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Abstract: The accurate quantification of crop water use or evapotranspiration (ET) under water and
salt stress is needed for efficient water management and precision irrigation in water scarce regions.
However, few studies were examined on alfalfa water use and its components under water and salt
stress. We carried out two field experiments to quantify alfalfa water use through setting up different
water and salt gradients, including two irrigation levels (full and deficit irrigation) and four soil
salinity levels (0, 2%�, 4%� and 6%� salt of mass ratio) in an arid region of Northwest China. Electrical
conductivity of soil saturation extract (ECe), soil water content (SWC), leaf area index (LAI) and soil
evaporation (E) were measured. The SIMDualKc model, which uses the FAO56 dual Kc approach,
was calibrated and validated using measured SWC and E. Model results show a good agreement
between observed and simulated SWC and E without stress. The depletion fraction for no stress
(p) and the percent yield reduction per unit increase in soil salinity (b) were 0.50 and 6.0%/(dS m−1),
respectively, slightly lower than those of FAO-56 (0.55 and 7.3%/(dS m−1)). The difference indicates
that alfalfa has a lower capacity of water use but a greater tolerance to salt stress after soil salinity
reached its sensitivity threshold in the arid region. The model performed a reduced accuracy under
water and salt stress and the differences tended to increase as stress increased, which was partly
attributed to constant yield response factor (Ky) under different soil water and salt stress. The key
parameter Ky dynamically increased with the increased degree of stress. Compared to constant Ky,
the simulations of SWC and E showed improved accuracy with dynamic Ky. These results suggested
that the response and acclimation of alfalfa to stress might be incorporated into the dual Kc model
through the diversity of Ky.
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1. Introduction

Drought and salinization, as worldwide problems, severely restrict crop productivity in arid and
semi-arid areas where poor rainfall is insufficient to leach soil salts out of the root zone, and reasonable
irrigation is a necessary strategy for the continuous food production of the growing population [1,2].
Accurate estimation of crop water use is the foundation of designing scientific irrigation system
and improving water management. Alfalfa (Medicago sativa L.), as a forage crop with high water
requirement [3,4], high water-saving potential and moderate salt sensitivity [5], is widely planted in
arid region of Northwest China, and is highly dependent on irrigation. Thus, accurate estimation of
alfalfa water use or evapotranspiration (ET) is of great significance for developing efficient water-saving
irrigation and improving water use efficiency.
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The ET of alfalfa can be estimated by many methods, e.g., water balance method [3,6–8] and
crop coefficient (Kc) approach [9–11]. Specifically, the Kc approach is relatively simple and accurate,
which is obtained by the product of reference ET (ET0) and specific Kc [12], and the latter is related to
crop species, variety, growth stage, canopy structure and management [5,13]. The dual Kc approach
separates ET into two components, transpiration (T) and evaporation (E), and replaces Kc with the
sum of basal crop coefficient (Kcb) and soil evaporation coefficient (Ke). Compared with the single Kc

approach, the dual Kc approach can simulate crop water use more accurately, especially when the
canopy is relatively small in the early growth stage. For efficient water management, E is considered as
water loss that does not directly contribute to the production process, whereas T is directly related to
crop productivity and considered to be the more "efficient" part [14]. Therefore, it is vital to accurately
estimate ET and its components for improving water management efficiency, especially in arid and
semi-arid areas where losses through evaporation can be considerable.

The dual Kc approach has been applied to corn, wheat, soybean and other food cereal crops
under full irrigation conditions, and was proved relatively accurate for estimating water use and
components [15–19]. The approach is more advantageous for irrigation methods with soil surface
not completely wet, such as drip irrigation [20–22], and has an improved estimation accuracy [9,23].
For non-optimum conditions, the effects are considered through stress coefficient Ks [24,25]. A study
showed a reduction in the performances of the dual Kc approach when estimating water use of corn
under water stress [26]. Yet, there are very few studies that measure the effects of water and salt stress
on Ks, especially for forage crops.

A combination of two or more abiotic stresses, such as drought and salinity, results in more
water use and yield loss than a single one [27]. Different from saline water irrigated soil, saline
soil, which contains multiple salt ions, is often the real situation where crops can suffer from salt
stress [28]. The main ions toxic to crops include Na+, Cl− and SO4

2− [29]. The response of growth
and physiological traits to coupling stress of water and salt has been done on barley, corn, cotton,
tomato and other crops [30–33]. In FAO-56, the stress factor of crop coefficient is incorporated by
combining water stress through soil water content and salt stress through soil electrical conductivity
and water-yield response factor (Ky) [5,34]. Ky is a factor that describes the reduction in relative yield
according to the reduction in ET. So, it is a vital parameter of calculating Ks in dual Kc approach,
which is commonly supposed to be a constant under different soil water and salt stress [5]. Other
studies argued that a properly selected Ky value is also important and should adopt Ky derived from
experimental data [15,35,36]. However, relatively few experiments had been conducted to estimate
daily alfalfa ET and its components under water and salt stress using the dual Kc approach and
experimental Ky.

Thus, we hypothesize that the value of Ky varies dynamically with different water and salt stress,
and the performance of dual Kc approach will be improved with a dynamic value of Ky under water
and salt stress. The objectives of our study were to estimate the ET and components of alfalfa using the
dual Kc approach, and obtain a set of parameters suitable for alfalfa in arid region of Northwest China
under water and salt stress conditions; and evaluate the effect of the constant and dynamic Ky on ET
and its components.

2. Materials and Methods

2.1. Experimental Site and Design

The experiment was conducted at the Shiyanghe Experimental Station at China Agricultural
University, located in the city of Wuwei, Gansu Province, northwest China (37◦52′ N, 102◦50′ E,
at 1581 m elevation), during June 6th to September 8th, 2018 and May 11th to September 20th, 2019.
The experimental site belongs to a typical cold desert climate (BWk) according to Koppen Geiger
classification, where light and heat resources are abundant, with the mean annual duration of sunshine
being over 3000 h and mean annual solar radiation is 5694 MJ m−2, the mean frost free days numbering
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over 150 d, mean annual temperature of 8 ◦C, and an annual sum of 3550 growing degree days (0 ◦C
as base temperature). The region is short of water with an average annual precipitation of 164 mm,
mean annual pan evaporation of approximately 2000 mm and groundwater table below 25 m depth.

The experiment was carried out in non-weighing lysimeters (Figure 1), whose sides and bottom
were made of concrete to prevent seepage, with an area of 6.66 m2 (3.33 m × 2 m), and a depth of 3
m. The soil filled in was sandy loam, with an average dry bulk density of 1.5 g cm−3 and the field
capacity (θf) of 0.30 m3 m−3, the wilting point (θwp) of 0.13 m3 m−3, and saturation water content of
0.37 m3 m−3 in 0-100 cm. The basic physical properties of the soil were presented in Table S1 [37].
The experiment set up eight treatments with two irrigation amount levels in 2018, i.e., full irrigation
and deficit irrigation (W1 and W2), and four soil salinity levels, i.e., 0, 2%�, 4%� and 6%� salt (mass ratio)
per unit soil mass in the 0–60 cm soil (S0, S2, S4 and S6), and four treatments (W1S0, W2S2, W2S4
and W2S6) in 2019, representing full irrigation with no salt stress, deficit irrigation with 2%� soil salt
content, deficit irrigation with 4%� soil salt content and deficit irrigation with 6%� soil salt content.
To minimize the boundary layer effect, alfalfa were planted around the lysimeters with a width of more
than 1 m and with the same management.
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Alfalfa (Golden Empress) was sown in line on May 2, 2017, with the row spacing of 25 cm and 
plant spacing of 10 cm, respectively, and the planting density was 30 kg h−1. Unified field 
management had been applied before the experiment started. Full irrigation treatment (W1) was 
irrigated to 95%–100% θf when average soil water content (SWC) in 0–80 cm reached 65%–70% θf, 
and the irrigation amounts of deficit treatments (W2) were half of that of W1 in 2018. Irrigation 
amounts of deficit irrigation treatments in 2019 were applied according to the same ET proportion to 
W1S0 in 2018. For alleviating salt stress on crop growth, all treatments were irrigated to field capacity 
on June 9 and 17 in 2018. The detailed irrigation scheduling was showed in Table S2 and Table S3. 
The salt used consisted of mixed NaCl, MgSO4 and CaSO4 at a mass ratio of 2:2:1, according to local 
groundwater chemical composition [38], and were added into the soil by saline water irrigation 
before treatments. Drip irrigation was used in the experiment, with a discharge of 3 L/h and emitter 
interval of 30 cm. 

2.2. Field Measurements 

Meteorological data during the experiment were collected every 15 minutes by an automatic 
weather station (Hobo, Onset Computer Corp., Bourne, MA, USA) about 100 m away from the 
experimental plots. Daily precipitation and ET0 were shown in Figure 2. Daily ET0 was calculated by 
the FAO-56 Penman–Monteith formula [5]. 
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Figure 1. Lysimeters where the experiment was carried out.

Alfalfa (Golden Empress) was sown in line on 2 May 2017, with the row spacing of 25 cm and
plant spacing of 10 cm, respectively, and the planting density was 30 kg h−1. Unified field management
had been applied before the experiment started. Full irrigation treatment (W1) was irrigated to
95–100% θf when average soil water content (SWC) in 0–80 cm reached 65–70% θf, and the irrigation
amounts of deficit treatments (W2) were half of that of W1 in 2018. Irrigation amounts of deficit
irrigation treatments in 2019 were applied according to the same ET proportion to W1S0 in 2018. For
alleviating salt stress on crop growth, all treatments were irrigated to field capacity on June 9 and
17 in 2018. The detailed irrigation scheduling was showed in Table S2 and Table S3. The salt used
consisted of mixed NaCl, MgSO4 and CaSO4 at a mass ratio of 2:2:1, according to local groundwater
chemical composition [38], and were added into the soil by saline water irrigation before treatments.
Drip irrigation was used in the experiment, with a discharge of 3 L/h and emitter interval of 30 cm.

2.2. Field Measurements

Meteorological data during the experiment were collected every 15 minutes by an automatic
weather station (Hobo, Onset Computer Corp., Bourne, MA, USA) about 100 m away from the
experimental plots. Daily precipitation and ET0 were shown in Figure 2. Daily ET0 was calculated by
the FAO-56 Penman–Monteith formula [5].

Plant height was measured manually every 5–7 d, and leaf area index (LAI) every 4–5 d by a plant
canopy analyzer (LAI-2200C, LI-COR Corporate, Lincoln, NE, USA). The whole growth period of alfalfa
was divided into initial growth stage, rapid development stage, mid-season stage and late-season stage
(Table S4 and Table S5). Alfalfa was cut three and four times when entering the initial flowering period
on July 3, August 4 and September 8 in 2018 and June 17, July 17, August 16 and September 20 in 2019,
respectively. The maximum root depth, plant height and LAI of each treatment were shown in Table S6
and Table S7.
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Figure 2. Daily reference evapotranspiration (ET0) and precipitation during the whole growth period
of alfalfa.

The SWC was measured using the gravimetric method. The soil samples were taken every 5–7 d
using soil auger during the growth period of alfalfa at the depth of 0–10, 10–20, 20–40, 40–60, 60–80
and 80–100 cm, and the same texture of soil was quickly backfilled. The soil salt samples took at the
beginning and the end of cuttings were air-dried, ground and passed through 1 mm sieve. Soil leachate
was prepared at soil-to-water ratio of 1:5. Electrical conductivity, EC1:5 was measured using an electrical
conductivity meter (S230, Mettler-Toledo International Inc., Switzerland), and then converted to the
electrical conductivity of saturated paste (ECe) with the following equation [39]:

ECe = 12.04× 10−3EC1:5 − 1.35(R2 = 0.9474) (1)

Daily E was measured by microlysimeter made from PVC tubes with a diameter of 10 cm and
height of 20 cm, with bottom wrapped with filter paper and gauzes to keep water connection with
outside soil [19]. Daily E at each microlysimeter was obtained as the difference between the weights
measured by an electronic scale with the precision of 0.1 g at 19:00 pm, except on rainy or irrigation days.

2.3. The Dual Kc Approach

We used the SIMDualKc model, which is based on dual crop coefficient approach, to estimate
daily alfalfa ET. According to the dual Kc approach in the FAO-56 [5,25], the actual daily ET of alfalfa
was calculated as follows:

ET = (KsKcb + Ke)ET0 (2)

where Ks is the stress coefficient, which combines water stress (Ksw) and salt stress (Kss). Kcb is the
basal crop coefficient, and for specific adjustment in climates where RHmin differs from 45% or the
wind speed is not 2 m s−1, the mid-season Kcb mid and late-season Kcb end values larger than 0.45 must
be adjusted [5,25], and Ke is the soil evaporation coefficient. The dual Kc approach simulates crop
water use at a daily step, and its basic parameters include soil, irrigation, climate and crop parameters,
and drainage and salinity parameters. When only the SWC is constraining crop transpiration, Ksw is
computed as:

Ksw =
TAW −Dr,i

TAW −RAW
=

TAW −Dr,i

(1− p)TAW
(3)

where TAW and RAW are respectively the total and readily available soil water relative to the rooting
depth (mm), with RAW = p TAW (p is the depletion fraction for no stress), and Dr,i is the soil water
depleted from the root zone at the end of day i (mm). When the salt is only constraining crop
transpiration, i.e., soil salinity exceeds the crop specific value of ECe when the crop starts to be stressed
due to its sensitivity to salinity (ECe > ECe threshold) while water depletion less than RAW (Dr < RAW),
Kss is computed as:

Kss = 1−
b

Ky100
(ECe − ECethreshold) (4)
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where b is the percent yield reduction per unit increase in ECe (%/dS m−1), and Ky is the dimensionless
water-yield response factor. Ky is obtained by model calibration or calculated through the linear
relationship of relative reduction of yield and ET.(

1−
Ya

Ym

)
= Ky

(
1−

ETadj

ETm

)
(5)

where Ya is the actual yield (kg h−1), Ym is the maximum crop yield (kg ha−1), ETadj is the adjusted
(actual) crop ET (mm) and ETm is crop ET with no stress (mm).

When water and salt stress coexist (ECe > ECe threshold, Dr > RAW), Ks is computed as:

Ks = (1−
b

Ky100
(ECe − ECethreshold))(

TAW −Dr,i

TAW −RAW
) (6)

where TAW and RAW are supposed to be constant as soil salt increases, which is probably unreasonable
for some crops [5]. Rosa et al. [25] indicated that θwp would increase while p decrease slightly,
and further adjustment is needed to recompute TAWsalt and RAWsalt under salt stress.

2.4. Model Calibration and Validation

We calibrated all key parameters under water and salt stress and emboldened values different
from initial ones. Parameter calibration was carried out through adjusting soil evaporation (depth of
the soil evaporation layer (Ze), total evaporable water (TEW) and readily evaporable water (REW)),
crop (Kcb, p and Ky), drainage (empirical parameters of the deep percolation parametric function (ap and
bp)) and salinity (ECe threshold and b) parameters to minimize the difference between the simulated and
observed SWC in the root zone. Based on the recommended parameter values in FAO-56, trial and
error adjustments were first done with the Kcb, p and Ky, in order to minimize the differences between
observed and simulated TAW. Then trial and error was further applied to Ze, TEW and REW. The ECe

threshold and b were also adjusted using recommended values in the FAO-56 (2.0 dS m−1 and 7.3%/(dS
m−1)) as initial values until differences of simulations and measurements were minimized and become
stable from an iteration to the next [40]. Four treatments in 2018 (W1S0, W2S6, W1S4 and W2S2)
were used for calibration, while the remaining treatments of 2018 (W2S0, W1S6, W2S4 and W1S2)
and all the treatments of 2019 were used for validation. W1 and W2 indicated full irrigation and
deficit irrigation, and S0, S2, S4 and S6 indicated 0%�, 2%�, 4%� and 6%� mass ratio of salt per unit
soil mass in the depth of 0–60 cm. In order to assess the effect of Ky on simulations, Ky for different
treatments was recomputed using simulated ET and actual yield in 2018 by Equation (5), and then
used in 2019 simulations.

A series of indicators were used to evaluate the simulation, including linear regression coefficient
(b, non-dimensional) and coefficient of determination (R2, non-dimensional), with b and R2 being close
to 1 indicates that the covariance is close to the variance of the observed values and most of the
variation of the observed values can explained by the model. Root mean square error (RMSE, same units
as Oi), which characterizes the variance of the errors, average absolute error (AAE, same units as Oi),
which expresses the size of estimation errors in alternative to RMSE, the Nash and Sutcliffe (1970) modeling
efficiency (EF, non-dimensional), which determines the relative magnitude of the residual variance
compared to the measured data variance, and Willmott (1981) index of agreement (dIA, non-dimensional),
representing the ratio between the mean square error and the “potential error” [18].

b =

∑n
i=1 (Oi −O)(Si − S)∑n

i=1 (Oi −O)
2 (7)
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R2 =


∑n

i=1 (Oi −O)(Si − S)[∑n
i=1 (Oi −O)

2
]0.5[∑n

i=1 (Si − S)
2
]0.5


2

(8)

RMSE =

∑n
i=1 (Si −Oi)

2

n

0.5

(9)

AAE =
1
n

n∑
i=1

|Oi − Si| (10)

EF = 1.0−

∑n
i=1 (Oi − Si)

2∑n
i=1 (Oi −O)

2 (11)

dIA = 1−

∑n
i=1 (Oi − Si)

2∑n
i=1 (

∣∣∣Si −O
∣∣∣+ ∣∣∣Oi −O

∣∣∣)2 (12)

where n was number of observed values, Oi and Si were paired observed and simulated values (i = 1,
2, . . . , n), and O and S were the average of observed and simulated values.

3. Results and Discussion

3.1. Daily Crop Coefficients and ET Components

All key parameters under water and salt stress were calibrated (Table 1). The calibrated results
indicated that some parameters were relative conservative, and others were specific for different soil
texture, field management or crop cultivar, which were emboldened as different from initial values.
Calibrated Kcb for alfalfa at the initial (Kcbini), mid-season (Kcbmid) and late (Kcbend) stages, representing
the alfalfa Kcb immediately following cutting, at full cover and immediately before cutting respectively,
were in agreement with those proposed by the FAO-56 (Table 1). The p was adjusted to 0.50 from 0.55,
indicating a reduced capacity of alfalfa water use, which is related to crop cultivar, soil texture and
local environment [41]. Specifically, p is also a function of the evaporation power of the atmosphere.
For hot dry weather conditions, where ET is high, p is 10–25% less than the value proposed by the
FAO-56, and the stress could start to occur when the soil is still relatively wet [5,42]. The parameters
for estimating deep percolation, ap and bp, as described by Liu et al. [43], were adjusted to 310 mm and
−0.065, respectively using the trial and error approach. As an important parameter estimating Kss, Ky

was 1.2. The ECe threshold was the same as the FAO-56 value, with 2.0 dS m−1. The b was 6.0%/(dS m−1),
slightly being lower than 7.3%/(dS m−1) in the FAO-56, indicating that the sensitivity to salinity of
alfalfa in this study is slightly lower than that in the FAO-56 when ECe > ECe threshold, which might be
associated with the varieties of alfalfa [44].

The calibrated and validated SWC and measurements in 2018 were presented in Figure 3.
The goodness of fit indicators of SWC simulations were presented in Table 2. The regression coefficient
b ranged from 0.89 to 1.02, and the R2 from 0.70 to 0.91, meaning that the simulated SWC adhered
well to the observations, and most of the variance could be explained by the model; the RMSE of
all treatments was smaller than 0.02 m3 m−3, and AAE was lower than 0.12 m3 m−3, indicating that
the variability and average of errors was acceptable. The EF varied from 0.61 to 0.89, and dIA of all
treatments were above 0.90. Overall, these results showed that the SIMDualKc model was able to
explain and predict the variation of SWC in the root zone under water and salt stress (soil salinity
content ≤ 6%�), thus ET.
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Table 1. Initial and calibrated values for the crop and soil parameters in the SIMDualKc model.

Parameters. Initial Values Calibrated

Crop coefficients
Kcb ini 0.3 0.3
Kcb mid 1.15 1.15
Kcb end 1.1 1.1

Ky 1.1 1.2
p 0.55 0.50

Soil evaporation
REW (mm) 6–10 10
TEW (mm) 15–30 30

Ze (m) 0.1–0.15 0.12
Deep percolation

ap (mm) 360 310
bp –0.0173 –0.065

Salinity
b (%/(dS m−1)) 7.3 6.0

ECe threshold (dS m−1) 2.0 2.0

Kcb, alfalfa basal crop coefficient at the initial (ini), mid-season (mid) and late-season (end) stages; Ky, the dimensionless
water-yield response factor; p, the soil–water depletion fraction for no stress; REW and TEW, readily and total
evaporable water; Ze, the depth of the soil evaporation layer; ap and bp, empirical parameters of the deep percolation
parametric function; b, the percent yield reduction per unit increase in electrical conductivity of the soil saturate
extract (ECe); and ECe threshold, crop specific threshold of ECe. The emboldened values are calibrated parameters
different from initial ones.
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Figure 3. Simulated and observed soil water content (SWC) during the whole growth period of alfalfa
in 2018: (a) W1S0, (b) W2S6, (c) W1S4 and (d) W2S2 for calibration; (e) W2S0, (f) W1S6, (g) W2S4 and
(h) W1S2 for validation. On the right panel the corresponding regressions forced to the origin were
shown. W1 and W2 indicated full irrigation and deficit irrigation. S0, S2, S4 and S6 indicated 0%�, 2%�,
4%� and 6%� mass ratio of salt per unit soil mass in the depth of 0–60 cm. The same as below.

Seasonal variations of Kcb, adjust Kcb (Kcb adj), and Ke in 2018 were shown on the left panel, and the
simulated E, T and observed E (n = 44 for each treatment) on the right panel in Figure 4. The Kcb mid
and Kcb end have been adjusted for climate and growth regimes, resulting in lower values than those
presented in Table 1 [5]. The Ke values for alfalfa of each cutting was high during the initial period,
and declined during the mid-season period when ground cover was high and energy available at soil
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surface for evaporation was less. The Ke increased after irrigation or precipitation, and the fluctuation
in treatments under stress was larger (Figure 4).

Table 2. Indicators of goodness of fit of soil water content (SWC) related to the SIMDualKc model
calibration and validation for alfalfa.

Year Treatments b R2 RMSE (m3 m−3) AAE (m3 m−3) EF dIA

2018 W1S0 1.00 0.91 0.011 0.009 0.84 0.96
W2S0 0.92 0.89 0.011 0.009 0.86 0.96
W1S2 0.94 0.82 0.015 0.115 0.80 0.95
W2S2 0.94 0.78 0.014 0.012 0.74 0.94
W1S4 0.91 0.82 0.013 0.011 0.80 0.95
W2S4 0.89 0.77 0.017 0.014 0.63 0.91
W1S6 0.90 0.79 0.016 0.012 0.62 0.91
W2S6 0.89 0.70 0.013 0.011 0.64 0.91

2019 W1S0 1.02 0.91 0.010 0.008 0.89 0.97
W2S2 0.94 0.81 0.014 0.012 0.78 0.95
W2S4 0.93 0.76 0.016 0.012 0.69 0.92
W2S6 0.91 0.72 0.020 0.016 0.61 0.90

2019 * W2S2 0.94 0.82 0.014 0.012 0.79 0.95
W2S4 0.94 0.82 0.013 0.011 0.77 0.94
W2S6 0.92 0.83 0.013 0.010 0.82 0.95

b, linear regression coefficient; R2, coefficient of determination; RMSE, root mean square error; AAE, average absolute
error; EF, the Nash and Sutcliffe modeling efficiency and dIA, Willmott index of agreement. Indicators of year in
2019* were recomputed using dynamic yield response factor (Ky).

Alfalfa Kc was closely related to the growing years, environment and planting pattern. As perennial
herbage with a general life span of 5–7 years, alfalfa growth rate is slow in the first year, reaches its
peak in the second to the fourth year, and declines year by year after the fifth year [45]. The growth
rate and vitality also decrease year by year [3,8]. It has been three years since alfalfa was sown in 2017,
and the Kcb was 0.3 in initial stage, 1.15 in mid-season stage and 1.1 in late-season stage, respectively,
which was consistent with the proposed value of FAO-56; and the annual average Kc of 2018 and
2019 were 1.09 and 1.08, respectively, indicating a similar growth state. In the same region with this
study, the Kc of alfalfa in the 2nd and 3rd year under subsurface drip irrigation were 1.03 and 0.84 [46],
while 1.13 and 1.31 under sprinkler irrigation in the same period, respectively [7]. In arid Northern
Australia, the Kc of alfalfa were 1.04 and 0.97 during two consecutive years [47]. These studies were
similar to the results of our study. A slightly higher Kcb mid of 1.22 was found in a previous study [11],
which might be attributed to higher planting density of 43.5 kg h−1 [48].

The goodness of fit indicators of E simulation are presented in Table 3. The variation trend of
the simulated daily E and measurements was consistent, even not as good as the SWC, with the
R2 above 0.75 and b above 0.90. Although the RMSE and AAE were relative larger and EF and
dIA lower, overall simulations of E were acceptable considering the complexity of the influencing
factors. The simulated values in this study tended to underestimate, which were similar with
previous studies [16,18,19]. On the other side, measurements might be overestimated, for (a) water
extraction by roots was excluded from the microlysimeters, resulting in higher soil water content in
the microlysimeters than in the surrounding area, hence making that microlysimeters measurements
are likely to overestimate soil evaporation; (b) due to the gap between the inner wall and the outer
wall of microlysimeters, the actual evaporation of soil inside could be affected by the thermal effect.
Wei et al. [16] noticed that model underestimations occurred when the crop was well developed,
i.e., the fraction of ground cover was high and soil evaporation was low, and root extraction from the
upper soil layer was higher. Therefore, the soil water extraction from the evaporation soil layer is
larger when roots are active compared with that in microlysimeters, as the latter’s extraction due to
soil evaporation only, which was in agreement to our result.
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Figure 4. Seasonal variations of soil evaporation coefficient (Ke), basal crop coefficient (Kcb), adjusted
Kcb (Kcb adj), precipitation and irrigation during the whole growth period of alfalfa in 2018. On the right
panel, the simulated crop transpiration (T), soil evaporation (E) and observed E for the alfalfa were
shown. (a)–(h): W1S0, W2S0, W1S2, W2S2, W1S4, W2S4, W1S6 and W2S6.
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Table 3. Indicators of goodness of fit of soil evaporation (E) related to the SIMDualKc model validation
for alfalfa.

Year Treatments b R2 RMSE (mm−1) AAE (mm d−1) EF dIA

2018 W1S0 0.97 0.90 0.744 0.629 0.64 0.92
W2S0 0.97 0.87 0.716 0.598 0.63 0.91
W1S2 0.97 0.90 0.795 0.716 0.54 0.89
W2S2 0.92 0.87 0.795 0.688 0.59 0.90
W1S4 0.94 0.88 0.756 0.654 0.59 0.90
W2S4 0.90 0.87 0.793 0.643 0.67 0.92
W1S6 0.91 0.83 0.778 0.625 0.65 0.91
W2S6 0.90 0.76 0.773 0.636 0.53 0.89

2019 W1S0 0.99 0.90 0.651 0.583 0.53 0.90
W2S2 1.00 0.89 0.748 0.669 0.40 0.87
W2S4 1.07 0.87 0.769 0.664 0.39 0.88
W2S6 1.09 0.82 0.777 0.641 0.39 0.88

2019 * W2S2 1.00 0.89 0.749 0.670 0.40 0.87
W2S4 1.02 0.89 0.764 0.674 0.40 0.87
W2S6 1.01 0.84 0.764 0.638 0.41 0.88

b, linear regression coefficient; R2, coefficient of determination; RMSE, root mean square error; AAE, average absolute
error; EF, the Nash and Sutcliffe modeling efficiency; and dIA, Willmott index of agreement. Indicators of year in
2019* were recomputed using dynamic yield response factor (Ky).

However, the dual Kc approach performed at reduced precision under water and salt stress.
The simulations of SWC for treatments under stress were inferior to treatments for no stress, and the
errors increased as stress was aggravated (Figure 3). Compared to full irrigation treatments,
the differences between observed and simulated SWC under stress tended to increase, with an
overestimation when SWC was low and an underestimation when SWC was high, especially the late
stage of each cutting (e.g., Figure 3b,d,e,g). The more severe the stress, the worse the simulation,
e.g., W2S6. Simulated E under no stress showed a relative better consistency with observations,
whereas‘E under stress presented larger biases along the growth period (Figure 4). Furthermore,
simulation precision of E under stress reduced, with the R2 for W1S0, W2S4 and W2S6 were 0.90, 0.87
and 0.76, respectively. Larger differences appeared in the middle and late seasons of each cutting
(Figure 4). One of reasons was that the dual Kc approach or SIMDualKc model merely took the effect
of short-term soil water deficit on Kc into consideration, and water stress was considered to be released
as soon as alfalfa was rewatered. However, the physiological and growth damage caused by long-time
water stress was neglected, which cannot recover to the status before stress [26]. In addition, long-term
salt stress would affect crop growth and water use process. Effects of salt stress were calculated
through ECe threshold, b and Ky, which were considered constant under different stress levels, and may
be unreasonable. Actually, these parameters were also related to specific crop growth environment
and stages. When dynamic Ky values were used in the simulation under stress, model performance
was improved, and this would be further discussed in next section.

3.2. Evaluation of the Effect of Dynamic Ky on ET

As known from the above section, the SIMDualKc model was able to better explain and predict
SWC and E without water and salt stress. However, the model performed at reduced accuracy under
water and salt stress, and the deviations between simulations and observations tended to increase as
water and salt stress increased. The difference might be partly attributed to the constant Ky. In order
to evaluate the effect of Ky on simulations, we recomputed Ky of different treatments in 2018 using
simulated ET and corresponding measured yield by Equation (5) for 2018 (Table 4), and the updated Ky

was used in the simulation in 2019, which dynamically increased with the increased degree of stress.
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The simulations of the SWC showed improved accuracy with recomputed dynamic Ky, compared to
the constant Ky (n = 72 for each treatment; Figure 5). According to indicators of goodness-of-fit shown
in Table 2, the R2 increased from 0.72–0.81 to 0.82–0.83, the RMSE decreased from 0.014–0.020 to
0.013–0.014 m3 m−3 and the EF increased from 0.61–0.78 to 0.77–0.82 for treatments under stress.
The improved slope between simulated and measured SWC indicated that a better simulation of ET
under stress using the dynamic Ky. Simulated crop T, E and observed E for the alfalfa were shown
in Figure 6. The R2 increased from 0.82–0.89 to 0.84–0.89, the RMSE decreased from 0.748–0.777 to
0.749–0.764 mm d−1 and the EF increased from 0.39–0.40 to 0.40–0.41 for treatments under stress
using the dynamic Ky (Table 3). The differences between the simulated and observed E decreased,
indicating a better model performance with dynamic Ky.Water 2020, 12, x FOR PEER REVIEW 12 of 17 
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Figure 5. Simulated and observed soil water content (SWC) during the whole growth period of alfalfa
in 2019: (a) W1S0, (b) W2S2, (c) W2S4 and (d) W2S6. The simulations with a constant yield response
factor (Ky = 1.2) were shown by solid lines and dynamic Ky by dotted lines. On the right panel, the
corresponding regressions forced to the origin were shown, and simulations with recomputed Ky were
shown with the asterisk (*).
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Table 4. The recalculated water-yield response factor (Ky) of alfalfa using simulated evapotranspiration
(ET) and measured hay yield (Ya) in 2018.

Treatments ET (mm) Ya (kg ha−1) Ky

W1S0 383 19979 1.20
W2S0 361 18579 1.23
W1S2 376 19530 1.23
W2S2 344 17219 1.37
W1S4 354 17881 1.42
W2S4 304 13463 1.60
W1S6 332 15810 1.60
W2S6 301 12009 1.87
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Figure 6. Simulated crop transpiration (T), soil evaporation (E) and observed E for the alfalfa were
shown during the whole growth period of alfalfa in 2019: (a) W1S0, (b) W2S2, (c) W2S4 and (d) W2S6.
The simulations with a constant yield response factor (Ky = 1.2) were shown by solid lines and dynamic
Ky by dotted lines.
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The Ky is a crop-specific factor that describes the reduction in relative yield according to the
reduction in ET caused by abiotic stress [5], and may vary over the crop season and different growth
environments. The Ky reflects the sensitivity of crop yield to stress, with higher value being higher
sensitivity, i.e., greater reduction of stress on crop yield [5]. As shown in Table 4, Ky increased with
aggravated water and salt stress, indicating greater reduction of yield under water and salt stress.
Previous studies indicated that the combination of two or more stresses would result in more yield
reduction than single factor [27,29]. Salt stress would both reduce the osmotic potential and increase
ions toxic damage to crops [49]. Under saline conditions, many plants increase the concentration of
body fluids to compensate for the lower soil water osmotic pressure by consuming certain metabolic
energy [5]. Hence, crop growth under saline conditions slows down, resulting in the decrease of
ground coverage and transpiration [50]. Our results indicated that reduction of yield was greater
than that of ET under water and salt stress, leading to an increased Ky (Table 4). These results
suggested that the relationship between relative reductions of yield and ET is nonlinear under different
water and salt stress, which is different from the linear function in Equation (5). The slope between
simulated and measured E was closer to 1.0 under water and salt stress when the dynamic Ky was used,
which was better than constant Ky (Figure 6 and Table 4). Combining with improved simulation of
SWC, we concluded that diversity of Ky for different stress is of great use to quantify the crop tolerance
to stress and to better direct irrigation scheduling. Hence, the response and acclimation to stress should
be incorporated into the model to improve the accuracy and precision of the model simulation [26,40].

Our results indicated that the reduction of alfalfa yield was disproportionate with that of ET under
water and salt stress, leading to a variable Ky. So, dynamic or variable Ky should be incorporated when
making irrigation scheduling under water and salt stress. Although the use of dynamic Ky increases the
complexity of the application of dual crop coefficient method, it is worthwhile for efficient water use
and precision irrigation management in water scarce regions, especially, under water and salt stress.

4. Conclusions

The dual Kc model could satisfactorily estimate ET and components of alfalfa under water
and salt stress (soil salt content ≤ 6%�) by using parameters suitable for alfalfa in an arid region
of Northwest China. The p and b were slightly lower than those in the FAO-56, indicating that
alfalfa had a lower capacity of water use but a greater tolerance to salt stress after reaching the salt
threshold. However, the dual Kc approach performed a reduced precision under water and salt stress.
The key parameter Ky dynamically increased with increased water and salt stress. The accessibility
of a quantitative water-yield relationship is of great significance to improve the model performance,
an easier way is to establish the relationship between Ky and LAI, etc., and the relationship can vary
when crop cultivar and management changed. Compared to the constant Ky, the simulations of SWC
and E showed improved accuracy with dynamic Ky. The response and acclimation of alfalfa to stress
might be incorporated into the dual Kc model through the diversity of Ky.
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different treatments in 2018. Table S7: Main crop parameters for the different treatments in 2019.
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