 2018), and greater profit-
ability (Sij et al., 2010). Negative responses attributed to SDI 
included a reduction in small rainfall event utilization (Goe-
bel and Lascano, 2019) and a greater incidence of spider 
mite damage (Hollingsworth et al., 2014). Additional infor-
mation on cotton response to SDI and alternative irrigation 
systems from a global and longer-term perspective was pro-
vided by Lamm (2016). 

SDI IN COMPARISON TO DRYLAND COTTON 
Dryland production of cotton exists in much of the south-

east U.S. and is often included as a treatment even in irriga-
tion research studies in the semi-arid cotton production ar-
eas farther west (e.g., Texas). Nine studies from the south-
east U.S. (specifically Alabama, Georgia, North Carolina) 

 

Figure 2. Characteristics of SDI use in the ten U.S. states having the largest land area devoted to SDI. The percentage of SDI refers to the ratio of 
SDI to total drip-irrigated land area (total SDI and surface drip irrigation (DI)). Data are summarized from USDA-NASS (2018). 
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and six studies from semi-arid Texas were found for the 
2010 to 2020 period comparing SDI to dryland cotton (ta-
ble 2 spanning the upper two subcategories). In the 14 stud-
ies that reported yields, SDI had increased yields over dry-
land production except in years of abundant rainfall for the 
southeast U.S. Most of the studies in the humid southeast 
U.S. were conducted on coarse-textured soils, and thus cot-
ton yield would likely be more responsive to drought on 
these soils. 

STUDIES OF SDI RESPONSES AND/OR PERFORMANCE  
IMPROVEMENTS FOR COTTON PRODUCTION 

Other SDI cotton studies (16 when spread across multiple 
subcategories in table 2) focused more on evaluating a re-
sponse specific for SDI or on improving SDI performance 
for cotton. Dripline depth, spacing, and/or orientation (Sij et 
al., 2010; AbdelGadir et al., 2011; Bufon et al., 2011; 
Sorensen et al., 2011, 2020; Bordovsky and Mustian, 2012, 
2020) was a topic in seven studies (table 2 spanning two 
 

Table 2. Identified SDI research studies in the U.S. concerning cotton, 2010 through 2020. 

Study 
Highlights and Other Reported  

Factors or Data 
Study 
Type 

U.S. State 
and/or 
Region 

Soil 
Type 

Driplines[a] No. of 
Water 
Levels 

Crop 
Yield 

SDI 
Benefit 

Depth 
(m) 

Spacing 
(m) 

Studies comparing SDI to alternative irrigation systems and also possibly to dryland production or possibly to improve SDI performance 
Barnes et al., 

2020 
Much growth of SDI area in Texas. 

Other: SGI and SprI. 
Summary Cotton 

regions 
NA NA NA NA NA Yes 

Bronson 
et al., 2018 

Less GHG emissions with SDI than 
for FI and SprI. Other: Fertigation. 

Field Arizona 
(SW) 

Sandy  
clay loam 

0.22 to 
0.28 

1.0 1 No Yes 

Goebel and 
Lascano, 2019 

Dryland and SprI used small 
rainfall events better than SDI. 

Field Texas 
(SW) 

Fine sandy  
loam 

0.3 2.0 1 No No 

Hollingsworth 
et al., 2014 

Spider mites were worse 
for SDI than for SprI. 

Field California 
(W) 

Clay loam 0.3 0.76 1 Yes No 

Lamm, 2016 Adoption of SDI for cotton seemed 
related to increased yields. 

Other: DI, SGI, and SprI; Fertigation; 
and Tomato, corn, and onion. 

Review/ 
Summary 

Not 
limited 
to U.S. 

NA Various Various Various Yes Mixed 
results 

Sij et al., 
2010 

SDI had improved yield and 
economics over SprI. 

Field Texas 
(SW) 

Fine sandy  
loam 

0.30 to 
0.35 

1.0 or 
2.0 

2 Yes Yes 

Sorensen 
et al., 2020 

Shallow S3DI and SprI had greater yield 
than deeper SDI under full irrigation. 

Other: Dryland. 

Field Georgia 
(SE) 

Fine sandy  
loam 

0.05 or 
0.25 to 

0.30 

0.9 or 
1.8 

5 Yes Mixed 
results 

Studies comparing SDI to dryland production and possibly to improve an aspect of SDI performance 
AbdelGadir 
et al., 2011 

Parallel vs. perpendicular SDI 
orientation was evaluated, and  

maximum yield was 74% of Epan. 

Field Alabama 
(SE) 

Silt loam 0.38 2.0 4 Yes Yes 

Attia and Rajan, 
2016 

SDI yielded more than dryland 
and various crop indexes could be 

used for scheduling irrigation. 

Field Texas 
(SW) 

Clay loam 0.3 1.0 4 Yes Yes 

Attia et al., 
2015 

SDI yield increased with irrigation 
up to 90% ET level. 

Field Texas 
(SW) 

Clay loam 0.3 1.0 4 Yes Yes 

Baker et al., 
2013 

Irrigation scheduling can be improved 
using canopy temperature and other 

weather variables. Other: WP. 

Field Texas 
(SW) 

Fine sandy  
loam 

0.4 1.0 7 Yes Yes 

Baker et al., 
2015 

SDI lint yield was greater than 
dryland, and WP was optimized 

at less than maximum yield. 

Field Texas 
(SW) 

Fine sandy  
loam 

0.4 1.0 6 Yes Yes 

Chastain 
et al., 2016a 

SDI yielded more than dryland, and 
using leaf water potential improved WP. 

Field Georgia 
(SE) 

Coarse  
textured 

0.3 1.8 5 Yes Mixed 
results 

Feng et al., 
2014 

Both weather and irrigation level 
impacted cotton fiber quality and lint 
yield. Other: Fertigation; Economics. 

Field Texas 
(SW) 

Sandy clay  
loam, clay  

loam 

0.25 NA 3 Yes Mixed 
results 

Jordan et al., 
2014 

Economics for cotton for SDI was 
justified but only in 50% of years. 

Other: Economics; Corn and peanut. 

Field North 
Carolina 

(SE) 

Sandy  
loam 

0.25 0.9 2 Yes Mixed 
results 

Nuti et al., 
2012 

SDI improved yield stability over rainfed. 
Planting dates and the effects of 

mepiquat chloride were investigated. 

Field North 
Carolina 

(SE) 

Sandy  
loam 

0.25 1.8 2 Yes Yes 

Sorensen and 
Lamb, 2019 

Shallow S3DI increased yield over 
dryland condition except in wet year. 

Field Georgia 
(SE) 

Fine sandy  
loam 

0.05 1.8 4 Yes Yes 

Sorensen et al., 
2010b 

NR for shallow S3DI replaced annually 
was sufficient for cotton and corn, 
but not peanut. Other: Economics. 

Field Georgia 
(SE) 

Fine sandy  
loam 

0.05 1.8 1 Yes Yes 

Sorensen et al., 
2016 

Shallow S3DI replaced every 3 years 
was economical in this region for cotton, 
corn, and peanut compared to dryland. 

Field Georgia 
(SE) 

Fine sandy  
clay loam 

0.03 1.8 2 Yes Yes 

Spivey et al., 
2019 

SDI increased yields in years 
where drought occurred. 

Field North 
Carolina 

(SE) 

Sandy  
loam 

0.3 NA 2 Yes Yes 
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subcategories). Additional studies on SDI depth, spacing, 
and orientation from a global and longer-term perspective 
was provided by Lamm (2016). 

An innovative use of SDI in the southeast U.S. (Sorensen 
et al., 2020) using shallow SDI (0.05 m depth), termed as 
S3DI, had greater cotton lint yield than deeper SDI (0.25 to 

0.30 m) on a fine sandy loam. The term S3DI was first re-
ported by Sorensen et al. (2010b) but emanated from earlier 
research (Sorensen et al., 2007). Cotton in this region is often 
grown in a three-year rotation of cotton, corn, and peanut, 
 with peanut being the most profitable crop. Net returns were 
great enough with cotton and corn to justify annual 

Table 2 (continued). Identified SDI research studies in the U.S. concerning cotton, 2010 through 2020. 

Study 
Highlights and Other Reported  

Factors or Data 
Study 
Type 

U.S. State 
and/or 
Region 

Soil 
Type 

Driplines[a] No. of 
Water 
Levels 

Crop 
Yield 

SDI 
Benefit 

Depth 
(m) 

Spacing 
(m) 

Studies attempting to evaluate a response specifically for SDI or to improve SDI performance 
Bordovsky and 
Mustian, 2012 

Opportunities exist to manage cotton 
row spacing and dripline orientation. 

Other: Fertigation; Economics. 

Field Texas 
(SW) 

Clay loam 0.35 0.76, 1.0, 
or 1.52 

2 Yes NA 

Bordovsky and 
Mustian, 2020 

Planting date and SDI/crop orientation 
affected yield and water use. 

Other: Fertigation; Economics. 

Field Texas 
(SW) 

Clay loam 0.3 1.0 or 
2.0 

2 Yes NA 

Bordovsky, 
2020 

SDI productivity can be improved by 
restricting early or preplant irrigation. 
Other: Fertigation; WP; Economics. 

Field Texas 
(SW) 

Clay loam 0.2 and 
0.3 

0.76 and 
1.52 

7 and 
4 

Yes Yes 

Bronson et al., 
2011 

Reflectance-based N strategy saved N 
and maintained yield. Other: Fertigation. 

Field Texas 
(SW) 

Sandy clay 
loam 

0.3 2.0 1 Yes NA 

Bronson et al., 
2019 

Reflectance-based N strategy saved N and 
maintained yield. Other: Fertigation. 

Field Arizona 
(SW) 

Sandy 
loam 

0.22 and 
0.28 

1.0 2 Yes NA 

Bufon et al., 
2012 

Hydrus 2-D modeling can be used 
to evaluate irrigation strategies. 

Modeling 
/Field 

Texas 
(SW) 

Fine sandy 
loam 

0.32 2.0 3 NA NA 

DeLaune et al., 
2012 

Adoption of no tillage with SDI 
should not affect lint yield. 

Field Texas 
(SW) 

Clay loam 0.3 1.0 5 Yes Yes 

DeLaune et al., 
2020 

Improved SDI timing and conservation 
tillage increased lint yield. 

Field Texas 
(SW) 

Clay loam 0.3 1.0 3 Yes NA 

Sorensen and 
Lamb, 2015 

Longevity for shallow S3DI estimated 
to be economically 5.4 years. 

Other: Corn and peanut; Economics. 

Field Georgia 
(SE) 

Fine sandy 
loam 

0.038 1.8 1 Yes NA 

Sorensen et al., 
2011 

SDI with 75% full irrigation had the  
best yield. Wider (1.8 m) alternate row  
spacing was recommended, but 0.9 m  
spacing sometimes had greater yield. 

Field Georgia 
(SE) 

Sandy 
loam 

0.3 0.9 or 
1.8 

3 Yes Yes 

Studies primarily using SDI as an efficient or convenient irrigation system 
Allen et al., 

2012 
Integrated crop/livestock system used 

less irrigation and chemicals than 
monoculture cotton. Other: Economics. 

Field Texas 
(SW) 

Clay loam 0.36 1.0 1 Yes NA 

Burke and 
Ulloa, 2017 

Timing of deficit irrigation can affect 
sensitivity to water stress. 

Field Texas 
(SW) 

Fine sandy  
loam 

NA NA 2 Yes NA 

Attia et al., 
2016 

Scheduling irrigation based on ET 
could increase yield, WP, and profit. 

Modeling 
/Field 

Texas 
(SW) 

Clay loam 0.3 1.0 1 Yes NA 

Chastain et al., 
2016b 

Young leaves are more tolerant 
of heat and drought. 

Field Georgia 
(SE) 

Loamy  
sand 

0.3 1.8 1 No NA 

Johnson et al., 
2013 

Less risk with crop/livestock system than 
monoculture cotton. Other: Economics. 

Field Texas 
(SW) 

NA 0.36 1 1 Yes NA 

Li et al., 
2013 

Cattle grazing and allelopathy of rye 
were discussed as related to cotton. 

Field Texas 
(SW) 

Clay loam NA NA 1 Yes NA 

Pabuayon 
et al., 2019 

Biomass and yield of cotton and grain 
sorghum increased under irrigation,  

but not for sesame. Other: WP. 

Field Texas 
(SW) 

Clay loam NA NA 4 Yes NA 

Rajan et al., 
2010 

Method to determine crop water 
use was reported. 

Field Texas 
(SW) 

Clay loam NA NA 1 No No 

Snowden et al., 
2013a 

Cultivars should be evaluated for deficit 
irrigation. Other: Fertigation; WP. 

Field Texas 
(SW) 

Clay loam 0.20 to 
0.24 

1.0 3 Yes NA 

Snowden et al., 
2013b 

Cultivars differed in yield compensation 
to irrigation. Other: Fertigation. 

Field Texas 
(SW) 

Clay loam 0.20 to 
0.24 

1.0 4 Yes NA 

Snowden et al., 
2014 

Drought stress at early flowering resulted 
in lowest yield. Other: Fertigation. 

Field Texas 
(SW) 

Clay loam 0.20 to 
0.24 

1.0 5 Yes NA 

Sorensen and 
Lamb, 2016 

Crop response to biochar rate minimal. Field Georgia 
(SE) 

Fine sandy 
loam 

0.05 NA 1 Yes NA 

Zilverberg 
et al., 2012 

Monoculture cotton used more energy 
than integrated crop/livestock system. 

Field Texas 
(SW) 

Clay loam 0.36 1.0 1 No NA 

Zilverberg 
et al., 2014 

Monoculture cotton used more irrigation 
than integrated crop/livestock system. 

Field Texas 
(SW) 

Clay loam 0.36 1.0 2 Yes NA 

[a] Multiple dripline depths and spacings separated by “to” denote a range, by “and” denote a non-experimental factor, and by “or” denote an experi-
mental factor. Abbreviations are listed in table 1. 
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replacement of the S3DI system, but not so for peanut, where 
yield increases attributable to S3DI were not great enough 
(Sorensen et al., 2010b). In areas with extreme water short-
ages, the increased yields from SDI due to the greater effi-
ciency of these systems may justify annual replacement. 
Later work in which S3DI was replaced every three years 
was found to be profitable for all three crops, i.e., cotton, 
corn, and peanut (Sorensen et al., 2016), and the longevity 
of S3DI has been estimated to be 5.4 years for the cotton-
corn-peanut rotation (Sorensen and Lamb, 2015). The vast 
majority of the other studies in table 2 reported a dripline 
depth of 0.2 to 0.4 m. Average dripline depths of 0.33 m 
were reported for 13 cotton studies conducted between 1966 
and 1997 (Camp, 1998) and 0.32 m reported by Lamm 
(2016) for 15 studies conducted between 1970 and 2010. 

A dripline spacing of 0.9 m generally had greater lint 
yield than a spacing of 1.8 m for cotton on a sandy loam soil 
in Georgia (Sorensen et al., 2011), but the wider spacing was 
recommended due to insufficient yield increases to justify 
additional system costs. In another study in the southeast 
U.S. on a silt loam soil, little differences in lint yield were 
noted in parallel and perpendicular crop row and dripline ori-
entations for a 2 m dripline spacing (AbdelGadir et al., 
2011). Research in Texas on a clay loam soil (Bordovsky 
and Mustian, 2012) found that narrowing the cotton rows 
from 1.02 to 0.76 m for dripline spacings of 0.76, 1.02, and 
1.52 m had no statistical effect on yields (NS at p = 0.05) for 
parallel dripline and crop row orientations, but was signifi-
cant for perpendicular orientations. In a later study at the 
same location (Bordovsky and Mustian, 2020), strategies 
were evaluated to improve cotton establishment in this semi-
arid environment when using SDI. The researchers found 
that both the planting date and the distance from the crop row 
to the dripline affected crop establishment, lint yield, and 
water use. Late planting resulted in significantly greater 
plant density (i.e., plants per area) but significantly reduced 
lint yield. Narrower dripline spacing (1.0 vs. 2.0 m) in-
creased yield, and positioning the crop rows closer to the 
dripline also increased yield. However, positioning the crop 
row directly above the lateral with or without the inclusion 
of an adjacent non-irrigated crop row was recommended 
only as a strategy to consider for a very late plant window 
under drought conditions. In another study (Sij et al., 2010) 
in Texas on a fine sandy loam, lint yield (three-year average) 
was not significantly different for dripline spacings of 1 or 
2 m, nor by inclusion or not of a cover crop of rye. The use-
fulness of Hydrus 2D modeling was demonstrated for cotton 
production in another study on the Texas High Plains (Bufon 
et al., 2011) that found that volumetric soil water content 
could be simulated within 3% of measured values for various 
installation geometries and irrigation strategies. Approxi-
mately half of the studies listed in table 2 used dripline spac-
ings of 1.0 m, which typically corresponds to one dripline 
for every crop row. 

Soil water evaporation can be minimized with SDI, so op-
portunities to grow cotton using systems with less irrigation 
capacity (i.e., volume over time) through applying preseason 
or early-season irrigation exist on deep soils with good wa-
ter-holding capacity. However, in a five-year study on a clay  
 

loam soil in Texas, Bordovsky (2020) concluded that SDI 
productivity for cotton could be improved by limiting early 
or preseason irrigation even when deficit irrigated. Although 
drier soil surfaces limit evaporative losses for SDI, small 
rainfall events were found to be less effective for SDI as 
compared to center pivot sprinkler irrigation (CP) on a fine 
sandy loam in Texas (Goebel and Lascano, 2019). 

SDI systems are well suited for either continuous or fre-
quent fertigation, but fertigation was only mentioned in 
study procedures for 8 of the 44 studies listed in table 2. Only 
two studies had a primary goal of improving fertigation 
scheduling for cotton. In both studies on sandy loam soil in 
Texas (Bronson et al., 2011) and in Arizona (Bronson et al., 
2019), reflectance-based nitrogen (N) fertigation treatments 
saved 31% of N over soil test-based treatments without re-
ducing lint yields. In an emerging study topic area, SDI fer-
tigation was found to have less nitrous oxide (i.e., a GHG) 
emissions than furrow irrigation and SprI (Bronson et al., 
2018). Four additional GHG studies (Kallenbach et al., 
2010; Kennedy et al., 2013; Gao et al., 2019; Zhu-Barker et 
al., 2019) with SDI for horticultural crops (table 4) are dis-
cussed later in this article, and this topic will probably have 
more emphasis in the future with increasing concerns about 
climate change. 

A large proportion of the SDI land area in Texas is de-
voted to cotton and with dry soil surface conditions often 
prevalent, cotton fields can be prone to wind erosion. Tillage 
and/or cover crop strategies appropriate for SDI would be 
useful in reducing this vulnerability. Adoption of no tillage 
with or without cover crop for cotton production resulted in 
significantly greater net returns (NR) than conventional till-
age and numerically greater NR than reduced tillage on a 
clay loam soil (DeLaune et al., 2012). In a later study con-
cerning the same research plots for the period 2013 through 
2018, SDI cotton yields with no tillage and a terminated 
cover crop were 10% greater than with conventional tillage 
(DeLaune et al., 2020). 

SDI AS AN EFFICIENT OR CONVENIENT  
IRRIGATION SYSTEM FOR COTTON 

Fourteen studies primarily used SDI as an efficient or con-
venient irrigation system (table 2). As discussed earlier, it can 
be argued whether these studies should be included in the list-
ing, so the discussion here is somewhat curtailed. However, 
characterizing the major focus areas might be worthwhile. 
Five studies incorporated SDI cotton into evaluations of com-
bined cropping/livestock enterprises (Allen et al., 2012; Zil-
verberg et al., 2012; Johnson et al., 2013; Li et al., 2013; Zil-
verberg et al., 2014). Another four studies primarily used SDI 
to examine specific cotton cultivar responses (Snowden et al., 
2013a, 2013b, 2014; Burke and Ulloa, 2017). This is some-
what analogous to what has been observed anecdotally 
around the U.S., i.e., that commercial seed companies use 
SDI on small road side parcels to exhibit crop hybrid or vari-
ety performance. Other reasons to use SDI included develop-
ing water management procedures (Rajan et al., 2010; Attia 
et al., 2016; Pabuayon et al., 2019), evaluating plant water 
stress (Chastain et al., 2016b), and evaluating crop response 
to biochar (Sorensen and Lamb, 2016). 
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GRAIN AND OILSEED CROPS 
Thirty-eight studies involving grain and oil seed crops 

were found in the review process (table 3) spread across the 
four subcategories. 

SDI IN COMPARISON TO ALTERNATIVE IRRIGATION  
SYSTEMS FOR GRAIN AND OILSEED CROPS 

Ten studies (table 3) compared SDI to alternative irrigation 
systems, primarily in the Great Plains region with CP systems. 
In eight of the ten studies, SDI had at least some benefit for 
grain and oilseed crops, and in two studies it did not. 

Only four studies reported crop yields, and the benefits of 
SDI were either mixed results (Grabow et al., 2011; Lamm, 
2016; Evett et al., 2019) or did not exist (Sorensen et al., 
2012). This corresponds reasonably well with the results pre-
sented by Lamm (2016) summarizing 12 studies and finding 
an average of only 3% corn yield increase with SDI over al-
ternative irrigation systems. In a study on a Pullman clay soil 
in Texas (Evett et al., 2019), SDI increased corn grain yield 
by 18% and WP by 28%, but decreased grain sorghum yield 
by 12% and only increased WP by 4% as compared to 
MESA sprinkler irrigation. In a study on a Piedmont clay  
 

loam soil in North Carolina (Grabow et al., 2011), average 
SDI corn and soybean yields were not significantly different 
from SprI, but yields for both crops during the initial year 
were greatly reduced, possibly due to soil fracturing during 
the SDI system installation. SDI corn yields were similar to 
those obtained with DI in a fertigation study in Georgia 
(Sorensen et al., 2012). 

Anecdotally, producers often report that they obtain 
greater yields with SDI than with alternative systems, but 
that may be related to the different management of research 
plots and commercial farms (i.e., more uniform management 
in research for all systems, and SDI inherently allowing pro-
ducers a greater level of crop management). Additional an-
ecdotal evidence that is difficult to quantify in research plots 
includes producers’ claims that SDI results in less weed and 
pest incidence compared with SprI, resulting in less chemi-
cal inputs and thus improved economics. A spreadsheet tem-
plate (Lamm et al., 2015) allows users to compare their corn 
cropping economics for SDI and CP. The results are sensi-
tive to field size and SDI system longevity, with improve-
ment to SDI economic competitiveness for smaller field 
sizes and increased longevity. 

Table 3. Identified SDI research studies in the U.S. concerning grain and oil seed crops, 2010 through 2020. 

Study 
Highlights and Other Reported  

Factors or Data 
Study 
Type 

U.S. State 
and/or 
Region 

Soil 
Type 

Driplines[a] No. of 
Water 
Levels 

Crop 
Yield 

SDI 
Benefit 

Depth 
(m) 

Spacing 
(m) 

Studies comparing SDI to alternative irrigation systems and also possibly to dryland production or possibly to improve SDI performance 
Diotto and 

Irmak, 2016 
SDI corn had 43% and 29% greater 

energy return on investment than 
FI and SprI, respectively. 

Modeling Nebraska 
(MW) 

NA NA NA 9 No Yes 

Evett et al., 
2019 

SDI benefitted corn but not grain sorghum 
compared to MESA. Other: WP. 

Field Texas 
(SW) 

Clay loam 0.30 to 
0.36 

1.5 4 Yes Mixed 
results 

Evett et al., 
2020a 

Kc values for corn were 10% less  
with SDI than for MESA. 

Field Texas 
(SW) 

Clay loam 0.30 to 
0.36 

1.5 4 No Yes 

Grabow et al., 
2011 

SDI yields for corn and soybean increased 
in later years, possibly due to soil  

consolidation. Other: Dryland; SprI. 

Field North 
Carolina 

(SE) 

Clay loam 0.3 1.5 or 
2.3 

2 Yes Mixed 
results 

Irmak et al., 
2011 

Ratio of soil heat flux to net radiation 
of SDI was less than for SprI for corn 

and soybean. Other: Dryland. 

Field Nebraska 
(MW) 

Silt loam 0.4 1.52 NA No Yes 

Lamm et al., 
2015 

Spreadsheet template presented to evaluate 
SDI and CP economics for corn. 

Software Great 
Plains 

Silt loam NA NA NA No Mixed 
results 

Lamm, 2016 Adoption of SDI for corn seemed more  
related to increasing irrigated area. 
Other: DI, SGI, SprI; Fertigation;  

Cotton, tomato, and onion. 

Review/ 
Summary 

Not limited 
to U.S. 

NA Various Various Various Yes Mixed 
results 

Odhiambo and 
Irmak, 2015 

SDI had 10% less evaporative losses 
as compared to SprI for soybean. 

Field Nebraska 
(MW) 

Silt loam 0.4 1.5 1 No Yes 

Skaggs and 
Irmak, 2011 

Nighttime ET and flux differences 
for soybean were not much different 

between SDI and SprI. 

Field Nebraska 
(MW) 

NA 0.4 1.5 1 No No 

Sorensen 
et al., 2012 

SDI and DI corn yields were similar for 
similar fertigation levels. Other: Economics. 

Field Georgia 
(SE) 

Sandy  
loam 

0.3 0.9 and 
1.8 

1 Yes No 

Studies comparing SDI to dryland production and possibly to improve an aspect of SDI performance 
Jordan et al., 

2014 
Economics for corn for SDI was justified 
but only in 50% of years for cotton and 

peanut. Other: Dryland; Economics. 

Field North 
Carolina 

(SE) 

Sandy  
loam 

0.25 0.91 2 Yes Mixed 
results 

Sorensen 
et al., 2010b 

NR for shallow S3DI replaced annually 
was sufficient for cotton and corn, but 

not peanut. Other: Economics. 

Field Georgia 
(SE) 

Fine sandy  
loam 

0.05 1.8 1 Yes Mixed 
results 

Sorensen 
et al., 2016 

Shallow S3DI replaced every 3 years 
was economical in this region for cotton, 
corn, and peanut compared to dryland. 

Field Georgia 
(SE) 

Fine sandy 
clay loam 

0.03 1.8 2 Yes Yes 

van Donk et al., 
2012 

Corn yield increased for SDI over rainfed, 
but not much effect of timing. Other: WP. 

Field Nebraska 
(MW) 

Silt loam 0.4 1.5 8 Yes Yes 
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Table 3 (continued). Identified SDI research studies in the U.S. concerning grain and oil seed crops, 2010 through 2020. 

Study 
Highlights and Other Reported  

Factors or Data 
Study 
Type 

U.S. State 
and/or 
Region 

Soil 
Type 

Driplines[a] No. of 
Water 
Levels 

Crop 
Yield 

SDI 
Benefit 

Depth 
(m) 

Spacing 
(m) 

Studies attempting to evaluate a response specifically for SDI or to improve SDI performance 
Arbat et al., 

2010 
Corn yield and WP were not affected by 
emitter spacing. Other: Two-dimensional 

soil water distribution profiles. 

Field Kansas 
(MW) 

Silt loam 0.33 1.5 1 Yes NA 

Chatterjee 
et al., 2019; 
Irmak et al., 

2014a 

Eddy covariance energy balance 
reported for SDI corn. Note that the  

2019 article corrects the 2014 article. 

Field Nebraska 
(MW) 

Silt loam 0.4 1.5 1 No NA 

Eltarabily 
et al., 2019b 

A reduction in N uptake for sunflower  
was modeled for deficit irrigation.  

Other: Fertigation. 

Modeling 
/Field 

California 
(W) 

Silty clay 
loam 

0.3 0.75 2 NA NA 

Eltarabily 
et al., 2020 

Some saline groundwater uptake by 
sunflower was tolerable with deficit SDI. 

Field California 
(W) 

Silty clay 
loam 

0.3 0.75 4 Yes Yes 

Irmak and 
Djaman, 

2016 

Overall SDI corn grain yield responded 
favorably to greater plant density.  

Other: WP. 

Field Nebraska 
(MW) 

Silt loam 0.4 1.52 11 Yes Yes 

Irmak et al., 
2014b 

Delaying SDI to growth stage R3  
of soybeans was beneficial. 

Other: Fertigation; WP. 

Field Nebraska 
(MW) 

Silt loam 0.4 1.52 11 Yes Mixed 
results 

Irmak et al., 
2016 

Generally, 75% to 100% of full irrigation 
was optimal, and there was no effect of 

SDI frequency for corn. Other: WP. 

Field Nebraska 
(MW) 

Silt loam 0.4 1.52 5 Yes Yes 

Lamm and 
Rogers, 2017 

SDI system life of 26.5 years for 
corn reported with good uniformity. 

Field Kansas 
(MW) 

Silt loam 0.40 to 
0.45 

1.5 NA Yes NA 

Lamm et al., 
2010 

Dripline depths of 0.2 to 0.6 m were 
adequate for sunflower, soybean, 
and grain sorghum. Other: WP. 

Field Kansas 
(MW) 

Silt loam 0.2, 0.3, 
0.4, 0.5, 
or 0.6 m 

1.5 1 Yes NA 

Murley et al., 
2018 

Dripline offset of up to 0.38 m did 
not affect corn and grain sorghum 

yield. Other: Fertigation. 

Field Oklahoma 
(SW) 

Clay loam 0.3 1.5 3 Yes NA 

Odhiambo and 
Irmak, 2011 

Model to partition ET had mixed 
performance for soybean at 

different growth stages. 

Field Nebraska 
(MW) 

Silt loam 0.4 1.5 1 No NA 

Sorensen, 2019 Peanut foliage removal above shallow 
driplines decreased rodent damage. 

Field Georgia 
(SE) 

Loamy sand, 
sandy loam 

0.05 1.8 1 Yes NA 

Sorensen and 
Butts, 2014 

SDI with 75% full irrigation was 
sufficient, and 0.9 m dripline spacing 

may not be justified for peanut. 

Field Georgia 
(SE) 

Sandy  
loam 

0.3 0.9 and 
1.8 

3 Yes NA 

Sorensen and 
Lamb, 2015 

Longevity for shallow S3DI was estimated 
to be economically 5.4 years. Other: 

Economics; Cotton, corn, and peanut. 

Field Georgia 
(SE) 

Fine sandy 
loam 

0.038 1.8 1 Yes NA 

Sorensen 
et al., 2013 

SDI with 75% full irrigation was sufficient 
for corn, and no yield difference for 
dripline spacing. Other: Fertigation. 

Field Georgia 
(SE) 

Sandy 
loam 

0.31 to 
0.36 

0.9 and 
1.8 

3 Yes NA 

Spurgeon and  
Yonts, 2013 

Corn yield similar at 100% and 125% of 
full irrigation, but no differences in dry 

bean yield down to 50% irrigation. 

Field Nebraska 
(MW) 

Very fine 
sandy loam 

0.28 1.1 4 Yes Yes 

Studies primarily using SDI as an efficient or convenient irrigation system 
Barnaby et al., 

2019 
Rice cultivars use different strategies 

to handle water stress. 
Field Arkansas 

(MW) 
Silt loam NA NA 4 Yes NA 

Kukal and 
Irmak, 2020 

Water use and WP compared for corn, 
sorghum, soybean, and wheat 

were reported. Other: WP. 

Field Nebraska 
(MW) 

Silt loam NA NA NA No NA 

Pabuayon 
et al., 2019 

Biomass and yield of cotton and grain 
sorghum increased under irrigation 

but not for sesame. Other: WP; cotton. 

Field Texas 
(SW) 

Clay loam NA NA 4 Yes NA 

Sandhu and 
Irmak, 2019 

Overestimation of corn yield and 
underestimation of ET with 

AquaCrop. Other: WP. 

Modeling 
/Field 

Nebraska 
(MW) 

Silt loam 0.4 1.5 1 Yes NA 

Sorensen and 
Lamb, 2016 

Crop response to biochar rate minimal. 
Other: Cotton, corn, and peanut. 

Field Georgia 
(SE) 

Fine sandy 
loam 

0.05 NA 1 Yes NA 

Sorensen and 
Nuti, 2011 

Selenium application for peanut might 
be beneficial but might not  

be cost-effective. 

Field Georgia 
(SE) 

loamy sand, 
fine sandy 
clay loam 

0.3 0.9 1 Yes NA 

Sorensen 
et al., 2010a 

Tillage, cover crops, peanut cultivars,  
and fungicides were evaluated. 

Field Georgia 
(SE) 

Sandy 
loam 

0.3 0.9 1 Yes NA 

[a] Multiple dripline depths and spacings separated by “to” denote a range, by “and” denote a non-experimental factor, and by “or” denote an experi-
mental factor. Abbreviations are listed in table 1. 
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Four studies that did not report crop yields did report SDI 
benefits as compared to SprI. The reported benefits included 
a greater energy return on investment for corn (Diotto and 
Irmak, 2016), a 10% reduction in crop coefficients (Kc) for 
corn (Evett et al., 2020a), a reduction in the ratio of soil heat 
flux to net radiation for corn and soybean (Irmak et al., 
2011), and less evaporative losses for soybean (Odhiambo 
and Irmak, 2015). However, in another study in Nebraska, 
nighttime ET and flux differences for soybean were reported 
as similar for SDI and SprI (Skaggs and Irmak, 2011). 

SDI IN COMPARISON TO DRYLAND PRODUCTION  
FOR GRAIN AND OILSEED CROPS 

Four studies compared SDI to dryland production (table 3 
spanning the upper two subcategories) and in all cases re-
sulted in crop yield increases (corn and soybean for Grabow 
et al., 2011; cotton, corn, and peanut for Jordan et al., 2014, 
and Sorensen et al., 2010b, 2016; and corn for van Donk et 
al., 2012). Although Jordan et al. (2014) reported yield in-
creases with SDI over dryland production for all three crops, 
the economic viability of SDI for cotton and peanut was less 
favorable than for corn. A discussion of S3DI and the 
Sorensen et al. (2010b, 2016) studies is included in the Cot-
ton section of this article and is not repeated here. 

STUDIES OF SDI RESPONSES AND/OR PERFORMANCE  
IMPROVEMENTS FOR GRAIN AND OILSEED CROPS 

Twenty studies were related to this subcategory (table 3), 
including Evett et al. (2020a) from the upper subcategory 
(i.e., improving SDI Kc values), Sorensen et al. (2010b, 
2016) (i.e., evaluating S3DI), and van Donk et al. (2012) 
from the preceding section. 

Design aspects of SDI were evaluated by Arbat et al. 
(2010), Lamm et al. (2010), Sorensen and Butts (2014), 
Sorensen et al. (2013), and Murley et al. (2018). SDI emitter 
spacings ranging from 0.3 to 1.2 m did not significantly af-
fect corn yield nor WP on a deep silt loam soil in Kansas 
(Arbat et al., 2010). In another Kansas study at the same lo-
cation, dripline depths ranging from 0.2 to 0.6 m were 
deemed to be adequate for sunflower, soybean, and grain 
sorghum under conditions when crop establishment was not 
a problem (Lamm et al., 2010). Dripline spacings of 0.9 and 
1.8 m gave similar corn yields (Sorensen et al., 2013) and 
generally gave similar yields for peanut (Sorensen and Butts, 
2014) on a sandy loam soil in Georgia, and the wider spacing 
was recommended to reduce SDI system costs. Although 
proper alignment of crop rows and driplines is often deemed 
beneficial when using alternate-row middle dripline spacing 
(i.e., one dripline centered between alternate paired crop 
rows), a study in Oklahoma on a clay loam soil found that 
crop row offsets of up to 0.38 m from centered placement 
did not significantly affect overall corn or grain sorghum 
yields (Murley et al., 2018). 

A number of studies (table 3) evaluated irrigation man-
agement strategies for SDI. A study on a silt loam soil in 
Nebraska found little difference in corn yield when irrigated 
at 75% of full irrigation and very little effect of four different 
timing strategies (van Donk et al., 2012). Another Nebraska 
study (Irmak et al., 2016) found similarly that 75% to 100% 
of full irrigation generally resulted in optimal corn yield. The 

researchers also reported that SDI frequency did not signifi-
cantly affect corn yield. The management of corn planting 
date and plant density when coupled with SDI was evaluated 
by Irmak and Djaman (2016). They reported that plant den-
sity of 74,100 plants ha-1 or greater increased yields, but they 
had mixed results on planting date recommendations. In far 
western, semi-arid Nebraska on a very fine sandy loam soil, 
SDI corn yields were significantly greater at 100% or 125% 
of full irrigation in three of four years, but dry bean yields 
were generally not affected by SDI levels ranging from 50% 
to 125% (Spurgeon and Yonts, 2013). Corn yields (Sorensen 
et al., 2013) and peanut yields (Sorensen and Butts, 2014) on 
a sandy loam soil in Georgia were not significantly different 
for 75% and 100% of full irrigation. In a soybean study on a 
silt loam soil in Nebraska, it was determined that SDI could 
be delayed until the R3 growth stage (i.e., beginning of pods) 
without reducing yield or WP. In the low desert region of 
California for SDI sunflower, it was concluded that up to a 
35% deficit irrigation regime supplemented with saline 
groundwater uptake would have less than a 20% reduction 
in yield (Eltarabily et al., 2020). 

Three studies sought to evaluate or improve SDI system 
longevity. The economic longevity of S3DI was estimated to 
be approximately 5.4 years (i.e., cost to repair leaks equal to 
replacement cost) by Sorensen and Lamb (2015) for a cotton-
corn-peanut rotation in Georgia. Further work at this location 
to improve S3DI longevity found that removal of peanut foli-
age above the dripline greatly decreased the amount of rodent 
damage without reducing peanut yield or grade (Sorensen, 
2019). Removal of residue with tillage has also been anecdo-
tally reported to reduce rodent damage to driplines in many 
other regions of the U.S. A much deeper (0.40 to 0.45 m) SDI 
system on a deep silt loam soil in Kansas had a system life of 
26.5 years without replacement (Lamm and Rogers, 2017). 
The researchers reported the lower quartile distribution uni-
formity at the end of the system life to be 96 to 97 (sometimes 
expressed as a percentage or fraction, such as 96% or 0.96) 
and that the overall reason for system abandonment was 
breakdown of the plastic material used in the driplines. An 
additional discussion of SDI longevity is included in the later 
section concerning studies with no specific crop and in ta-
ble 7, specifically the Enciso et al. (2011) study. 

The energy balance for SDI corn was investigated by 
Irmak et al. (2014a) and Chatterjee et al. (2019) using an 
eddy covariance system. They concluded that challenges re-
main in using these measurements for irrigation manage-
ment. Partitioning of ET for soybean with SDI using the 
Shuttleworth‐Wallace model was reported by Odhiambo and 
Irmak (2011), who found mixed performance depending on 
the soybean growth stage. 

Experimental determination and modeling (Hydrus 2D) 
of SDI sunflower N uptake was conducted in California on 
a silty clay loam (Eltarabily et al., 2019b), and it was con-
cluded that opportunities exist to reduce fertilizer application 
when deficit irrigation is anticipated to occur. 

SDI AS AN EFFICIENT OR CONVENIENT IRRIGATION  
SYSTEM FOR GRAIN AND OILSEED CROPS 

Seven studies were listed in this subcategory (table 3). 
Topic areas were water stress or water management 
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evaluations (Pabuayon et al., 2019; Sandhu and Irmak, 2019; 
Kukal and Irmak, 2020), cultivar response (Sorensen et al., 
2010a; Barnaby et al., 2019), agrochemical application 
(Sorensen et al., 2010a; Sorensen and Nuti, 2011; Sorensen 
and Lamb, 2016), and tillage and cover crops (Sorensen et 
al., 2010a). 

HORTICULTURAL CROPS 
Forty studies involving horticultural crops were found in 

the review process (table 4) spread across three subcatego-
ries. There were no reported studies comparing SDI to dry-
land (i.e., the second of the four subcategories). 

SDI IN COMPARISON TO ALTERNATIVE IRRIGATION  
SYSTEMS FOR HORTICULTURAL CROPS 

There were 24 reported studies comparing SDI to alterna-
tive irrigation systems (table 4). Nine studies reported 
greater horticultural crop yields with SDI, while three stud-
ies reported similar yields and three studies reported lower 
yields (table 4). SDI and FI had similar watermelon yields, 
but SDI used 45% to 60% less water and had 45% to 75% 
greater WP in a study on a sandy clay loam in Texas (Fuentes 
et al., 2018). 

Pomegranate yield and WP increased and there was less 
weed pressure with SDI compared to DI on a sandy loam soil 
in California (Ayars et al., 2017), and in general N uptake 
increased (Tirado-Corbalá et al., 2019). Although there were 
no differences in young pomegranate tree canopy size, fruit 
yield increased even in the early years of the study with SDI 
(Zhang et al., 2017). When using fertigation for pomegran-
ate, SDI had much lower GHG emissions than DI (Gao et 
al., 2019). 

Reductions in GHG emissions were also reported for to-
mato when using SDI (Kallenbach et al., 2010; Kennedy et 
al., 2013) and for several horticultural crops (Zhu-Barker et 
al., 2019) and as previously discussed for cotton (Bronson et 
al., 2018, and table 2 discussion). 

Greater onion yield and size were reported in Texas (En-
ciso et al., 2015b) with SDI compared to FI, but non-signif-
icant differences were reported for the same factors in Ore-
gon (Shock et al., 2015). In a review of SDI onion research, 
Lamm (2016) concluded that modest yield increases were 
possible but that there was more evidence for larger onion 
sizes with SDI. Improved irrigation efficiency and less ni-
trate leaching with SDI for onion compared to FI was re-
ported in New Mexico on a loam soil (Sharma et al., 2012). 
An emerging topic area concerns the use of irrigation sys-
tems to control pathogen transfer to fruits and vegetables. In 
an onion study in Oregon on a silt loam soil, only a small 
fraction of Escherichia coli was transferred to the onion bulb 
when using either SDI or FI (Shock et al., 2016), and the 
researchers concluded that the risk of bacterial contamina-
tion was small. 

The effect of partial root zone drying (PRD) on chile pep-
per production was compared in greenhouse studies in New 
Mexico (Sharma et al., 2015, 2017). PRD with DI and root 
divided compartments or PRD with SDI where water was 
separated vertically were both found to have similar 

production to the control treatment (regular DI), which had 
approximately 30% greater applied water. 

A novel modification of SDI technology for wine grapes, 
termed direct root zone irrigation (DRZ), was introduced by 
Jacoby and Ma (2018). With DRZ, irrigation water is applied 
at a specified depth by emitters installed in vertical PVC 
pipes. DRZ has been shown to increase wine grape yield by 
9% to 12% and WP by 9% to 11% compared to DI (Ma et 
al., 2020b). Some of the rationale for increased wine grape 
yield was attributed to greater photosynthesis and an altered 
root distribution with DRZ. Further developmental work 
demonstrated the potential of using remote sensing to select 
wine grape varieties for both DRZ and DI (Zúñiga-Espinoza 
et al., 2016). 

Greater efficiency of irrigation water and less weed pres-
sure, but similar tomato yields, were found for SDI and FI in 
a study in California (Schmidt et al., 2018). Similar tomato 
yields, but a 100% WP increase, were reported in another 
California study (Kallenbach et al., 2010). A tomato yield 
increase of 48% with SDI as compared to SprI was reported 
in another California study on a clay loam soil. Tomato yield 
increases of approximately 12% were reported for SDI com-
pared to alternative systems in a review of 16 studies by 
Lamm (2016). 

Reduced spinach yield was reported for SDI compared to 
SprI, but SDI had better downy mildew control in the low 
desert region of California (Montazar et al., 2019). The re-
searchers concluded that there was a need for further devel-
opmental work to optimize spinach production when using 
SDI. Potato yield was less with SDI than with DI or seepage 
irrigation on sandy soils in Florida (Reyes-Cabrera et al., 
2014), which was attributed to limited soil water capillarity 
for SDI-applied water (Reyes-Cabrera et al., 2016). Model-
ing with Hydrus 2D/3D has shown that a physical barrier be-
low SDI can improve soil water redistribution for tomato and 
potato (El-Nesr et al., 2014). 

Hydrus modeling was used in three horticultural studies 
to evaluate nitrate redistribution under SDI fertigation for 
onion (Eltarabily et al., 2019a), the recommended dripline 
depth for lettuce (Slack et al., 2017), and the wetting pattern 
of a novel ring-shaped emitter for use by small-scale farmers 
(Saefuddin et al., 2019). 

STUDIES OF SDI RESPONSES AND/OR PERFORMANCE  
IMPROVEMENTS FOR HORTICULTURAL CROPS 

Fifteen studies sought to measure a specific response to 
SDI or to improve SDI performance (table 4 when including 
the three DRZ studies by Ma et al. (2020a, 2020b) and 
Zúñiga-Espinoza et al. (2016) from the upper subcategory). 

Root length density responded differently for three musk-
melon cultivars under deficit SDI (50% of full irrigation) on 
a silty clay loam soil in Texas (Sharma et al., 2014, 2018), 
increasing for one netted (reticulatus) cultivar, decreasing 
for another netted cultivar, and not affecting the third culti-
var, which was a winter melon (honeydew; inordorus). 
Greater yield decreases were recorded for the honeydew cul-
tivar (33%) with deficit irrigation than for the netted melons 
(24% to 30%), but overall melon quality tended to increase 
with deficit SDI. The researchers concluded that the two  
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Table 4. Identified SDI research studies in the U.S. concerning horticultural crops, 2010 through 2020. 

Study 
Highlights and Other Reported  

Factors or Data 
Study 
Type 

U.S. State 
and/or 
Region 

Soil 
Type 

Driplines[a] No. of 
Water 
Levels 

Crop 
Yield 

SDI 
Benefit 

Depth 
(m) 

Spacing 
(m) 

Studies comparing SDI to alternative irrigation systems and also possibly to dryland production or possibly to improve SDI performance 
Ayars et al., 

2017 
Numerically greater pomegranate yield and 
WP and observed less weed pressure with 
SDI compared to DI. Other: Fertigation. 

Field California 
(W) 

Sandy 
loam 

0.50 to 
0.55 

2.2 1 Yes Yes 

El-Nesr et al., 
2014 

A physical barrier below SDI can improve 
soil water redistribution for tomato  

and potato 

Modeling NA Sand and 
loam 

0.15 and 
0.25 

NA 1 No NA 

Enciso et al., 
2015b 

SDI doubled onion yields and generally 
increased onion size over FI and used 

44% less water. Other: Fertigation. 

Field Texas 
(SW) 

Silty clay 
loam and 

sandy clay 
loam 

0.05 1.0 1 Yes Yes 

Fuentes et al., 
2018 

SDI and FI had similar watermelon yields, 
but SDI used 45% to 60% less water  

and had 45% to 75% greater WP. 

Field Texas 
(SW) 

Sandy clay 
loam 

0.05 2.0 1 Yes Yes 

Gao et al., 
2019 

SDI had much lower GHG emissions 
compared to DI for pomegranate. 

Other: Fertigation. 

Field California 
(W) 

Sandy 
loam 

0.50 to 
0.55 

2.2 1 No Yes 

Kallenbach 
et al., 2010 

Potentially large reductions in GHG with 
SDI compared with FI for tomato. Yields 

were similar but SDI had 100% greater WP. 

Field California 
(W) 

Loam and 
silt loam 

0.25 1.5 1 Yes Yes 

Kennedy 
et al., 2013 

An integrated system (SDI, reduced tillage,  
and fertigation) for tomato reduced GHG 
emissions compared to conventional FI. 

Field California Silty clay 
loam 

0.23 1.5 1 No Yes 

Lamm, 2016 Rationale for adoption of SDI was 
greater yield for processing tomato  

and greater quality for onion. 
Other: DI, SGI, and SprI; Fertigation. 

Review 
/Summary 

Not limited 
to U.S. 

NA Various Various Various Yes Mixed 
results 

Ma et al., 
2020a 

Greater photosynthesis and altered root  
distribution for wine grapes 

with DRZ than for DI. 

Field Washington 
(NW) 

Loamy 
fine sand 

0.6 1.8 3 No Yes 

Ma et al., 
2020b 

DRZ increased wine grape yield by 9% 
to 12% and WP by 9% to 11% over DI. 

Field Washington 
(NW) 

Loamy 
fine sand 

0.6 1.8 3 Yes Yes 

Mitchell 
et al., 2014 

SDI tomato yields were 48% greater with 
SDI than with SprI. Other: Fertigation 

Field California Clay loam 0.3 1.5 1 Yes Yes 

Montazar 
et al., 2019 

SprI generally had better yield, but SDI had 
better downy mildew control on spinach. 

Other: Fertigation; Economics. 

Field California 
(W) 

Silty clay 
loam 

0.04 2.0 1 Yes Mixed 
results 

Reyes-Cabrera 
et al., 2014 

Potato yields were less with SDI than 
with DI and seepage irrigation. 

Field Florida 
(SE) 

Sandy 0.2 1.0 1 Yes No 

Reyes-Cabrera 
et al., 2016 

SDI had lower potato yields due to 
limited soil water capillarity than  

for DI and seepage irrigation. 

Field Florida 
(SE) 

Sandy 0.2 1.0 1 Yes No 

Schmidt et al., 
2018 

Greater irrigation water use efficiency, less 
weed pressure, and similar yield for tomato 

with SDI than for FI. Other: Fertigation. 

Field California 
(W) 

NA 0.25 1.5 1 Yes Mixed 
results 

Sharma et al., 
2012 

Improved irrigation efficiency and less 
nitrate leaching with SDI for onion  

compared to FI. 

Field New Mexico 
(SW) 

Loam 0.1 0.56 1 No Yes 

Sharma et al., 
2015 

PRD using either DI or SDI used 30% 
less water without affecting plant water 
stress, quality, or yield of chile pepper 

compared with DI with no PRD. 

Greenhouse New Mexico 
(SW) 

Potted 
mixed soil 

0.2 NA 1 Yes Yes 

Sharma et al., 
2017 

Water savings with PRD using DI or SDI 
for chile pepper compared to DI without  

PRD. Kc values were developed. 

Greenhouse New Mexico 
(SW) 

Potted 
mixed soil 

0.2 NA 1 No NA 

Shock et al., 
2015 

In general, few differences in onion yield  
between SDI and FI. Other: 

Fertigation; Economics. 

Field Oregon 
(NW) 

Silt loam 0.1 Variable 1 Yes Mixed 
results 

Shock et al., 
2016 

Either FI or SDI was acceptable for 
pathogen control in onion. 

Field Oregon 
(NW) 

Silt loam 0.07 1.12 1 No No 

Tirado-Corbalá 
et al., 2019 

SDI generally had greater pomegranate  
yield and N uptake than DI. 

Other: Fertigation. 

Field California 
(W) 

Sandy 
loam 

0.55 2.0 1 Yes Yes 

Zhang et al., 
2017 

Greater pomegranate yield with SDI  
than with DI. 

Field California 
(W) 

Sandy 
loam 

0.5 4.9 4 Yes Yes 

Zúñiga-Espinoza 
et al., 2016 

Potential to use remote sensing to select  
water-efficient wine grape varieties  

under DI and DRZ irrigation. 

Field Washington 
(NW) 

Loamy 
fine sand 

0.3, 0.6, 
and 0.9 

2.4 3 Yes NA 
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netted melons were better able to adjust to moderate water 
deficits compared to the honeydew melon. 

The required SDI replacement fraction of ET (i.e., a range 
of 25% to 125% of ET) was evaluated for guayule produc-
tion on sandy loam and sandy clay loam soils in Arizona 
(Hunsaker et al., 2019). The researchers found a linear re-
sponse to total applied water, and the greatest yield was for 
SDI replacing 125% of ET, which was twice the guayule 
yield reported for the same treatment in a companion SGI 
study (Hunsaker and Elshikha, 2017). 

The application of fumigants with SDI was found to be 
adequate for grape vines but less so than deep-shanked me-
thyl bromide in a study on a fine sandy loam in California 
(Cabrera et al., 2012). As methyl bromide is being phased out 
due to its damaging effects on the ozone layer, the develop-
ment of other fumigant technologies is of great importance. 

The proof-of-concept of DRZ technology (Jacoby and 
Ma, 2018), which was discussed in the previous section, re-
sulted in additional studies to improve DRZ strategies and 
effectiveness for wine grapes. The irrigation delivery rate 
(volume per irrigation event) was found (Ma et al., 2019) to 
be more important for maintaining grape water status than 
the DRZ depth (e.g., 0.3, 0.6, or 0.9 m), with a moderate de-
livery rate saving water without greatly reducing yield as 
compared to the higher delivery rate. Later studies appeared 
to concentrate more effort on the intermediate 0.6 m depth 
(Ma et al., 2020a, 2020b). Another DRZ study in Washing-
ton (Chakraborty et al., 2019) found that canopy structures 
for apple trees and wine grapes were not greatly affected by 
DRZ depth and were not affected by irrigation delivery rate, 
although the researchers indicated that winter snowpack may 
have influenced the results. Efforts to further evaluate and 

Table 4 (continued). Identified SDI research studies in the U.S. concerning horticultural crops, 2010 through 2020. 

Study 
Highlights and Other Reported  

Factors or Data 
Study 
Type 

U.S. State 
and/or 
Region 

Soil 
Type 

Driplines[a] No. of 
Water 
Levels 

Crop 
Yield 

SDI 
Benefit 

Depth 
(m) 

Spacing 
(m) 

Studies attempting to evaluate a response specifically for SDI or to improve SDI performance 
Cabrera et al., 

2012 
Fumigants were adequate with SDI but 

less so than deep-shanked methyl 
bromide for grape vines. 

Field California 
(W) 

Fine sandy 
loam 

0.05 and 
0.25 

0.6 1 Yes Mixed 
results 

Chakraborty 
et al., 2019 

No differences noted for three DRZ  
levels for apple and grape vines, but 

confounded by winter snowpack. 

Field Washington 
(NW) 

NA 0.3, 0.6, 
and 0.9 

NA 3 NA NA 

Eltarabily 
et al., 2019a 

Using Hydrus, nitrate redistribution was 
mainly governed by soil type not emitter 

discharge for SDI on onion. 
Other: Fertigation. 

Modeling California 
(W) 

Sandy 
loam, 

silt loam, 
and loam 

0.1 NA 3 NA NA 

Hunsaker 
et al., 2019 

Guayule production with SDI could save  
water, but better crop establishment  

is needed with SDI.  
Other: Fertigation; WP. 

Field Arizona 
(SW) 

Sandy 
loam and 

sandy 
clay loam 

0.2 1.0 5 Yes NA 

Jacoby and 
Ma, 2018 

Brief introduction of DRZ with photos  
and proof-of-concept discussion  

of DRZ as a type of SDI. 

Field Washington 
(NW) 

Loamy 
fine sand 

0.3, 0.6, 
and 0.9 

NA 3 Yes Yes 

Ma et al., 
2019 

DRZ has potential as effective type of 
SDI for wine grapes. Other: WP. 

Field Washington 
(NW) 

Loamy 
fine sand 

0.3, 0.6 
or 0.9 

1.8 3 Yes NA 

Saefuddin 
et al., 2019 

Experimental and Hydrus evaluations of 
novel ring-shaped emitter intended for  

small-scale tomato and strawberry farms. 

Modeling 
/Lab 

NA Silt and 
sand 

0.15 NA 1 No NA 

Sharma et al., 
2014 

Deficit SDI tended to improve melon 
quality, although yield was reduced by  
24% to 43%. Other: Fertigation; WP. 

Field Texas 
(SW) 

Silty clay 0.15 2.0 2 Yes NA 

Sharma et al., 
2018 

Root growth for melon extended beyond 
region wetted by SDI. Other: Fertigation. 

Field Texas 
(SW) 

Clay 0.15 2.0 2 Yes Yes 

Slack et al., 
2017 

Using Hydrus, recommended depth 
was 0.3 m to avoid surface wetting  

with SDI for lettuce. 

Modeling NA Sandy clay 
loam and 

loam 

0.2 1.3 1 No NA 

Zhu-Barker 
et al., 2019 

SDI generally had less GHG emissions 
than alternative irrigation systems 

for several horticultural crops. 

Review California NA NA NA NA No Yes 

Zúñiga-Espinoza 
et al., 2017 

Potential to use remote sensing to 
estimate water stress and manage 
DRZ irrigation for wine grapes. 

Field Washington 
(NW) 

Loamy 
fine sand 

0.3, 0.6, 
and 0.9 

2.4 4 Yes NA 

Zúñiga-Espinoza 
et al., 2018 

DRZ irrigation maintained wine grape  
canopy vigor at 60% of full irrigation. 

Field Washington 
(NW) 

Loamy 
fine sand 

0.3, 0.6, 
and 0.9 

2.4 4 No NA 

Studies primarily using SDI as an efficient or convenient irrigation system 
Elsayed-Farag 

et al., 2018 
White mulch was better than bare or black 

mulch for tomato. Other: Fertigation. 
Field Texas 

(SW) 
Fine sandy 

loam 
0.05 2.0 1 Yes NA 

Enciso et al., 
2019 

Different tomato varieties evaluated 
with UAV and field measurements. 

Field Texas 
(SW) 

NA 0.25 to 
0.30 

2.0 1 No NA 

Wright et al., 
2018 

On-surface curing of onion reduced 
pathogen concerns. Other: Fertigation. 

Field Oregon 
(NW) 

Silt loam 0.1 NA 1 No NA 

[a] Multiple dripline depths and spacings separated by “to” denote a range, by “and” denote a non-experimental factor, and by “or” denote an experi-
mental factor. Abbreviations are listed in table 1. 
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optimize DRZ technology through remote sensing were re-
ported by Zúñiga-Espinoza et al. (2016, 2017, 2018). Re-
motely sensed wine grape vigor was found to be maintained 
with 60% of full irrigation using DRZ (Zúñiga-Espinoza et 
al., 2018). 

SDI AS AN EFFICIENT OR CONVENIENT IRRIGATION  
SYSTEM FOR HORTICULTURAL CROPS 

Three studies were in this subcategory (table 4) and in-
cluded a study of plastic mulch effectiveness for tomato 
(Elsayed-Farag et al., 2018), evaluation of tomato varieties 
using unmanned aerial vehicles (UAVs) (Enciso et al., 
2019), and evaluation of pathogen control with on-surface 
curing of onions when using SDI (Wright et al., 2018). 

FORAGE CROPS 
Twenty-one studies involving forage crops were found in 

the review process (table 5) spread across three subcatego-
ries. There were no reported studies comparing SDI to dry-
land (i.e., the second of the four subcategories). 

SDI IN COMPARISON TO ALTERNATIVE IRRIGATION  
SYSTEMS FOR FORAGE CROPS 

Only two studies discussed SDI in comparison to alterna-
tive irrigation systems for forage crops (table 5). Alfalfa 
yield was modeled to be 7.9 Mg ha-1 greater with SDI as 
compared to SGI, and SDI was deemed to be profitable for 
the long-season growing regions of California but not for the 
short-season intermountain regions (Montazar et al., 2017). 
In a survey of commercial alfalfa operations in California, 
producers claimed 10% to 30% yield increases and 20% to 
30% water savings with SDI compared to SGI (Zaccaria et 
al., 2017). However, UC-Davis field research found only a 
5% yield increase and that water use increased 2% to 3%. 
The survey also found that the most common dripline depth 
and spacing were 0.3 and 1.0 m, respectively. 

STUDIES OF SDI RESPONSES AND/OR PERFORMANCE  
IMPROVEMENTS FOR FORAGE CROPS 

Eleven forage crop studies measured a specific response 
to SDI or intended to improve SDI performance (table 5). 
Two studies with very deep SDI (0.9 m) on loam soils in 
Wyoming sought to use or disperse coal-mining produced 
waters for alfalfa and grass production. Water and solute 
movement in these studies was discussed by Bern et al. 
(2013a), and the soil geochemistry after six years of applica-
tion was also reported by Bern et al. (2013a). They con-
cluded that it was viable to deep subsurface apply sodic wa-
ters without causing sodicity problems at the soil surface. 

Four studies in Alabama on a black vertisol clay exam-
ined on-site wastewater dispersal with SDI for sudangrass 
and wheat. The researchers concluded that a standalone SDI 
system was not suitable on this vertisol (He et al., 2011) be-
cause nutrient loading could be excessive (He et al., 2013a) 
and because salts would accumulate on the soil surface (He 
et al., 2013b). A modeling and field study indicated that 
there was a potential for increased denitrification by regulat-
ing N application with the soil water level (He et al., 2013c). 

Hydrus 2-D modeling was used to develop a modeling 
framework for various design and management practices in 
relation to different alfalfa root distributions for three soil 
types (Kandelous et al., 2012). Hydrus modeling was also 
used by Reyes-Esteves and Slack (2019a, 2019b, 2021) to 
determine that a minimum dripline depth of 0.5 m was rec-
ommended to avoid alfalfa harvesting problems. 

SDI studies with alfalfa in Kansas on a deep silt loam soil 
recommended an 85% ET replacement regime (Lamm et al., 
2012b), although a replacement regime of 70% to 85% ET 
was sufficient to maintain yield and quality (Harmoney et 
al., 2013). The wetter regime was recommended because the 
70% ET regime became progressively drier during the grow-
ing season, and the soil profile might not be replenished dur-
ing more extensive drought periods. 

SDI AS AN EFFICIENT OR CONVENIENT IRRIGATION  
SYSTEM FOR FORAGE CROPS 

Eight forage studies were included in this category (ta-
ble 5). Five studies in Texas examined integrated cotton 
crop/livestock grazing systems using SDI. In general, the 
researchers concluded that the crop/livestock system re-
quired less irrigation as compared with monoculture cotton 
(Allen et al., 2012; Zilverberg et al., 2014), less energy (Zil-
verberg et al., 2012), less chemical inputs (Allen et al., 
2012), and had less economic risk (Johnson et al., 2013). 
Another study suggested that grazing rye may suppress the 
allelopathic effects of rye on cotton growth and production 
(Li et al., 2013). 

A biomass study in Texas using deficit SDI found greater 
silage yield for forage sorghum than for pearl millet or corn 
(Bhattarai et al., 2020). In two energy biomass studies, bio-
mass sorghums out yielded traditional forage sorghums 
(Chavez et al., 2019) and biomass sorghum chemical quality 
did not vary with irrigation level (Enciso et al., 2015a). 

TURF GRASSES 
Fifteen studies involving turf grasses for general land-

scape were found in the review process (table 6) spread 
across three subcategories. There were no reported studies 
comparing SDI to dryland (i.e., the second of the four sub-
categories). All of the reports in this crop category were gen-
erated from studies conducted in New Mexico. 

SDI IN COMPARISON TO ALTERNATIVE IRRIGATION  
SYSTEMS FOR TURF GRASSES 

Twelve studies were included in this subcategory (ta-
ble 6). Neither SDI nor SprI could use saline irrigation water 
(3.5 dS m-1) and maintain acceptable quality for most cool-
season turf grasses except for tall fescue in this region 
(Sevostianova et al., 2011a). However, SDI resulted in ear-
lier green-up than SprI for warm-season grasses and could 
maintain acceptable quality using the same level of water sa-
linity (Sevostianova et al., 2011a). In further work, Schiavon 
et al. (2013) noted slower establishment of tall fescue and 
Kentucky bluegrass with SDI than for SprI and indicated ad-
ditional that work would be needed to determine if quality 
could be maintained as soil electrical conductivity (EC) 
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levels increased. Similarly, Ganjegunte et al. (2013), using 
electromagnetic inductance, measured greater soil EC for 
SDI than for SprI turf grasses. 

Slower establishment of Bermuda grass with SDI com-
pared to SprI could be partially compensated for by earlier 

propagation (Serena et al., 2014). Seven studies published 
between 2012 and 2020 evaluated Bermuda grass and sea-
shore paspalum under SDI and SprI (table 6). Overall, these 
studies found that SDI generally had slower turf grass estab-
lishment than SprI and could benefit from earlier seeding 

Table 5. Identified SDI research studies in the U.S. concerning forage, 2010 through 2020. 

Study 
Highlights and Other Reported  

Factors or Data 
Study 
Type 

U.S. State 
and/or 
Region 

Soil 
Type 

Driplines[a] No. of 
Water 
Levels 

Crop 
Yield 

SDI 
Benefit 

Depth 
(m) 

Spacing 
(m) 

Studies comparing SDI to alternative irrigation systems and also possibly to dryland production or possibly to improve SDI performance 
Montazar 

et al., 2017 
SDI obtained 7.9 Mg ha-1 greater alfalfa 
yield than SGI, and economic viability 
of SDI alfalfa is discussed. Other: WP. 

Modeling California 
(W) 

Sandy, 
silty loam, 
silty clay, 
clay loam 

0.20 to 
0.41 

1.0 to 
1.5 

NA Yes Yes 

Zaccaria 
et al., 2017 

Most common commercial SDI depth 
and spacing for alfalfa were 0.3 and 1.0 m, 
respectively. Other: SGI; Economics; WP. 

Survey 
/Field 

California 
(W) 

Silty clay 
loam 

0.3 0.75 and 
1.00 

1 Yes Yes 

Studies attempting to evaluate a response specifically for SDI or to improve SDI performance 
Bern et al., 

2013a 
Deep SDI may be useful in managing 

saline waters from coal mining 
for alfalfa and grass. 

Field Wyoming 
(W) 

Loam 0.92 1.0 and 
1.5 

1 NA Yes 

Bern et al., 
2013b 

SDI applied coal mining sodic waters  
subsurface rather than on the 
surface for alfalfa and grass. 

Field Wyoming 
(W) 

Loam 0.92 1.0 and 
1.5 

1 NA Yes 

Harmoney 
et al., 2013 

SDI replacing 70% to 85% ET can 
maintain alfalfa yield and quality. 

Field Kansas 
MW) 

Silt loam 0.5 1.5 3 Yes NA 

He et al., 
2011 

Standalone SDI dispersal was not suitable 
on a vertisol for sudangrass and wheat. 

Field Alabama 
(SE) 

Clay 0.20 to 
0.25 

0.61 NA No NA 

He et al., 
2013a 

Nutrient loading could be excessive 
with SDI as implemented for 

sudangrass and wheat. 

Field Alabama 
(SE) 

Clay 0.20 to 
0.25 

0.61 NA Yes NA 

He et al., 
2013b 

Salts tended to accumulate at soil surface 
with SDI for sudangrass and wheat. 

Field Alabama 
(SE) 

Clay 0.20 to 
0.25 

0.61 NA No NA 

He et al., 
2013c 

Potential for increased denitrification by 
regulating N application with soil water 
level for sorghum sudangrass and wheat. 

Modeling 
/Field 

Alabama 
(SE) 

Clay 0.20 to 
0.25 

0.61 NA No NA 

Kandelous 
et al., 2012 

Using Hydrus 2D, a design and 
management framework for alfalfa root 

distributions and soils is presented. 

Modeling California 
(W) 

Loam, 
sandy loam, 
clay loam 

0.6 NA NA NA NA 

Lamm et al., 
2012b 

85% ET replacement for alfalfa in this 
region was recommended. Other: WP. 

Field Kansas 
(MW) 

Silt loam 0.5 1.5 3 Yes NA 

Reyes-Esteves 
and Slack, 

2019a, 2021 

Using Hydrus, dripline depth of 0.5 m 
is recommended to avoid harvesting 
problems. The 2021 article corrects 

and discusses the 2019 article. 

Modeling 
/Field 

California 
(W) 

Sandy clay 
loam clay 

loam 

0.3 and 
0.5 

1.0 2 No NA 

Reyes-Esteves 
and Slack, 

2019b 

Using Hydrus, minimum SDI placement 
depth for three soils is reported for alfalfa. 

Modeling 
/Field 

California 
(W) 

Sandy clay 
loam, clay 
loam, loam 

0.5 1.0 1 No NA 

Studies primarily using SDI as an efficient or convenient irrigation system 
Allen et al., 

2012 
Crop/livestock system used less 

irrigation and chemical inputs than 
monoculture cotton. Other: Economics. 

Field Texas 
(SW) 

Clay loam 0.36 1.0 1 Yes NA 

Bhattarai 
et al., 2020 

Greater silage yields under deficit 
irrigation with forage sorghum than 
for pearl millet and corn. Other: WP. 

Field Texas 
(SW) 

Clay loam NA NA 3 Yes NA 

Chavez et al., 
2019 

Biomass sorghums yielded better than 
forage sorghums. Other: WP. 

Field Texas 
(SW) 

Sandy loam NA 1.0 1 Yes NA 

Enciso et al., 
2015a 

Biomass sorghum chemical quality 
did not differ with irrigation level. 

Other: Economics; WP. 

Field Texas 
(SW) 

Sandy clay 
loam 

NA NA 4 Yes Yes 

Johnson 
et al., 2013 

Less economic risk with crop/livestock 
system than for monoculture cotton. 

Field Texas 
(SW) 

NA 0.36 1 1 Yes NA 

Li et al., 
2013 

Cattle grazing and allelopathy of rye 
are discussed. Other: Cotton. 

Field Texas 
(SW) 

Clay loam NA NA 1 Yes NA 

Zilverberg 
et al., 2012 

Monoculture cotton used more energy 
than integrated crop/livestock system. 

Field Texas 
(SW) 

Clay loam 0.36 1.0 1 No NA 

Zilverberg 
et al., 2014 

Monoculture cotton used more irrigation 
than integrated crop/livestock. 

Field Texas (SW) Clay loam 0.36 1.0 2 Yes NA 

[a] Multiple dripline depths and spacings separated by “to” denote a range, by “and” denote a non-experimental factor, and by “or” denote an experi-
mental factor. Abbreviations are listed in table 1. 
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(Schiavon et al., 2012, 2015; Serena et al., 2017a) and that 
irrigation system had little effect on the carbohydrate content 
of the turf grasses (Serena et al., 2017b), but with successful 
establishment, SDI would have better long-term turf quality 
and drought avoidance (Schiavon et al., 2014a, 2014b; 
Serena et al., 2020). 

STUDIES OF SDI RESPONSES AND/OR PERFORMANCE  
IMPROVEMENTS FOR TURF GRASSES 

Two studies were included in this subcategory (table 6): 
an early study to determine the potential of SDI for turf 
grasses (Schiavon et al., 2011), and a literature review con-
cerning the potential for using treated effluent and N ferti-
gation for turf grasses with SDI (Sevostianova and 
Leinauer, 2014). The review concluded that combined tech-
nologies (i.e., treated effluent and N fertigation) with SDI 
could become an important way to sustain green spaces in 
urban settings. 

SDI AS AN EFFICIENT OR CONVENIENT IRRIGATION  
SYSTEM FOR TURF GRASSES 

A study to evaluate seed coatings to enhance germination 
was conducted with SDI on a sandy soil (Leinauer et al., 
2010), finding that seed coatings were beneficial but that fur-
ther research was needed to determine if full turf coverage 
could be achieved. 

STUDIES WITH NO SPECIFIC CROP 
Seventeen studies that mentioned no crop or that were not 

crop-specific were found in the review process (table 7) 
spread across two subcategories. 

SDI IN COMPARISON TO ALTERNATIVE IRRIGATION  
SYSTEMS WITHOUT A SPECIFIC CROP 

Four summary studies discussed the progress and pro-
spects for SDI within the U.S. (table 7). A survey of 

Table 6. Identified SDI research studies in the U.S. concerning turf grasses, 2010 through 2020. 

Study 
Highlights and Other Reported  

Factors or Data 
Study 
Type 

U.S. State 
and/or 
Region 

Soil 
Type 

Driplines[a] No. of 
Water 
Levels 

Crop 
Yield 

SDI 
Benefit 

Depth 
(m) 

Spacing 
(m) 

Studies comparing SDI to alternative irrigation systems and also possibly to dryland production or possibly to improve SDI performance 
Ganjegunte  
et al., 2013 

Soil salinity and sodicity greater with 
SDI than with SprI for turf. 

Field New Mexico  
(SW) 

Fine sand 0.1 0.6 1 NA No 

Schiavon et al., 
2012 

Bermuda grass and seashore paspalum 
could be established with SDI but earlier 
seeding would be required than for SprI. 

Field New Mexico  
(SW) 

Sandy 
loam 

0.1 0.3 1 NA Mixed 
results 

Schiavon et al.,  
2013 

SDI had slower establishment than for 
SprI for fescue and Kentucky bluegrass. 

Field New Mexico  
(SW) 

Sandy 
loam 

0.1 0.33 1 NA No 

Schiavon et al.,  
2014a 

After three years, SDI had greater quality 
and NDVI for Bermuda grass and 
seashore paspalum than for SprI. 

Field New Mexico  
(SW) 

Sandy 
loam 

0.1 0.33 1 NA Yes 

Schiavon et al.,  
2014b 

SDI may be more effective than SprI for 
maintaining Bermuda grass and seashore 
paspalum quality under deficit irrigation. 

Field New Mexico  
(SW) 

Sandy 
loam 

0.1 0.33 1 NA Yes 

Schiavon et al.,  
2015 

Slower SDI Bermuda grass and seashore 
paspalum establishment in New Mexico 

than for California. Other: SprI. 

Field New Mexico 
(SW) and 
California 

(W) 

Sandy 
loam and 
fine sandy 
clay loam 

0.1 0.3 1 NA Mixed 
results 

Serena et al.,  
2014 

Bermuda grass was slower to reach full 
coverage and had lesser root density 

with SDI than with SprI. 

Field New Mexico 
(SW) 

Sandy 
loam 

0.1 0.3 1 NA No 

Serena et al.,  
2017a 

Bermuda grass and seashore paspalum  
were slower to exhibit green-up 

with SDI than with SprI. 

Field New Mexico 
(SW) 

Loamy 
sand 

0.1 0.3 1 NA No 

Serena et al.,  
2017b 

Irrigation system (SDI and SprI) had 
little effect on carbohydrate content for 
Bermuda grass and seashore paspalum. 

Field New Mexico 
(SW) 

Loamy 
sand 

0.1 0.3 1 NA Mixed 
results 

Serena et al.,  
2020 

SDI had improved drought avoidance, 
green cover, and turf quality compared  

to SprI for Bermuda grass and 
seashore paspalum. 

Field New Mexico 
(SW) 

Loamy 
sand 

0.1 0.3 1 NA Yes 

Sevostianova  
et al., 2011b 

Earlier green-up with SDI compared to 
SprI for nine warm season turf grasses. 

Field New Mexico 
(SW) 

Sandy 
loam 

0.075 0.3 1 NA Yes 

Sevostianova  
et al., 2011a 

Soil EC was greater with SDI than with 
SprI for seven cool-season turf grasses. 

Field New Mexico 
(SW) 

Sandy 
loam 

0.075 0.3 1 NA No 

Studies attempting to evaluate a response specifically for SDI or to improve SDI performance 
Schiavon et al.,  

2011 
Warm-season grasses were evaluated 

with SDI for quality. 
Field New Mexico 

(SW) 
Sandy 

clay loam 
0.1 0.3 1 NA NA 

Sevostianova and 
Leinauer, 2014 

Potential to use effluent and fertigation  
for SDI turf grasses. Other: Fertigation. 

Review NA NA NA NA NA NA Yes 

Studies primarily using SDI as an efficient or convenient irrigation system 
Leinauer et al.,  

2010 
Seed coatings may improve turf grass 

germination when using SDI. 
Field New Mexico 

(SW) 
Sandy 0.1 0.3 2 NA NA 

[a] Multiple dripline depths and spacings separated by “to” denote a range, by “and” denote a non-experimental factor, and by “or” denote an experi-
mental factor. Abbreviations are listed in table 1. 
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irrigation methods in California indicated that processing to-
mato had the greatest land area for SDI at 9462 ha in 2010, 
as compared to just 30 ha in 2001 (Tindula et al., 2013). In 
another summary from California, Ayars et al. (2015) con-
cluded that SDI would be a valuable tool for managing irri-
gation water in California, in some cases increasing crop 
yield and quality, and in even more cases increasing WP. 
The status of SDI at the beginning of the last decade within 
the entire U.S. was summarized by Lamm et al. (2012a), who 
also reported the opportunities and challenges that exist for 
SDI adoption. The past, present, and future of irrigation in 
the Great Plains were discussed by Evett et al. (2020b), who 
noted the growing interest and use of SDI and other ad-
vanced irrigation technologies and their importance in the 
future. 

Various empirical models, the numerical Hydrus 
2D model, and the analytical Wet-Up model were used to 
simulate wetting patterns for both SDI and DI (Kandelous 
and Šimůnek, 2010b). The researchers reported varied suc-
cess, with the empirical and numerical models performing 
better than the analytical model. 

STUDIES OF SDI RESPONSES AND/OR PERFORMANCE  
IMPROVEMENTS WITHOUT A SPECIFIC CROP 

Twelve studies were included in this subcategory in ta-
ble 7. A field study in Wyoming examined water and salt 
dynamics with deep SDI for dispersal of coal-mining pro-
duced waters (Engle et al., 2011). Although the researchers 
indicated the favorable potential of SDI technology, they 
concluded that further study was justified to understand  
 

Table 7. Identified SDI research studies in the U.S. not listing a specific crop, 2010 through 2020. 

Study 
Highlights and Other Reported  

Factors or Data 
Study 
Type 

U.S. State 
and/or 
Region 

Soil 
Type 

Driplines[a] No. of 
Water 
Levels 

Crop 
Yield 

SDI 
Benefit 

Depth 
(m) 

Spacing 
(m) 

Studies comparing SDI to alternative irrigation systems and also possibly to dryland production or possibly to improve SDI performance 
Ayars et al.,  

2015 
SDI is a valuable tool to increase WP. 

Other: Various crops; Fertigation;  
Economics. 

Summary California 
(W) 

NA Various Various NA Yes Yes 

Lamm et al.,  
2012a 

Status of SDI in 2010 reported. SDI was 
growing in the U.S. and was subject of 

considerable research and extension efforts. 

Review 
/Summary 

SE, Great 
Plains, 

and West 

NA NA NA NA NA Yes 

Evett et al.,  
2020b 

Texas, Kansas, and Nebraska had 25% 
of SDI area in the U.S. 

Review 
/Summary 

Great 
Plains 

NA NA NA NA No NA 

Kandelous and 
Šimůnek, 2010a 

Wetting zone dimensions were compared 
with different models for SDI and DI. 

Modeling 
/Lab 

NA Clay loam 0.15 
and 
0.30 

NA NA NA NA 

Tindula et al., 
2013 

Processing tomato had the greatest SDI 
land area in California in 2010 at 9462 ha. 

Survey 
/Summary 

California 
(W) 

NA NA NA NA NA NA 

Studies attempting to evaluate a response specifically for SDI or to improve SDI performance 
Beggs et al., 

2011 
Nitrogen removal through denitrification 
with SDI dispersal system was evaluated. 

Modeling 
/Lab 

NA Sandy loam, 
loamy sand, 
and silt loam 

0.15 0.4 NA No NA 

Enciso et al., 
2011 

Longevity of SDI systems was discussed 
and poor maintenance was attributed 

to cause of reduced uniformity. 

Field Texas 
(SW) 

NA NA NA NA NA NA 

Engle et al., 
2011 

Water and salt dynamics with deep 
SDI dispersal were presented. 

Field Wyoming 
(W) 

Silt and 
fine sand 

0.9 1.4 1 No Mixed 
results 

Evett et al., 
2018 

Lysimeter estimates of ET for SDI were 
improved through additional equipment. 

Field Texas 
(SW) 

NA 0.30 to 
0.36 

1.5 NA No NA 

Harbuck et al., 
2011 

Procedures and equipment for in-field SDI 
uniformity measurements were discussed. 

Lab /Field Alabama 
(SE) 

NA NA NA NA No NA 

Kandelous and 
Šimůnek, 2010b 

Simulated soil water values from Hydrus 
2D compared well with observed values. 

Modeling 
/Lab 

NA Clay loam 0.05, 0.15, 
0.25, and 

0.30 

NA NA NA NA 

Kandelous 
et al., 2011 

Modeling SDI wetting patterns when 
water from two emitters overlap may 
require three-dimensional modeling. 

Modeling 
/Lab 

NA Clay loam 0.20, 0.25, 
and 0.30 

NA NA NA NA 

Lamm and 
Puig-Bargués, 

2017 

Simple, self-regulating equations were 
presented to size SDI flushlines. 

Modeling NA NA NA NA NA No NA 

Puig-Bargués 
et al., 2010 

Increasing flushing velocity, and as 
a result flushing volume, increased 
removal of solids from driplines. 

Field/Lab Kansas 
(MW) 

Silt loam 0.075 NA NA No No 

Puig-Bargués 
and Lamm, 

2013 

ASABE Standard EP-405 recommended 
minimum flushing velocity of 0.3 m s-1 still 

appears adequate under most conditions. 

Lab Kansas 
(MW) 

NA NA NA NA NA NA 

Siegrist et al., 
2014 

Effective elimination of pathogens 
with SDI was discussed. 

Field Colorado 
(W) 

Sandy 
loam 

0.2 to 
0.3 

0.6 2 No Yes 

Skaggs et al., 
2010 

Pulsing had little impact on horizontal 
soil water redistribution from SDI. 

Modeling 
/Field 

California 
(W) 

Sandy 
loam 

0.06 NA 1 No NA 

[a] Multiple dripline depths and spacings separated by “to” denote a range, by “and” denote a non-experimental factor, and by “or” denote an experi-
mental factor. Abbreviations are listed in table 1. 
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longer-term environmental concerns. Additional discussion 
of this technology was presented in the Forage Crop section 
and table 5 of this article entailing the work of Bern et al. 
(2013a, 2013b). 

The fate of N from small on-site SDI dispersal systems 
for wastewater was studied with Hydrus 2D modeling and in 
the laboratory by Beggs et al. (2011). They found that the 
slow transport with SDI enhanced total N losses and in-
creased plant N uptake. In a field study on a sandy loam soil 
in Colorado with an SDI dispersal system applying effluent, 
heterotrophic bacteria levels increased in the subsoil, but the 
SDI system was effective at eliminating Escherichia coli and 
other coliforms (Siegrist et al., 2014). 

In another Hydrus 2D modeling study, simulated volu-
metric soil water contents within a clay soil profile using SDI 
corresponded well with measured values (Kandelous and 
Šimůnek, 2010b). A Hydrus 2D study that examined when 
the wetting patterns from two adjacent SDI emitters started 
to overlap concluded that a fully three-dimensional model 
may be required to adequately describe this process (Kande-
lous et al., 2011). 

The longevity of commercial SDI systems in Texas was 
discussed by Enciso et al. (2011), and poor maintenance was 
attributed as the cause of reduced uniformity for many older 
systems. Additional studies on SDI longevity were men-
tioned earlier in this article in the Grain and Oilseed Crops 
section and table 2, specifically Sorensen and Lamb (2015) 
and Lamm and Rogers (2017). Procedures and equipment to 
evaluate SDI uniformity in the field were reported by Har-
buck et al. (2011). 

Flushing of SDI driplines is an important aspect of system 
maintenance and therefore system longevity. Increasing the 
flushing velocity to 0.45 or 0.61 m s-1 resulted in increased 
dripline solids removal (Puig-Bargués et al., 2010). How-
ever, increasing the flushing velocity over the ASABE-rec-
ommended 0.3 m s-1 increases SDI system costs considera-
bly, and Puig-Bargués and Lamm (2013) suggested that in-
creasing the frequency and duration of flushing might be a 
preferable option. Simple equations to size SDI flushlines 
were presented by Lamm and Puig-Bargués (2017). The 
equations tend to be self-regulating (i.e., accurate even with 
a minimal number of parameters because of the scale of typ-
ical components and system designs). 

SDI, with its inherent nature of applying water below the 
soil surface, has different dynamics than alternative irriga-
tion systems in the partitioning of ET. Efforts to partition ET 
when using SDI will likely be improved by the use of better 
lysimetric estimates that were reported through equipment 
modifications (Evett et al., 2018). 

Pulsing of SDI, in which applications of water are fre-
quently paused and restarted, has been advocated as a means 
of improving soil water redistribution that might enhance 
crop germination and establishment. Pulsing of SDI was 
studied on a sandy loam in California with Hydrus 2D and 
field data (Skaggs et al., 2010). The researchers found that 
soil wetting was impacted by soil texture and antecedent soil 
water content, but was not appreciably impacted by pulsing 
or the emitter discharge rate. 

THE FUTURE OF SDI IN THE U.S. 
At the beginning of the decade (2010), the challenges and 

perceived opportunities for SDI were discussed by Lamm et 
al. (2012a), and readers are referred to those studies for ad-
ditional discussion. Some of the challenges for the adoption 
and successful use of SDI have lessened in the last decade, 
and some have not. This article focuses on the primary per-
sistent challenges that remain and on some challenges not 
listed by Lamm et al. (2012a). Some challenges and oppor-
tunities overlap, and successfully addressing a challenge 
may open an opportunity. 

CHALLENGES AND OPPORTUNITIES FOR  
SDI DESIGN AND INSTALLATION  

In the Great Plains and the western U.S., there has been a 
considerable reduction in the challenges in this topic area 
through development of an improved network and a larger 
number of designers, dealers, and installers with increased 
support from microirrigation component manufacturers. 
This is less the case in the southeastern U.S., resulting in less 
adoption, less producer awareness, and poorer designs 
(e.g., proper matching of components) and installations. 
Some producers may install their own systems, but many are 
uncomfortable doing so. Fields in the southeastern U.S. are 
often relatively small and irregularly shaped, necessitating 
more individual designs, but conversely these small 
SDI fields can be more cost-competitive with CP systems. 
The coarse-textured soils of the Southeastern Coastal Plain 
may benefit from shallow SDI installations, but these shal-
low systems also have challenges related to tillage, cropping, 
and pest management. 

Industry and technical service providers can help address 
this problem. Some manufacturers are providing better sup-
port to designers and installers by developing more standard 
designs, which can decrease SDI system costs. This is wel-
come, provided that the long-term system needs of the pro-
ducer are well identified and that the system operation will 
be economical in the long run. The goals of an SDI system 
can have a large effect on the system design and installation, 
as well as its long-term operation and maintenance. For ex-
ample, SDI systems applying effluent from animal or human 
sources may require more complex designs, but at same time 
may have an increased opportunity for profitability through 
economical dispersal of effluent. Use of SDI for turf on golf 
courses, athletic fields, parks, and other urban green spaces 
is likely to increase in the future, particularly for applying 
treated effluents (i.e., further reducing human exposure). 
Freshwater sources can then be conserved for more im-
portant uses. 

Nationwide, the selection of dripline spacing and depth 
remains a design and installation challenge when crops with 
different row spacings and other cultural practices are fre-
quently rotated. Additionally, some fields may be fallowed 
for weed or pathogen control or are not secured for long-term 
lease and therefore may not fully use an SDI system. Pro-
ducers should carefully plan their SDI systems, recognizing 
that additional flexibility may be desirable as experience is 
gained. Further research is warranted in examining flat ver-
sus bed planting for a variety of crops grown with SDI and 
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the interaction with dripline depth and spacing, emitter spac-
ing, and discharge rate. This research could be especially 
valuable in addressing the germination and crop establish-
ment problems that can occur with SDI. The use of SDI for 
forage production and turf is anticipated to increase in the 
future and may require additional innovations in design and 
installation (e.g., optimum depth and dripline spacing) and 
in maintenance (e.g., prevention of rodent and mechanical 
damage to driplines). 

Designing and implementing flexible SDI systems can be 
challenging, as producers may not have a good understand-
ing of their long-term cropping plans and potential for 
greater cropping intensification. Agrochemical injection 
systems and/or automated monitoring and control systems 
add complexity and increase initial costs but can be profita-
ble in the long term through reduction in management and 
maintenance costs and through increased crop yield and/or 
quality. 

Energy prices in some areas are based on peak and off-
peak demand. This pricing variation can be an important fac-
tor in developing cost-effective and energy-efficient SDI 
systems, but it has been often ignored in system design. For 
example, peak energy costs in the California Central Valley 
occur between 4:00 to 9:00 p.m., and therefore there is an 
incentive to pause irrigation during this time of the day. Sys-
tem designs need the flexibility to apply needed water at the 
best available time as well as the automation capability to 
make such adjustments. This timing can be further compli-
cated by water resources that involve delivery schedules 
(e.g., canals and aqueducts). 

Many SDI system designs that are based only on crop 
needs will be inadequate for these more complex scenarios. 
In deep soils with good water-holding capacity and for deep-
rooted crops, the minimized evaporation losses and excellent 
distribution uniformity can make SDI a desirable choice 
when irrigation is interrupted. This need for flexibility is also 
a big incentive for the development of robust monitoring and 
control systems that can assess plant and soil water status 
and make adjustments in a timely fashion. 

CHALLENGES AND OPPORTUNITIES FOR  
SDI OPERATION AND MANAGEMENT 

Initially, installation of a smaller SDI system can help 
producers gain experience with SDI operation and manage-
ment, but paradoxically this approach may not lead to suc-
cessful adoption of SDI because producers with limited 
available time may be unwilling to spend the time necessary 
to learn a small system. Operation of an SDI system is not 
beyond the range of skills of a typical producer, but it re-
quires different management and more timely and consistent 
management. For example, the inherent nature of SDI sys-
tems of applying irrigation below the soil surface removes 
many of the visual cues of system operation, such as wetting 
of the soil surface. 

The resistance of producers to adopt more complex man-
agement strategies remains a persistent impediment to 
SDI adoption and was identified as early as 1996 by Phene 
(1996). Continued advances in sensor data collection, man-
agement, and analysis, e.g., closed-loop systems and internet 
of things (IoT), will help in developing robust systems and 

monitoring strategies that could remove this impediment. 
Improved characterization of the soil water content (in two 
or three dimensions) with better soil water sensors and/or 
modeling could help irrigation managers apply water at “just 
the right place and at just the right time.” This would further 
reduce non-beneficial water losses, increase application ef-
ficiency, and help achieve a more suitable soil water distri-
bution for crop needs. 

As with any irrigation system, as SDI management be-
comes more complex, the need for a skilled workforce in-
creases. Some producers are unwilling to invest time and la-
bor resources in managing and troubleshooting SDI systems; 
in such cases, alternative irrigation systems are a preferred 
choice. As producer knowledge of SDI increases, more com-
plex operation and management will become desirable to op-
timize crop production while minimizing unnecessary use of 
inputs. This intensification of production will involve con-
junctive management of SDI, agrochemicals, cultivar selec-
tion, and cultural practices. Many of these intensification 
strategies have been developed for higher-value crops (i.e., 
fruits, vegetables, trees, and vines), but many still need to be 
developed for lesser-value crops (i.e., grains, oilseeds, fiber, 
and forage). 

The continued search for more sustainable irrigation sys-
tems provides opportunities for SDI as an efficient delivery 
method with greater uniformity of crop production (i.e., 
more similar plants). Additional environmental benefits of 
SDI will likely include the aforementioned reduction in 
GHG emissions and reductions in pathogen exposure routes, 
and these combined environmental benefits may become an 
important overall reason for SDI adoption. 

CHALLENGES AND OPPORTUNITIES  
FOR CROPPING WITH SDI 

Crop germination and establishment remain a persistent 
problem for SDI in semi-arid and arid regions where precip-
itation near the planting window is sparse. This is particu-
larly a problem for crops with small seeds, such as cotton, 
that need to be planted at a shallow depth. Irregular crop 
stands caused by differential germination can reduce yields 
both spatially, by not having enough plants, and temporally, 
by having too much interplant competition (i.e., shading of 
late-emerging plants that limits yield). 

As discussed earlier for the design and installation chal-
lenges of SDI systems, crop rotation can be problematic with 
SDI when the crop row spacing does not match well with the 
ability of SDI to wet the crop root zone. Similarly, in regions 
where saline soil or water can be a problem, high salinity 
zones at the edges of the SDI wetting pattern can decimate 
crop production if the crop rows are not carefully managed. 
Leaching with SDI is difficult, if not impossible, so an alter-
native means of providing periodic leaching (e.g., SprI or 
SGI) may be required in arid regions. In some cases, the sa-
line soil can be displaced to the crop interrow with tillage. 

Some crops have achieved appreciable yield increases 
(e.g., cotton and processing tomato) or improvements in qual-
ity (e.g., onions) with SDI that have justified its adoption. 
Other crops have not shown yield increases (e.g., grain sor-
ghum) or sufficient yield increases (e.g., some crop rotations) 
to justify SDI over alternative irrigation systems. The SDI 



64(4): 1319-1343  1337 

adoption rationale for some crops is well understood and doc-
umented, while further evaluation is warranted for other 
crops, particularly when crop rotation is prevalent. For exam-
ple, opportunities may exist to change irrigation strategies 
and management when using SDI for a certain crop. This may 
be an emerging opportunity to better understand crop physi-
ology related to water stress and to exploit changes in culti-
vars occurring through seed company genetics. 

CHALLENGES AND OPPORTUNITIES 
FOR SDI MAINTENANCE 

Damage to drip laterals caused by rodent gnawing and 
other animal activity remains one of the most intractable 
maintenance challenges for SDI systems. Damage to laterals 
by field equipment has also been a challenge but has been 
mostly resolved in the past 20 years by the use of GPS guid-
ance systems. Significant time and labor are required to re-
pair system leaks due to damage by animals. Most repairs 
are needed at the beginning of the irrigation season, when 
the SDI system is first activated, due to rodents burrowing 
below the soil surface during the winter. This problem may 
be exacerbated in semi-arid and arid regions that have heavy 
soils at the surface that are prone to cracking, especially if 
winters are dry, because the cracks in the soil provide an eas-
ier path for rodents to reach the SDI laterals. Labor to repair 
leaks may also be required throughout the irrigation season 
to maintain the SDI emission uniformity. 

There is substantial anecdotal evidence that rodent activ-
ity is further increased if crop residue is left on the soil sur-
face, which results in a more favorable rodent habitat. As 
stated earlier (Sorensen, 2019), removal of peanut foliage re-
sulted in reduced rodent damage to SDI driplines. At the 
USDA-ARS laboratory in Bushland, Texas, nearly 50 labor 
h ha-1 was needed to repair SDI driplines after fallowing with 
wheat stubble in the previous summer, fall, and winter. At a 
commercial scale, such extensive damage would likely result 
in the SDI system being abandoned. As a result, adoption of 
SDI may discourage concurrent adoption of reduced-tillage 
or no-tillage production. Thus, a hidden maintenance cost 
may include increased tillage requirements for producers 
who would otherwise practice reduced tillage or no tillage, 
or selective crop rotation strategies that involve fallowing. 
Further, the benefits of maintaining crop residue (e.g., en-
hanced precipitation capture, reduced soil water evapora-
tion, and reduced soil erosion by wind and water) may be 
perceived as outweighing the benefits of SDI. Development 
of robust, safe (i.e., no or low toxicity), and economical strat-
egies to reduce rodent damage is of paramount concern for 
reducing impediments to SDI adoption. 

As with any microirrigation system, clogging of SDI 
emitters remains a concern. Historically, clogging problems 
and solutions for microirrigation systems have followed a 
pattern in the U.S. As system adoption starts in a region, gen-
erally the only resources that exist to solve an emerging clog-
ging problem are from another region that previously 
adopted the system, and sometimes the solution is quite old 
and not well documented for current needs. Normally, the 
solution was generated in the previous region only after suf-
ficient adoption of microirrigation had occurred (i.e., exper-
tise became involved in solving the problem only when the 

microirrigated area had increased). The solution may have 
been successful, but it may also be specific to the previous 
region’s water conditions (i.e., the concentrations of physi-
cal, chemical, and biological constituents) and may not be 
applicable in another region. In addition, the expertise re-
sponsible for the solution in the previous region may no 
longer be available. As a result, the pattern starts again in the 
next region of microirrigation adoption. Opportunities exist 
for much better documentation of clogging solutions and 
better generalizations of such solutions. 

Although the maintenance challenges can be considerable 
with SDI compared with alternative systems, SDI can avoid 
some problems experienced with alternative systems. For 
example, SDI systems generally are not subject to wind or 
tornadic damage, do not experience normal wear and tear on 
moving parts, do not experience flat or stuck tires, or tower 
alignment or guidance issues, and are not subject to theft of 
copper wiring, as with CP systems. Maintenance procedures 
for SDI can often be handled by on-farm staff, rather than 
requiring a service call from an irrigation dealer. Addition-
ally, CP systems often have proprietary software or hard-
ware that requires dealer service. 

SUMMARY AND CONCLUSIONS 
The SDI irrigated land area continues to expand in the 

U.S., and SDI is being adopted for multiple types of crops 
(fiber, grain and oilseed, horticultural, forage, and turf). The 
rationales for SDI adoption and the pace of adoption vary 
and are of course heavily affected by the prevailing econom-
ics. Much of the results from SDI research are what might 
be anticipated for an irrigation system that can inherently 
and efficiently apply small amounts of water within the crop 
root zone as needed, thus reducing non-beneficial water 
losses. This review highlights research progress within the 
U.S. during the past decade, and the research suggests that 
further advances will occur in the future. Challenges remain 
to successful commercial adoption of SDI, but opportunities 
also exist. Some challenges are being addressed by universi-
ties, federal and state agencies, and industry. Overall, one of 
the greatest challenges for SDI nationwide is the prevention 
and mitigation of rodent damage to subsurface driplines. Re-
search is needed to address this challenge. Conversely, a 
broad array of opportunities exists for SDI systems, and the 
opportunities are likely to expand further as irrigation sus-
tainability and world food issues become more important. 
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