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• Seasonal ETc for the chufa crop is ap-
proximately 750 mm.

• Chufa single crop coefficients (Kc) are
determined using a smart field lysime-
ter.

• Kc ini, Kc med and Kc end are 0.32, 1.4 and
0.8, respectively, for local conditions.

• For standard conditions, Kc med and Kc

end are 1.24 and 0.73, respectively.
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Chufa is a traditional crop in L'Horta de València (Spain), a historical agricultural system that has been recognised
in the register of Globally Important Agricultural Heritage Systems, managed by the Food and Agriculture Orga-
nization of the United Nations (FAO), and is one of the six protected Mediterranean and metropolitan horticul-
tural fields as per the European Environment Agency. Chufa is a horticultural crop cultivated for its tubers. Our
team has carried out different studies to improve the sustainability of chufa crop, particularly the efficiency of ir-
rigation water use; however, the complete irrigation water requirements remain unknown. Therefore, the main
aim of this study was to determine the crop coefficient values for chufa crop along its crop cycle using a smart
field weighing lysimeter for three consecutive seasons and to determine its irrigation water requirements. The
single crop coefficient values are 0.32, 1.40, and 0.80 for the initial stage, mid-season stage, and end of the late
season stage, respectively for local conditions and 1.24 and 0.73 for mid- and late season stages, respectively
for standard conditions. FAO segmented and second-order polynomial functions are presented to describe the
crop coefficient evolution throughout the cycle, and could be used for irrigation scheduling and may lead to im-
portant water savings. The average seasonal net irrigation water requirement for chufa crop was approximately
640 mm, representing around 57% of the irrigation depth usually applied by chufa growers. The water savings
that may be achieved by the adjustment of irrigation water with irrigation water requirements, using the crop
coefficient, would improve, to a great extent, the sustainability of the L'Horta de València historical agricultural
system, in viewof thewater scarcity resulting from climate change. This sustainable irrigation schedulingwill im-
prove the ecosystem indices, which have been altered by the application of over-irrigation, in the area.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Chufa (Cyperus esculentus L. var. sativus Boeck.), also known as tiger
nut, tigernut, or yellow nutsedge, is a traditional crop in L'Horta de Va-
lència, Spain (hereafter referred to as L'Horta). L'Horta is a historical ag-
ricultural system thatwas recognised in November 2019 on the register
of Globally Important Agricultural Heritage Systems (GIAHS), managed
by the Food and Agriculture Organization of the United Nations (FAO),
and recognised as one of the six protected Mediterranean and metro-
politan horticultural fields by the European Environment Agency
(FAO, 2020a). L'Horta covers an area of 28 km2, of which 546 ha (ap-
proximately 19.5% of the L'Horta area) is dedicated annually to chufa
cultivation (MAPA, 2020). It is a traditional peri-urban irrigated agricul-
tural landscape located around the Valencia city boundaries. This area is
made up of many micro-plots, with an average size of 0.4 ha, and its
maximum size does not exceed 0.8 ha [Regulatory Council of Denomi-
nation of Origin Chufa of Valencia (RCDOCV), personal communication].
This smallholding system comprises the existence of many roads, paths,
and irrigation ditches, constituting an integral element of L'Horta,
general configuration of which must be maintained (Generalitat
Valenciana, 2016). To avoid soil replant disorders, crop rotation is prac-
ticed; hence, chufa plots are usually surrounded by other cropswith dif-
ferent crop cycles. Therefore, micro-plot structure and crop rotation
lead to small expanses of vegetation surrounded by shorter or dry
cover. L'Horta encompasses an ancient and complex irrigation system
that performs environmental and food functions, making it a symbol
of life and sustainability (Romero and Melo, 2015). This irrigation sys-
tem originated in the 8th century, when Muslims built eight irrigation
channels along the Turia River, and since then, the irrigation applied
in the area has been regulated by the Tribunal of Waters (Tribunal de
les Aigües), which has been recognised as a UNESCO world immaterial
heritage since 2009 (Angelakis et al., 2020; Sala, 2012). In spite of
these recognitions, some authors have reported the crisis of L'Horta
landscape (Francés and Romero, 2014) owing to the combination of dif-
ferent pressures, such as high water demand and the progressive socio-
economic dissociation between citizens and L'Horta (increasing the
perception that agriculture “wastes” water).

Water scarcity and drought are spreading worldwide, and cli-
mate change suggests further increase in aridity and frequency of
extreme events, such as low rainfall amounts, long drought periods,
and high temperatures (WWAP, 2016). Currently, agriculture uses
large amounts of water [about 65% of the available freshwater in
Spain and 69% worldwide (FAO, 2020b)]; therefore, the European
Water Framework Directive 2000/60 (The European Parliament
and the Council of the European Union, 2000), currently in force, en-
courages the use of water-saving tools in agriculture to avoid water
shortages.

Chufa is an herbaceous plant cultivated for its tubers, which are
mainly used to produce a non-alcoholic beverage called “horchata” or
“horchata de chufa” (tiger nut milk or orgeat). In recent years,
“horchata” and chufa tubers, have become popular in other countries,
such as France, the United Kingdom, the United States of America, and
Argentina (da Costa Neto et al., 2019). On a small scale, traditionally,
chufa tubers have also been consumed fresh, and recently, they have
been introduced into signature cuisine and in the production of modern
spirit drinks and high quality oil, used in both food and cosmetics
(Pascual-Seva, 2011).

Locally, the economic impact is rather important because it repre-
sents a retail market value of 60 million euros (da Costa Neto et al.,
2019). Chufa is also cultivated in Burkina Faso, China, Egypt, Ghana,
Ivory Coast, Mali, Niger, Nigeria, Senegal, Sudan, Turkey, and the
United States of America (De Castro et al., 2015; Duman, 2019; El-
Shenawy et al., 2019; Liu et al., 2019).

Chufa is considered an unconventional crop (Pascual et al., 2000), al-
though it is not included in the lists ofminor crop. Nonetheless, the high
added value of chufa justifies the publication of many articles on its use
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in food technology (Adebayo-Oyetoro et al., 2019; Duman, 2019; Zhu
et al., 2019), medicine, and pharmacology (Badejo et al., 2020;
El-Shenawy et al., 2019; Oluwajuyitan and Ijarotimi, 2019), and other
industries (Okoro et al., 2019; Tian et al., 2019), evidencing the increas-
ing interest in its cultivation.

Our team has carried out different studies to increase the sustain-
ability of chufa crop (Pascual et al., 2000), particularly by improving ir-
rigation and irrigation water use efficiency, both in furrow and in drip
irrigation (Pascual-Seva et al., 2018, 2013). It is noteworthy that chufa
cultivation extends from April to November, and as a summer crop, it
requires large amounts of irrigation water. Although important im-
provements in water management were reported in those studies,
their findings were not conclusive because the evapotranspiration
(ETc) of the chufa crop remains unknown. Therefore, a research line
aiming to determine the irrigation water needs of chufa crop was initi-
ated in 2016, with preliminary results presented by Pascual-Seva et al.
(2019).

Estimation of ETc and consequently crop irrigation water require-
ments (Pereira et al., 2020) is of great importance in agricultural
watermanagement (Hashim et al., 2012) at the regional level. The stan-
dard method for estimating ETc was reported in FAO56 (Allen et al.,
1998) and involves the calculation of a grass reference evapotranspira-
tion (ETo) and a specific crop coefficient (Kc). This approach has recently
been updated by Pereira et al. (2021a, 2021b). ETo is routinely calcu-
lated using the FAO-Penman-Monteith equation, as suggested in
FAO56. Daily local ETo values are available for Valencian chufa growers
through the SIAR (Spanish Agro-climatic Information System for Irriga-
tion) network (IVIA, 2011). The objective of the Kc is to transfer costly
evapotranspiration (ET) measurements by normalising them with the
ETo (Jensen and Allen, 2016). The Kc value for a variety of crops grown
under different climatic conditions was initially suggested by
Doorenbos and Pruitt (1977) and updated in FAO56. These values are
commonly used in places where local data are not available (Groh
et al., 2015); however, chufa has not been reported among these
crops. It is noteworthy that a reliable calculation of ETc strongly depends
on the appropriate estimation of Kc values, which may vary by ecosys-
tem, climatic conditions, and crop growth stage development (Groh
et al., 2015). Doorenbos and Pruitt (1977) and Allen et al. (1998)
emphasised the strong need to develop Kc values for specific climatic
conditions (Tyagi et al., 2000).

Currently, Kc values are based on ETc measurements, using sensitive
weighing lysimeters or micrometeorological relatedmethods (e.g., eddy
covariance system) (Jensen and Allen, 2016). Weighing lysimeters,
which are blocks of soil that are covered by vegetation and placed back
into the soil with their surface exposed to the atmosphere (Doležal
et al., 2018), directly determine the ET of a crop using a water balance
at the block level and measuring changes in its mass. This technique
has been employed for measuring crop water use since its first deploy-
ment in Coshoctan (Ohio, USA) in 1937 (Bryla et al., 2010). There are dif-
ferent types of lysimeter in terms of size, bottom boundary conditions,
and technology applied, each with their corresponding advantages and
disadvantages. The present experiment used a smart field lysimeter
(SFL), which considers a small representative soil volume that does not
require a large, and expensive, supporting structure (Doležal et al.,
2018).

The objective of this study was to determine the single crop coeffi-
cient of chufa crop using an SFL, which would be used in irrigation
scheduling for adjusting the irrigation water applied with the irrigation
water requirements, to improve chufa crop sustainability.

2. Materials and methods

The studywas conducted for three consecutive years (2017, 2018, and
2019) in a research field (0.24 ha) located next to the campus of the
Universitat Politècnica de València, Spain (39°29′N, 0°20′W), within the
main and traditional chufa production area in L'Horta of approximately
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242 ha, including the northeastern part of the peri-urban area of
Valencia city.

Plantingwas performed on 12thMay 2017, 19th April 2018, and 8th
May 2019 as soon as it was possible in each year, using, as customary
today, tubers acquired from local traders and that has not been sub-
jected to any pre-sowing treatment. Tuber planting was traditionally
carried out on the first fortnight of May, but Pascual et al. (1997) re-
ported the advantage of planting in advance, when allowed by crop ro-
tation and rain, because it led to an increase in yield. The end of the
irrigation period was considered for all the three years to be the 15th
day of October, which is consistent with the typical practice by local
growers, to accelerate the natural drying of the leaves that are removed
on the secondweek of November, when the RCDOCV allows harvesting
process to begin. At the end of the irrigation period, all plants had
reached their full maturity in all three seasons. Tubers were harvested
on the last week of November. Fig. 1 presents an estimate of the plant
height and the ground cover fraction for the chufa crop.

According to the UNESCO-FAO classification (Gaussen et al., 1963),
the climate in the area is Warm temperate: Mediterranean xeric type
and accentuated sub-desert subtype, with hot, dry summers, and an av-
erage annual rainfall of approximately 450 mm, irregularly distributed
throughout the year.

Next to the SFL, tuberswere planted in ridgesmeasuring 0.20mhigh
and spaced 0.60 m apart at a spacing of 0.10 m within the ridge (corre-
sponding to 120 kg tubers ha−1), with three tubers planted (equally
spaced at 0.10mapart) in the SFL. The soil at the sitewasdeep, classified
as Anthropic Torrifluvents according to the USDA Soil Taxonomy (Soil
Survey Staff, 2014). At the beginning of this study, the soil presented a
moderately alkaline pH and was highly fertile [pH = 8.07; EC (1:5;
0.22 dS m−1), organic matter = 2.01%, total calcium carbonate =
23.01%, active calcium carbonate = 2.90%, phosphorous (sodium bicar-
bonate) = 232 ppm, and potassium (ammonium acetate)= 345 ppm].
The soil texture was sandy loam in the most superficial 0.50 m
(analysed every 0.10 m depth).

Cultural operations (planting, weeding, harvesting, etc.) were man-
ually performed on the SFL and on the immediate surrounding area to
simulate field practices (Pascual and Pascual-Seva, 2017) and ensure
that crop development was similar to that in the surrounding field, as
reported by Howell et al. (1991), and as close as possible to standard
conditions [the crops grown in large fields under excellent agronomic
and soil water conditions (Allen et al., 1998)]. Thus, no differences
were detected between the plants cultivated in the SFL and those
grown in the surrounding field. Fertigation was based on Hoagland's
No. 2 nutrient solution (Maynard and Hochmuth, 2006) [EC: 2.31 dS
m−1; pH adjusted to 6.1; macronutrient concentrations (all in mM):
NO3

−, 14.0; H2PO4
−, 1.0; SO4

2−, 2.45; K+, 6.0; Ca2+, 4.0;Mg2+, 2.0;micro-
nutrient concentrations (all in μM): Fe2+, 15; Mn2+, 10; Zn2+, 5; B3+,
30; Cu2+, 0.75; Mo6+, 0.5] applied throughout the crop cycle. The irri-
Fig. 1. Chufa ground cover fraction (straight line) and plant heig
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gation water [EC = 1.6 dS m−1; SAR (adjusted) = 2.9; pH = 7.4] was
pumped from a well, not showing any restriction in terms of salinity
for non-sensitive crops such as chufa or permeability (Ayers and
Wescott, 1994), thus leaching was not required.

Irrigation water management in the SFL was automated jointly with
the surrounding area, as reported by Pascual-Seva et al. (2018). The vol-
umetric soil water content in thefieldwas continuouslymonitoredwith
a multi-depth capacitance probe (Cprobe; Agrilink Inc. Ltd., Adelaide,
Australia), installed inside a PVC access tube and placed on a ridge.
The probe had a sensor installed at 0.10 m below the top of the ridge
and was connected to a radio telemetry unit, which read the value of
each sensor every 5 min and recorded an average value every 15 min.
Each irrigation event started when the soil moisture at 0.10 m soil
depth had decreased to 85% of its field capacity [15.4%, 13.7%, and
13.3%, in 2017, 2018, and 2019, respectively; determined in situ as
Pascual-Seva et al., 2018 reported]. At that point, a dose of 10 mmwas
applied over 40 min in the field. The field was irrigated by a lateral
line per ridge using a turbulent flow dripline (AZUDRIP Compact;
Sistema Azud S.A., Murcia, Spain) with emitters, with 2.2 L h−1 flow
and spaced 0.25 m apart. The SFL was irrigated using a dripper (Navia,
Sistema Azud S.A., Murcia, Spain) with flow identical to those used in
the surrounding area (2.2 L h−1).

To determine the chufa ETc, amonolithic lysimetric station (SFL-600E;
METERGroup Inc.,München, Germany; Fig. 2)was acquired and installed
at a minimum of 15m from the experimental field borders. This SFL con-
sists of a stainless-steel cylinder (height 600mm, inner diameter 300mm,
volume of soil 42 L), placed over a weighing platform (PL100, resolution
±1 g, accuracy±14 g; UMSGmbH, 2014) inside a stainless-steel field en-
closure. The cylinder is connected to a leachate tank, which is located
above another weighing platform (PL10; resolution ±1 g, accuracy ±
1.7 g;UMSGmbH, 2014) to record deeppercolation losses. The system in-
cludes a pumping system for bidirectional regulation of the lower hydrau-
lic boundary, which is controlled by the field matric potential that
automatically maintains true field conditions within the lysimeter. In
this study, the SFL recorded the weights of the cylinder and that of the
leachate tank everyminute. Bothweighting platformsweremechanically
tested at the start of each season using calibrated weights.

To avoid the small weight fluctuations produced by wind, insects,
etc. (Howell et al., 1995), we decided to determine the water balance
every hour according to the expression (UMS GmbH, 2014):

ETc ¼ P−L−DS

where P is the precipitation plus irrigation (mm); L is the leachate
(mm); DS is the lysimeter weight change (mm). P was determined as
the increase in mass of the lysimeter plus L, and this quantity was only
considered when the value was greater than 0.21 mm because values
less than this could not be classified as either precipitation or irrigation
ht (dashed line) along the growing season. Average values.

Image of Fig. 1


Fig. 2. Smart field lysimeter used in the study without (A) and with chufa plants (B). View of the experimental plot with the landscape surrounding it (C).
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(UMS GmbH, 2014). L was determined hourly by theweight differences
between the leachate tank. DS was directly calculated as the hourly dif-
ference of the lysimeterweight. For thedifferent parameters, theweight
units were transformed into water depth units (mm) by taking the spe-
cific gravity of water as 1 g cm−3 and the cylinder surface as 0.07 m2

(based on a 300 mm diameter). Once P, L, and DS were known, and
neglecting the plant biomass increment as reported by Vaughan and
Ayars (2009), the ETc was determined. The SFL readings were checked
daily to identify individual readings that could not be explained by nat-
ural processes of water input and loss (Vaughan and Ayars, 2009) and
by the assumption that no ET occurs during precipitation and irrigation
events (Groh et al., 2015). This procedure was done according to Allen
et al. (2011) for data quality assessment and quality control. Hourly
ETc values were added to determine the daily ETc values.

An agro-meteorological station (Decagon Devices Inc., Washington,
USA) was installed next to the SFL over a reference grass surface within
the experimental field. This station included the sensors needed to ob-
tain the data required for the ETo calculation: a VP-4 sensor, for moni-
toring vapour pressure, humidity, temperature, and atmospheric
pressure; an ECRN-100 High-Resolution Rain Gauge; a Davis Cup ane-
mometer; and a PYR pyranometer. These sensors were distributed be-
tween 1.75 and 2 m from the ground, to which the anemometer was
placed. Sensors were calibrated by the supplier before each season
started. Furthermore, a data logger, which transfers the data through
GPRS, was incorporated into the setup, and the data were downloaded
with the software DataTrac 3 version 3.13 (Decagon Devices Inc.,
Washington, USA). Daily ETo (mm day−1) was determined using the
FAO-56 Penman-Monteith equation (Allen et al., 1998):

ET0 ¼ 0:408Δ Rn−Gð Þ þ γ 900
Tþ273u2 es−eað Þ

Δþ γ 1þ 0:34u2ð Þ

where Δ is the slope of the saturation vapour pressure–temperature re-
lationship at mean air temperature (kPa °C−1), Rn is the net radiation at
the crop surface (MJm−2 d−1), G is the soil heat flux (MJm−2 d−1), T is
the average air temperature (°C), u2 is the wind speed at 2 m height
(m s−1), (es-ea) is the vapour pressure deficit (kPa), and γ is the psy-
chrometric constant (kPa °C−1).

The quality of weather data were assessed before their use in the
equation, following that reported by Allen (2008) and Allen et al.
(2011). Solar radiation (Rs) measurements were plotted against theo-
retically derived solar radiation for clear sky (Rso), and the higher mea-
sured Rs values did not differ by more than 5% from Rso. All the relative
humidity values recorded during the experiment were reasonable,
ranging from 35% to 85%. Temperature records did not exceed the
4

recorded extremes for the region in any case, and the average of the
daily extremes (Tmax and Tmin) coincides with the average of the data
logger for the day. In relation to wind speed, most of the daily mean
values are greater than 1 m s−1, and they are very close to those re-
ported by SIAR (IVIA, 2011) for the nearest station (30 km apart).

After the ETc and ETo values were determined, daily Kc values for
each season were calculated by dividing the ETc values by the ETo esti-
mates (Allen et al., 1998).

Kc ¼ ETc

ETo

The four growth stages of the chufa crop, which include initial, crop
development, mid-season, and late season stages, were established
from the FAO-segmented Kc curve in accordance with Allen et al.
(1998). This curve presents the daily Kc value versus the day after plant-
ing (DAP) for each year. The duration of the growing stages was first ap-
proximated from on-site inspection of the ground surface area covered
by vegetation (López-Urrea et al., 2009) for the initial and crop develop-
ment stages, and to the phenological stage for the mid- and late-season
stages (Allen et al., 1998). The initial stage starts at planting and con-
tinues until 10% of the soil surface is covered by the crop. The crop de-
velopment stage runs from that moment to full effective cover (when
the leaves in adjacent rows start to intermingle); the mid-season
stage covers the period from full cover to the start of leaf senescence,
and the late season stage runs until the end of the irrigation period
(15th October). After the first approximation, growth stages were
established based on the change in the slope of the Kc-DAP function,
as stated by Abdelhadi et al. (2000). Analyses were performed using
the method of Muggeo (2003) as implemented in the R package seg-
mented v1.2–0 (Muggeo, 2020).

3. Results and discussion

3.1. Agro-meteorological conditions during the three growing seasons

A summary of monthly agro-meteorological conditions (average
temperature, wind speed, solar radiation, and minimum relative hu-
midity) during the three growing seasons are shown in Table 1. These
values are representative of those reported in the area in the last few
years. The different seasonal rainfall values registered in the three sea-
sons are not extraordinary in the area. Fig. 3 presents the average
daily air (at 2 m height) and soil (at 0.05 m soil depth; measured inside
the lysimeter) temperature during each growing season.

Image of Fig. 2


Table 1
Average temperature, wind speed (at 2m height), solar radiation, minimum relative humidity, and total rainfall during the three growing seasons. Daily average values for eachmonth of
each growing season.

Temperature
(°C)

Wind speed
(m s−1)

Solar radiation
(MJ m−2 day−1)

Relative humidity
(%)

Rainfall
(mm)

2017 2018 2019 2017 2018 2019 2017 2018 2019 2017 2018 2019 2017 2018 2019

April 15.68 16.54 15.84 1.31 1.66 1.76 15.87 18.49 16.34 49.50 48.06 50.39 21.40 17.40 58.00
May 20.07 19.13 18.82 1.51 1.43 1.53 24.91 22.80 22.96 51.53 49.91 50.86 8.20 25.30 20.00
June 24.54 23.22 22.32 1.44 1.52 1.39 26.58 24.88 25.95 51.83 53.66 50.52 24.40 90.60 0.00
July 25.90 26.48 26.46 1.38 1.50 1.33 23.29 25.04 23.70 58.60 56.20 55.05 1.00 1.80 5.40
August 26.05 27.10 26.45 1.25 1.38 1.25 19.31 20.73 20.70 61.20 55.48 55.94 22.40 15.20 4.80
September 23.26 24.35 23.92 1.32 1.07 1.19 16.17 14.61 14.36 51.61 63.53 57.21 4.80 120.40 78.60
October 20.55 19.12 20.65 0.98 1.17 1.04 10.14 9.37 9.35 57.14 55.09 52.28 12.60 182.60 23.20
Seasonala 24.20 23.20 23.70 1.32 1.35 1.31 20.91 20.63 20.56 56.19 55.47 53.67 62.20 263.40 126.40

a from planting (12th May 2017, 19th April 2018 and 8th May 2019) to 15th October.
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3.2. Reference evapotranspiration, crop evapotranspiration, net irrigation
requirements, and number of irrigation events

The daily values for ETo, ETc, and precipitation in 2017, 2018, and
2019 are shown in Fig. 4. The peak ETo values were closed to 9.5, 8,
and 7 mm d−1 in 2017, 2018, and 2019, respectively, owing to days
with high temperature, high wind speed, and low relative humidity.
The lowest ETo values were related to cloudy days with low solar radia-
tion and low temperature. Daily oscillation was greater for the ETc than
that for the ETo because after each irrigation event (in particular, 2 h
after the irrigation ended), the ETc increased significantly, and then de-
creased over time until the next event. The seasonal ETo, ETc, and effec-
tive precipitation values (registered in the SFL) are presented in Table 2.
The highest ETc (782 mm) occurred in 2018, although this year pre-
sented the overall lowest net irrigation requirements (602 mm)
owing to its greater effective precipitation compared to that of the
other years.

In each growing season in the SFL and in the surrounding field, irri-
gation was carried out 53, 43, and 34 times in 2017, 2018, and 2019, re-
spectively. Table 3 shows the date of each irrigation event during the
three growing seasons.

3.3. Crop coefficient for the chufa crop according to FAO segmented curve

The crop cycle was divided into the four growing stages, for which
the last day [in dates, day of the year (DOY), DAP, and growing degree
days (GDD, °C-d; calculated by taking the integral of average daily tem-
peratures above a base temperature of 10 °C; Elias and Castellví, 1996)]
is presented in Table 4.

Following a three-year study, Pascual et al. (2000) stated that
chufa tuber sprouting increased (in terms of percentage and earli-
ness) with increasing temperatures, with 30 °C being the approxi-
mate optimum temperature. This study reported higher sprouting
Fig. 3. Average air (at 2 m height; A) and soil (at 0.05 m soil depth; B) daily tempe
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percentages at 30 °C than at 20 °C, which in turn were higher than
at 15 °C. Delaying of planting makes tubers to establish at higher
temperatures, increasing sprouting (Pascual et al., 2000) and growth
rate (Jansen, 1971), thus reducing the duration of the initial stage.
Planting was carried out on different dates each year; 2017 and
2019 could be considered as late-planting seasons, while 2018 was
an early planting season. The planting dates depended on many fac-
tors, such as harvesting of the previous crop in crop rotation and soil
moisture, owing to rainfall. In all three seasons, 10% soil coverage
was achieved on similar dates (between 15th and 21st May;
Table 4) when the average soil temperature at 0.05 m soil depth
reached 25 °C, which corresponds to an average air temperature of
19 °C; thus, the initial stage was longer in 2018 than in 2017 or
2019. The initial stage in 2018 comprised three irrigation events,
whereas only one was carried out in the other years during this
stage. Considering that irrigation was implemented with a nutrient
solution, the plants in 2018 received three times the amount of
fertiliser than those in 2017 or 2019 and may have led to faster
crop development and a consequent reduction in the development
stage (by as many as 27 days compared to 2019). In all the three
years, senescence started around the Autumnal equinox (18th – 23th
September; Table 4), when day and night were of equal length with
temperature decline (as is well known and recorded in the agro-
meteorological station), leading to a longer mid-season stage in 2018.
The duration of the late season was similar in all the three years, lasting
from 22 to 27 days, owing to their similar date of initialisation and the
establishment of the end of the crop cycle on a fixed date (15th Octo-
ber) to accelerate the natural process used for drying of the leaves.

The seasonal initial, mid-season, and end of the late stage Kc

values are presented in Table 5. These average values are, 0.32,
1.40, and 0.80, respectively, which are similar to those obtained in
the preliminary study [0.25, 1.43, and 0.75, respectively; Pascual-
Seva et al., 2019].
rature during the study periods in 2017 (black), 2018 (grey), and 2019 (blue).

Image of Fig. 3


Fig. 4. Daily reference (ETo; grey) and crop (ETc; black) evapotranspiration during the
experimental periods. Vertical bars represent the daily precipitation.

Table 2
Reference evapotranspiration (ETo), crop evapotranspiration (ETc), effective precipitation
(Pe), and net irrigation requirements (NIR = ETc-Pe) according to study year.

Year ETo (mm) ETc (mm) Pe (mm) NIR (mm)

2017 680.45 724.58 48.52 676.06
2018 773.07 781.92 179.80 602.12
2019 710.86 737.16 95.60 641.56

Table 3
Date of each irrigation event during the three growing seasons.

2017 20

April – 20
May 21,26,31 2,1
June 8,11,14,17,18,20,22,24,27,28,29 2,1
July 1,3,5,8,10,12,14,16,18,20,22,25,27,29,31 1,4
August 3,4,6,8,10,11,13,15,17,19,21,23,25,27 3,5
September 1,3,5,8,10,12,15,18,22,25,29 2
October 5 2.7
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The initial Kc (Kc ini)was consistent over the three years, as expected,
given that the crop management practices were equally applied. This
low value is in accordance with the fact that the crop was drip-
irrigated, with only a small fraction of the area being wetted, and there-
fore having reduced evaporation (the main component of ET in this
stage). During the late season stage, Kc decreased from 1.40 to 0.80
(Kc end), which corresponded to an intermediate senescence stage be-
cause the end of this stage is considered to occur when irrigation is no
longer applied to allow for the natural drying of the plants. Thus, this ap-
proach accelerates the senescence process to allow the aerial part to be
removed, which is necessary before tuber harvesting (Pascual and
Pascual-Seva, 2017). The mid-season Kc (Kc mid) value was 1.4, which
is generally considered too high; nevertheless, to understand this
value, both climatic and smallholding characteristics must be consid-
ered. According to Allen et al. (2011) and Pereira et al. (2021a), under
arid and semiarid conditions, differences in aerodynamic and surface re-
sistances coupled with potentially strong regional advection may cause
the Kc value to be as high as 1.2. Even exceptionally high values can
reach values of 1.4 for tall, dense, healthy, andwell-watered vegetation.
This is the case of the present study, in which chufa plants were sub-
jected to a Mediterranean xeric climate type, are tall, reaching 0.80 m
in height, and were maintained healthy and well irrigated.

Smallholding structure and crop rotation imply that fields are
surrounded by other crops and traditional paths, which may increase
the Kc value owing to advection effect. As Allen et al. (2011) stated,
small expanses of vegetation surrounded by shorter or dry cover may
cause a “clothesline effect” and ET may be significantly greater than
the corresponding ETo. According to Loomis and Connor (2002), most
of the microclimatic transition are considered a few meters from the
edge of the crop, but the necessary distance for a true stationary regime
in the wind profile and in the value of the microclimatic factors can be
several hundred meters, which may not be reached within the normal
size of cultivated fields of mot agricultural systems, particularly in
L'Horta.

Allen et al. (1998) emphasised the strong need to develop Kc values
for specific crop conditions, and given that the experimental field is a
representative of the chufa crop cultivation area in L'Horta (characterised
by micro-plots, crop rotations, and many historical paths), the obtained
values are representative of the crop in the area, even though its size
does not meet the standard condition of large fields. To transfer to
other regions with standard climate conditions and large fields, Kc mid

and Kc end values were adjusted as reported by Pereira et al. (2021a),
resulting in values of 1.46 and 0.86, respectively. Considering that these
values can be affected by micro-scale advection or clothesline effect,
and following the criteria to correct the excess Kc indicated by Pereira
et al. (2021a), they can be reduced by 15% to result in Kc mid in 1.24
and Kc end in 0.73.

Following the report of Allen et al. (1998), Kc ini, Kc med and Kc end

may be fixed in a graph. Diagonal lines are drawn from Kc ini to Kc mid

within the crop development stage and from Kc mid to Kc end, within
the late season stage. The daily 4-stage Kc values (derived from the
datameasured by the SFL) and best-fit lines for each growing stage plot-
ted against the DAP values are shown in Fig. 5. The expression that
18 2019

–
1,21,26 8,23,30
4,17,19,21,23,25,27,29 5,7,13,16,20,23,25,28,29
,6,8,11,14,16,18,20,23,25,27,29,31 2,4,10,12,15,17,19,22,24,26,28,30
,8,11,14,17,20,22,25,27,30 2,5,8,11,14,17,20,25,31

26
–

Image of Fig. 4


Table 4
Final day of each growth stage in dates, day of the year (DOY), days after planting (DAP), and growing degree days (GDD; °C-d) for each growing stage according to study year.

Initial Development Mid-season Late season

Year Date DOY DAP GDD Date DOY DAP GDD Date DOY DAP GDD Date DOY DAP GDD

2017 21-May 141 9 104 16-Jul 197 65 905 18-Sep 261 129 1893 15-Oct 288 156 2219
2018 15-May 135 26 213 20-Jun 171 62 617 21-Sep 264 153 2090 15-Oct 288 177 2382
2019 21-May 141 13 113 21-Jul 202 74 916 23-Sep 266 138 1912 15-Oct 288 160 2197

Table 5
Initial, mid-season, and end of the late season single crop coefficient values according to
study year.

Year Initial Mid-season End

2017 0.32 1.40 0.8
2018 0.32 1.39 0.8
2019 0.32 1.42 0.8

Fig. 5. Daily crop coefficient (Kc) values and their best-fit lines in relation to days after
planting for each growth stage: initial (I), crop development (CD), mid-season (MS),
and late season (LS) stages according to study year.
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defines the Kc values in relation to the DAP during these stages for each
season and their corresponding adjustment are presented in Table 6.

The slope of the crop development stage for 2018 was greater than
that for the other years, although the initial and final Kc values for this
stage were similar for all the three years; however, plant growth was
faster in 2018, accelerating the increment of Kc value. The slope in the
late season stage is rather similar for all the three years, owing to the
similarities in both the Kc values and stage length. Therefore, a general
relationship that considers the data for all the three years has also
been considered:

Crop development stage: Kc = 0.0183 DAP + 0.1164 (r: 0.91;
P ≤ 0.01)

Late stage: Kc = −0.0083 DAP + 2.3172 (r: 0.49; P ≤ 0.01)
The low correlation coefficient obtained for the late season stage is

related to the duration of the different seasons.WhenDOY is considered
instead of DAP, the relationships are as follows:

Crop development stage: Kc = 0.016 DOY + 1.7883 (r: 0.86;
P ≤ 0.01)

Late stage: Kc = −0.0261 DOY + 8.2642 (r: 0.89; P ≤ 0.01)
From these relationships, it can be stated that Kc is better related to

DAP during the crop development stage, whereas it is better related to
DOY during the late season stage.

3.4. Crop coefficient for chufa crop according to polynomial functions

Crop coefficient values have been presented for the four stages of the
growth cycle, but othermethods are currently recommended for the es-
timation of Kc value for annual crops as a function of DAP, DOY, or GDD
(Pereira et al., 2021a). Thus, polynomial functions were adjusted to de-
scribe the evolution of Kc throughout the cycle, in relation to DAP, DOY,
and GDD. The best fit corresponds to second-order polynomial func-
tions, both for each year and for the entire study period (Fig. 6). Consid-
ering the positive adjustments for all data, these polynomial functions
can be used to determine the daily Kc, and in turn, the daily ETc for
chufa crop.

3.5. Recommendations for irrigation scheduling

The use of the presented Kc values and the local ETo available
through the SIAR (IVIA, 2011) would allow chufa growers to schedule
irrigation and adjust irrigation depth to the irrigation requirements.
Given that the seasonal ETc and the net irrigation requirements for the
chufa crop are approximately 750 and 640 mm, respectively and that
the latter represents between 53% and 61% of the irrigation depth usu-
ally applied by chufa producers (ranging from 1050 to 1200 mm;
Pascual-Seva et al., 2013), this irrigation management would allow
water savings greater than 40%, and therefore, increase crop sustainabil-
ity in L'Horta in view of the water scarcity owed to climate change.

Our teamhas started the procedures to include, after publication, the
Kc values presented in this study in the SIAR (IVIA, 2011). Thus, growers
can directly obtain thenet irrigation requirements for sustainable irriga-
tion water management. The RCDOCV will also spread these results
among chufa producers. Furthermore, the Kc adjusted to standard cli-
mate conditions could be applied to chufa cultivated under different
conditions. Although these Kc values are readily usable for chufa crop,
future studies will focus on determining the dual Kc, which will be one
step for the assessment of the ecosystems in the area.

Image of Fig. 5


Table 6
Linear regression of crop coefficient (Kc) and days after planting (DAP) for crop development and late season stages according to study year.

Year Crop development Late season

2017 Kc = 0.019DAP + 0.1575 (r: 0.95; P ≤ 0.01) Kc = −0.0309DAP + 5.4309 (r: 0.92; P ≤ 0.01)
2018 Kc = 0.028DAP - 0.3982 (r: 0.96; P ≤ 0.01) Kc = −0.0245DAP + 5.1224 (r: 0.91; P ≤ 0.01)
2019 Kc = 0.017DAP + 0.1557 (r: 0.99; P ≤ 0.01) Kc = −0.0272DAP + 5.0862 (r: 0.92; P ≤ 0.01)
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4. Conclusions

In this study, the single crop coefficient for chufa was obtained, and
the values are 0.32, 1.40, and 0.80 for the initial stage, mid-season stage,
Fig. 6. Second-order polynomial functions correlating crop coefficient to the number of days
growing season and for the whole experiment (WE).
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and end of the late season stage, respectively for local conditions and
1.24 and 0.73 for mid- and late season stages, respectively for standard
conditions. The FAO segmented and second-order polynomial functions
are presented to describe the evolution of Kc throughout the cycle. The
after planting (DAP), days of the year (DOY), and growing degree-days (GDD) for each

Image of Fig. 6
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use of the presented Kc in irrigation scheduling may allow the adjust-
ment of irrigation depth to meet irrigation requirements, saving water
by up to nearly 50%, and increasing crop sustainability in the L'Horta
de València historical agricultural system in view of water scarcity
resulting from climate change. This irrigation scheduling may also be
applied in other areas where chufa is cultivated, improving their
agroecosystems.
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