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Abstract
A meta-analysis was performed on 351 studies from 17 articles published between 1990 and 2016 to determine how a water 
use efficiency (WUE) treatment is affected by irrigation systems and management practices on clay and clay loam soils in 
a semi-arid environment relative to a rainfed control. Several explanatory variables (moderators) were examined to deter-
mine their impact on WUE such as crop type, irrigation capacity, rainfall, soil type, planting time, and nitrogen application. 
Results were sub-grouped by irrigation system. Overall, the impact of irrigation system on WUE directly correlated with 
the efficiency of the irrigation system. Subsurface drip and center pivot irrigation systems had the largest impacts on WUE 
with increases of 147 and 99%, respectively, compared to a 14% increase under furrow irrigation. Corn (Zea mays L.) had 
a higher response to WUE in subsurface drip irrigation (260%) compared to center pivot irrigation (46%), whereas WUE 
in cotton (Gossypium hirsutum L.) had a 71% change in center pivot systems compared to 63% under subsurface drip. The 
biggest increases in WUE relative to a rainfed control were for sorghum (Sorghum bicolor (L.) Moench), which had a 13% 
change under furrow irrigation, 160% change under center pivot and 341% under subsurface drip.

Introduction

The Texas High Plains region constitutes over 93,000 km2 
that covers 48 counties, spanning the Texas panhandle to 
just north of the Midland–Odessa area (TWDB, 2019). 
Agriculture contributes approximately $7 billion annually 
in economic activity to the Texas High Plains economy, pro-
ducing 25% of United States cotton (Gossypium hirsutum L.) 
production and annually markets more than 6 million cattle, 
or 28% of the United States fed cattle production (TCFA, 
2019). Other major crops produced in this semi-arid environ-
ment include corn (Zea mays L.), sorghum (Sorghum bicolor 
(L.) Moench), wheat (Triticum aestivum L.), peanut (Arachis 
hypogaea L.), and sunflower (Helianthus annuus L.). Since 
pre-development in the 1950s, intensive irrigation for crop 
production has depleted over half of the saturated thickness 
of the Ogallala Aquifer (McGuire 2017). Adoption of irri-
gation technology began with low-pressure systems such as 

furrow and gravity flow, but more efficient technology such 
as center pivot systems using Low-Elevation Spray Appli-
cation (LESA), Mid-Elevation Spray Application (MESA), 
and Low-Energy Precision Application (LEPA) nozzles and 
as well as Subsurface Drip Irrigation (SDI) are more widely 
used (Seo et al. 2008; Amosson et al. 2011). Numerous stud-
ies have compared yield potential and efficiencies of these 
systems. Deficit irrigation strategies are being explored to 
reduce water inputs, but the impact on crop yield and water 
use efficiency (WUE) is uncertain (Colaizzi et al. 2009; Rud-
nick et al. 2019).

Meta-analysis is a quantitative technique that aggregates 
the results of individual studies to derive greater statistical 
power (Borenstein et al. 2009). Meta-analyses have been 
performed in agriculture to determine the impact of various 
management practices on crop yield and WUE. Fan et al. 
(2018) performed a meta-regression on WUE for cotton 
and wheat production in China across various management 
practices under furrow and micro-irrigation systems. They 
found maximal WUE in cotton was achieved by reducing 
water application by 51%, but it resulted in a loss in lint 
yield of 51%, whereas a 30% reduction in water applied for 
wheat reduced yield by 15%. Adu et al. (2018) performed 
a meta-analysis to determine crop yield performance under 
full, deficit, and partial root-zone drying irrigation for nine 
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crop species globally. Overall, deficit irrigation reduced crop 
yield, with the least impact on arable field crops (corn, cot-
ton, and potato) and greater impacts on vegetable fruit crops. 
A meta-regression by Sadras (2009) found that deficit irriga-
tion increased water productivity (analogous to WUE) by 
80% relative to high irrigation controls. Zhang et al. (2018) 
found that for C3 plants, WUE increased by 14% under mild 
and moderate drought stress, but had zero change under 
severe stress. C4 crops experienced declines of 3.5, 4.1 and 
24% under mild, moderate, and severe stress, respectively.

The objective of this study was to perform a meta-analy-
sis to determine the impact of irrigation system and manage-
ment operations on WUE in the Texas High Plains. Publica-
tions with experiments conducted on corn, cotton, sorghum, 
and wheat using furrow, center pivot, and subsurface drip 
systems were analyzed and compared to rainfed systems.

Materials and methods

Database preparation

Data were collected from studies where irrigation treatments 
could be compared to rainfed controls. A systematic and 
exhaustive literature search was conducted in February and 
March 2016 using Google Scholar and the Web of Science 
search engines with the following keywords: water use effi-
ciency, WUE, yield, Ogallala, dryland, rainfed, deficit irri-
gation, Texas. Articles were restricted to those using data 

obtained since 1990. Two rounds of screening took place. 
The first screening of articles contained publications rel-
evant to crop yield and WUE. The second round of screening 
determined the final papers to be selected to database entry: 
1) the experiment characteristics had to include a dryland 
observation, and 2) the articles had to report yield and WUE 
for each irrigation treatment. The database ended up with 17 
papers for a total of 351 observations located in the Texas 
High Plains covering corn, cotton, sorghum and wheat on 
furrow, center pivot with LEPA, LESA and MESA nozzles, 
and SDI systems (Table 1).

A database was created by listing the management data in 
each study. The WUE data were arranged as paired observa-
tions, in that multiple irrigation treatments were compared 
to a single rainfed control. Other data collected were related 
to the experimental design such as location, weather, and 
number of replications, management data including tillage 
practices, row spacing, fertilizer and chemical application, 
and external factors such as rainfall received. Relevant mod-
erators are shown in Table 2. All studies used conventional 
tillage practices, so this was not included in the list of mod-
erators. Because the meta-analysis cannot be performed on 
continuous variables, the moderators were sub-divided into 
categories as defined by Bordovsky (2018).

Data analysis

The meta-analysis was conducted using the Comprehensive 
Meta-Analysis software Version 3 developed by Borenstein et al. 

Table 1   Published studies 
included in the database from 
a literature search conducted in 
February and March 2016

Included is the number of observations, irrigation system used and crop species. Low-Energy Precision 
Application (LEPA), Low-Elevation Spray Application (LESA), and Mid-Elevation Spray Application 
(MESA) refer to nozzles on center pivot systems. SDI represents Subsurface Drip Irrigation

Publication N obs Irrigation system Crop

Allen and Musick (1993) 40 Furrow Sorghum
Howell et al. (1995) 10 LEPA Corn
Bordovsky and Lyle (1996) 24 LEPA Sorghum
Schneider and Howell (1996) 30 LEPA/LESA Wheat
Howell et al. (1997) 12 SDI Corn
Schneider and Howell (2000) 32 LEPA, LESA Sorghum
Schneider and Howell (2001) 32 LEPA, LESA Wheat
Colaizzi et al. (2003) 48 LEPA, LESA, MESA, SDI Sorghum
Howell et al. (2004) 4 LESA Cotton
Xue, et al. (2006) 8 Furrow Wheat
O’Shaughnessy and Evett (2010) 12 LEPA Cotton
Bordovsky et al. (2011) 28 LEPA Cotton/Sorghum
Colaizzi et al. (2013) 16 LEPA, LESA, MESA, SDI Cotton
O’Shaughnessy et al. (2014) 15 LEPA Sorghum
Hao et al. (2014) 8 Furrow Sorghum
Xue et al. (2014) 20 Furrow Wheat
Attia et al. (2015) 12 SDI Cotton
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(2013). A random effects model was used to assess WUE under 
deficit irrigation as we assumed the true effect varied across 
studies (Borenstein et al. 2009). A response ratio was used as the 
effect size and was calculated as (Hedges et al. 1999):

where LnRR represents the natural logarithm of the response 
ratio, and WUEtrt is the irrigation treatment and WUEctl is 
the dryland control. WUE was defined as yield/ET, although 
it was not specified in some papers. Differences such as the 
way ET was measured or estimated, the measurement of 
stored water, and the method of harvest (hand vs machine) 
could effect the outcome of this variable in the meta-analy-
sis. Each observation was weighted using a non-parametric 
variance, where ntrt is the number of replications of each 
treatments, and nctl is the number of replications for each 
control. Each irrigation treatment, and therefore correspond-
ing WUE, was designated as a single study. These partial 
observations comparing more than one treatment to a single 
control often result in dependency within the effect sizes, 
thereby increasing Type I errors (Scammacca et al. 2014). 
To address the dependency of the effect sizes, the variances 
of the studies were downweighted by a factor of m0.5 , where 
m is the number of trials in each paper. The variance was 
also adjusted by dividing the control group sample size by 
c0.5 , where c is the number of treatments under each control 
(Ashworth et al. 2018).

Heterogeneity and publication bias

Heterogeneity was assessed using Cochran’s Q statistic to 
test the null hypothesis that all studies share a common 
effect size, where Q is calculated as

(1)LnRR = Ln
WUEtrt

WUEctl

,

(2)�
2 = ((ntrt∕c

0.5 + nctl)∕(ntrt∕c
0.5 ∗ nctl) ∗ m0.5).

where Wi is the weight of the inverse-variance, ESi is the 
effect size, and M is the summary effect across studies i 
through n . The Q statistic has a chi-square distribution with 
number of studies (n) minus one degree of freedom. The 
null is rejected if p values are less than 0.10. The I2 statistic 
describes the percentage of variation across studies due to 
heterogeneity rather than chance and is calculated for each 
study as

where Q is the Cochran’s heterogeneity statistic and 
degrees of freedom. Values of I2 range from 0 to 100%, 
where values of 25, 50, and 75% represent low, medium, 
and high heterogeneity (Higgins 2003; Borenstein et al. 
2009).

Publication bias represents the biggest source of Type 
I errors in meta-analysis (Harrison 2011). Graphical and 
statistical methods were used for assessing publication 
bias. Funnel plots are the primary method used and present 
the effect size plotted against the standard error, which 
places the effect sizes of small studies at the bottom of the 
funnel and larger studies concentrated at the top. In the 
absence of bias, funnel plots will be symmetrical (Sterne 
et al. 2005). Egger et al. (1997) developed a statistical 
method to measure funnel plot asymmetry by regressing 
the effect size against the inverse standard error. The inter-
cept of the regression line captures the bias while the slope 
indicates the size and direction of the treatment effect. 
Duval and Tweedie (2000) developed a non-parametric 
trim and fill procedure to estimate the number of missing 
studies and the impact those studies would have had on the 
summary point estimates. Rosenberg’s (2005) fail-safe N 
is a method used to determine if the existence of publica-
tion bias is likely to impact the analysis. Fail-safe numbers 

(3)Q =
∑n

i=1
Wi(ESi −M)2,

(4)I2 = (Q − df )∕Q × 100,

Table 2   List of moderators for water use efficiency (WUE) recorded from field trials conducted in the Texas High Plains from 1990 to 2015

Irrigation applied represents total seasonal irrigation

Moderator Description

Crop species Corn, cotton, sorghum, wheat
Irrigation system LEPA, LESA, MESA, SDI, furrow
Irrigation applied (mm) Corn: low (< 460), medium (460–660), high (> 660); cotton: low(< 305) medium (305–460), high(> 460); sorghum: 

low(< 250), medium (250–450), high(> 450); wheat: low(< 175), medium (175–275), high (> 275)
In-season rainfall (mm) Low (< 220), medium (220–350), high (> 350)
Soil type Pullman clay loam, Pullman silty clay loam, Olton loam, Abilene clay loam
Planting time Corn: early (< April 24), on-time (April 24–June 5); Cotton: early (< May 10), on-time (May 11–May 27); Sorghum: 

early (< May 15), on-time (May 16–June 30), Wheat: early (< Oct 10), on-time (Oct 11–Nov 15)
Nitrogen rate (kg/ha) Corn: low (< 168), medium (168–225, high (> 225); cotton: low(112), medium (112–160), high(> 160); sorghum: 

low(75), medium (75–180), high(> 180); wheat: low(> 60), medium (60–150), high (> 150)
Planted year 1990–1995, 1995–2000, 2000–2005, 2005–2010, 2010–2015
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represent the number of missing studies that would nullify 
the observed treatment effects. If the fail-safe N is very 
large, then the effects are robust.

Results

Overall

Several explanatory variables (moderators) were examined 
to determine their impact on WUE. Each moderator rep-
resents a categorical variable. Heterogeneity statistics are 
reported in Table 3. Irrigation capacity and soil type had 
significant p values indicating the potential for heterogene-
ity in these moderators; however, all I2 statistics were 0.0%, 
which makes the Q statistic null and void.

The effect sizes and their confidence intervals and p values 
for the overall response of WUE is shown in Fig. 1. There 
was a 73% overall increase in irrigated WUE from dryland 
controls (n = 351; CI 1.407–2.133; p value: < 0.001). Across 
crop type, the irrigation response was the greatest for corn, 
which has the greatest crop water requirements. Corn had a 
mean effect of 2.25 (n = 22; CI 0.99–5.14; p value: 0.054) 
followed by a mean response in sorghum of 1.99 (n = 171; 
CI 1.47–2.70; p value: < 0.001), 1.69 (n = 68; CI 1.13–2.52; 
p value: 0.010) in cotton and 1.20 (n = 90; CI 0.75–1.90; p 
value: 0.450) in wheat. These resulted in changes of 125, 69, 
99 and 20%, respectively. Furrow only had a 14% (n = 76; 
CI 0.77–1.68; p value: 0.517) increase in WUE compared to 
a 99% (n = 235; CI 1.52–2.59; p value: < 0.001) increase in 
center pivot and 147% (n = 40; CI 1.30–4.72; p value: 0.006) 
increase with SDI. Systems with average (medium) irrigation 
applied had the greatest WUE response than compared to 
low and high applied irrigation. In the low irrigation appli-
cation category, there were 22 corn, 53 cotton, 85 sorghum, 
and 22 wheat observations, representing 6, 31, 50, and 13%, 
respectively. The medium irrigation application category 

had 6 corn, 15 cotton, 68 sorghum, and 16 wheat observa-
tions, representing 6, 14, 65, and 155%, respectively. The 
high irrigation application category had five corn, 18 sor-
ghum, and 52 wheat observations, representing 7, 24, and 
52%, respectively. Rainfall changes for low, average, and high 
rainfall amounts were 78% (n = 173; CI 1.32–2.40; p value: 
0.002), 52% (n = 109; CI 1.06–2.19; p value: 0.023) and 
102% (n = 69; CI 1.25–3.28; p value: 0.004). The high rain-
fall category generated the greatest change in WUE. How-
ever, the low rainfall category had 26% greater change than 
the medium rainfall category. Average applied irrigation was 
comparable across all rainfall categories. The soil type was 
91% Pullman clay loam in the high rainfall category com-
pared to 86 and 82% for the low and medium, respectively. 
The impact of four soil types indicated Pullman soils had 
the greatest change. Pullman silty clay loam had the greatest 
impact on WUE, resulting in a 250% (n = 15; CI 1.89–6.49; 
p value: < 0.001) change compared to the rainfed control. 
Pullman clay loam, Abilene clay loam, and Olton loam had 
a change of 63% (n = 300; CI 1.29–2.06; p value: < 0.001), 
41% (n = 12; CI 0.51–3.84; p value: 0.507) and − 5% (n = 24; 
CI 0.33–2.73; p value: 0.927), meaning WUE on Olton loam 
soils performed better under rainfed conditions.

Crops planted early (n = 177; CI 0.32–0.98; p value: 
0.000) were likely to benefit more from spring rainfall than 
crops planted later (n = 174; CI 0.21–0.75; p value: 0.000) in 
the season. The impact of low amounts of nitrogen applied 
resulted in the greatest increase in WUE of 126% (n = 70; 
CI 1.40–3.66; p value: 0.001) compared to the dryland con-
trol. High applied nitrogen has the least effect at 87% (n = 95; 
CI 1.23–2.84; p value: 0.004) compared to average nitrogen 
application at 54% (n = 186; CI 1.17–2.03; p value: 0.002). An 
analysis of the year interval of planting was used to account 
for weather and potential technology impacts. Studies with 
observations planted from 1990–1995 had a 36% (n = 109; CI 
0.92–2.00; p value: 0.122) change compared to studies planted 
more recently 89% (n = 35; CI 1.14–3.11; p value: 0.013). 
Studies with planted observations between 2000 and 2005 
had a 177% (n = 68; CI 1.65–4.65; p value: < 0.001) change, 
but also had the largest confidence interval.

Subgroup analysis

Results were sub-grouped by irrigation system to under-
stand its influence on WUE. The summary effects in Fig. 1 
for irrigation systems indicate that only the center pivot 
and SDI systems had significant results. Effect sizes for 
each irrigation system are presented in Figs. 2, 3 and 4.

Furrow irrigation

Furrow irrigation was used in 76 out of the 351 studies 
(Table 1), and their effect sizes were small in all moderator 

Table 3   Heterogeneity analysis for moderator variables for water use 
efficiency (WUE) in the Texas High Plains

Reported are the Q statistic (between-study heterogeneity), number of 
observations (n), degrees of freedom (df), I2 statistic (% of true varia-
tion) and p value (significance)

Moderator Q n df I2 (%) p value

Crop 3.662 351 3 0.0 0.300
Irrigation system 6.705 351 2 0.0 0.035
Irrigation applied 3.831 351 2 0.0 0.147
Rainfall 0.908 351 2 0.0 0.635
Soil type 6.651 351 3 0.0 0.084
Planting time 0.607 351 1 0.0 0.364
Nitrogen rate 2.020 351 2 0.0 0.364
Planted year 4.850 351 4 0.0 0.303
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categories (Fig. 2). Sorghum (n = 48) and wheat (n = 28) 
were the only crops grown under the furrow irrigation 
system. Sorghum exhibited a 13% (CI 0.67–1.90; p value: 
0.639) change and a 14% (CI: 0.64–2.06; p value: 0.655) 
change in wheat. There was also no large influence in WUE 

between low irrigation applied (10%; n = 43; CI 0.65–1.84; 
p value: 0.731) and high irrigation applied (12%; n = 22; 
CI 0.56–2.26; p value: 0.752). Average/medium irrigation 
application had a 37% change between irrigated and dry-
land controls (n = 11; CI: 0.48–3.92; p value: 0.560). In dry 
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Fig. 1   Summary effect sizes of moderator variables for water use 
efficiency (WUE) in the Texas High Plains. Vertical line represents 
a null effect and is placed at the “1” due to the logarithmic form of 
the effect sizes. Horizontal bars represent 95% confidence intervals, 

change reflects the raw percent changes between the treatment and 
control, and the p value represents the statistical significance of each 
moderator
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years (n = 28), furrow irrigation had a 6% (CI 0.57–1.99; p 
value: 0.853) change in WUE compared to a 22% change 
(CI 0.72–2.07; p value 0.468) in average rainfall years 

(n = 40) and no change in wet rainfall years (n = 8; CI 
0.26–3.88; p value: 0.997). Field experiments using fur-
row irrigation were only conducted on Pullman clay loam 
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Fig. 2   Summary effect sizes of moderator variables for water use effi-
ciency (WUE) sub-grouped by furrow irrigation (n = 76) in the Texas 
High Plains. Vertical line represents a null effect and is placed at the 
“1” due to the logarithmic form of the effect sizes. Horizontal bars 

represent 95% confidence intervals, change reflects the raw percent 
changes between the treatment and control, and the p value represents 
the statistical significance of each moderator
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soils, where the change was 14% (n = 76; CI 0.77–1.67; p 
value 0.517). Water use efficiency was influenced more with 
crops planted early (26%; n = 34; CI 0.70–2.27; p value: 
0.433) compared to crops planted on time (5%; n = 42; CI 
0.62–1.76; p value: 0.867). There were small differences 

on the impact of nitrogen on WUE of irrigation compared 
to the dryland control. Medium amounts of irrigation had 
a 15% change (n = 64; CI 0.74–1.81; p value: 0.533) com-
pared to a 9% change (n = 12; CI 0.50–2.37; p value: 0.831) 
with high nitrogen application. Results for the year interval 
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Fig. 3   Summary effect sizes of moderator variables for water use effi-
ciency (WUE) sub-grouped by center pivot irrigation (n = 235) in the 
Texas High Plains. Vertical line represents a null effect and is placed 
at the “1” due to the logarithmic form of the effect sizes. Horizon-
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represents the statistical significance of each moderator
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in which the studies were planted do not indicate improve-
ments in WUE. Studies with observations planted between 
1990 and 1995 had a 22% change (n = 48; CI 0.73–2.02; p 
value: 0.448). Studies with observations planted between 

2005 and 2010 had a negligible effect size with a change 
of − 1% (n = 14; CI 0.42–2.33; p value: 0.988) and studies 
planted between 2010 and 2015 had a 7% change (n = 14; CI 
0.46–2.52; p value: 0.871). All effect sizes for WUE under 
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sizes. Horizontal bars represent 95% confidence intervals, change 
reflects the raw percent changes between the treatment and control, 
and the p value represents the statistical significance of each modera-
tor
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furrow irrigation had no statistically significant results due 
to their being only 76 observations from three field studies.

Center pivot irrigation

Observations for LEPA, LESA, MESA delivery modes were 
combined for the analysis of center pivot systems (Fig. 3). 
Plantings of corn, cotton, sorghum and wheat comprised 235 
observations. Corn had a 46% change (n = 10; CI 0.47–4.60; 
p value: 0.514) in WUE compared to the dryland control, 
while cotton had a 71% change (n = 52; CI 1.09–2.67; p 
value: 0.02). Sorghum had the greatest response to irri-
gation with a change of 160% (n = 111; CI 1.76–3.83; p 
value: < 0.001) and wheat had the smallest mean effect 
change of 29% (n = 62; CI 0.61–2.74; p value: 0.511). Low 
and high irrigation capacities were similar with a change 
of 73% (n = 113; CI: 1 0.21–2.46; p value: 0.002) and 61% 
(n = 47; CI 0.73–3.54; p value: 0.238), respectively. Average 
amounts of water applied had the greatest effect of 175% 
(n = 75; CI 1.71–4.41; p value: < 0.001). The medium level 
of irrigation consisted of 52 sorghum, 14 wheat, seven cot-
ton, and two corn observations. The sorghum observations 
likely inflated the effect. The high irrigation level had 30 out 
of 47 observations planted to wheat, which had the smallest 
effect size based on crop type. Conversely, WUE improved 
in dry and wet years, with changes of 101% (n = 133; CI 
1.41–2.85; p value: 0.114) and 123% (n = 55; CI 1.30–3.84; 
p value: 0.004), respectively. Average rainfall conditions 
had the smallest effect of 65% (n = 47; CI 0.89–3.09; p 
value: < 0.001). Crops were irrigated on three soils in the 
field experiments using pivot irrigation. Olton loam had 
a negative effect of − 5% (n = 24; CI 0.33–2.73; p value: 
0.927) while Pullman clay loam and Pullman silty clay 
loam had increases in WUE of 84% (n = 196; CI 1.35–2.50; 
p value: < 0.001) and 250% (n = 15; CI 1.89–6.49; p 
value: < 0.001). Crops planted early had a greater change 
in effects compared to crops planted on time, with changes 
of 118% (n = 128; CI 1.43–3.33; p value: < 0.001) and 87% 
(n = 107; CI 1.32–2.63; p value: < 0.001), respectively. 
Low and medium nitrogen application amounts had similar 
effects with a 95% (n = 53; CI 1.13–3.36; p value: 0.017) and 
82% (n = 100; CI 1.24–2.68; p value: 0.002) change relative 
to the rainfed control. High amounts of nitrogen had a 133% 
(n = 82; CI 1.42–3.85; p value: 0.001) change. Water use 
efficiency generally improved over time as studies planted 
from 2010 to 2015 had a greater water response than stud-
ies planted between 1990 and 1995. The largest change in 
WUE was 264% (n = 9; CI 1.66–8.00; p value: 0.001) from 
studies with experiments planted the most recently. Stud-
ies with experiments planted between 2000 and 2005 had 
the second largest change of 157% (n = 52; CI 1.44–4.58; p 
value: 0.001). Studies planted between 2005 and 2010 had 

an unexpectedly small change, potentially resulting from 
observations primarily in the low irrigation category.

Subsurface drip irrigation

SDI accounted for 40 of the total observations. Results on 
the effects for SDI are presented in Fig. 4. Crops planted 
under SDI were corn, cotton, and sorghum. Effects for WUE 
between the irrigation treatments and the dryland control 
in corn and sorghum were quite large with a 260% change 
(n = 10: CI p value: 0.036) and 341% change (n = 12; CI 
1–19.56; p value: 0.051), respectively. Results for cotton 
showed a much smaller effect with a 63% change (n = 16; CI 
0.67–3.98; p value: 0.285) in WUE. The WUE response to 
irrigation was equally large for the low and medium irriga-
tion application categories with a 138% change (n = 15; CI 
0.85–6.70; p value: 0.01) and 153% (n = 25; CI 1.11–5.79; 
p value: 0.027) change, respectively. The addition of rain-
fall with SDI had the biggest change in dry years of 223% 
(n = 12; CI 0.85–12.29; p value: 0.085) and comparable 
effects between average and wet rainfall years with changes 
of 127% (n = 22; CI 1.00–5.14; p value: 0.050) and 134% 
(n = 6; CI 0.43–12.69; p value: 0.324). The low rainfall cat-
egory had the largest change in effect size, but also had the 
largest confidence interval, which could be due to the low 
number of observations. Field experiments were conducted 
on two soil types. Abilene clay loam soils had a 41% (n = 12; 
CI 0.51–3.84; p value: 0.507) in WUE compared to a 268% 
(n = 28; CI 1.59–8.54; p value: 0.002) change in WUE on 
Pullman clay loam soils. The effects for Pullman clay loam 
were similar when comparing center pivot to SDI. Early 
planting increased WUE by 285% (n = 15; CI 1.17–12.63; 
p value: 0.026) compared to a 106% (n = 25; CI 0.95–4.43; 
p value: 0.066) change with crops planted on time. Low 
amounts of nitrogen application had a much greater response 
on WUE with a change of 282% (n = 17; CI 1.37–10.62; p 
value: 0.010). Medium nitrogen application had a change 
on WUE of 86% (n = 23; CI 0.81–4.27; p value: 0.145). The 
low nitrogen category had 10 corn, three sorghum, and four 
cotton observations, whereas the medium nitrogen category 
had nine sorghum, two corn, and 12 cotton observations. 
Studies published from 1990 to 1995 and 2000 to 2005 had 
similar effects with changes of 260% (n = 12; CI 1.09–11.88; 
p value: 0.036) and 277% (n = 16; CI 1.15–12.32; p value: 
0.0287), respectively. One article by Howell et al. (1997) 
had observations planted from 1990 to 1995 and two arti-
cles (Colaizzi et al. 2013, 2003) had observations planted 
between 2000 and 2005. Studies with experiments planted 
more recently between 2010 and 2015 had a 41% (n = 12; 
CI 0.51–3.84; p value: 0.507) change on WUE. The obser-
vations in this period came from one paper written by Attia 
et al. (2015) that focused on cotton.
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Publication bias

Visual inspection of the funnel plot indicated the presence 
of publication bias; however, Egger’s regression intercept 
was 0.025 with a two-tailed p value of 0.684. Duval and 
Tweedie’s Trim and Fill method indicated 48 studies were 
missing, which would shift the summary effect size from 
0.549 to 0.656. Rosenberg’s classic fail-safe N had a Z value 
of 4.99 with a p value < 0.05. The number of missing studies 
needed to bring the p value > alpha was 1931, suggesting the 
estimated effects are robust.

Discussion

The overall meta-analysis results (Fig. 1) could have been 
impacted by publication bias and did not consistently pro-
duce clear differences among moderator variables, owing 
likely to the restricted choice of publications causing low 
representation of studies in some categories. Comparisons 
of effects sizes for crop species and irrigation systems fol-
lowed general knowledge across the literature and in prac-
tice. Among crop species, wheat had the smallest WUE 
gains from irrigation, which speaks to its suitability in rain-
fed cropping systems in the Texas High Plains, where most 
of winter wheat is non-irrigated (USDA NASS 2020). Low 
seasonal rainfall in relation to potential ET and variability 
of rainfall timing prevent rainfed corn production, which 
contributes to explaining why the effect size of WUE was 
the greatest for corn (Fig. 1). The contrast among irriga-
tion systems was clear in that furrow was less efficient than 
center pivot and SDI. The relatively low water-application 
efficiency of furrow is due to greater runoff, evaporation, 
and deep percolation losses than of the more advanced sys-
tems (USDA NRCS, 1997). Colaizzi et al. (2013) indicated 
greater WUE in deficit-irrigated cotton with SDI than with 
LEPA or LESA. Such differences in irrigation application 
efficiency are important factors in calculating cost–benefit 
ratios for decisions on improving irrigation systems (Amos-
son et al. 2011).

Data on WUE from several papers in the analysis pro-
duced some outlier observations that impacted results 
across several moderators. Although corn had the greatest 
percentage change in WUE overall (Fig. 1), when analyzed 
by irrigation system, sorghum had the largest percentage 
change with center pivot (160%, Fig. 3) and SDI (341%, 
Fig. 4) compared to other crops. The small effect size for 
sorghum under furrow irrigation (Fig. 2) reduced its overall 
effect in Fig. 1. Colaizzi et al. (2003) evaluated sorghum 
during 2000–2002 by comparing SDI and LEPA, LESA and 
MESA center pivot nozzles. The relatively high rainfall in 
2002 resulted in greater yields and large WUE effect sizes. 
Subsurface drip represented only 11% of the total number 

of observations and 7% of the sorghum observations, which 
came from the Colaizzi et al. (2003) study. The favorable 
rainfall during one year created an unusually wide confi-
dence interval for sorghum observations in SDI (Fig. 4). The 
outlier observations from the Colaizzi et al. (2013) stud-
ies also resulted in a large overall effect in the 2000–2005 
planted year interval (Fig. 1).

Soil type is an example of a moderator that was inconsist-
ently represented across moderator combinations, and there-
fore, defies generalization. Pullman silty clay loam showed 
the largest change in effect size while representing 300 of 
the 351 observations. Experiments performed on Olton loam 
were reported in one paper (Bordovsky and Lyle 1996), and 
only for center pivot. Pullman clay loam was the only soil 
type studied in all three irrigation systems, showing highly 
significant effect sizes for center pivot and SDI.

Planting time showed positive effects on WUE across all 
irrigation systems (Fig. 1), but those effects were not signifi-
cant when furrow irrigated (Fig. 1). The potential advantage 
of early planting to exploit favorable rainfall and tempera-
tures was apparently augmented by the greater water-appli-
cation efficiencies of center pivot and SDI. As with soil type 
and planting time, rainfall and nitrogen showed no signifi-
cant effects in WUE with furrow irrigation, but did with 
center pivot and SDI. Again, the greater application effi-
ciencies of the latter systems could capitalize on favorable 
management and growing conditions.

Conclusions

Across all observations, furrow irrigation had the smallest 
changes in WUE between the irrigation treatments relative 
to the rainfed control and no significant effect sizes. Mod-
erators with subsurface drip irrigation systems generated 
greater effects than center pivot irrigation with the exception 
of cotton, medium irrigation, and papers published between 
2010 and 2015. Pullman clay loam soils had the greatest 
increase in WUE compared to rainfed controls, and early 
planting exhibited 30% more change in WUE relative to 
planting on time. This quantitative summary of research pro-
vides insight into the magnitudes and variability of changes 
in crop WUE across typical combinations of crop choices, 
irrigation management, and growing conditions. As water 
availability declines in the High Plains of Texas, innovative 
water-conservation practices and greater transition to deficit 
irrigation, rainfed production, and alternative land uses will 
have to be adopted to sustain gains in WUE afforded by 
advanced irrigation technologies.
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