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Abstract

Field assessments of crop water use efficiency (WUE) are resource-consuming
since they require simultaneous assessment of the total amount of water assimi-
lated by crops for biomass and/or grain production. Alternative methods exist,
such as estimating the carbon isotopic ratio (**C/*2C) of the crop's leaf, above-
ground biomass, or grain samples. There is limited information on the deter-
minants of the accuracy of carbon isotopes in estimating water use efficiency
between crop types and environments. Therefore, this study aimed to evaluate
the extent to which the estimation of the *C/*2C ratio in crop parts constitutes
an accurate proxy of WUE, globally. Data on observed WUE (WUE,,) were col-
lated involving 518 experiments conducted worldwide on major cereals and leg-
umes and compared with WUE estimates (WUE,,) from carbon isotopes. The
mean WUE,, among all experiments was 3.4gL™" and the mean absolute error
(MAE) was 0.5gL ™" or 14.7% of WUE,y,, corresponding to accurate predictions at
p <0.05. However, the percentage mean absolute error of observed water use effi-
ciency (%MAE) estimated from grains was 3.6 + 11.5%, which was lower than the
%MAE from aboveground biomass collected at harvest (3 +£22.8%). In addition,
the %#MAE increased from 1.1 +5.1% for soybean, 1.6 +7.2% for maize, 1.2 +8.6%
for rice, 1.8 +12.1% for groundnut, 2.1 +14.3% for cowpea, 2.3+16.2% for bush
bean, 1.8 +19.9% for wheat, 2.2 +21.4% for barley to 6.3 +39.3% for oat, with only
the latter corresponding to significant errors. WUE, were, in all cases, unbiased
but slightly overestimated from 0.8% (maize) to 15.4% (oat). The accuracy in esti-
mating WUE significantly decreased with the increase in soil clay content, with
sand, showing a positive correlation of 0.3 with %#MAE, but negatively correlated
with the silt content (r=—0.4). Furthermore, a multivariate analysis pointed out
a tendency for prediction errors and bias to increase with the decrease in WUE
and air temperature. Using carbon isotopes for estimating crop WUE thus ap-
peared reliable for all crops and world environments, provided grain samples are
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considered. The technique tended to perform better under high WUE conditions,
such as those generally found in maize and soybean cropping systems. The identi-
fied factors that affect the accuracy of using carbon isotopes in measuring WUE
provide valuable insights for water resource management and sustainable crop
production. These findings contribute to the ongoing discourse on water con-
servation strategies in agriculture, offering a basis for decision-making in crop
improvement programs. Implementing the recommended practices from this
study can potentially improve yield gains and promote resilient and sustainable
agricultural systems in the changing environmental circumstances. Further re-
search should investigate the mechanisms that cause low accuracy of the isotopic
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1 | INTRODUCTION

Adopting water-saving technologies in agriculture and
developing crop varieties with high water use efficiency
(WUE) reduces crop water demand whilst increasing
the productivity and resilience of farming systems (Fang
et al., 2010). The concept of WUE was first introduced
by Briggs and Shantz (1913) to link water consumption
and crop outputs. Agronomists define WUE as the ratio
of crop product (e.g., biomass or grain yield) per unit of
rainfall or irrigation water used (Martinez & Reca, 2014).
Furthermore, plant physiologists have defined WUE as
the amount of carbon assimilated as crop biomass per unit
of water lost through a combination of evaporation and
transpiration (Hoover et al., 2023).

Crop WUE can be assessed using several methods
(Kugedera et al., 2022; Mbava et al., 2020). Measuring
WUE based on plant biomass requires destructive sam-
pling and drying until the constant weight of plant
materials is achieved. The amount of water used is to
equal the total rainfall during the critical crop-growing
cycle (Kugedera et al., 2022). Changes in soil water con-
tent can be measured using gravimetry (i.e., drying and
weighing of soil samples of a known volume) or soil hu-
midity sensors or probes (e.g., time domain reflectome-
try sensors and electromagnetic sensors) to estimate the
amount of water used by crop plants. Crop evapotrans-
piration (ET) can also be estimated from meteorological
data, such as air temperature, air humidity, wind speed,
and quantity of water applied through irrigation or rain-
fall, all being recorded from a standard weather station.
In addition, evapotranspiration can also be computed
based on air temperature, relative humidity, wind speed,
and solar radiation using the Penman-Monteith method

technique using aboveground biomass and under arid and cool environments.

carbon isotopic ratio, cereal crops, estimated water use efficiency, legume crops observed water

(da Silva et al., 2013). Despite this, estimating crop WUE
using classical methods remains resource-consuming
and expensive, especially when long durations are con-
sidered or in extensive field experiments with multiple
genotypes under many treatments. Skilled personnel are
also required to install, calibrate, and maintain a suite
of equipment for collecting and computing the acquired
data.

Several researchers have devised alternative methods
of estimating WUE. These include plant-air gas exchange
technologies (Guerrieri et al., 2019), chlorophyll fluores-
cence (Shan et al., 2021), and carbon isotope discrimi-
nation (Pronger et al., 2019). Gas exchange techniques
such as leaf-level photosynthesis and transpiration rate
measurements require infrared gas analyzers to simulta-
neously monitor CO, uptake and water loss. They esti-
mate WUE as the ratio between carbon assimilation and
water loss. Chlorophyll fluorescence is a non-destructive
method measuring the fluorescence emitted by leaves
when the chlorophyll absorbs light. These methods that
reflect the plant stress caused by water scarcity require
multiple fluorometer measurements. However, these
techniques can be of low accuracy since the results ap-
pear highly dependent on light intensity and leaf age (Yin
et al., 2011). Carbon isotope discrimination is a relatively
easy and economical method to assess crop WUE as it only
requires estimating the carbon isotopic ratio (**C/**C)
through mass spectrometry analysis of crop samples such
as from leaf, aboveground biomass, or grain (Engoke
et al., 2022; Farquhar et al., 1989; Ma et al., 2020). When
plants assimilate carbon dioxide (CO,) from the atmo-
sphere through photosynthesis, they discriminate against
the heavier "°C isotope and preferentially fix the lighter
12C isotope (Eggels et al., 2021; Zheng et al., 2020). This
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results in a lower ratio of **C to **C in the plant tissues
compared with the atmospheric CO,. The degree of this
discrimination is influenced by the environmental condi-
tions (including temperature, humidity, and rainfall) and
soil properties (including bulk density, pH, and texture) in
which the plant grows. Plants with a greater proportion of
CO, fixation per daytime stomatal water loss tend to have
higher ratios of 1*C to '2C in their tissues.

In the past two decades, several studies have assessed
WUE using carbon isotopes for different crops and en-
vironmental conditions (Arslan et al., 1999; Avramova
et al., 2019; Wang et al., 2016; Zhang et al., 2015). However,
the correlation between WUE and the carbon discrimi-
nation ratio (CID) varied primarily among studies. For
instance, in the temperate region of Austria, Arslan
et al. (1999) reported a negative correlation of WUE
and CID for wheat (r=-—0.85), while Zhao et al. (2009)
in China highlighted a positive correlation for the same
crop (r=0.54). In India, Rao et al. (1993) pointed out a
significant negative correlation between WUE and CID in
groundnut (r=—0.66), while in maize, Yang and Li (2018)
found a negative correlation (r=-0.67) under low rain-
fall conditions in China. Furthermore, a low correlation
of WUE and CID (r=0.19) was reported in China by
Zhang et al. (2015) for maize. In Canada, Raeini-Sarjaz
et al. (1998) reported a significant negative relationship
between CID and WUE (r=—0.88) in bush beans. A study
by Raeini-Sarjaz and Chalavi (2008) reported correlations
of CID and WUE at r=—0.72 and r=—0.75 on bush beans
under open air and perforated plastic house growing con-
ditions, respectively.

While the use of CID to estimate WUE is paramount,
the differences and inconsistencies in the strength and
directions of the relationships between WUE,, and CID
for different crops, environmental factors, and soil prop-
erties make it difficult to conclude the overall accuracy of
using carbon isotopes. A comprehensive analysis of data
compiled from experiments conducted worldwide may
provide information on the determinants of the reliability
of using CID to estimate WUE. Several studies examined
only the magnitude of the correlation between WUE and
CID in cereal crops and legumes as a selection criterion.
That does not provide a detailed account of the accuracy
of using CID for direct or indirect measurement and crop
type selections. There is a need to compare data based on
observed WUE and CID-based WUE estimates to ascer-
tain measurements and optimal water use and crop per-
formance predictions. There is limited information on the
determinants of the accuracy of carbon isotopes in esti-
mating water use efficiency between crop types and en-
vironments. Therefore, this study aimed to evaluate the
extent to which the estimation of the *C/"C ratio in crop
parts constitutes an accurate proxy of WUE globally.

pen Acce

2 | MATERIALS AND METHODS

2.1 | Study setup

The present study was based on the data of carbon isotopes
used in estimating WUE in cereal and legume crops col-
lected from the field and controlled environment experi-
ments conducted globally. The articles were searched on
electronic academic databases using the following search
engines: Web of Science, Science Direct, SpringerLink,
Scopus, Google Scholar, SciFinder, and ResearchGate.
The following keywords were used to search for relevant
articles: “legume crops”, “cereal crops”, “carbon isotope”
and “water use efficiency.” The quotation marks were
used to search for the keywords as a whole, not each word
alone. The search for articles was completed in December
2022. The articles were limited to reports on cereal and
legume crops only, with no delimitations of the study pe-
riod. For the articles to be included in the analysis, they
had to report on direct measurements of observed water
use efficiency (WUE,,,) and carbon isotope discrimi-
nation (CID). Data on the soil properties (soil pH, bulk
density, and texture), crop variables (crop types and crop
genotype), and environmental factors (mean annual pre-
cipitation, temperature, climatic regions, and continents)
were captured (see Table S1). When soil and environmen-
tal data were not available in the selected articles, the data
for those variables were extracted from the publications
involving experiments conducted in the same area. After
all the relevant studies meeting the selection criteria were
selected, data was extracted and compiled into a Microsoft
Excel database. The final database comprised 518 WUE,
data points (observations) from 36 peer-reviewed journal
articles (Table 1).

2.2 | Definitions of environmental

factors

In this analysis, the climatic regions were categorized
based on the mean annual precipitation (MAP) and
mean annual temperature (MAT) and do not neces-
sarily comply with the K&ppen (1936) system. Those
climatic categories were subtropical, tropical, temper-
ate, arid, semi-arid, continental, and Mediterranean.
Subtropical depicts warm (MAT: 10-30°Cyear ') and
dry to wet (MAP: 100-1000mmyear™ ') climate; tropi-
cal represents hot (MAT: >20°Cyear ") and wet (MAP:
>1000mmyear™") climate; temperate represents cool
(MAT: <5°Cyear_1) and dry (MAP: O—SOOmmyear_l)
climatic zones. Arid represents hot (MAT: >20°C year ")
and dry (MAP: 0-300mmyear™'); semi-arid represents
cool (MAT: <20°C) and dry (MAP: 0-300 mmyear ')
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TABLE 1 Summary of a database of references used in the study showing the means of selected environmental factors.

No

[ T N O N S

O 0 N O

10
11
12
13
14
15
16
17
18
19

20
21

22

23

24
25

26
27
28

29
30
31
32
33
34
35
36

Author

Akhter et al. (2010)
Akhter et al. (2012)
Anyia et al. (2007)

Arslan et al. (1999)

Brunel-Saldias
et al. (2018)

Cai (1992)

Chen et al. (2011)
Hafsi et al. (2009)
Heng et al. (2005)

Huang et al. (2019)
Impa et al. (2005)

Ismail and Hall (1993)

Javed et al. (2012)
Jiang et al. (2020)
Khazaei et al. (2008)
Kirda et al. (1992)
Knight et al. (1994)
Liu et al. (2020)

Lopez-Castafieda and

Richards (1994)

Thameur et al. (2018)

Nadaradjan
et al. (2005)

Raeini-Sarjaz and
Chalavi (2008)

Raeini-Sarjaz
et al. (1998)
Rao et al. (1993)

Shaheen and Hood-
Nowotny (2005)

Tobita et al. (2007)
White et al. (1996)

Wright and
Rao (1993)

Wright et al. (1994)
Yang and Li (2018)
Kang et al. (1996)
Zhang et al. (2010)
Zhang et al. (2015)
Zhang et al. (2019)
Zhao et al. (2004)
Zhao et al. (2009)

Crop name
Rice

Wheat
Barley
Wheat

Oat

Wheat
Barley
Wheat
Maize, Wheat

Wheat
Rice
Cowpea
Rice
Soybean
Wheat
Wheat
Wheat
Wheat
Barley

Barley

Rice

Bush bean

Bush bean

Groundnut
Wheat

Soybean
Soybean

Groundnut

Groundnut
Maize
Barley
Wheat
Maize
Wheat
Rice
Wheat

MUTANDA ET AL.
MAP MAT WUEobs
Country Climate N (mmyear™) (°C) (eL™)
Pakistan Temperate 8 400 25 49
Pakistan Temperate 32 762 25 49
Canada Temperate 46 534 10 134
Austria Temperate 18 413 11 11
Chile Mediterranean 5 430 15 4
United States Temperate 48 322 15 324
Canada Temperate 8 193 10 38
Algeria Subtropical 8 663 20 33
Argentina, Arid, Semi-arid 54 283 10 56
China, India,
Morocco
China Subtropical 12 173 12 19
India Tropical 6 925 32 15
US Temperate 32 279 15 136
Pakistan Temperate 15 276 18 124
USA Temperate 11 458 12 38
Iran Arid 3 234 24 9
Austria Temperate 4 413 19 17
Canada Temperate 20 534 10 28
China Subtropical 8 92 13 15
Australia Subtropical 12 309 22 55
Tunisia Mediterranean 10 158 21 35
India Tropical 4 925 32 17
Canada Temperate 18 23 17 90
Canada Temperate 3 534 10 6
India Tropical 10 187 35 18
Austria Temperate 32 413 19 74
Brazil Temperate 8 1900 27 26
Australia Temperate 12 706 30 26
Australia Tropical 16 706 30 45
Australia Tropical 8 706 30 21
China Subtropical 6 389 10 11
Australia Continental 8 636 19 20
Canada Tropical 8 534 10 79
China Subtropical 3 149 10 24
China Subtropical 10 180 15 32
Japan Subtropical 6 1000 14 17
China Subtropical 12 328 16 59

Abbreviations: MAP, mean annual precipitation; MAT, mean annual temperature; WUE ., observed water use efficiency.
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climate; Mediterranean represents cool (MAT: <20°C)
and dry (MAP: <400mmyear™'); continental climates
represent hot summers and cold winters (MAT: 0-20°C)
and MAP (250-750mmyear '). When the information
about MAP and MAT is not given in the papers, the MAP
and MAT of the last 30years for that particular area
were used based on data gathered from climate-data.
org (2021). The definitions of all environmental factors
and soil properties considered in the study are presented
in Table 2. The soil textural classes are categorized into
three classes: clay loam, loam, and sandy soil based on
the percentage of clay, sand, and silt in the soil, in that
order. When the data for the soil properties is not given,
the data from other studies conducted in the same area
was used. The classification of all environmental factors
and soil properties are summarized in Table 3.

2.3 | Definitions for the WUE_, . and CID

obs
The present study adopted the definition of WUE, as
the amount of total plant biomass production (expressed
in g plant™) per unit of water applied in liters (L) either
through irrigation or rainfall (Meifiner, 2021; Parmoon
et al., 2022). The data for WUE;, were extracted from the
papers and normalized to gL.™". The CID was defined as
the difference in the ratio of °C to *2C in the atmospheric
CO, and the organic compounds produced by the plant.
The CID was recorded as given in the papers and stand-
ardized to per thousands. The CID is determined by ana-
lyzing leaf, aboveground biomass and/or grain samples
that are dried at 60°C for 48h and ground into fine pow-
der. The carbon isotopic ratio of the samples (Rgympe) and

N 50f19
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standard (Ryi,ndara)> Which is from the CO, obtained from
a limestone from Pee Dee Belemnite “PDB” formation in
South Carolina, USA are obtained using an isotope ratio
mass spectrometer. R values are converted to 5"°C (in %o
or per ml) using the relationship:

Rsample

813C (%0) = [ — 1| x 1000. (1)

standard

Then CID is determined using the relationship estab-
lished by Farquhar et al. (1989):

CID = [(6"C, - 6"C,) / (1+65C,)] x 1000  (2)

where §"°C, =isotope composition of atmospheric CO, and
s C,=isotope composition of plant samples.

In cases where CID and WUE_,, values were not given
explicitly in the text or tables, the data were estimated
from the graphs that showed the relationship between
WUE,, and CID in the same article.

2.4 | Determination of estimated
water use efficiency (WUE,,) and
associated errors

In the present study, the WUE; was defined as the abil-
ity of the plant to utilize water for photosynthesis, which
was measured by examining the carbon isotopic composi-
tion in plant tissues. The two variables (WUE_, and CID)
were used to calculate the estimated water use efficiency
(WUE,) at each data point using the following general
linear equation:

TABLE 2 Description of environmental factors and soil properties used in this analysis.

Environmental factors Symbol Units
Mean annual precipitation MAP mm yealr_1
Mean annual temperature MAT °Cyear™"
Soil Bulk density BD gem™
Soil pH pH

Clay content Clay %

Sand content Sand %

Silt content Silt %
Nitrogen mgkg™
Phosphorus P mgkg™!
Potassium mgkg ™

Definitions

Mean precipitation per year for the study location
Mean temperature per year for the study location
Bulk density of the topsoil layer (0-30cm)

The pH of the topsoil layer (0-30cm) as given in papers at that
location

Average clay content (or fine-textured soil particles) of the topsoil
(0-30cm)

Average sand content (or coarse textured soil particles) of the
topsoil (0-30cm)

Average silt content (or medium textured soil particles) of the
topsoil (0-30cm)

Nitrogen content of the topsoil (0-30cm) as given in papers
Phosphorus content of the topsoil (0-30cm) as given in the papers

The potassium content of the topsoil (0-30cm) as given in the
papers
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TABLE 3 List of classes describing the environmental factors, crop types, soil properties, and continents used in the analysis.

Environmental factors Remarks Class range Name
Soil pH Soil pH of the topsoil horizon (0-30cm) as <5 Highly acidic
given in the articles 51-6.5 Acidic
7.0-8.0 Basic
>8 Highly basic
Clay % The average clay content of topsoil horizon 0%—-20% Low
(0-30cm) 21%-40% Medium
>40% High
Sand % The average sand content of the topsoil 0%-25% Low
horizon (0-30cm) 26%-50% Medium
>50% High
Silt % The average silt content of the topsoil 0%-20% Low
horizon (0-30cm) 21%-40% Miedkumm
>40% High
Soil bulk density The density of the topsoil (0-30cm) <l.4gem™ Low
>l4gem™ High
Climatic regions Hot and wet MAP: >1000 mm year * Tropical
MAT: >20°Cyear ™
Dry to wet MAP: 300 to 1000 mm year " Subtropical
MAT: 10 to 20°C year™"
Cool and moist MAP: <800 mmyear " Temperate

Warm and dry

Cool and dry

Warm and wet

Hot summers and cold winters
Crop type

Grain crops

Legume crops

WUE,, = M (CID) + k ?3)

where WUE_ =estimated water use efficiency; CID=car-
bon isotope discrimination per each data point, M =the gra-
dient of the CID and WUE;, values per each study (in cases
where the study was conducted under different climates
and on different crops, the values of M were calculated
using CID and WUE, values per climate and crop), k=the
y-axis intercept after generating the linear graph using CID
and WUE,, values (in cases where the study was conducted
under different climates and on different crops), the val-
ues of k obtained from the linear equation using CID and
WUE_,, values per climate and crop (see Tables S2 and S3).
The following parameters were calculated as a mea-
sure of the accuracy of WUE, and were entered into the

MAT: 1.2 to 18.6°Cyear™ "

MAP: 100 to 300 mmyear Arid
MAT: 3.5 to 31.9°Cyear™ "

MAP: 300 to 550 mm year™" Semi-Arid
MAT: —2.3 to 25°Cyear™"

MAP: <400 mmyear " Mediterranean
MAT: <20°Cyear"

MAP: 250 to 750 mm year ™" Continental
MAT: 0 to 20°Cyear"

Maize, wheat, rice, barley, oat Cereals
Groundnut, Bush bean, Soybean, Legumes

Cowpea

database (see Table S1): mean errors (ME), percentage
mean errors (%¥ME), mean absolute error (MAE), per-
centage mean absolute error (%MAE), mean square error
(MSE), root mean square error (RMSE). Calculations were
based on the formulae:

ME = WUE; — WUE

obs (4)

where ME=mean error; WUE_, =estimated water use effi-
ciency; WUE = observed water use efficiency

est

ME

%ME = X 100 5)

obs
where %ME =percentage mean error of observed water use
efficiency; ME=mean error; WUE_, ,=observed water use
efficiency
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MAE = ABS (WUE,y — WUE,) (6)
where MAE =mean absolute; WUE, = estimated water
use efficiency; WUE,,,=observed water use efficiency;
ABS =absolute value. Microsoft Excel 365 was used to
calculate the MAE by entering ABS (WUE., — WUE_,,)
in the Excel sheet cell to make all the error values
positive.

MAE

obs

% MAE = x 100

(7
where %MAE=percentage mean absolute error of ob-
served water use efficiency; MAE=mean absolute error;
WUE,,,=observed water use efficiency

MSE = (ME)? )
where MSE =mean square error; ME=mean error
RMSE = VMSE 9

where RMSE=Root means square error; MSE=mean
square error.

CWILEY-L™

Food and Energy Security

2.5 | Data analysis

Prior to statistical analysis, data were tested for normal-
ity, outliers, linearity, and homoscedasticity. Summary
statistics describing mean, median, minimum, maximum,
quartile 1 (25%), quantile 3 (75%), standard deviation, co-
efficient of variation (%CV), skewness (skew), and kurto-
sis (Kurt) were generated for water use efficiency variables
and accuracy parameters (Table 4). Accuracy parameters
were computed for different crop types, soil textural
classes, and environmental factor classes. The boxplots
showing the distribution of the accuracy parameters based
on minimum, maximum, median, and the first and third
quartile values after removing outliers were generated
using IBM SPSS Statistics (Version 27). Bivariate analy-
ses based on Spearman rank correlations were carried out
in IBM SPSS Statistics (Version 27), which was also used
to test the significant difference between WUE  and
WUE,, in all crops, environmental factors, and soil prop-
erties. A multivariate analysis, using uncentred principal
component analysis (PCA) was conducted to show the
multiple relationships between the %ME, %MAE, MAP,
MAT, clay, sand, pH, bulk density, WUE,, crops, plant
parts, and continents in R statistical software.

TABLE 4 Summary statistics of environmental factors, soil properties, and error variables generated for this analysis.

Variables Mean Median Min Max
BD 14 1.4 0.6 1.8
pH 7.3 7.5 49 8.2
Clay 20.9 14.7 7.5 51
Sand 53.3 45 25 87.5
Silt 25.8 24.4 5.1 64
MAP 431.6 410 22.6 1900
MAT 16.7 15 10 35
CID 2789 22.2 0 21,100
WUE 5 3.4 2.8 0.1 19
WUE, 3.4 2.9 0.2 11.1
ME 0 0 —87 42
%ME 5.7 0.5 —51 304
MAE 0.5 0.3 0 8.7
%MAE 17.2 10.4 0 304.1
MSE 0.8 0.1 0 74.9
RMSE 0.5 0.3 0 8.7
R? 0.4 0.3 0.01 1

Q
1.3
6.9
14.7
40
12.7
236
11.2
18.7
1.7
1.7
—0.2
-8.1
0.1
4.6
0
0.1
0.1

Q, STD CV% Skew Kurt
1.5 0.2 14.4 —-0.4 2.5
7.8 0.7 9.8 —-1.1 0.8
22 13.4 64.2 1.5 1.1
60.9 17.6 33 0,6 —-0.4
33 14.8 57.3 0.8 0.9
534 277 64.1 2.4 10.4
19.1 6.5 39 1.1 0.8
38.9 6589 236 2 2

4.4 24 69.7 1.7 5.6
4.6 2.2 64.3 1 0.5
0.3 0.9 16,966 —-2.5 28.8
13.2 29.2 511 3.6 26.3
0.6 0.8 152 5.5 44.9
22 24.2 140 5.4 46.6
0.4 4.5 553 13.1 193.6
0.6 0.8 152 5.5 44.9
0.6 0.3 79.7 0.6 -0.8

Abbreviations: 4MAE, percentage mean absolute error of observed water use efficiency; #MAE, percentage mean error of observed water use efficiency;
BD, bulk density (g cm_S); CID, carbon isotope discrimination (per thousands); CV, coefficient of variation; Kurt, kurtosis; MAE, mean absolute error; MAP,
mean annual precipitation; MAT, mean annual temperature; max, maximum; ME, mean error; Min, minimum; MSE, mean square error; Q,, lower quartile;
Q,, upper quartile; R?, coefficient of determination; RMSE, root mean square error; Skew, skewness; STD, standard deviation; WUE,, estimated water use

efficiency (gL.™1); WUE,,,, water use efficiency (gL.™).
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3 | RESULTS

3.1 | Summary statistics for
environmental, soil, and crop variables

The variations in environmental factors, soil properties,
WUE and error variables are presented in Table 4. The
WUE,,; have a relatively higher CV% (69.7%) than WUE;
(64.3%), indicating that estimated values have low vari-
ations. Among the error variables, only ME has a nega-
tive skewness (ME=—2.5), and values are skewed to the
left. The %MAE varied widely across the study sites, as
shown by a minimum and maximum value of 0 and 304,
respectively.

3.2 | Crop type impact on the accuracy of
using CID to estimate WUE

Legumes had a significantly lower mean %MAE
(1+11.9%) with values ranging from 0.03% to 64% than
cereals (1.3+19.3%), which ranged from 0.01% to 304%
(Figure 1). Amongst cereals, maize had the lowest mean
%MAE (1.6 +7.2%), followed by rice (1.2+8.6%), while
oats (6.3+39.3%) had a significantly higher %MAE.
Soybean had the lowest mean MAE (1.1+5.1%) among
the legume crops. The level of error is highly variable
for crops with C; (min=0.01%; max=304%) than with
C, (min=2%; max=4.4%) photosynthesis. Across all
the crops, soybean had the least variation of %MAE
(min=1.3%; max=3.5%), whilst wheat (min=0.01%;
max =304%) and barley (min=0.1%; max=127%) had the
highest variation of #MAE (Figure 2). The ME exhibited
that CID overestimates WUE in barley (ME=0.01). Oat
presented a high mean %MAE but low %MAE variation
among all the assessed crops. The #MAE was not signifi-
cantly different on soybean, cowpea, groundnut, maize,
and rice at p<0.05.

3.3 | Impact of plant part CID on the
accuracy of WUE estimations

Among all the plant parts’ CID, grain CID has the lowest
%MAE (3.6 +11.5%) when estimating WUE, whilst above-
ground biomass CID has the highest #MAE (3 +£22.8%).
The aboveground biomass had the highest variation
%MAE, followed by leaf and grain samples (Figure 3).
The data for ME exhibited that the use of aboveground
CID appeared to overestimate WUE (ME=0.01), and the
t-value was negative (t=—0.03), indicating that WUE,
was greater than WUE ;.. There was non-significant dif-
ference between the %MAE for grain and leaf samples,

but the median %MAE for the leaf was significantly higher
than the grain.

3.4 | Impact of environmental
conditions and soil properties on %2MAE
3.4.1 | Soil texture

The boxplots (Figure 4) highlighted that the %MAE in
each soil texture differs, with the sandy having the lowest
mean %$MAE of 1.3+14% than on loam (1.1+16.2%) and
clay loam (2.8 +21.8%). The variation of %MAE is high for
clay loam (Min=0.01%, Max=304%) and least for xMAE
on sand soils (Min=0.04%, Max=127%). Data from ME
show that carbon isotopes marginally underestimated
WUE in loam (—0.01) and marginally overestimated WUE
in clay loam (0.02) soils. The MAE is higher on loam soils
(MAE=0.6), and there is an underestimation of WUE
(ME=-0.01). The MSE (0.3) on sandy soil is lower than
the RMSE value (0.4). The t-value was negative and non-
significant (t=—0.1) on sandy soil, indicating that WUE_,
was greater than the WUE, .

3.4.2 | Climatic conditions

The overall mean of the %MAE was high under
Mediterranean (8.3+42.2%), semi-arid (3.2+21.5%),
and temperate (1.5+17.7%) climates, but lower under
arid (2.9+8.6%) and subtropical (1.3+9%) climates. The
%MAE under the Mediterranean climate (8.3 +42.2%) is
more than four times the #MAE under the arid climate
(2.9+8.6%). The variation of %#MAE is higher under
Mediterranean climates (min=0.1%, max=127%) fol-
lowed by Semi-Arid (min=0.2%, max=118%) and lower
variation recorded under arid (min=0.8%, Max=18%) cli-
mates (Figure 5). The ME exhibited that under continental
climates, carbon isotopes overestimate WUE (ME=0.3).
There was a non-significant difference between WUE_
and WUE_,, under all the climates.

3.4.3 | Continental difference

Higher %MAE mean values were recorded in Europe
(8+35.4%), Africa (4.7+26.9%), and South America
(4.3+16.5%), than in Asia (1.1+13%) and Oceania
(1.4+11.2%). There is a higher variation of %MAE in
Europe (min=0.03% to max=304) and the least varia-
tion in Oceania (1.4+11.2%) (Figure 6). Among all the
continents, WUE,, and WUE_; were significantly differ-
ent in Oceania only. The t-value comparing WUE,; and
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FIGURE 1 Boxplots comparing the percentage mean absolute
errors (%MAE) of using carbon isotopes in estimating WUE

in cereals and legumes. Each boxplot presents the minimum,
maximum, median, quartile 1 (25%), and quartile 3 (75%) for
percentage mean absolute errors. Box plots accompanied by similar
letters were not significantly different at p <0.05.

WUE, was negative and non-significant in Asia (t=—0.1)
and Oceania (t=—1.1), suggesting that WUE_, was lower
than WUE

est*

3.5 | Correlation analysis

The Spearman correlation coefficients (Table 5) showed
that the %#MAE had positive and significant correlations
with CID (r=0.12, p<0.01) and negatively correlated
with WUE_, (r=—0.12) and under silt soil (r=-0.4).
The %MAE had weak correlations with the bulk density
(r=0.09) and clay soil content (r=0.09).

3.6 | Principal component analysis

The interrelationships among the assessed parameters
(environmental factors, soil properties, #ME, %MAE and
WUE,,,, crops, plant parts, and continents) were explored
by principal component analysis (PCA) (Figure 7). The
PCA showed that the first principal component (PC1) ex-
plains 40.3% of the total variation and exhibited a higher
positive association with sand and bulk density. The

principal component 2 (PC2) accounted for 27.1% of the
data variation and had a higher positive correlation with
MAT and MAP and a negative correlation with %MAE,
%ME and WUE,, The %MAE was significantly and posi-
tively correlated with %ME in crop types, plant parts and
continents. The crop (oat), continent (Europe) and plant
part (aboveground biomass) where the #MAE appeared to
be very high are in the same direction as %ME and %MAE.
On the other hand, the crops, plant parts and continents
with lower %MAE appear to be in the opposite direction
of %“MAE and %ME. Cereal crops with a low %ZMAE were
in the same direction as WUE,, The BD was positively
correlated with %MAE and %ME on crops only (Figure 7),
and in plant parts and continents, the BD is negatively
correlated with both #MAE and %ME.

4 | DISCUSSION
4.1 | Crop type impact on the accuracy of
carbon isotopes in estimating WUE

The level of accuracy when measuring crop WUE using
carbon isotopes differs with crop type. The results of the
present analyses showed that the #MAE was significantly
lower in legumes (1 +10.9%) than in cereals (1.3+19.3%)
(Figure 1). The results could be ascribed to the legumes'
nitrogen-fixing ability (Parniske, 2018), supplying the
plant with a significant proportion of its nitrogen need.
This allows the plant to use water more efficiently than
cereals, which rely on soil nitrogen to a greater extent.
Nitrogen utilization affects CID (Yin & Raven, 1998).
Legumes can discriminate against >C isotopes better
than cereals, making the estimation of WUE more accu-
rate. Legume crops, especially the ones involved in this
analysis (e.g., groundnut), are generally more drought-
tolerant than some cereals (e.g., oats and rice) (Daryanto
etal., 2017) enabling them to maintain photosynthesis and
CID under low water availability conditions. In contrast,
severe drought stress can strongly impact CID in cereals to
a greater extent, causing the CID-based WUE estimates to
be less accurate (Liu, 2016).

Among the cereals, plants with C; photosynthesis (e.g.,
wheat, rice, barley, and oats) have a higher #MAE than C,
plants (e.g., maize) (Figure 2). The differences in the #MAE
between C; and C, cereals could be explained by their dif-
ferences in photosynthetic pathways since the relationship
between plant WUE and CID relies on the CID between *C
and *C that occurs during the incorporation of CO, into
plants (Santesteban et al., 2015). The results highlighted
that maize had low %MAE than other C; cereals. This is
attributable to maize having a special and unique photo-
synthetic pathway that allows water use more efficiently
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mean absolute errors of observed water use efficiency. Box plots accompanied by similar letters were not significantly different at p <0.05.

than C, plants (Liu et al., 2022). The #MAE was higher on
oat, and there was a significant difference between WUE
and WUE_. This could be attributable to the ability of oats
plants to grow better under low temperatures. Reportedly,
low temperatures alter the transpiration rate and decrease
photosynthetic rates leading to low carbon dioxide uptake
(Paul et al., 2021). Hence, it can potentially affect the values
of discrimination on Carbon-13.

Growing seasons or environmental conditions impact a
lower %#MAE in maize (1.3+7.2%) and rice (1.2+8.6%) than
the ZMAE of bush beans (1.8%19.9%), cowpea (2.3+16.2%),
and groundnuts (2.1+14.3%). Overall, the results exhibited
that the C; legume crops had a lower #MAE than C; ce-
real crops. This might be attributed to legume crops having
a low rate of photo-respiration (Foyer et al., 2009) and they
are grown on well-drained soils with adequate soil moisture
and aeration, which could result in stable carbon isotope
discrimination and affect the accuracy of WUE estimates.

4.2 | Impact of plant part samples
estimating WUE using carbon isotopes

The sampled plant parts (e.g., grain, leaf, and above-
ground biomass) have different carbon isotope com-
positions and led to variations in CID (Figure 3). The
current findings agree with Zhao et al. (2004), who
highlighted differences in CID values in leaf, grain, and

aboveground biomass assays in wheat. The variation in
the sampled plant parts’ CID values can potentially af-
fect the accuracy of WUE estimations. A combination
of anatomical, physiological, and environmental fac-
tors (e.g., light intensity, temperature, and humidity)
influence CID values and WUE estimation (Farquhar
et al., 1989). Estimating WUE using grain CID appeared
to be more accurate than other plant parts’ CID, sug-
gesting that measuring grain CID may require harvest-
ing the crop at an appropriate or physiological stage of
maturity (Pask, 2012; Pask & Reynolds, 2013). Grain
CID values can accurately estimate WUE given the val-
ues are stable compared to values of the leaf and above-
ground biomass samples. Also, Kondo et al. (2004)
reported a similar trend in rice grain CID under differ-
ent water regimes. There was a non-significant differ-
ence between the ZMAE for grain and leaf CID values
in estimating WUE. However, measuring WUE using
leaf CID have a slightly higher #MAE than grain CID
(Figure 3). This could be attributed to sampling at dif-
ferent growth stages (Laza et al., 2006), resulting in
higher variations in carbon isotopic composition and
high inaccuracy in WUE estimations. The use of leaf
CID when estimating WUE is not ideal since leaf CID
is strongly affected by environmental factors (e.g., light
intensity and low temperatures) (Farquhar et al., 1989)
and leaf age. Mature leaves can be sampled to measure
CID and WUE estimation over a long period (Hussain
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errors (%MAE) of using carbon isotope discrimination from
different plant parts in estimating WUE in plants. Each boxplot
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quartile 3 (75%) for percentage mean absolute errors of observed
water use efficiency. Box plots accompanied by similar letters were
not significantly different at p <0.05. AGB, aboveground biomass.

et al., 2019). However, leaf aging or stress can influence
CID values and could potentially lead to high %MAE.
The use of aboveground biomass CID appeared to have
an extremely high %MAE compared to leaf and grain
CID. This is ascribed by the aboveground biomass CID
is negatively affected by environmental conditions
(Farquhar et al., 1989), which might not be directly
related to WUE such as shading, nutrient availability
and inter- and intra-plant competition which can cause
noise in the isotopic ratio mass spectrometer (IRMS)
and make the interpretation of aboveground biomass
CID more complex leading to high level of inaccuracy
of CID-based WUE estimations.

4.3 | Soil, climatic, and continental
factors impacting the accuracy of using
carbon isotopes in estimating WUE
43.1 | Soil texture

The use of carbon isotopes is a reliable and non-
destructive technique for estimating WUE in crops.

isotopes in estimating WUE in different soil textural classes. Each
boxplot presents the minimum, maximum, median, quartile 1
(25%), and quartile 3 (75%) for percentage mean absolute errors of
observed water use efficiency. Box plots accompanied by similar
letters were not significantly different at p <0.05.

However, its accuracy varies depending on the texture
of the soil. Yu et al. (2021) reported that soil texture af-
fects the relationship between plant WUE and CID. The
current analysis highlighted that soil texture has an im-
pact when measuring WUE using CID, with the highest
%MAE found on clay loam (2.8 +21.8%) than on sandy
(1.3+16.2%) and loam (1.1 + 14%) soils (Figure 4). This
could be attributable to clay loam soils having relatively
low water infiltration rates and poor drainage, which
can lead to waterlogging and reduced soil water avail-
ability. This impairs the crop's ability to extract water
from the soil, reducing water use efficiency. In contrast,
sand and loam soils have better drainage and higher in-
filtration rates, which facilitate water uptake by crops
(Archer et al., 2020) and, in turn, improve CID-based
WUE estimates. Coulouma et al. (2020) reported that
the relationship between soil water and CID was sig-
nificant under all environmental conditions. Wang
et al. (2016) highlighted that CID decreases as the
amount of soil water decreases. Conversely, the estima-
tions in loam and sandy soils appeared to be more accu-
rate, probably due to the large amount of root biomass
in loam and sandy soils than in clay loam soil, render-
ing higher oxygen availability and mobilization (Silver
et al., 2000). The higher root-to-shoot ratio allows for
efficient water uptake and better CID, improving WUE
estimates’ accuracy.
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The use of carbon isotopes tends to either underesti-
mate or overestimate WUE depending on the texture of
the soil. In clay loam soils, carbon isotopes resulted in an
overestimation of WUE given that clay loam soils render
reduced root biomass coupled with lower oxygen avail-
ability and decreased nutrient supply (Cao et al., 2019).
This might lead to a decrease in water uptake capacity
and reduced plant growth, which may affect the accu-
racy of the CID-based WUE calculation. Therefore, lower
biomass in roots increases CID and overestimates WUE.
Furthermore, clay loam soil has a high-water holding ca-
pacity which can contribute to waterlogging and reduced
soil water availability, leading to reduced WUE. However,
in some cases, the high soil moisture content can also lead
to increased CID (Kondo et al., 2004) and overestimated
WUE. Contrarily, the use of CID underestimates com-
putation of WUE of crop plants cultivated on loam soils,
attributable to high soil nutrient availability leading to in-
creased photosynthesis rates. An increased rate of photo-
synthesis helps the plant to discriminate better against *C
(Nguyen-Thu et al., 2013), leading to an underestimation
of WUE. Soil pH exhibited the lowest coefficient of varia-
tion, indicating a low contribution to the variation.

4.3.2 | Climate

The climates in the study areas were categorized based
on MAP and MAT. The two climatic factors directly
affect C; and C, plant growth, reproduction, and pro-
ductivity. Among the climatic factors, temperatures
can highly determine the level of accuracy when esti-
mating crop WUE using carbon isotopes. Temperatures
significantly impact the discrimination of carbon-13 in
plants. The results highlighted that the #MAE differs
with climates, with the Mediterranean climate having
a higher %MAE than other climates (Figure 5). This
could be because CID values vary from one climatic
region to another (Rao & Wright, 1994; Schellenberg
et al., 2010), and this can lead to variations and differ-
ences in the level of accuracy of using carbon isotopes to
estimate WUE in different climates. Under different cli-
matic zones, there are stark differences in evaporation
rates, temperatures, and humidity. Koehler et al. (2010)
reported that temperature levels differently affected the
relationship between WUE and CID and impacted the
accuracy level of water use efficiency estimates made
using carbon isotopes.
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Under the Mediterranean climate, the %MAE was
higher than in any other climate included in this study.
This is attributable to complex environmental factors such
as temperature, light intensity, and atmospheric CO, con-
centrations are often highly variable in Mediterranean
climates. This makes it more challenging to estimate
plant WUE using the CID accurately. In addition, under
the Mediterranean climate, rainfall is limited and unpre-
dictable, leading to soil moisture variability, which causes
stomata closure to conserve water under dry conditions,
leading to higher leaves CID values (Khan et al., 2010).
Conversely, stomata regularly open in wet conditions,
leading to lower CID values. This fluctuation can affect
the accuracy of the carbon isotope method. The present
analysis recorded that the %#MAE under continental cli-
mate had low variability than other climates. This could
be possible because the temperatures under continental
climates are not fluctuating.

The growing of C; cereals under all the climates resulted
in non-significant differences in their #MAE. In compar-
ison to WUE,, and WUE_,, under all climates, there was
a non-significant difference between WUE,, and WUE;
under all climates. The crop WUE computation obtained
using direct and manual measurement and CID-based

WUE estimations are both affected by temperatures. The
%MAE was low under arid climatic conditions, given that
under arid climatic conditions, plants tend to discrimi-
nate better against '>C because the arid regions are char-
acterized by low water availability, which tend to enhance
carbon isotope discrimination in plants. Hence plants can
have high WUE, and the CID method can accurately es-
timate the same. This agrees with Farquhar et al. (1989)
who supported the assertion that arid climates can lead
to higher WUE in crop plants and that CID is a reliable
method for estimating water use efficiency.

Among the cereals assessed in the study, maize is a
summer crop, and others (e.g., barley, wheat, rice, and
oats) are C; winter crops. Variable temperatures in the
summer and winter seasons cause differences in accuracy
levels on summer and winter crops. The summer condi-
tions might be more conducive for measuring WUE using
isotopes, especially in the southern hemisphere, where
summers are characterized by relatively higher tempera-
tures, soil moisture, and more sunshine hours (Mbava
et al., 2020). The winters in the Northern Hemisphere are
generally cooler and drier with less sunshine, reducing
carbon discrimination efficiency and leading to higher in-
accuracy (Korner et al., 1991).
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TABLE 5 Spearman's rank correlation coefficients between
selected soil parameters and %MAE.

Variables %MAE
CN —0.08
CT —0.11
Con 0.18**
BD 0.09

pH 0,08
Texture 0.11
Clay 0.09
Sand 0.30**
Silt —0.40**
MAP —0.11
Clim 0.05
MAT —0.13
CID 0.12%*
WUE, —0.12**
WUE —0.06

‘est

Abbreviations: #MAE, percentage mean absolute error of observed

water use efficiency; #ME, percentage mean error of observed water use
efficiency; BD, bulk density (gcm™); CID, carbon isotope discrimination
(per thousands); Clim MAP, mean annual precipitation; CN, crop name;
Con, continent; CT, crop type; MAT, mean annual temperature; ME, mean
error; WUEest, estimated water use efficiency (gL ™"); WUEobs, water use
efficiency (gL ™).

**Correlations is significant at p <0.01.

4.3.3 | The accuracy of estimating WUE
using carbon isotopes in different continents

The present analysis highlighted that the environmen-
tal conditions in each continent impact the accuracy of
using CID to estimate WUE. The inaccuracy level was
higher in Europe than in other continents (Figure 6).
That could be because the evaluations were only done
in wheat (winter crop), and the winter temperatures
in Europe are very low (Rimbu et al., 2014). Low tem-
peratures highly affect carbon discrimination in plants,
resulting in a reduced accuracy and underestimation of
WUE (ME=-0.01) in Europe. The different environ-
mental conditions in different continents strongly lead
to the differences in the relationships between CID and
WUE. That agrees with Arslan et al. (1999) and Zhao
et al. (2009) who reported different correlations in wheat
in Europe and Asia, respectively. Those differences in
correlation relationship between CID and WUE fully
suggest the differences in the level of inaccuracy from
one continent to another.

The results showed that using CID to estimate WUE
is more accurate in Asia than Europe, South America,
North America, and Africa since the %MAE appeared
lower in Asia (Figure 6). These results agree with Chen

et al. (2011), who reported that CID in Asia provided a
more accurate estimate of WUE than any other part of
the world. Bren d’Amour et al. (2017) asserted that Asia
has the world's largest and most diverse croplands, which
have been subjected to intensive management practices
for several decades. Agricultural practices in the region
have greatly altered the natural carbon isotope ratios in
the soil and plants, creating unique isotopic signatures
that reflect the productivity and efficiency of these sys-
tems. In addition, the use of CID appears to be reliable
in Asia due to the availability of well-calibrated isotopic
standards (Laursen et al., 2016) and reference materials
such as databases of regional and local carbon isotopic
ratios. These databases are widely used to develop robust
statistical models and algorithms that accurately estimate
WUE from carbon isotope data. Furthermore, the present
results indicated that there is a low variation of %MAE
in Oceania (Figure 5). This could be because in Oceania,
there are relatively stable climatic conditions, with con-
sistent temperatures and rainfall patterns that can lead to
low variations of the relationships between WUE and CID
as well as low variations in #MAE.

4.4 | Association of factors contributing
to the accuracy of carbon isotopes in
estimating WUE

The degree of relationship between the factors contribut-
ing to the level of accuracy of using CID to estimate WUE
guides the simultaneous use of the same in future pro-
grams. The positive correlations between %ME and %MAE
under all environmental conditions (Table 5) suggest that
crop types and environmental conditions with high #ME
are more likely to have high %#MAE. The %MAE is more
linked to MAE, which was discerned by subtracting the
WUE,, from WUE,,; The %ME should have been low val-
ues for reliable estimates and to reduce the %MAE given
that both had a positive association in all the crops under
all the environmental conditions. During the last two dec-
ades, plant breeders have been evaluating the correlations
between WUE and CID in legumes and cereals (Akhter
et al., 2010; Anyia et al., 2007; Impa et al., 2005; Javed
etal., 2012).

The PCA-biplots (Figure 7) revealed that WUE,,
MAT, and %ME were the major contributors to the vari-
ations in the level of inaccuracies (#MAE), which were
strongly correlated with %MAE in crops, plant parts,
and continents. The %ME was positively correlated with
%MAE under all environmental factors and crops. The
WUE,;; and MAT could increase or decrease accuracy
(%MAE). MAT should be carefully considered when mea-
suring WUE using carbon isotopes on all crop species and
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soil properties. Low temperatures are associated with a
decrease in CID (Zhou et al., 2011), and eventually, the
%MAE increases. Conversely, high temperatures cause
the plants to close their stomata, limiting the uptake of
carbon dioxide (Smirnoff, 1993), consequently leading to
increased °C: 2C and %MAE.

5 | CONCLUSIONS

The study examined the impacts of soil, environmental
conditions, and crop type on the accuracy of using car-
bon isotopes to estimate the WUE of cereal and legume
crops. The conclusion drawn from 518 observations
from 36 articles was that the level of accuracy depends
on crop type, environmental factors, and soil proper-
ties. Legumes have significantly lower %MAE than
cereal crops, suggesting that using carbon isotopes in

estimating WUE involving more legume crops is highly
reliable. Using CID to estimate WUE is more accurate
for soybean, rice, and maize. The use of carbon isotopes
to estimate WUE is limiting in oats because they ap-
peared to have a high #MAE. The type of climate has
an impact on the accuracy of using carbon isotopes to
estimate WUE, with a high level of inaccuracy under
Mediterranean climates. The CID-based WUE is un-
derestimated in crops grown on loam soils. In Asia and
Oceania, the measurement of WUE using isotopes is
more accurate than in any other continent in the world.
There is still a need to compare the accuracy of using
CID on crop plants under the same climate conditions,
soil properties, land management, and fertilizer regimes.
The knowledge generated in this analysis is expected to
be useful for choosing the crops, environmental factors,
and soil properties that make the WUE estimation using
carbon isotopes more accurate and dependable.
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