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Abstract. Deficit irrigation is a key strategy for improving water use efficiency (WUE)
under irrigated conditions. However, there is a lack of information regarding the opti-
mal water replacement that have minimal negative effects on soybean productivity. The
objective of this study was to determine the water replacement levels associated with
insignificant grain yield (GY) losses in soybean crops. A rain shelter experiment was
conducted using a randomized complete block design with six replicates. Eight irriga-
tion replacement levels, L120, L100, L90, L80, L70, L60, L50, and L40, were applied,
where L100 was the reference treatment that kept soil moisture content along the soil
profile under field capacity conditions and all other replacement levels were a fraction
of this reference level. Grain yield ranged from 2.2 Mg ha'! in L40 to 4.4 Mg ha'! in
L100, with a significant GY reduction in irrigation levels below 70%. The average crop
water stress index (CWSI) ranged between 0.26 at L120 and 0.66 at L40 irrigation lev-
els. WUE varied significantly only for the extreme irrigation levels studied, with the
greatest value at the L40 irrigation level (1.2 kg m™) and the lowest value at the L120
irrigation level (0.65 kg m), whereas for the intermediate irrigation levels from 50
to 100%, the WUE was equal to approximately 1.1 kg m™. The relationship between
CWSI and GY (R? = 0.85) suggested that the maximum GY occurred at a CWSI of
0.34. In addition, the relationship between CWSI and WUE (R? = 0.73) showed that
as evapotranspiration decreased, crop temperature increased. In conclusion, the imple-
mentation of a continuous water deficit in soybeans is feasible for farmers in water-
scarce areas, but the minimum value of area productivity must be considered, even
though WUE increases under more intensive values of water deficit.

Keywords: Glycine max L., water deficit strategies, canopy temperature, morphologi-
cal responses.
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HIGHLIGHTS

- Water replacement levels below 70% of required irri-
gation depth causes significant grain yield losses;

- Water replacement level of 40% of required irriga-
tion depth improving water use efficiency;

- Long-term irrigation deficit reduces biomass of
pods, leaves and stalks;

- CWSI showed significant quadratic relations with
grain yield and water use efficiency.

1. INTRODUCTION

Currently, Brazil is the world’s leading producer
of soybeans (Glycine max L.), with a cropped area of
roughly 38 million hectares and an average yield of 3517
kg ha! (Conab, 2023). This crop is one of the main com-
modities in the world, is of great importance in human
and animal nutrition, and plays an important role in the
bioenergy industry (Vale et al., 2019). However, soybean-
cropped areas in Brazil are under rainfed conditions
(90%) (Battisti et al., 2018), most of which are susceptible
to drought stress, and hence yield gaps (Battisti and Sen-
telhas, 2019).

Water stress during the soybean growing cycle caus-
es yield reductions between 46 and 74% (Sentelhas et al.,
2015; Battisti et al., 2018). Furthermore, these negative
effects may increase in the future because of water scar-
city for agricultural activities related to climate change
(Singh et al., 2014; Kang et al., 2021). Consequently, new
irrigated areas for soybean production are being devel-
oped in this country (Fernandes et al., 2022). However,
irrigated areas require technologies that contribute to
the rational use of water in agriculture (Blum, 2009;
Quiloango-Chimarro et al., 2022). Among these tech-
nologies, deficit irrigation appears to be the primary
strategy to promote water saving, which can be quanti-
fied through water use efficiency (WUE) (Geerts and
Raes, 2009; Kang et al., 2021). For example, a meta-anal-
ysis in China showed that deficit irrigation strategies in
wheat and maize increased WUE by 9.25% and 6.38%,
respectively, and water saving varied between 100 and
200 mm per growing cycle (Li et al., 2022). In soybean,
a recent study showed that differences between full (80%
of required irrigation depth) and deficit irrigation (60%
of required irrigation depth) were only 2.9% in grain
yield (GY) (Kocar et al., 2022). This finding highlights
the benefits of deficit irrigation in soybean; however, fur-
ther research is needed to determine the specific deficit
irrigation levels that improve WUE with incipient GY
reductions.
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The effects of water stress can be evaluated using
several methods in both plants and soil (Petrie et al.,
2019). An important cost-effective indicator of crop
water status in real time is canopy temperature (Bian
et al., 2019; Costa et al., 2020). This method of assess-
ing the water deficit in plants is based on the principle
that the reduction in temperature is proportional to the
rate of plant transpiration due to the evaporative cool-
ing process (Zia et al., 2013; Costa et al., 2018; Khorsandi
et al., 2018). Temperature data acquisition has advanced
over the last 50 years (Craparo et al., 2017; Kirnak et al.,
2019). Currently, thermal cameras are increasingly being
integrated or adapted to be used in satellites, drones,
and even smartphones (Bian et al., 2019; Petrie et al.,
2019). Temperature data obtained through thermogra-
phy has shown promising correlations with physiological
and productivity-related parameters (Yang et al., 2019;
Anda et al., 2020). Additionally, canopy temperature
allows the computation of indices such as the crop water
stress index (CWSI), which is the most commonly used
index to quantify plant spatial and temporal variability
of drought stress and to schedule precision irrigation on
large irrigated fields (Khorsand et al., 2021).

The Crop Water Stress Index serves to simplify the
interpretation of a plant’s water status (Biju et al., 2018),
providing a value ranging from 0 (indicating non-
stressed conditions) to 1 (representing maximum stress
conditions). These facilities and the robustness of ther-
mography would allow farmers to make better decisions
regarding irrigation. Temperature-derived indices are
important for reliably estimating decreases in soybean
GY (Gaji¢ et al., 2018; Anda et al.,, 2020). For example,
Anda et al. (2019) found that for each 0.1 increase in
CWSI above 0.2, GY decreased by 434.1 g m™. How-
ever, the same authors highlighted that the relationship
between the CWSI and GY should be studied for each
specific climatic condition to ensure accurate and rel-
evant results.

It was hypothesized that deficit irrigation would
improve WUE in soybeans without significant yield
losses. Thus, the objectives were to determine the water
replacement level where soybean has no significant GY
losses, to identify water stress through the canopy tem-
perature response patterns, to verify the relationships
between CWSI and GY, and between CWSI and WUE.

2. MATERIAL AND METHODS

2.1. Site characterization

The study site is located at University of Sao Paulo,
Piracicaba-SP, in southwestern Brazil, which is consid-
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ered a humid subtropical zone, Cw, according to the
Koppen climate classification. The experiment was con-
ducted under rain shelter conditions. The structure of
the cover measured 5.2 meters in ceiling height and was
composed of a transparent plastic cover (diffuser film)
and lateral black screens, which were designed to inter-
cept 30% of incoming radiation. The experimental area
extended over 164 m? and was divided into 96 plots,
each of which was a fiber cement box with a volume
of 0.1 m* and had dimensions of 0.60 meters in length,
0.45 meters in width, and 0.40 meters in depth. The soil
within each box was classified as red-yellow latosol with
a sandy-loam texture. The plots were arranged in four
rows, with 0.80 meters between rows and 0.50 meters
between plots within each row.

2.2. Plant materials, experimental preparation and treat-
ment application

Glycine max L. semi-determined habit cultivar TMG
7062 was sowed on December 16, 2019. Before initiating
the sowing, a chemical analysis of the soil was conduct-
ed, and the fertilization recommendations provided by
the Sdo Paulo State Agricultural Company (IAC Nutri-
tion Bulletin) were carefully followed. Consequently, 300
grams of monoammonium phosphate and potassium
chloride were applied to the soil via fertigation. Approxi-
mately eight days after seeding (DAS), the plants were
thinned to maintain a distance of twelve plants per meter
(six plants per plot). Throughout the growing cycle, man-
ual weed management was practiced, and appropriate
agrochemicals were applied to address any pest or disease.

The experiment was based on a randomized block
design and six replications per treatment. Soybean plants
were subjected to eight irrigation replacements (L120,
L100, L90, L80, L70, L60, L50, and L40), resulting in an
experiment with 96 useful plots. The reference treatment
(L100) was based on the water depth necessary to keep the
soil profile at field capacity (Fc) every other day, whereas
all other treatments were a fraction of this treatment.

The irrigation system consisted of a 500 L water res-
ervoir, polyethylene piping, water pump, ring filter, and
four watering manifolds with eight outlets each. Two
emitters with a flow rate of 8 L h”! were installed in each
plot. For a homogeneous distribution of water on the
plot, a two-way splitter was installed on each emitter.
The irrigation system was managed through an Arduino
mega microcontroller. Furthermore, the Arduino plat-
form controlled two relays for activation of the irrigation
pump and the reservoir output solenoid.

Before the beginning of the experiment, the irriga-
tion system was evaluated to verify the emitters’ flow

rate. Christiansen’s uniformity coeflicient (CU), Distri-
bution Uniformity (DU) and the total system flow rate
were used. The performance of the irrigation system was
considered excellent, as evidenced by the CU and DU
values of 95.5% and 86.1%, respectively, and the total
system flow rate of 1.5 m> h'l.

Irrigation management was based on the soil water
matric potential. For this purpose, tensiometers were
installed at 0.15, 0.25 and 0.35 m in all repetitions of
the reference treatment (L100). The matric potential was
measured daily with a digital portable punction ten-
simeter calibrated against a mercury vacuum gauge. A
spreadsheet developed in Microsoft Excel® was used for
irrigation amount calculations.

Irrigation for the L100 level was computed by add-
ing the water necessary to increase the soil water to the
field capacity for all three soil layers. The amount of soil
water in each layer before irrigation was estimated from
the matric potential by using the van Genuchten soil
water retention equation (van Genuchten, 1980), accord-
ing to Equation 1:

(95— er)

P =0 T G

@

where 0 (ym) is the soil volumetric water con-
tent (cm?® cm™), 0, is the soil residual volumet-
ric water content (cm®cm™), 0, is the volumet-
ric water content of the saturated soil (cm?®cm™),
m and n are the regression parameters of equation
(dimensionless), a is the parameter with dimen-
sion equal to the inverse of the tension (kPa?)
and v, is the function of the matric potential (kPa).

The physical water retention characteristics of the
soil and parameters for the van Genuchten model are
listed in Table 1. The criterion established to start irri-
gation allowed us to maintain the soil matric potential
at -25 kPa prior to the initiation of irrigation through-
out the entire growing cycle. This soil-based irriga-
tion scheduling method ensures that the soybean crop
achieves its potential grain yield (GY) (Franca et al,,
2024). Before irrigation level treatments were implement-
ed, plants were given 100% irrigation (L100) until the
seedling stands were well established.

The total irrigation amount varied from 1125 mm
in L120 to 375 mm in L40 (Table 2). The potential water
demand (L100) in this trial (938 mm) was higher than
the usual range for this crop, which commonly varies
between 400 and 840 mm under field conditions (Can-
dogan et al., 2013; Silva et al., 2017). The total number of
irrigation events was 41 for all treatments.
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Table 1. Physical water-retention characteristics of the soil and parameters for the van Genuchten model.

Layer Os or a m N 6fc Owp AWC
m cm?® cm? cm?® cm? kPa! cm?® cm cm?® cm mm
0-0.20 0.095 0.422 1.346 0.1802 2.7275 0.225 0.102 24.6
0.20-0.30 0.085 0.412 1.571 0.1649 2.5001 0.226 0.098 12.8
0.30-0.40 0.123 0.375 1.128 0.2758 1.5638 0.242 0.133 10.9

Empiric parameters (a, m and n), soil residual and saturation water content (6r, 0s) of the van Genuchten model, moisture at field capacity
(6fc), moisture at the wilting point (Bwp) and available water capacity (AWC).

Table 2. Irrigation water accumulated and number of irrigations during the soybean growing cycle.

Treatments L40 L50 L60 L70 L80 L90 L100 L120
Accumulated irrigation 375.1 468.9 562.7 656.5 750.3 844.1 937.9 1125.5
(mm cycle)

Number of irrigation events 41 41 41 41 41 41 41 41

2.3. Micrometeorological monitoring, canopy temperature
and crop water stress index measurements

Micrometeorological data were measured inside the
greenhouse in the center of the experimental area. Meas-
urements of air temperature, relative humidity and solar
radiation flux density were recorded with a Vaissala sen-
sor HMP45C, Vaissala barometer CS 106, and a pyra-
nometer sensor LI200X, respectively (Campbell Scien-
tific, Logan, Utah, USA). Micrometeorological data were
integrated every 15 minutes (average values) through a
CR1000 data-logger (Campbell Scientific, Logan, Utah,
USA).

Infrared thermal images were taken with a FLIR
One Pro thermal camera (FLIR Systems, Portland, USA)
with a resolution of 160 x 120 pixels and emissivity val-
ues of 0.95. These images were acquired above the leaf
canopy at a height of 1.5m, on leaves fully exposed to
the sun and with a similar insertion angle in relation to
the vertical plane (Figure 1). Thermal evaluations were
done three times during the growing cycle on cloudless
days around noon (vegetative stage, 30 DAS; flowering,
62 DAS; and ripening, 90 DAS). Images of each plot were
processed and analyzed in the software FLIR Tools, in
which a representative part of the canopy was selected to
calculate the average canopy temperature.

Using infrared thermal data and micrometeoro-
logical data, the CWSI was computed according to the
methodology of Jackson et al. (1988), as in Equation 2:

(T - Tair) - Twet

CWS[= ———
Tdry - Twet (2)

T, is the temperature of the air, T, is the temperature of
the canopy, T, is the non-water stressed baseline (tem-
perature of the canopy transpiring at the potential rate),
and Ty, is the water stressed baseline (temperature of
the non-transpiring canopy). The difference between T,
and T,;, is the canopy temperature depression (CTD).

The lower and upper temperature baselines were
determined by the minimum and maximum difference
between T. and T, respectively. For CWSI calculation,
(T. - T,;,) above 7 °C and below -10 °C were eliminated
following the methodology proposed by Meron et al.
(2013).

2.4. Morphological evaluations and water use efficiency

The height of the plants was evaluated in four peri-
ods during the growing cycle (20, 40, 60 and 80 DAS).
Plants were harvested at physiological maturity (March
29, 2020) and divided into vegetative and reproductive
components, then dried at 65° C in an oven with forced
air circulation for 72 hours, and finally weighted on a
precision scale. The biomass of stalks, branches, leaves,
pods, and seeds resulted in the biological yield of the
crop. The harvest index was calculated as the ratio of GY
to biological yield, as in Equation 3:

Grain yield (kg)
HI =— - - x 100 ?3)
Biological yield (kg)

Soybean grain yield was normalized for 13% seed
water concentration. Grain yield was scaled to Mg ha'!
considering a useful area of 0.27 m? per plot. Water use
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L80

L90

L100 L120

Figure 1. Infrared images from the eight water replacement levels. The darker colors in the thermal images represent cooler temperatures,

while the lighter colors represent warmer temperatures.

efficiency (kg m™) was calculated as the ratio of GY to
the amount of total water input, as in Equation 4:

WUE = Grain yield (kg)
" Water consumption (m?) )

2.5. Statistical analysis

All the statistical analyses were performed with the
R software (R Project for Statistical Computing, version
4.1.2). Exploratory data analysis was conducted to detect
outliers using box-plot graphs. Analyses of variance
(ANOVA) were performed after testing the homogene-
ity of variances and normality of the residuals by the
Levene and Shapiro-Wilks tests, respectively. Variables
with a significant F value at 5% probability were subject-
ed to regression analysis and the post-hoc Tukey test at
5% probability. In addition, Pearson’s linear correlation
coeflicient was performed to evaluate the relationship
between the following variables: biomass of leaves, pods,
stems and branches, 100-seed weight, CTD, canopy tem-

perature, HI, irrigation amount, WUE, GY and CWSI.
This coefficient and its significance level were mainly
determined to illustrate how canopy temperature influ-
ences the morphological and yield variables.

3. RESULTS AND DISCUSSION

3.1. Micrometeorological data, canopy temperature and
crop water stress index (CWSI)

The climatic data collected during the experimental
period are presented in Figure 2. The average temperature
during the growing cycle was found to be within the opti-
mal range for soybean growth, fluctuating between 21.1
and 31 °C (Setiyono et al., 2007). The maximum tempera-
ture varied between 25.6 and 46.1 °C, while the minimum
temperature ranged between 15.9 and 24.4 °C (Figure
2A). Throughout the growing cycle, the average relative
humidity varied between 73.4 and 100%, while the solar
radiation fluctuated between 2.8 and 22.3 MJ m? day?,
with an average value of 13.7 MJ m day! (Figure 2B).
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Figure 2. Maximum, minimum, and average air temperature (A), relative humidity and solar radiation (B) in the experimental area during
the soybean growing cycle. 0 days after sowing (DAS): December 16, 2019 and 105 DAS: March 29, 2020.

Irrigation treatments showed a significant response
in canopy temperature (T) and canopy temperature
depression (CTD) (Table 3). The T, was 32.9 °C for the
reference treatment (L100), which was comparable to the
T. for treatments L120, L90, and L80. In contrast, the T,
of treatments L60, L50, and L40 differed from the refer-
ence irrigation treatment by an average of 4.9 °C (Figure
3A). The observed increase in canopy temperature can
be attributed to the stomatal closure that contributes to a
diminished capacity for transpiration cooling (Banerjee
et al., 2020). Stomatal closure is a critical adaptive mech-
anism for plants under water stress and affects various
physiological processes, including photosynthesis, tran-
spiration, and leaf water status (Flexas and Medrano,
2002; Quiloango-Chimarro et al., 2022; Zahra et al,,
2023). These changes in crop physiology also influence
soybean growth and development, as discussed below.

In the present study, the variation of the CTD was
about + 2.6 °C. Under irrigation treatments L120, L100,
L90, and L80, the CTD was negative, whereas under

the irrigation treatments L60, L50, and L40, the CTD
was positive (Figure 3B). The variation of CTD and
T. was similar, but with the increase in water supply,
CTD decreased while T. increased. CTD has been used
to assess plant water status (Zia et al., 2013; Biju et al.,
2018) and has been preferred in high air temperatures
and low relative humidity for irrigation management
(Amani et al.,, 1996). In addition, Singh et al. (2021) sug-
gested that CTD and water deficit are unrelated until the
soil water availability changes significantly.

Average CWSI values ranged between 0.26 in L120
and 0.66 in L40 (Figure 4). Overall, CWSI increased
as irrigation levels decreased. CWSI varied between
0.18-0.25 in L120, 0.21-0.24 in L100, 0.22-0.31 in L90,
0.23-0.36 in L80, 0.33-0.50 in L70, 0.38-0.68 in L60,
0.50-0.58 in L50, and 0.61-0.71 in L40. Similar CWSI
responses due to water stress have been reported in soy-
bean. For example, in a recent study by Morales-Santos
and Nolz (2023), CWSI values ranging between 0.13 and
0.23 were reported for drip-irrigated soybean. These
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Table 3. Analysis of variance (ANOVA) to compare the means of the studied variables.

Source of variation Variables Sum of squares Mean square F
Canopy temperature (T.) and canopy temperature depression (CTD) 212.87 30.41 18.23*
CWE I end of the vegetative stage (CWSI,) 0.90 0.13 10.28%
CWSI flowering (CWSIy) 1.55 0.22 17.76*
CWE I ripening (CWSI) 1.03 0.15 41.33*
Average CWSI (CWSIp) 1.19 0.17 17.96%
Plant height at 20 days after sowing (DAS) 6.52 0.93 0.31"
Plant height at 40 DAS 75.97 10.85 1.5318
;’evjetfsr replacement Plant height at 60 DAS 752.70 107.53 6.48*
Plant height at 80 DAS 2134.50 304.93 14.82%
Dry weight of leaves 18239 2605.59 5.04*
Dry weight of pods 15451 2350.15 10.48%
Dry weight of stems and branches 23961 3424 15.94*
Grain yield (GY) 33.72 4.82 7.99*
Harvest index (HI) 144.72 20.68 1.40m
Water use efficiency (WUE) 1.08 0.15 3.41*

"not significant; *significant at a probability level of 5%.

values closely aligned with the CWSI values obtained in
the present study under the reference treatment (L100),
despite the different environmental conditions (sub-
humid and humid subtropical). This consistency high-
lights the robustness of CWSI as a standard metric for
irrigation scheduling, effectively isolating independent
environmental factors (DeJonge et al., 2015; Kullberg et
al., 2017).

3.2. Morphological responses to water deficit

Figure 5 shows the plant height response to defi-
cit irrigation, measured four times during the growing
cycle. Irrigation treatments had no effect on plant height
in the first and second periods (Table 3), with average
of 0.35 and 0.42 m, respectively (Figure 5A and 5B). In
the third period, plant height was lower under irriga-
tion treatments L40 and L50, with a difference of ~0.10
m compared with the L120 treatment (Figure 5C). In the
fourth period, plant height was lower under the irriga-
tion treatments L40, L50, and L60, and the greatest dif-
ference was found between L40 and L120 (~0.20 m)
(Figure 5D). The final plant height under well-watered
conditions was on average 0.88 m. According to Dong
et al. (2019), plant height inhibition in soybeans under
drought stress is more pronounced when plants are sub-
jected to severe and long-duration stress. For example,
Rosadi et al. (2005) showed that soybeans under 40% of
required irrigation depth maintained plant height until
the fourth week of stress, and at the end of the grow-

ing cycle, plant height was reduced by 0.26 m. There-
fore, plant height is an indicator of soybean growth and
development when employing water-deficit strategies.

Aerial biomass accumulation diminished as water
stress increased (Figure 6). The decline in total dry mat-
ter under L40 compared with that under L100 was 48%.
The biomass of leaves, pods, and stalks showed similar
decreases under irrigation deficits. Thus, there was a
huge difference in the biomass weight of these com-
ponents in L40, L50, and L60 compared to the refer-
ence treatment (L100). When comparing the L100 and
L40 treatments, there was a reduction in the biomass
of the leaves, pods, and stalks by 29%, 52%, and 43%,
respectively. Similar decreases in pod and leaf biomass
have been observed in short-term drought stress trials
(Rosales-Serna et al., 2004). However, short periods of
water stress have no effect or even increase the stalk bio-
mass (Wijewardana et al., 2018). According to Ohashi et
al. (2009), drought stress at specific phenological stages
induces greater partitioning of assimilates to vegetative
parts (stalks) rather than reproductive parts. Thus, it is
interesting to note that long-duration water deficits led
to losses in all biomass components.

Grain yield decreased as the irrigation deficit
increased (Table 4). Compared to the reference treat-
ment (L100), significant reductions in GY ranged from
11% in L70 to 50% in L40. These results are comparable
with those reported by Irmak et al. (2014) in which each
254 mm increase in water amount improved soybean
yield by 0.3 Mg ha''. For example, in our study, the dif-
ferences in the water amount and GY between L100 and
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Figure 3. Boxplots of average canopy temperature derived variables.
Canopy temperature (A), Canopy temperature depression (CTD)
(B). Different lowercase letters indicate significant differences at
5% probability according to the Tukey test. The box represents the
interquartile range (IQR) and whiskers represent the range of data.
The median is depicted by a horizontal line within the box, and the
outliers are illustrated by individual points outside the whiskers.

L90 were 94 mm and 1 Mg ha’l, respectively. In addition,
non-significant decreases under excess irrigation (L120)
reflect no damage effects in soybean, which is consistent
with the study of Gava et al. (2016) in soybean subjected
to 50% additional irrigation. Grain yield potential (L100)
in this study (4.4 Mg ha') was superior to the Brazilian
average production (3.3 Mg ha!) (Conab, 2023), con-
firming the benefits of irrigation in soybean. Overall,
the findings indicate that GY can be sustained under
extended periods of water restriction (L80), resulting in
a water saving of approximately 375 mm.

Irrigation treatments had no significant effect on the
average harvest index (HI), which varied from 29.9 to
33.5% (Table 3). Similar results were found by Demirtas
et al. (2010) in soybean subjected to water stress under
drip irrigation. In contrast, Gaji¢ et al. (2018) and Fred-
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Table 4. Grain yield, harvest index and water use efficiency of soy-
bean subjected to eight water replacement levels.

repxszent Grain yield ~ Harvest index Z\f[gtcirlllcs;

levels (Mg ha'!) (%) (kg m?)
g

L120 3.3+0.5abc 29.9+1.7 0.61+0.10b
L100 4.4+0.4a 36.5+1.4 0.88+0.13ab
L90 3.4+0.5ab 33.2+2.3 0.83+0.06ab
L80 3.5+0.4ab 33.3+2.2 0.97+0.10ab
L70 3.0+0.3bcd 33.0+1.4 0.96+0.10ab
L60 2.6+0.2bcd 31.8+1.8 0.94+0.11ab
L50 2.3+0.3cd 33.2+2.5 0.9940.08ab
L40 2.2+0.2d 33.5+1.2 1.17£0.09a

Data are Mean + SE (n = 6). Different lowercase letters indicate sig-
nificant difference according to the Tukey’s test.

erick et al. (1991) reported that the HI tended to be high-
er under drought stress conditions. Thus, the response of
HI to drought stress could be different due to genotype-
environment interactions.

Significant differences in WUE were found between
the irrigation treatments (Table 3). Water use efficien-
cy ranged between 1.17 kg m™ in L40 and 0.61 kg m?
in L120. L40 (severe water stress) was 25% higher than
L100 (reference treatment) with a water saving of 563
mm (Table 4). Gava et al. (2016) in soybean under irri-
gation treatments between 20 and 100% of required irri-
gation depth found higher values of WUE at 40-60% of
water deficit (1.1 kg m). On the other hand, lower WUE
values were recorded in rainfed systems when compared
with irrigated systems (Mekonnen et al., 2020), high-
lighting the importance of irrigation to increase the
WUE of crop production. Overall, the results suggest
that deficit strategies in irrigated soybean could be an
option in water-scarce regions.

3.3. Correlations among studied traits

The correlation among traits is shown in Figure 7.
Pearson correlation coefficients below 0.5 were marked
by a “x mark” whereas positive correlations are in blue
and negative correlations are in red. Grain yield was posi-
tively correlated with biomass of leaves, pods, and stalks,
HI, and irrigation amount, but negatively with all derived
canopy temperature variables (Canopy temperature, CTD,
CWSI,, CWSI;, CWSI; and average CWSI). Average
CWSI, was the only one closely related to GY and WUE
(Pearson’s R=-0.38** and 0.36*). Therefore, these relation-
ships could be an indicator of the yield gap and allow for
improved water management in irrigated soybean.
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and the outliers are illustrated by individual points outside the whiskers.

A second order polynomial was fitted to the aver-
age CWSI and GY (Figure 8A). A polynomial equation
between CWSI-GY in soybean was also reported by Kocar
et al. (2022) with a R?=0.75. The maximum GY (4.67 Mg
ha'!) occurred at a CWSI of 0.34, which suggests that 80%
of irrigation replacement can maintain soybean produc-
tivity similar to fully irrigated treatment (L100).

A second order polynomial was fitted to the average
CWSI and WUE (Figure 8B) which is consistent with
the equations found by Anda et al. (2020) and Candogan
et al. (2013) in soybean deficit irrigation trials. Moreo-
ver, Dogan et al. (2007) concluded that irrigation deficit
strategies in soybean improve WUE because less water is
applied without great yield penalty. The maximum WUE

(1.03 kg m™) occurred at a CWSI of 0.60. Overall, irriga-
tion reduction can be conducted according to the condi-
tions of each region.

Morales-Santos and Nolz (2023) assessed water
stress indices based on canopy temperature for irrigated
and rainfed soybeans in subhumid conditions, and their
results indicated that the CWSI effectively reflected the
different water conditions of the plant. Our findings sug-
gest that the CWSI can serve as a basis for implement-
ing a specific irrigation strategy in soybean cultivation.
Algorithms based on Tc obtained through infrared
sensors can be employed, especially in arid regions, to
implement a deficit irrigation strategy that does not
significantly compromise GY and enhance WUE. Fur-
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Figure 6. Average biomass allocation values of eight irrigation
replacement levels. Different lowercase letters indicate significant
differences at 5% probability according to the Tukey test. Bars indi-
cate standard error of the mean.

thermore, these relationships could be applied in humid
regions, where climate change impacts agricultural pro-
duction by increasing crop water consumption (Singh
et al,, 2021). Overall, deficit irrigation managed through
the use of CWSI may become a viable strategy in differ-
ent environments as mentioned by Jamshidi et al. (2021).

4. CONCLUSIONS

This study reveals that the implementation of long-
duration deficit irrigation strategies can maintain water
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Water use efficiency
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Water use efficiency
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Figure 7. Relationships among studied traits. The Pearson correla-

«_»

tion coeflicients < 0.5 were marked by an “x”, whereas positive cor-
relations are in blue and negative correlations are in red.

use efficiency (WUE) in soybean crops at a level compa-
rable to that of the full irrigated treatment, even under
a water replacement level of 40% of required irrigation
depth, which also demonstrated the highest WUE. In
contrast, under the water replacement level of 120% of
required irrigation depth, WUE was lower than in the
other deficit irrigation treatments (from L100 to L40).
These results indicate that the adoption of deficit irriga-
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index (CWSI) and water use efficiency (WUE). The gray area indi-
cates the 95% confidence interval.

tion strategies can lead to more sustainable and efficient
water management practices in soybean production,
especially in regions facing water scarcity.

The dynamics of the Crop Water Stress Index
(CWSI) indicate that it can be utilized for irrigation
scheduling owing to its good second-degree polynomial
relationship with soybean yield and WUE. Based on the
availability of water, farmers may employ distinct irriga-
tion strategies to optimize yield or water-use efficiency,
using average CWSI values as a threshold value to start
irrigation.
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Abstract. The aim of the research was to develop a model that would allow the appli-
cation, at a watershed scale, of the hydrological soil water balance model proposed by
the FAO for the dosing of irrigation water in agriculture, which uses crop coeflicients
(K,) for the calculation of potential crop evapotranspiration (ET,). To be able to assess
the water resources of a territory in which there are land uses other than agricultural
ones, the application of the proposed model has made it necessary to determine the
crop coeflicients of the latter. Since crop coeflicients vary according to phenological
stage, this model was termed ‘phenological soil water balance’. A correction factor for
precipitation and potential evapotranspiration, using an acclivity coefficient (i.e., the
ratio between the actual area and the projected area), has also been proposed to obtain
accurate results even in non-flat areas, which allowed us to consider the actual area of
the territory instead of the projected one. The model was applied daily for 7 consecu-
tive years (from 2013 to 2019) in the Santa Maria degli Angeli watershed (Urbino, cen-
tral Italy) whose area is about 14 km?. The calibration and validation of the model were
conducted by comparing the deep percolation computed by the model with baseflow
values of the Santa Maria degli Angeli stream obtained by flow measurements made
at the closing section of the sample watershed. The results of the model showed that
the total values of deep percolation and measured baseflow only differed by 3% in the
whole period considered; thus the phenological soil water balance model can be used
to accurately estimate water resources and can be applied at different time intervals
(daily, monthly, annual, etc.). The structure of the model makes it suitable for applica-
tion in both small and large watersheds and territories.

Keywords: water resources management, watershed deficit, soil water balance, actual
evapotranspiration, deep percolation.

HIGHLIGHTS

- Water scarcity due to climate change makes it necessary to better man-
age water resources

- Water management requires the computation of the soil water balance of
a territory
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- This study implemented a daily soil water balance
model based on phenological stages

- Soil water balance models generally consider crop
coeflicients only for agricultural lands

- This model proposes crop coeflicients also for non-
agricultural land use

1. INTRODUCTION

Human beings use freshwater for several purposes,
for drinking and other domestic uses, irrigation, energy
production, industrial processes, and so forth. Freshwa-
ter is a renewable resource but the increase in the global
population, growing industrialisation, growing demand
for water for irrigation, soil consumption, and the use of
agrochemicals in agriculture pose serious threats to its
availability and quality.

Climate change is another important factor that will
influence the future availability of freshwater. For each
degree Celsius of global warming, approximately 7%
of the global population is projected to be exposed to

Michele Bartolucci, Francesco Veneri

a decrease of renewable water resources of at least 20%
(Jimenez et al., 2014). If global mean temperatures were
to increase by 1°C from the 1990s, Schewe et al. (2013)
estimated that about 8% of the global population would
see a severe reduction in freshwater resources; this per-
centage would rise to 14% with a temperature increase
of 2°C and to 17% with an increase of 3°C. For these
reasons, proper management of water resources is indis-
pensable to ensure water use sustainability and main-
tain environmental, social, and economic welfare, which
must be preceded by an accurate estimation of the water
resources themselves. This can be achieved through the
calculation of the soil water balance using hydrological
models capable of reproducing hydrological processes
with a certain accuracy based on input parameters.

The inputs used by different models are representa-
tive of the geomorphological and microclimatic char-
acteristics of the watershed. These are precipitation, air
temperature, soil properties, topography, vegetation,
hydrogeology, and other physical parameters. Models
can be applied in very complex and large watersheds
(Gayathri et al., 2015).
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Hydrological models can be mainly distinguished
according to:

1) the structure (Gayathri et al., 2015): physically based
(e.g. SWAT, Neitsch et al., 2011), empirical (e.g. the
ones based on Budyko framework, Budyko, 1974),
conceptual (e.g. HRU, Becker and Pfiitzner, 1986);

2) the spatial variability of the parameters: lumped (e.g.
HEC-HMS, U.S. Army Corps of Engineers, 2013),
distribuited (e.g. ATHYS, Mishra and Singh, 2003),
semi-distribuited (e.g. Schumann, 1993);

3) how the output values are processed (Farmer and
Vogel, 2016): deterministic, stochastic; and

4) the calculation time step: daily, monthly, annual etc.
The choice of the most suitable model to use depends

on several factors such as the purpose of the study, the

scale of application, the geographical region and the
availability of the input parameters. Considering the spa-
tial variability of the parameters, in theory distributed
and semi-distribuited models should perform better than
lumped models: this is confirmed by a study of Garava-
glia et al.,, (2017). Anyway, this is not always the case as
sometimes lumped models perform equally well or even
better than distributed and semi-distributed models

(Khakbaz et al., 2012, and references therein, Brirhet and

Benaabidate, 2016, and reference therein). Considering

calculation time step, daily time step is required for accu-

rate recharge estimates (Dripps and Bradbury, 2007) and
so is the most suitable for estimating water resources.

The purpose of our study was to develop, calibrate,
apply, and validate a simple but accurate hydrological
model that would allow for the accurate estimation of the
water resources of a territory, specifically of a watershed.

To achieve this goal, the starting point was the Unit-
ed Nations Food and Agriculture Organization (FAO)
Irrigation and Drainage Paper No. 56 (Allen et al., 1998;
hereafter ‘FAO Paper No. 56’) methodology for the dos-
age of irrigation water for crops, which uses crop coet-
ficients (K.) to calculate potential crop evapotranspira-
tion, taking phenological stages into consideration. To
evaluate freshwater availability not only for cultivated
areas but for a whole territory, it was necessary to extend
this FAO methodology to all land uses. The result is a
model that we termed ‘phenological soil water balance’.

The phenological soil water balance developed in
this work is:

- physically based, as it uses equations to describe the
processes and calculate the values of the parameters
(equations to calculate the runoff, potential evapo-
transpiration, etc.);

- lumped, since for each parameter it calculates a sin-
gle value representative of the spatial variability of
that parameter through a weighted sum (e.g. K.

19

a unique crop coefficient for the watershed used to
compute potential evapotranspiration of agricultural
and non-agricultural lands), or as a result of equa-
tions in the soil water balance (e.g. the actual evapo-
transpiration, deep percolation, etc.);

- deterministic, as it treats simulated responses as
single, certain estimates of model response without
considering randomness; and

- computes a daily time step.

The outline of the model structure is shown in fig. 1.1.

2. MATERIALS AND METHODS
2.1. Structure of the phenological soil water balance

The following softwares were used to calculate the
phenological soil water balance:

- A spreadsheet for the calculation of the values of
various parameters (potential reference evapotran-
spiration, climatic correction of crop coefficients,
unique crop coeflicient of the watershed, runoff, soil
water reserve, etc.), for the processing of the results
and their graphical representation.

- A Geographic Information System (GIS) for spatial
data analysis and synthesis mapping.

The basic equation of the phenological soil water
balance is as follows:

P, = aET, + DP + AAW + RO (1)

where:

Pa: Precipitation corrected with acclivity coefficient. The
correction is indicated by the letter (a);

aET,: actual crop EvapoTranspiration;

DP: Deep Percolation;

AAW: variation of soil Available Water (AW); and

RO: Runoff.

The balance equation is valid for any time interval
and for the entire watershed.

For the calculation of the phenological soil water
balance it is necessary to determine in advance some
parameters that fall directly (e.g., P,, RO) or indirectly
(watershed unique crop coeflicient K. v, reference evap-
otranspiration ET, reference evapotranspiration correct-
ed with the acclivity index ET,, average root depth for
the calculation of soil water reserve, etc.) in the funda-
mental equation (eq. 1).

Deep percolation (DP) is the unknown of the balance
equation, so equation 1 was solved for DP. To calibrate and
validate the balance, the monthly, annual and multi-annu-
al DP values were compared with the respective baseflow
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values, measured at the closing section of the watershed
since the baseflow was fed by the deep percolation water.

When comparing monthly and annual totals, the
lag time between deep percolation and baseflow, due to
the hypogeal path of water, must be taken into account.
Deep percolation and baseflow trends were also com-
pared in the calibration.

2.2. Flow measurement for baseflow calculation

Flow rates (or discharges) of the stream, with which
to calculate the baseflow, were obtained measuring water
flows weekly using surface floats (until August 2015) and
a hydrometric current meter (from august 2015 to the end
of 2019), according to UNI EN ISO 748 (2008). Measures
were made at least waiting, after precipitation events, for
the watershed runoff time (1,47 hours) before taking the
measurement to prevent flow rates from including runoft or
hypodermic water flow. Simultaneous measurements were
sometimes made between surface floats and current meter:
the regression equations found were used to revise the dis-
charge values calculated with surface floats only. Despite
this, it is possible that there are uncertainties in some flow
measurements from the period up to August 2015.

2.3. Required data and step-by-step procedure
2.3.1. Required data

Table 2.1 shows the input data necessary to calcu-
late the values of the parameters of the phenological soil
water balance.

2.3.2. Step-by-step procedure

The procedure that allows the annual elaboration of
the phenological soil water balance (eq. 1) consists of the
following steps:

1. drafting of the land use map or updating an existing
map and calculation of the related areas;

2. calculation of the value of Curve Number (CN) for
the entire watershed;

3. calculation of daily runoff by the curve number
method;

4. climatic correction, in the phenological stages, of
the cultural coefficients (K) assigned to the various
components of soil use;

5. calculation of the bi-weekly adjusted initial crop
coefficient (Kc ;)

6. calculation of the daily unique crop coeflicient for
the entire watershed (K. );
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7. calculation of the daily reference evapotranspiration
(ET,) with the Penman-Monteith equation (Allen et
al., 1998; Zotarelli et al., 2010);

8. correction for acclivity of daily ET, and daily P;

9. calculation of daily potential crop evapotranspira-
tion (ET.);

10. calculation of total available water (TAW);

11. calculation of daily rapidly available water (RAW);

12. calculation of daily water stress coefficient (K,); and

13. calculation of deep percolation (eq. 9).

2.4. The study area and the acclivity coefficient

2.4.1. The study area

The phenological soil water balance was calibrat-
ed and validated on the little Santa Maria degli Angeli
stream watershed located south of Urbino, Marche
Region, central Italy (Fig. 2.1). Considering the IPCC cli-
mate classification (IPCC, 2006) the territory belongs to
the ‘warm temperate dry’ climate zone.

The watershed is a hilly area with altitudes between
161 and 570 m a.s.l.,, (average 332 m a.s.l.), with a pre-
dominantly agricultural vocation (crops cover about 35%
of the territory). It is a sub-watershed in the hydrograph-
ic left of the watershed of the Metauro River, which flows
into the Adriatic Sea. The main waterstream is called
Santa Maria degli Angeli and is 7.6 km long. The water-
shed has a projected area of 13.451 km?. Soil water bal-
ance was calculated on a reduced portion of the water-
shed (Fig. 2.1) as the section on which the water dis-
charges were determined is located about 1 km upstream
of the closure of the watershed. This portion has a pro-
jected area of 13.098 km?.

2.4.2. Projected area and Actual area: the acclivity coeffi-
cient

In the elaboration of data relative to a territory, the
measure of the projected topographic surface (named as
“projected area”) is usually considered. In order not to
overestimate, for example, the precipitation that effec-
tively falls on a unit surface of soil, it is necessary to
consider the actual surface area.! This can be obtained
in a GIS environment through Digital Terrain Model
(DTM) processing and make a correction. This correc-
tion can be performed introducing an acclivity coeffi-
cient (C,), which is the ratio between the actual area and
the projected area:

! For a more in-depth discussion of the meaning and application of the
concepts “projected area” and “actual area” see supplementary material 1
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Table 2.1. Input data for phenological soil water balance.
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Input data

Application of input data

Source of data for case study

Daily precipitation Soil water balance, runoff

Minimum and maximum temperature, Reference evapotranspiration ET,

minimum and maximum relative
humidity, pressure, wind speed, solar
radiation (daily)

Base cartography

Digital Terrain Model (DTM) and

Weather Observatory “A. Serpieri” of Urbino -
meteorological stations of: Urbino, Scientific Campus “E.
Mattei, Fermignano (Fig. 2.1).

Civil Protection of the Marche Region

Weather Observatory “A. Serpieri” of Urbino -
meteorological stations of: Urbino, Scientific Campus “E.
Mattei, Fermignano (Fig. 2.1).

Civil Protection of the Marche Region

Marche Region, CTR 1:10,000 - sections 279080, 279120,

Triangulated Irregular Network (TIN) 280050, 280090

Geology and covers of the watershed

Spatialisation of the soil water reserve

Map of infiltration/runoff propensity

Crop coeflicients (K.) of soil uses and
duration of phenological stages* (K¢ we)
Depth and texture of soil

Land use CN computation

Attribution of phenological stages
and K_ for the compution of the

Soil groups for CN calculation

Watershed unique crop coefficient

Computation of the soil water reserve

https://www.regione.marche.it/Regione-Utile/Paesaggio-
Territorio-Urbanistica

Geological map of Italy 1:50,000, Sheet 279 “Urbino”, Sheet
280 “Fossombrone”
https://www.isprambiente.gov.it/Media/carg/marche.html
PAI Marche 1:10,000
https://www.regione.marche.it/Regione-Utile/Paesaggio-
Territorio-Urbanistica

Taurino (2004)

Gori (2004)

FAO Paper No. 56 (Allen et al., 1998)

WUCOLS IV (Costello and Jones, 2014)

Direct observations (phenological stages)

Soil profile “Mecciano” dug south of Urbino (AA.VV, 2006)

A.G.E.A. (AGenzia per le Erogazioni in Agricoltura, i.e.
Italian Agricultural Payments Agency) aerial orthophotos
(2013, 2016)

Google Earth Pro images

Watershed unique crop coefficient

(Kc Ws)

Map of infiltration/runoff propensity

*See tab. 2.3 for values of Kc and duration of phenological stages.

aA
Ca =01 @)
pA

where:
aA: actual Area; and
pA: projected Area.

The coeflicient of acclivity is a function of the aver-
age slope of the watershed: the greater the average slope,
the greater the coefficient of acclivity. In the considered
portion of the watershed, with a projected area of 13.098
km? and an actual area of 13.979 km?, the C, is equal to
1.067. The precipitation data are corrected by multiply-
ing them by cia

1
PazP'C_a (3)

where:
P: precipitation; and
P,: precipitation corrected for acclivity.

2.5. Calculation of the potential crop evapotranspiration
of the watershed (ET.) through the watershed unique crop
coefficient K. vy,

2.5.1. The reference evapotranspiration corrected for
acclivity (ET,,)

Evapotranspiration (ET) is the amount of water lost
by a soil-vegetation system due to:
- evaporation from the ground and, to a lesser extent,
from the surfaces of leaves, trunks, etc.; and
- transpiration of plants.
In the methodology adopted in FAO Paper No. 56
the reference evapotranspiration ET,, calculated with


https://www.regione.marche.it/Regione-Utile/Paesaggio-Territorio-Urbanistica
https://www.regione.marche.it/Regione-Utile/Paesaggio-Territorio-Urbanistica
https://www.isprambiente.gov.it/Media/carg/marche.html
https://www.regione.marche.it/Regione-Utile/Paesaggio-Territorio-Urbanistica
https://www.regione.marche.it/Regione-Utile/Paesaggio-Territorio-Urbanistica
http://AA.VV
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Figure 2.1. Location of the Santa Maria degli Angeli watershed study area. 1, Urbino weather station (451 m a.s.l.); 2, Scientific Campus “E.
Mattei” weather station (360 m a.s.l.); 3, Fermignano weather station (235 m a.s.l.). The portion of the watershed on which the study was

carried out is indicated by the yellow line.

the Penman-Monteith equation, is corrected using the
crop coefficient K. which is function of the various types
of crop and their phenological stages (initial, growing,
mid, late), thus obtaining crop evapotranspiration under
standard conditions.

As well as for precipitation, the evapotranspiration
should also be corrected for acclivity. In this case, how-
ever, the effect is the opposite: in fact, considering the
projected area, this would produce an underestimation.
The ET, therefore needs to multiplied by the acclivity
coefhicient (C,).

ET,, = ET, - C, )

where:

ET,: reference evapotranspiration;

ET,,: reference evapotranspiration corrected for accliv-
ity; and

C,: acclivity coeflicient.

However, to obtain an actual hydrological soil
water balance, it is necessary to consider the actu-
al evapotranspiration of the territory (aET,.). In this
study, this parameter was obtained considering,
besides the acclivity coefficient, a crop coeflicient and a
water stress coefficient, each unique to the watershed,
which would consider agricultural and non-agricultur-
al land uses.
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2.5.2. Crop coefficients for agricultural and non-agricul-
tural land use

The crop coeflicient (K.) expresses the ratio (eq. 5)
between the potential evapotranspiration of a specific
crop (ET,) and the reference evapotranspiration (ET,)
calculated with the Penman-Monteith equation.

ET,
= i, ®)
K. coefficients are used for irrigation water dosing
in agriculture. FAO Paper No. 56 reports the crop coef-
ficients of different types of crops and the duration of
their relevant phenological stages. Note that such values
are to be considered indicative.

Through the crop coefficients the entire watershed
ET, was calculated, resulting from the values of ET. of
all the uses of the soil present in the watershed; this was
necessary for the calculation of the soil water balance in
the period considered.

Le

2.5.2.1. Single crop coefficient K,

In this study, the ‘single crop coefficient’ was adopt-
ed, which considers both evaporation from the soil and
transpiration from plants (Allen et al., 1998).

K. varies depending on the type of crop and its phe-
nological stage.

For some crops in FAO Paper No. 56, the duration
of the phenological stages is not indicated; in these cas-
es, the durations were assumed based on the durations
of similar crops and direct observations.

correction and calculation of K

2.52.2. K. s o

In the initial stage of the vegetative cycle, for both
annual crops and perennial plant species, evaporation
is dominant, also considering that the beginning of the
vegetative season coincides with low transpiration and
with soils in high water conditions. With the advent of
the growing and mid-stage, transpiration prevails, and
then returns to the initial relationships at the end of the
late season.

The crop coefficient for the initial stage (K. ;,;) val-
ues, according to FAO paper n. 56, have been calculated
for the duration of the initial stage by considering:

1. the time interval between precipitation (or irriga-
tion) events;

2. evaporative power of the atmosphere; and

3. the entity of precipitation events (in relation to infil-
tration depth and soil texture).
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The parameter thus obtained represents the value of
K. when evaporation prevails; in this study, this param-
eter was defined as K. initial adjusted (K i,; .q) and was
calculated over the whole year with a two-week time
interval. Two-week trends of K, ,; .4 are shown in fig-
ures 2.3, monthly trends in 2.4. It was noted that the
drop in precipitation and the increase in ET, led to a
sharp reduction in the K ,; ,¢; in the summer months.
This trend was common in all years, although with dif-
ferences in terms of values such as that of December
2019 (due to low rainfall).

2.5.2.3. Land use classes of the watershed

The phenological soil water balance requires values
of K_for all uses of the soil of the watershed to calculate,
for each year, a single coefficient (referred to as water-
shed unique crop coeflicient, K_ ) that is the weighted
sum of the K_ for all uses of the soil.

For this purpose, the 2013 land use classes map
was created using photointerpretation of aerial ortho-
photos (A.G.E.A. 2013, see tab. 2.1) and satellite imag-
es. The original map is a vector type file hand-drawn
and the land use classes are shown in tab. 2.2. The
mapping unit was determined by the size of the spa-
tial entities, ranging from the single building (mini-
mal unit) to an extensive forest area (maximal unit).
This map was subsequently updated for crops, as they
are subject to crop rotation, in the remaining years
in which the balance was drawn up (2014-2019). The
update was carried out using 2016 A.G.E.A. orthopho-
tos and satellite images, as well as field observations.
Arable land (including winter wheat, sunflower, alfalfa,
legumes, clover and grapes) and woodland are the most
common land use classes.?

Land use classes are divided into single classes,
consisting of a single component, and mixed classes,
consisting of several components. For the latter, how-
ever, no K. has been defined in the FAO tables. The
problem was solved by breaking down these land use
classes into basic components, of which the relevant
K. are given in the literature (Allen et al., 1998, Cos-
tello and Jones, 2014) or can be approximated from it.
For each mixed class, the percentages of each compo-
nent are indicated in table 2.2, obtained based on the
photointerpretation of aerial ortophotos in the periods
considered.

2 Supplementary material 2 reports the 2013 land use map and the
distribution of land use class areas within the Santa Maria degli Angeli
watershed
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Table 2.2. Land use classes and components of land use classes,
with the percentage by which the components form the classes.

Percentage of
components in each
of the land use classes

Components of land

Land use classes
use classes

Totally waterproof areas Waterproof 100%
Waterproof 35%

Area near built-up Herbaceous species 30%
Shrubs/small trees 15%

Trees 20%
Arable land with wheat Wheat 100%
Arable land with Sunflower 100%

sunflower

Arable land under o
fodder crops (alfalfa) Forage (alfalfa) 100%
Arable land in legumes Faba bean 100%
Arable land with clover Clover 100%
Vineyard Vineyard (vine) 100%
Oat: 50%

Set-aside land Herbac.eous ja ) ’
species Mint 50%

Herbaceous species 45%

Uncultivated Broom 35%

ncultivate

v Shrubs/small trees 10%

Trees 10%

Herbaceous species 20%

S d Broom 15%

arse woods

P Shrubs/small trees 15%
Trees 50%

Herbaceous species 10%

Wood Broom 5%

oods

Shrubs/small trees 10%

Trees 75%

2.5.2.4. Phenological stages and relative crop coeflicient
for all land use components

Table 2.3 shows the values of the crop coeflicient
for all land use components, the crop sowing period,
and the start and end dates of each phenological stage,
obtained by adapting the FAO Paper No. 56 values to
the context of the study area or by calculating ex novo
the crop coeflicients of the mixed land use classes. In the
notes to the table, the criteria for the attribution of the
values of the K_ are shown. The crop coefficients must be
corrected for average moisture and wind speed condi-
tions, in the mid and late stages, using appropriate equa-
tions given in FAO paper No.56.

The scheme of Fig. 2.2 graphically reports the dura-
tions of the phenological stage of all the components of
land use.

Michele Bartolucci, Francesco Veneri

2.52.5.K

c actual

The daily values of K, for each land use component
(Table 2.3) were compared with the values of Ky, ,4;-

K. mainly depends on the transpiration of the plants
while K i, ,; exclusively represents evaporation from the
soil surface. In the dormancy periods, K. ;; .qj > K., while
in periods of greater vegetative development (usually
the spring and summer months), K. > K_ ;,; .q- To avoid
underestimating the evapotranspirative demand, it is nec-
essary to adopt the higher value of the two. This value is
the K., and can be calculated for both single (e.g. win-
ter wheat, Fig. 2.3) and mixed (e.g. wood) land use classes.

2.5.2.6. Watershed unique crop coefficient (K. y,) and
calculation of watershed potential crop evapotranspira-
tion (ET.)

For each day of the year, the weighted sum of the
daily values of the various K. ,. . of the single and
mixed land use classes was calculated. In this way, a
single value for the entire watershed was obtained—the
unique watershed crop coefficient (K, v,)—which varies
with phenological stages. The equation is as follows:

n
_ aréigna use j
Kews = :

= areéQyatershed

Kc actual land use j (6)

where:

K. ws daily unique watershed crop coeflicient;

area land use j: total area of a given land use class in
the year under consideration. The values of j, from 1 to
n, refer to each of the various classes identified in the
watershed; and

K¢ actual land use j: daily K opuar Of @ given land use class (see
par. 2.5.2.5) based on its phenological stage. The values
of j, from 1 to n, refer to each of the various classes iden-
tified in the watershed.

The value of K. ,, therefore, indicates how much
the maximum daily evapotranspirative demand of the
entire watershed (and not of a single crop or component
or class) differs from that of reference ET|y,.

Figure 2.4 a and b show the monthly performance
of the K yy, in the last 2 years of the water balance. The
constant value (equal to 1) of the reference coefficient
(K¢ ), which is the value of the coeflicient of the refer-
ence crop (a grass meadow/fescue maintained in optimal
water conditions), is also reported. The values of K ;; .
and the weighted sum of the watershed land use coeffi-
cients (K,) are also given as a comparison. It should be
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Figure 2.2. Duration of the phenological stages of the components that form the land use classes present in the Santa Maria degli Angeli
watershed. The ‘development’ stage corresponds to the ‘growing’ stage in table 2.3.
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Figure 2.3. Winter wheat single land use class. a) trend of K.
and K. i ¢ in the year 2015; b) trend of K. ,qq in the year 2015
obtained as the highest of the values of K.and Ky 1q;-

noted that the parameter K. y, assumes higher values
when the value of evaporation (K_ j,; ;) Or transpiration
(K,) is high.

The K. v, weights the two effects and provides a
representative value of the territory from the values of
the coefficients and phenological stages of all the land
use classes. Although the values are different from
year to year, the trends are similar. It was observed
that the K_ y, almost never exceeds the K. .. so the
potential evapotranspirative demand of the territory
is almost always lower than the theoretical one of the
reference crop.

K. ws therefore, represents the parameter whose
value is to be multiplied by the reference evapotranspi-
ration corrected for the coefficient of acclivity (ET,,)
to obtain the potential crop evapotranspiration of the
watershed (ET,). The equation is as follows:

ETC = ETOa : Kc Ws (7)

where:

ET.: maximum potential ‘crop’ evapotranspiration of the
watershed (mm);

ET,,: potential evapotranspiration corrected by the coef-
ficient of acclivity (mm); and

K. ws: daily unique crop coeflicient of the entire watershed.

Estimating crop evapotranspiration (ET,) is crucial
for ensuring sustainable and efficient agricultural water
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Figure 2.4. Trend of the watershed unique crop coeflicient (K_ ) in
the last two years of the water balance. The K_ trends obtained only
from the values of Table 2.3, of the adjusted initial coeflicient (K_
a¢j) and of the K. of the reference crop (K. ;) are also reported.

management (Barrera et al., 2023) and is therefore also
important in water management of the whole watershed.

Finally, to obtain the actual evapotranspiration it is
necessary to calculate the water stress coeflicient (K),
which is calculated inside the phenological soil water
balance.

2.6. Calculation of actual evapotranspiration (aET,)

Another parameter of the phenological soil water
balance is represented by the variation of the water
reserve of the soil. K is a coefficient denoting the state of
soil water stress and is a function of total available water
(TAW), rapidly available water (RAW) and soil water
depletion (Dr) (Allen et al., 1998). When K, = 1 there is
no water stress. If K, < 1 there is water stress.

These parameters were calculated based on a ‘Mecci-
ano’ soil profile performed inside the watershed (AAVYV,
2006). The TAW of the ‘Mecciano’ soil profile was then
spatially extended to consider the variability of thick-
nesses and soil types. This resulted in a TAW unique to
the basin and used in the balance, which is the result of
a weighted sum over three different conditions deriving
from the crossing between land use and geology. At each
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of these condition a share of the TAW of the ‘Mecciano’
soil profile is assigned: the entire TAW value for thick
soils (arable land on cover deposits), half a value for thin
soils (non-arable land on rocky substrate), an intermedi-
ate value for soils of intermediate thickness (arable land
on rocky substrate).

The actual evapotranspiration of the watershed of
the day, aET,, is a function of ET, according to the coef-
ficient of water stress K, (Allen et al., 1998):

aET, = ET, - K, ®)

where:

aET.: actual watershed evapotranspiration (mm);

ET.: potential maximum ‘crop’ evapotranspiration of the
watershed (mm) (eq. 7); and

K,: unique water stress coefficient for the entire watershed.

2.7. Calculation of runoff

For the calculation of the daily values of the run-
off parameter, which contribute to the phenological soil
water balance (see eq. 1), the curve number methodology
(Mockus, 1972; USDA, 2004), with its subsequent modi-
fications (Williams et al., 2000; Williams et al., 2005;
Kannan et al., 2008; Williams et al., 2012; Friuli Venezia
Giulia Autonomous Region, 2018), was used.

2.8. Determination of deep percolation through soil water
balance

Based on the methodology described above, the val-
ues of the parameters of the phenological soil water bal-
ance were calculated daily, excluding the deep percola-
tion (DP) value, which remained unknown.

To derive this unknown, the equation (1) was solved
as follows:

DP =P, - RO - aET, - AAW )

where:

DP: Deep Percolation;

P,: daily precipitation corrected with the acclivity coef-
ficient;

RO: daily runoff;

aET,: daily actual crop evapotranspiration; and

AAW: daily variation of soil Available Water (AW).

* Insights into the methodology adopted, together with the calculation
of runoff in significant periods of the year 2015, can be found in
supplementary material 3.
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Figure 2.5. Daily trend of available water (AW), variation of available water (AAW) and surplus/deep percolation in the year 2014 in the
soils of Santa Maria degli Angeli watershed. The total available water (TAW) value is also reported.

It should be noted that there is deep percolation
only when there is surplus; that is, AW reaches the max-
imum value which is represented by the total available
water (TAW) and then AAW = 0 (Fig. 2.5). The water
that goes into deep percolation reaches the aquifers and
hence the lower and main hydrographic network.

2.9. Calibration and validation of the model

To verify whether the model worked well, the values
of deep percolation thus obtained were compared with
the baseflow values deriving from flow measurements
at the closing section of the watershed. The baseflow is
determined by the water of the deep percolation that,
after a hypogeal path, feeds the stream. The soil water
balance model was calibrated in 2013 and validated in
the next 3 years (2014, 2015, 2016). The last years (2017,
2018, 2019) provided further confirmation of the validity
of the model.

To also make a qualitative comparison with the deep
percolation, the trends in the levels of groundwater were
investigated. Piezometric levels were measured in four
watershed aquifers, in different hydrogeological contexts
and at different depths: two shallower, and two deeper.
The measurements were performed on the same dates as
those of flow measurements.

Table 2.4. Values of the Pearson and KGE statistical indices for the
calibration and validation period of the model.

Pearson Kling-Gupta Efficiency

Calibration period (2013) 0,74 0,57
Calibration + validation
period (2013-2016)

0,75 0,69

Table 2.5. Totals of the baseflow and deep percolation values for the
calibration and validation period of the model.

. Baseflow Deep. Percent
Period totals (mm) percolation change (%)
totals (mm) ge i
Calibration period (2013) 274 279 +2

Calibration + validation

period (2013-2016) 986 877 11

2.10. Statistical analysis on the calibration and validation
of the model

The time lag between deep percolation and base-
flow makes it necessary to pay attention to a statistical
comparison, as deep percolation values calculated in one
month may find corresponding (not equal) values one or
more months later.
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The sets* of monthly baseflow (measured/observed)
and deep percolation (forecast/simulated) values for the
calibration and validation period 2013-2016 were ana-
lysed using the Pearson index and KGE index (Gupta et
al., 2009). The results are reported in Table 2.4.

Knoben et al. (2019) demonstrate that KGE values
greater than -0.41 indicate that a model improves upon
the mean flow benchmark even if the model’s KGE
value is negative; KGE = 1 indicates perfect agreement
between observations and simulations. The values of the
indices in tab. 2.4 provide a fair correlation, but as men-
tioned above, they are not entirely suitable for assess-
ing the goodness of the model. Given the hydrological
processes, a comparison with an index analysing multi-
annual totals seems more appropriate. In Table 2.5 are
the percentage changes between deep percolation and
baseflow annual and multi-annual totals over the cali-
bration and validation period.

The 11% difference, an acceptable value, between the
multi-annual totals confirmed the validity of the pheno-
logical soil water balance model.

Table 3.2 in the results section shows the percent
change that also considers the last years in which the
balance was calculated.

3. RESULTS

Results obtained by applying phenological soil water
balance, comparison with measured base flow and cal-
culation of watershed water deficit are discussed below.

3.1. Annual values of the parameters of the phenological
soil water balance

Table 3.1 gives the total annual values of deep per-
colation (DP) from the phenological soil water balance
(eq. 9) for the seven years of the study®>The AAW param-
eter, which indicates the changes in the amount of water
available in the soil over a period of one year, had a min-
imal variation since the water reserve was reconstituted
at the end of each year.

* All monthly DP and baseflow values (2013-2019) are given in
supplementary material 4
> An example of the application of the phenological soil water balance
in significative periods of the years 2014, 2015 and 2016 is set out in
supplementary material 5
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Table 3.1. Total annual values, expressed in mm, of the parameters
of the phenological soil water balance (eq. 9), where DP = deep
percolation, P, = precipitation corrected for acclivity, RO = runoff,
aET, = actual evapotranspiration and AAW = variation of the avail-
able water.

DP =P, - RO - aET, - AAW

year DP P, RO aET, AAW
2013 279.1 1022.2 144.2 599.4 -0.6
2014 245.0 1067.3 148.1 674.5 -0.3
2015 210.5 850.8 116.5 528.5 -4.7
2016 142.4 833.9 78.8 614.0 -1.3
2017 157.0 752.1 71.7 518.1 5.3
2018 251.3 857.3 74.6 537.2 -5.8
2019 113.3 803.1 60.6 625.8 3.3

3.2. Comparison of deep percolation with the measured
baseflow®

Fig. 3.1 shows the monthly values of deep percola-
tion, baseflow and the piezometric level of the aqui-
fers in the 4 years of phenological soil water balance in
which the calibration and validation of the model were
carried out. Precipitation values are also reported.

The graph shows a correspondence between the trend
of deep percolation and baseflow in both decreases and
increases. However, the rise of the baseflow occurs later
than the deep percolation; the observed delay time corre-
sponds to the time needed for the hypogeous water path.

The extent of the delay depends on the character-
istics of the watershed (size, geology-geomorphology,
structural layout, thickness, texture and permeability of
soils, slopes, land use, etc.).

The starting value of the virtual aquifer was obtained
from the average of the initial levels of the four considered
aquifers; its subsequent evolution was calculated based on
the average of the percent changes in each aquifer.

A comparison between deep percolation and base-
flow in the different years (Table 3.2) allowed for evalu-
ation of the accuracy of the model in simulating the
processes that take place in the water cycle of the terri-
tory. To annual period there is a lower correspondence
between the two parameters: as previously written this is
due to the delay time of the hypogeal path of the per-
colation water, which postpones to the first months of
the following year the effect of precipitation falls in the
last months of the year; in a multi-annual period the two
parameters must have comparable values, otherwise the
model does will not perform well. It was noted that in

¢ All monthly values of the phenological soil water balance are given in
supplementary material 6
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Figure 3.1. Comparison between the trends of the precipitations (P,), deep percolation (DP), baseflow and aquifer levels (expressed through
the trend of a virtual aquifer representing the trend of the levels of 4 monitored aquifers) from the years 2013 to 2016. For reasons of scale,

the P, value of november 2013 was cut (original value: 232,7 mm).

Table 3.2. Total annual values of the deep percolation derived from
the phenological soil water balance model and the baseflow meas-
ured at the closing section of the watershed. Values are rounded to
the nearest unit.

year basl::lzsxlrlr(iim) deep Eg;o)latlon percent change (%)
2013 274 279 +2
2014 352 245 -30
2015 228 213 -7
2016 131 141 +8
2017 104 157 +51
2018 235 251 +7
2019 120 113 -6
sum 1444 1400 -3
mean 206 200 -3

some years the difference between the values could also
be quite significant (in 2014 and 2017) but at a multi-
annual level both the sum and the average of the values
differed by a very low percentage value, signifying the
good performance of the model.

The graph in Fig. 3.2 shows the average values at 10
days of runoff, deep percolation and precipitation in the
period 2013-2019, useful for the estimation of the water
resources of the Santa Maria degli Angeli watershed.

The mean decadal precipitation was 49 mm, result-
ing in a runoff of 5.4 mm (corresponding to 75970 m? of
water) and a deep percolation of 10.9 mm (correspond-
ing to 152995 m? of water).

Obviously, in the summer months there are few or
no runoff and deep percolation, while the recharge of
the aquifers and the rise of the baseflow (effect of the
deep percolation) is maximal in the winter period.

3.3. Water deficit of the watershed

The graph in Fig. 3.3 reported the multi-annual
average to 10 days time step of some parameters of the
phenological soil water balance and the K_ v, throughout
the study period (2013-2019).

The study allowed for quantification of the water
deficit at the level of the entire watershed as the differ-
ence between ET, and the actual evapotranspiration
(@ET,), thus enabling the evaluation of the water stress
during the year. Water deficit is graphically expressed by
the distance between the curves representing these two
parameters. The greater the distance between the two
curves (indicated with a red arrow), the greater the defi-
cit. The red arrow highlights the extent of the water defi-
cit. The average annual value of the 2013-2019 deficit was
282 mm (about 4-10° m? of water).
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During the seven years in which the phenological
soil water balance was calculated, 2014 was the year with
the lowest deficit (186 mm, corresponding to 2.6-10° m?
of water while 2017 was the year with the greatest defi-
cit (472 mm, corresponding to 6.6-10° m® of water;). The
month for which the highest deficit value was recorded
was June 2016, with a deficit of 172 mm, corresponding
to 2.4-105 m?, which almost equals the entire annual def-
icit of the year 2014.

4. DISCUSSION

The above results demonstrate that detailed studies
of water resource management in agriculture (that use
crop coeflicients in the context of irrigation and applica-
tions) can also be applied at the level of the entire water-
shed or for an administrative entity.

The advantage of this approach that extend to whole
watershed the crop coeflicients methodology (and so the
phenological stages of crops/plant varieties) is the accu-
rate calculation for all land uses, through the watershed
unique crop coefficient K_ ., of the parameters of maxi-
mum crop evapotranspiration (ET,) and consequently of
actual evapotranspiration (aET,).

The latter is a key parameter in soil water balance.
As a consequence of this it is possible to develop a soil
water balance capable of accurately calculating deep per-
colation, from which the baseflow trend can be approxi-
mated, after considering the lag time between the two
caused by the time taken by the water to complete its
underground path. Baseflow values provides the estimate
of potential water resources.

In addition, from the difference between the two
evapotranspiration parameters, the deficit of the entire
watershed can be calculated.

In order to achieve this type of model, the study
combined the design of a theoretical hydrological mod-
el related to soil water balance with field monitoring by
surveying flow rates and piezometric levels of aquifers.
The monitoring of the flow rates of the main stream
allowed the model to be calibrated and validated, com-
paring the measured baseflow values with the simulated
deep percolation values.

Measures were made weekly at least waiting, after
precipitation events, for the watershed runoff time before
taking the measurement. This allowed baseflow to be
measured excluding runoff, which was calculated by
continuous CN methodology. Of course, the presence
of a permanent flow measurement station would have
allowed for better calibration and validation, enabling
water from runoft to be monitored as well.
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Another innovative aspect, and useful in achieving
better performance, is the use of an acclivity coeflicient
to consider the actual land area when calculating the
parameter values of precipitation and potential evapo-
transpiration, which otherwise would have been respec-
tively overestimated or underestimated.

Given the lack of detailed data on the territory (cli-
mate, soil, etc.), we decided to create a lumped-type
model of water balance of the soil, where the value of
each parameter is the weighted sum of all values that the
parameter assumes in the watershed. This type of model
has the disadvantage of providing less information about
the spatial distribution of soil water balance parameter
values (especially deep percolation, the unknown cal-
culated in the balance), information that can be useful
for localised studies and applications. In any case, the
aim to spatialize at least qualitatively the deep percola-
tion values of the model was solved by creating a map of
infiltration propensity, intersecting through GIS the lay-
ers of predisposing factors (supplementary material 7 ).
In fact, infiltration is closely related to deep percolation,
although the two parameters are different.

Difficulties also arose because no crop coefficients
(K,) specific to the study area were available while the
model would need specific coefficients to perform bet-
ter. Garofalo et al. (2011) pointed out that it is important
to “calibrate” K. for cultivars and soil and climate con-
ditions in the growing environment, as they often differ
from what is reported in FAO Paper No. 56. This can be
achieved by making direct measurements of ET, using
weighing lysimeters, but this procedure is not always
readily applicable, particularly for non-agricultural land
uses such as uncultivated land, woods, or for orchards,
vineyards, etc.

Here since direct measurements with weighing
lysimeters were not possible, FAO coefficients were
used, also as a basis for estimating coeflicients for non-
agricultural land uses. A crucial aspect of the study was
indeed the determination of K_ for non-agricultural are-
as. FAO Paper No. 56 (chapter 9) provides equations for
calculating K. in vegetated areas. Corbari et al. (2017)
used evapotranspiration measurements acquired from
micrometeorological stations or through remote sens-
ing to define the crop coeflicients of vegetated natural
areas, including deciduous forests, finding lower crop
coefficient values than the FAO data, even though in
climates other than Mediterranean. In our study the K.
values of uncultivated land and sparse and dense decidu-
ous woods were calculated by means of a weighted sum
of the K_values of the land-use components (tab. 2.2 and
2.3), whose values are either reported in the FAO Paper
or calculated from equations in the FAO Paper (which
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consider local weather conditions). Given their impor-
tant spatial extent in some areas, and the weight they
have in the calculation of the unique watershed coef-
ficient, the K. of types of woods, more or less dense,
should be carefully evaluated in future studies.

Another possibility for deriving crop coefficients
specific to the study area is the use of the relationships
between the Normalized Difference Vegetation Index
(NDVI) and crop coeflicients, as used by the spatially
distributed SPHY model (Hunink et al., 2017). The same
Authors conclude that for hydrological model applications
at basin and sub-basin scale crop coefficient parameteri-
zation using satellite-based NDVT data is preferable, given
the fact that sufficient long term series of NDVI data are
now available for seasonal analyses at high resolution, and
using literature-based crop coefficients can lead to wrong
(generally under-estimated) streamflow simulations.

Considering the results, the lack of coeflicient speci-
ficity and the use of FAO crop coefficients for the entire
watershed does not appear to have had a significant
impact on the performance of the phenological soil water
balance model. Furthermore although not specific to the
study area, the FAO coeflicients are still reliable as dem-
onstrated by Pereira et al. (2021), who updated the coef-
ficients for some crop categories and found a good agree-
ment with the K. of FAO paper no. 56., In any case more
studies should be done to evaluate these components.

The phenological soil water balance equation (eq. 9)
allows calculation of the (daily, monthly, annual) unique
value of deep percolation for the watershed. The most
useful values of deep percolation provided by the model
are not the single daily/monthly/annual totals (given the
temporal discrepancy between deep percolation values
and baseflow values) but the multi-annual totals or the
multi-annual average value, which are really close to the
true respective values of baseflow.

Future developments may improve the model by
making it a distributed or semi-distributed type (for
which, however, a larger amount of data would be need-
ed) and implemented by means of a specific software.
An example of software that utilises K. (with the dual
crop coeflicient approach) for use in irrigation planning
and scheduling and hydrologic water balances is SIM-
dualKc (Rosa et al., 2011, Rosa et al., 2012); a software
that calculates the phenological soil water balance would
have the entire watershed as its reference area. Waiting
for this possible future development, a strength of the
current model is that only a spreadsheet and a GIS are
needed to implement it.

The model can then be improved by searching for
crop coefficients specific to the study area and calibrated
in watersheds with continuous flow measurements. Fur-
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thermore, up-to-date land use maps would be needed for
good performance because the area extent of crop types
varies from year to year. This can be obviated by con-
sidering these extents constant: the model would be less
accurate but still reliable.

5. CONCLUSIONS

The need for adequate tools for evaluating the water
resources of a watershed, and to understand hydrologi-
cal dynamics at a deeper level, has led to the elaboration
of a hydrological model to expand and improve the per-
formance of the hydrological model proposed in FAO
Paper No. 56. This model, here defined as a ‘phenological
soil water balance model’, has innovative characteristics
that enable the achievement of high levels of precision
and accuracy. Firstly, it adopts a correction of the refer-
ence precipitation and evapotranspiration values, taking
into account the actual area of the territory. It also applies
to the whole watershed (therefore both for agricultural
and non-agricultural land uses) the crop coefficients for
the estimation of the maximum crop evapotranspiration,
which are a function of the phenological stage. For this
purpose it was necessary to research and compute crop
coeflicients for non-agricultural land use classes; a single
daily coeflicient, which is the weighted sum of the daily
crop coefficients of all land use classes, was thus developed
to correct the watershed potential evapotranspiration.

The model, applied for seven consecutive years (2013
2019), is lumped, physically based, deterministic and uses
daily time intervals; it was calibrated and validated on a
small watershed with low anthropic impact. The balance
equation (Eq. 9) is valid at all time intervals (daily, weekly,
monthly, annual, multi-annual). Calibration and valida-
tion were carried out by comparing the values of the deep
percolation from the model with the measured baseflow
at the closure section of the watershed. The consistency
between the two values, which had an excellent correla-
tion both as the trend and as multi-annual totals, demon-
strated the validity of the model. Anyway further research
that may lead to the determination of more suitable crop
coeflicients for the area under study, up-to-date land use
maps, greater availability of climatic data for correcting
the coeflicients, making the model distributed and imple-
mentation through specific software may further improve
the performance of the model.

The phenological soil water balance, which provides
insights into surface and groundwater flows, allows for
quantification, at different time intervals, of the poten-
tial surface and underground water resources and the
water deficit for the entire watershed.
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It can be a valuable technical-scientific aid for poli-
cymakers for proper water resources management, for
planning the agricultural use of the watershed and also
for the identification of the most suitable sites for build-
ing water collection reservoirs.
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SUPPLEMENTARY MATERIAL 1
INSIGHT INTO THE CONCEPT OF THE COEFFICIENT
OF ACCLIVITY AND ITS IMPLICATIONS IN THE
PHENOLOGICAL SOIL WATER BALANCE

When calculating how much water has rained in a
territory, the surface of the territory is considered as if it
were flat (fig. S1/A); i.e. on the projected surface.

However, a correction should be made to distribute
the precipitation over the actual surface. If it is assumed
that, above the watershed line, the watershed is ‘covered’
by a flat surface, the precipitation water is distributed
over this, which corresponds to the projected surface of

o —

Figure S1/A. Projected surface of Santa Maria degli Angeli water-
shed.
Figure S1/B. Actual surface of Santa Maria degli Angeli watershed.

Figure S2. Schematisation of conditions for the application of the
acclivity coeflicient (Ca).
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the basin (fig. S1/A): for the Santa Maria degli Angeli
watershed the area of this surface is 13.098 km?.

However, the water is not distributed over this theo-
retical surface but is distributed over a larger, effective
one (fig. S1/B), that for Maria degli Angeli watershed has
an area of 13.979 km?. The values indicated relate to the
portion of watershed on which the balance was calculat-
ed, highlighted by the yellow line in figure S1/B.

The measure of the projected area was calculated
using GIS, the measure of the actual area was calculated
using a Digital Terrain Model.

Fig. S2 schematises this process in 2 dimensions.
The broken line ABC is the ground profile. The segment
BD corresponds to the projected surface of BC; we have
that AB=BD, and obviously BC>AB and BC>BD.

The amount of water that falls on AB and BD is the
same, but the amount that falls on BD is distributed over a
larger surface, i.e. BC, resulting in a decrease in the precip-
itation value per unit of soil. For evapotranspiration, the
effect is the opposite: the actual evapotranspirative surface
is greater than the projected surface, so the losses per ET
are greater. This effect is greater the greater the slope angle.

SUPPLEMENTARY MATERIAL 2
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- Built-up - totally waterproof areas Vineyard

B Avea near buill-up [] setasideland
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- Arable land under fodder crops (alfalfa) - Woods

Figure S3. Land use map of Santa Maria degli Angeli watershed
for the year 2013, obtained by interpretation of aerial orthophotos
and processed on vector files in a GIS environment. The ‘ area near
built-up ‘ land use includes mixed built-up and natural areas with
low anthropogenic impact.
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Figure S4. Percentage distribution of land use classes in the Santa
Maria degli Angeli watershed, year 2019.

SUPPLEMENTARY MATERIAL 3
CALCULATION OF RUNOFF

For the calculation of the daily values of the run-
oftf parameter, which contribute to the phenological soil
water balance (see Eq. 1), the curve number methodol-
ogy (Mockus, 1972; USDA, 2004), with its subsequent
modifications (Williams, 2000; Kannan et al., 2008; Fri-
uli Venezia Giulia Autonomous Region, 2018), was used.

83.1. USDA Curve Number method

Each territory was assigned a parameter called
Curve Number (CN), which has a value between 0 and
100. Each value of CN corresponds to a curve through
which, based on the precipitation value, the percentage
of runoff is obtained. Higher CN values correspond to
higher runoff values.

The CN value of a watershed is a function of:

- land use;

- permeability of soils;

- average slope of the watershed; and

- antecedent soil moisture conditions (AMC).

Table S.1. Cumulative precipitation intervals (in mm) for each of
the vegetative phases considered and corresponding classes of ante-
cedent soil moisture conditions (AMC) and curve number (CN).
The values reported in the dormancy, growing and average columns
are cumulative precipitation of the 5 days before the day in which
the runoff was calculated.

Dormancy Average Growing  AMC class  CN class
<13 <23 <36 I CNI
13-28 23-40 36-53 I CNII
>28 >40 >53 I CN III

Michele Bartolucci, Francesco Veneri

Precipitation water is initially retained by leaf inter-
ception, ground depressions and infiltration: this quanti-
ty is called ‘initial abstraction’ (Ia) and the runoft begins
only after Ia has been saturated.

Each soil has a maximum water storage value cor-
responding to the potential maximum retention (S,
expressed in mm). This parameter is related to the CN
according to the following two equations:

25400 as)
T 25448
25400

S = o 254 (2S)

The share of water that must provide the rain to sat-
urate the initial abstraction is equal to:
In=02-S§ (39)

The value of 0.2 may vary depending on the site and oth-
er parameters but is considered to be reliable in many cases.

For a given precipitation amount, the amount of
runoff (RO7, mm) is as follows (USDA NRCS, 2004):

RO =0 if P<la
4S)
(P-la)? (
RO=—""Y  ifp>ia
P—la+S 4

The parameter S has a constant value depending on
the CN of the territory and this implies that, even if the
soils had a different degree of humidity, the share of runoff
would still be the same with equal precipitation. To over-
come this limit, the parameter AMC (antecedent soil mois-
ture condition) was introduced; it is a function of the vege-
tative phase and the cumulative rainfall of the 5 days before
the day for which the runoff is to be calculated and deter-
mines which CN value is to be used. Table S.1 shows the
threshold values for each AMC and the corresponding CN.

§3.2. USDA Curve Number method using a continuous soil
moisture accounting procedure: application to the case study

The ranges of cumulative rainfall values over the
previous 5 days for each AMC class in the study area

7 Note: in the original formula of the CN the runoff is indicated with
the abbreviation ‘Q. To avoid confusion, the abbreviation ‘RO’ given in
FAO Paper No. 56 and in the phenological soil water balance equation
(Eq. 1) has also been used here.
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Table S.2. Ranges for antecedent soil moisture conditions (AMC) for the Santa Maria degli Angeli watershed in the year 2019, correspond-

ing to cumulative precipitation (mm) in the previous 5 days.

AMC Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec
classes

AMC1I < 12 12 17 22 30 32 30 31 26 22 17 12
AMCII between 12-26 12-26 17-32 22-38 30-46 32-48 30-46 31-47 26-39 22-38 17-32 12-26
AMC III > 26 26 32 38 46 48 46 47 39 38 32 26

Table S.3. Correspondence between USDA classes and land use classes of the Santa Maria degli Angeli watershed for the calculation of CN.

USDA class [CN values associated with the 4 soil groups]

land use class of the S.M.A.
watershed

Paved parking lots, paved streets and roads [98, 98, 98, 98]

Urban districts: commercial and business (imp. 85%) [89, 92, 94, 95]
Residential districts (imp. 65%) [77, 85, 90, 92]

Small grain - contoured - good conditions [61, 73, 81, 84]

Row crops - contoured-+crop residue cover — good conditions [64, 74, 81, 85]

Impermeable soil
Built-up
Area near built-up
Arable land winter wheat
Arable land sunflower

Close-seeded or broadcast legumes or rotation meadow - contoured - good conditions [55, 69, 78, 83] Arable land alfalfa, faba bean, clover

Pasture, grassland, or range-continuous forage for grazing — good conditions [39, 61, 74, 80]
Brush-brush-forbs-grass mixture with brush the major element - fair conditions [35, 56, 70, 77]

Woods-grass combination - good conditions [32, 58, 72, 79]
Woods - good conditions [30, 55, 70, 77]

Set aside
Uncultivated
sparse wood

wood

were calculated monthly based on the vegetative phas-
es of the components of the entire watershed land use
classes. By way of example, the values for the year 2019
are given in Table S.2. Values should be recalculated if
the areas of the land use class components vary.

In this study, AMC ranges were used for the calculation
of parameter B of the equation 6S (Williams et al., 2000).

The procedure for determining the CN value of the
watershed is reported in the Hydrology National Engi-
neering Handbook (USDA NRCS, 2004). For this pur-
pose, it was necessary to attribute the land use classes
present in the watershed to the land use classes provided
for by the method (Table S.3).

From the weighted sum of the values of the curve
numbers of all uses of the soil the value of CN for the
entire watershed is obtained. This value shall be correct-
ed for the mean slope of the watershed. This is achieved
by substituting, in equation 1S, the parameter S with S,
(maximum soil water retention), calculated by equation
5S (Williams and Izaurralde, 2005; Williams et al., 2012).

STP
STP + exp(3.7 + 0.02117 - STP)

Sos = S |11 (5S)

where:
STP: average slope of the watershed (%); and

S,: S value derived from equation 2S using the CN, value
found.

The corrected value of CN is expressed by the abbre-
viation CN,,.

To calculate the actual daily runoff it is necessary
to replace, in equation 48, the value of S with the daily
value of retention (S,). This value is obtained with the
following equation (Williams et al., 2000; Kannan et al.,
2008).

—B - S¢_
S;=S,_1+ ETy -exp (T’;l) — P+ Qi (6S)

where:

S;: retention parameter of the day ¢

ET,: potential evapotranspiration of day t (the ET. was
used)

St : retention parameter of the day t-1

B: depletion parameter.’

P: precipitation of the previous day (P, was used)

Q,.;: runoff of the previous day

8 The value should theoretically be between 0 and 2, in practice it
fluctuates between 0.5 and 1.5. In this study, the following values were
assigned to B according to soil moisture conditions: with AMC I B =
0,75, with AMC II B = 1, with AMCIII B = 1,25
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Smax: Maximum value of the retention parameter, corre-

sponding to the value of S obtained by placing in equa-
tion 2S the value of CN;.

For the first of the balance years, in the absence of
data relating to previous periods, the starting value of S,
when t = 0 is obtained by placing the value of CN,,in
equation 2S. For subsequent years, the starting value of
S¢ is that of the last day of the previous year.

The parameter S, has an upper limit, S, which is
obtained by placing the value of CN, instead of CN in
equation 2S. For the calculation of CNj, equation 7S is used
(Williams and Izaurralde, 2005; Williams et al., 2012).

20 - (100 — CNyg)
100 — CN,s + exp[2.533 — 0.0636 - (100 — CN,,)]

CNy = CNys — (7S)

If the parameter S assumed the value of 0 in equa-
tion 1S, CN would assume the value of 100, which is a
characteristic value of completely impermeable surfaces;
this would lead to overestimation of the runoft. Conse-
quently, following the methodology used for the realisa-
tion of the Regional Plan for the Protection of Waters
of the Friuli Venezia Giulia Autonomous Region (2018),
a lower limit, S_;,, has also been established, which is
obtained by placing the value of CNj in equation 28.

Table S.4. Values of the CN, and the various types of CN in the 7
years in which the phenological soil water balance was elaborated.

Year CN, Value CN Class Value
CN, 60,2
2013 73,9 CN,, 77,8
CN, 90,3
CN, 60,3
2014 74,1 CN,, 77,9
CN, 90,4
CN, 60,1
2015 73,9 CN,, 77,7
CN, 90,3
CN, 60,0
2016 73,8 CN,, 77,6
CN, 90,2
CN, 59,8
2017 73,6 CN,, 77,4
CN, 90,1
CN, 59,7
2018 73,5 CN,, 77,4
CN, 90,1
CN, 59,9
2019 73,7 CN,, 77,5
CN, 90,2

Michele Bartolucci, Francesco Veneri

For the calculation of CNj, equation 8S is used (Wil-
liams and Izaurralde, 2005; Williams et al., 2012).
CN; = CNyeexp [0.00673 - (100 — CN,,)] (8S)
The values of the three classes of CN corrected for

the slope in the seven years in which the phenological soil
water balance was developed are reported in Table S.4.

§3.3 Calculation of runoff: step-by-step procedure and an
example of calculation of runoff in selected periods of the
year 2015

The following are the steps for the calculation of run-
off (the symbols are those already described in the text):
1) calculation of the values S,_y, S, and S,,;, (insertion

in eq. 2S of the values of CN,,, CN, and CNj);

2) for each simulation day the values of the basic
parameters P,, ET,, B are to be entered;

3) for each day, S, is to be calculated using equation 6S;
the starting value in the first balance year is S,_y, in
the following years the starting value is S, of the last
day of the previous year;

4) initial abstraction (= 0,2 - S,) is to be calculated for
each day;

5) the runoff (RO) is to be calculated for each day
according to equation 4S;

6) IfS, < Sy it poses S, = Siy; and

7) If S, > Spae it poses Sy = S .

Below are reported some examples of the calculation
of runoff in characteristic periods of the year 2015, in
which S, = 168,48 and S,,;,, = 27,32.

max min

First period: winter phase

For 21-22 January, it was noted that there was mod-
erate precipitation and no runoff (RO); this was deter-
mined as P-Ia < 0; in fact, there can be no runoff until
the initial abstraction is not completely compensated.
On January 23, the runoff (RO) started, as P-Ia > 0 and,
simultaneously, S, decreased below the value of S_;; in
this case, the value of S, must be replaced with S

min>

min*

Second period: spring phase

In this period S, assumes intermediate values
between S,;, and S,,, and with precipitation of a cer-
tain consistency, there is runoff (RO > 0). Note the dras-
tic drop in S, after a day of heavy precipitation and sub-
sequent runoff. The value of S, however, also depends on
ET. and B (Eq. 6S).
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Table S.5. Runoff calculation model - winter 2015. P,: precipitation
values corrected for acclivity coefficient; ET.: evapotranspiration
crop of the watershed; B: depletion parameter (varies between 0.75
and 1.25); S day retention parameter t; Ia: initial abstraction; RO:
runoff.

Date P, ET. B S Ta P,-la RO
(mm) (mm) (mm) (mm) (mm) (mm)
21/01/2015 0.8 0.41 0.75 35.08 7.016 -6.2 0.0

22/01/2015 2.3 0.58 0.75 3474 6947 -4.7 0.0
23/01/2015 105 032  0.75 32.73 6.545 39 0.4
24/01/2015 2.2 0.70 1 27.32 5464 -33 0.0
25/01/2015 0.2 1.21 1 27.32 5464 -53 0.0
26/01/2015 0.0 0.98 1 2796 5593 -5.6 0.0
27/01/2015 0.0 0.76 1 28.61 5721 -5.7 0.0
28/01/2015 0.0 0.83 1 29.30 5.861 -5.9 0.0
29/01/2015 1.4 1.78 0.75 3087 6.174 -4.8 0.0
30/01/2015 7.7 1.89 0.75 31.11 6.222 15 0.1
31/01/2015 0.1 146 0.75 2732 5464 -53 0.0
01/02/2015 1.8 053 0.75 27.66 5532 -38 0.0
02/02/2015 0.1 127 0.75 2732 5.464 -54 0.0
03/02/2015 0.0 096 0.75 2811 5.622 -56 0.0
04/02/2015 10.6  0.70  0.75 28.72 5.745 4.9 0.7
05/02/2015 29.2  0.44 1 27.32 5464 238 111
06/02/2015 482 036 125 2732 5464 427 26.0
07/02/2015 7.7 043 125 2732 5464 23 0.2
08/02/2015 3.2 1.20  1.25 2732 5464 -23 0.0
09/02/2015 0.2 138 1.25 2732 5464 -52 0.0
10/02/2015 0.0 1.16  1.25 28.02 5.603 -5.6 0.0

Table S.6. Runoff calculation model - spring 2015. For explanation
of symbols see table S5 legend.

Date P, EL S, la P la RO
(mm) (mm) (mm) (mm) (mm) (mm)
19/05/2015 0.0 6.08 0.75 96.385 19.277 -19.3 0.0
20/05/2015 0.0 4.83 0.75 99.529 19.906 -19.9 0.0
21/05/2015 0.0 4.96 0.75 102.711 20.542 -20.5 0.0

22/05/2015 66.5 1.13  0.75
23/05/2015 150 1.88 1.25
24/05/2015 6.2 2.16  1.25
25/05/2015 0.1 395 125
26/05/2015 1.6 331  1.25
27/05/2015 159 234 1.25
28/05/2015 0.0 4.85 1

29/05/2015 0.0 530 0.75

103.424 20.685 45.8 14.0
51.878 10.376 4.6 0.4
38.760 7.752  -1.5 0.0
35476 7.095 -7.0 0.0
37.960 7.592 -6.0 0.0
38.168 7.634 8.3 1.5
27.607 5.521 -5.5 0.0
32.293 6.459 -6.5 0.0

Third period: summer phase

Precipitation is low and does not produce runofts.
The high values of ET, raise S, that exceeds S,,,,: in this

max-*
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Table S.7. Runoff calculation model - summer 2015. For explana-
tion of symbols see table S5 legend.

Date P, ET S, la P-la RO
(mm) (mm) (mm) (mm) (mm) (mm)
15/07/2015 0.0 498 0.75 163.122 32.624 -32.6 0.0
16/07/2015 2.9 506 0.75 165.572 33.114 -30.2 0.0
17/07/2015 0.0 6.07  0.75 165.603 33.121 -33.1 0.0
18/07/2015 0.0 527 0.75 168.122 33.624 -33.6 0.0
19/07/2015 0.0 599 0.75 168.475 33.695 -33.7 0.0
20/07/2015 0.0 5.53 0.75 168.475 33.695 -33.7 0.0
21/07/2015 0.0 522 0.75 168.475 33.695 -33.7 0.0
22/07/2015 0.0 475  0.75 168.475 33.695 -33.7 0.0
23/07/2015 0.0 5.43 0.75 168.475 33.695 -33.7 0.0
24/07/2015 0.1 4.47 0.75 168.475 33.695 -33.6 0.0

Table S.8. Runoff calculation model - autumn 2015. For explana-
tion of symbols see table S5 legend.

P, ET, S, Ia P,-la RO
Date

(mm) (mm) (mm) (mm) (mm) (mm)
21/09/2015 0.0 1.99  0.75 168.475 33.695 -33.7 0.0
22/09/2015 0.0 2.09 0.75 168.475 33.695 -33.7 0.0
23/09/2015 9.4 1.77  0.75 168.475 33.695 -243 0.0

24/09/2015 31.6 1.26  0.75 159.638 31.928 -0.3 0.0

25/09/2015 8.2 0.79  1.25 128.241 25.648 -17.5 0.0
26/09/2015 0.3 1.35 1.25 120.578 24.116 -23.8 0.0
27/09/2015 0.9 2.68 1.25 121.329 24.266 -23.4 0.0

17/11/2015 0.1 020 0.75
18/11/2015 0.0 035 0.75
19/11/2015 0.3 074  0.75
20/11/2015 0.0 2.87 0.75
21/11/2015 8.9 2,67 075
22/11/2015 19.6  0.55 0.75
23/11/2015 104 0.41 1

24/11/2015 0.0 044 1.25
25/11/2015 0.4 042 1.25
26/11/2015 3.9 0.87 1.25
27/11/2015 7.9 0.80 1.25
28/11/2015 0.0 0.47 1

29/11/2015 0.1 052  0.75
30/11/2015 0.0 144  0.75

31.429
31.609
32.252
34.456
36.747
28.405
27.319
27.319
27.658
27.930
27.319
27.319
27.783
28.993

6.286  -6.2 0.0
6.322 -6.3 0.0
6.450  -6.2 0.0
6.891 -6.9 0.0
7.349 15 0.1
5.681 139 4.6
5464 5.0 0.8
5464 -55 0.0
5532 -51 0.0
5586 -1.7 0.0
5464 24 0.2
5464 -55 0.0
5557 55 0.0
5799 -58 0.0

case, the value of S, is replaced with S,,, whose value
cannot be exceeded.
Fourth and fifth period: autumn phase

The last two periods shall be reported together;
in the fourth period the first substantial precipitation
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events do not produce runoffs (since S, has maximum
value and initial abstraction is very high), but the §,
parameter begins to drop permanently. After a couple of
months, it again reaches the value of S;, and fluctuates
around this value until the end of the year. As a result,
the runoft is quite consistent.

SUPPLEMENTARY MATERIAL 4
MONTHLY VALUES OF THE DEEP PERCOLATION
(SIMULATED BY THE PHENOLOGICAL SOIL WATER
BALANCE) AND BASE FLOW OF THE SANTA MARIA
DEGLI ANGELI STREAM (CALCULATED FROM
DISCHARGE MEASUREMENTS) OVER THE PERIOD

2013-2019
Table S.9.
Year Month Deep percolation ~ Measured baseflow
(mm) (mm)
2013 January 76,5 444
February 54,1 57,7
March 48,0 70,6
April 14,8 22,6
May 0,0 9,4
June 0,0 4,0
July 0,0 1,0
August 0,0 8,4
September 0,0 1,1
October 0,0 4.4
November 77,1 24,4
December 8,6 26,0
2014 January 35,1 24,1
February 42,6 69,9
March 423 41,2
April 7,5 60,4
May 26,9 52,7
June 0,0 9,1
July 0,0 3,6
August 0,0 2,5
September 0,0 5,3
October 0,0 10,6
November 31,1 18,5
December 59,5 54,4
2015 January 5,5 31,9
February 82,7 58,8
March 75,8 68,5
April 7,8 32,1
May 0,0 14,6
June 0,0 9,1
July 0,0 2,4
August 0,0 0,8
September 0,0 0,3

October 11,8 3,2

Michele Bartolucci, Francesco Veneri

Deep percolation

Measured baseflow

Year Month (mm) (mm)
November 29,6 4,0
December 0,0 2,6

2016 January 40,2 12,6

February 41,8 19,9
March 48,4 55,7
April 0,0 13,7
May 4,0 15,2
June 0,0 5,1
July 0,0 1,7
August 0,0 1,1
September 0,0 0,5
October 0,0 0,5
November 6,7 3,4
December 0,0 1,2
2017 January 47,6 23,2
February 33,5 24,0
March 14,9 29,6
April 0,0 8,7
May 0,0 4,5
June 0,0 0,2
July 0,0 0,8
August 0,0 0,9
September 0,0 0,9
October 0,0 0,1
November 23,5 1,2
December 37,4 10,2
2018 January 1,6 11,3
February 122,5 52,5
March 83,5 125,5
April 0,0 21,8
May 0,0 9,2
June 0,0 2,2
July 0,0 L6
August 0,0 0,8
September 0,0 0,4
October 0,0 0,0
November 9,0 1,6
December 34,6 7,8
2019 January 34,5 9,0
February 10,9 16,9
March 0,0 5,3
April 0,0 5,0
May 34,6 30,1
June 0,0 25,1
July 0,0 2,2
August 0,0 1,1
September 0,0 0,3
October 0,0 2,5
November 12,6 8,1
December 20,8 14,4
Totals 1400 1444
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SUPPLEMENTARY MATERIAL 5

The phenological soil water balance at significant periods during the year

Table S.10. The phenological soil water balance in a phase of surplus during the year 2014 and determination of deep percolation.

[ ET-K.=aET,__|
ETy, - K., = ET, | |  TAW.p=RAW P, - RO - aET, - AAW = DP

Date ET, K EL K TAW p RAW D,.. D,.a AW P, RO aEL, AAW DP

18/01/2014 1.97 1.05  2.06 1.00 1295 0.688 89.1 5.56 7.62 1219 0.0 0.0 2.1 -2.1 0.0
19/01/2014 1.54 1.05 1.61 1.00  129.5 0.688 89.1 7.62 7.79 121.7 1.4 0.0 1.6 -0.2 0.0
20/01/2014 0.89 1.05 0.93 1.00 1295 0.688 89.1 7.79 8.22 121.3 0.5 0.0 0.9 -0.4 0.0
21/01/2014 040 1.05 042 1.00  129.5 0.688  89.1 822 (-9.57) 129.5 242 6.0 0.4 8.2 9.6
22/01/2014 0.80 1.05 0.83 1.00 1295 0.688 89.1  0.00 0.71 1288 0.1 0.0 0.8 -0.7 0.0
23/01/2014 0.85 1.05  0.89 1.00 1295 0.688 89.1 0.71 0.50 129.0 1.1 0.0 0.9 0.2 0.0
24/01/2014 0.83 1.05  0.86 1.00 1295 0.688 89.1 0.50 (-10.44) 129.5 13.7 1.9 0.9 0.5 10.4
25/01/2014 1.41 1.05 1.47 1.00 1295 0.688 89.1  0.00 1.41 128.1 0.1 0.0 1.5 -1.4 0.0
26/01/2014 0.72 1.05  0.76 1.00 1295 0.688 89.1 1.41 2.17 1273 0.0 0.0 0.8 -0.8 0.0
27/01/2014 0.83 1.05  0.87 1.00  129.5 0.688 89.1 217 (-0.24) 1295 33 0.0 0.9 2.2 0.2
28/01/2014 0.43 1.05 045 1.00 1295 0.688 89.1 0.00 (-1.52) 129.5 2.0 0.0 0.5 0.0 1.5

ET\,: reference evapotranspiration corrected for acclivity coeflicient (eq. 4 in the main article);

K. w,: unique ‘crop’ coefficient of the territory (eq. 6);

ET.: crop evapotranspiration of the territory (eq. 7);

TAW: total available water (see FAO paper 56, ch.8);

p: parameter for RAW calculation (see FAO paper 56, ch.8);

RAW: rapidly available water (see FAO paper 56, ch.8);

D, g Water deficit at the beginning of the day (= D, end of the previous day)

D, cnq: Water deficit at the end of the day (= D, start + aET, - P, + RO). Note: the negative values of D, end correspond to the positive values
(in bold) of water surplus that go into deep percolation. So, the next day’s D, start value is zero;

P,. precipitation values corrected for acclivity coefficient (eq. 3);

RO: runoff (eq. 4S);

K: water stress coeflicient (see FAO paper 56, ch.8);

aET,: actual crop evapotranspiration (eq. 8);

AW: available water (= TAW - D, ..4);

DP: deep percolation (eq. 9); and

AAW: variation of the available water with respect to the previous day.

Note: The phenological soil water balance is strictly represented by the parameters in the last 5 columns, and the equation that combines
them together (shown at the top right of the table, that is the equation 9 in the main article). The other parameters are preliminary param-
eters to the balance.

Table S.11. The phenological soil water balance in conditions of a water stress period during the year 2014. For explanation of the symbols,
see Table S10.

| EL-K=aT |
ET,, - K.y, = ET. AW - p = RAW| P, - RO - aET. - AAW = DP
date ET, Ky EL K TAW p RAW D, Diwa AW P, RO aET. AAW DP

19/05/2014 3.72 1.00 3.74 1.00 1295 0.547 708 53.15 56.89 72.6 0.0 0.0 3.7 -3.7 0.0
20/05/2014 4.48 1.01 4.50 1.00 1295 0.547 708 56.89 6139 68.1 0.0 0.0 4.5 -4.5 0.0
21/05/2014 5.54 1.01 5.58 1.00 1295 0.547 708 6139 6697 625 0.0 0.0 5.6 -5.6 0.0
22/05/2014 6.00 1.01 6.04 1.00 1295 0.547 708 6697 73.01 56.5 0.0 0.0 6.0 -6.0 0.0
23/05/2014 3.50 1.01 3.52 096 1295 0.547 708 73.01 7641 53.1 0.0 0.0 34 -34 0.0
24/05/2014 6.25 1.01 6.29 091 1295 0.547 708 76.41 8210 474 0.0 0.0 5.7 -5.7 0.0
25/05/2014 4.31 1.01 4.34 0.81 1295 0.547 708 8210 8542 44.1 0.2 0.0 35 -3.3 00
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Table S.12. Available water to the seasonal lows during the 2015. For explanation of the symbols, see Table S.10.

| EL-K-aET, |
ET,, - K.y, = ET. AW - p = RAW| P, — RO - aET. - AAW = DP
date ET, K. EL K. TAW p RAW D,ux D,aa AW P, RO aET. AAW DP
02/08/2015 240 079 190 003 1252 0555 695 12337 12343 18 00 00 01  -01 00
03/08/2015 542 079 427 003 1252 0555 695 12343 12357 16 00 00 01  -01 0.0
04/08/2015 590 079 465 003 1252 0555 695 12357 12370 15 00 00 01  -01 00
05/08/2015 597 079 471 003 1252 0555 695 12370 12383 14 00 00 01  -01 0.0
06/08/2015 607 079 479 002 1252 0555 695 12383 12395 13 00 00 01  -01 00
07/08/2015 587 079 462 002 1252 0555 695 12395 12405 11 00 00 01  -0.1 0.0
08/08/2015 582 079 458 002 1252 0555 695 12405 12414 10 00 00 01  -01 00

09/08/2015 5.40 079 425 0.02 1252 0.555 69.5 12414 11779 74 6.4 0.0 0.1 6.3 0.0
10/08/2015 3.75 079 295 013 1252 0.555 69.5 117.79  113.90 11.3 4.3 0.0 0.4 39 0.0

11/08/2015 4.56 079 359 020 1252 0.555 69.5 113.90 113.88 11.3 0.7 0.0 0.7 0.0 0.0
12/08/2015 5.61 079 441 020 1252 0.555 69.5 113.88  114.78 10.4 0.0 0.0 0.9 -0.9 0.0

Table S.13. A period of the 2016 phenological soil water balance with fluctuations of the available water around the lows in the summer
months. For explanation of the symbols, see Table S.10.

| BL-K-aEL,
ETOa . Kc Ws = ET;

P, - RO - aET, - AAW = DP

date ET,, K.w. ET, K, TAW p RAW D, D,wa AW P, RO aEL. AAW DP

04/07/2016 541 0.85 4.59 023 1293 0.539 69.7 11530  116.38 12.9 0.0 0.0 1.1 -1.1 0.0
05/07/2016 6.20 0.84 5.20 022 1293  0.539 69.7 116.38  117.50 11.8 0.0 0.0 1.1 -1.1 0.0
06/07/2016 4.60 0.83 3.81 020 1293  0.539 69.7 11750  116.60 12.7 1.7 0.0 0.8 0.9 0.0
07/07/2016 6.08 0.82 4.97 021 1293  0.539 69.7 116.60  117.66 11.6 0.0 0.0 1.1 -1.1 0.0
08/07/2016 6.44 0.81 523 020 1293 0.539 69.7 117.66  118.68 10.6 0.0 0.0 1.0 -1.0 0.0
09/07/2016 6.31 0.81 5.09 0.18 1293 0.539 69.7 118.68  119.59 9.7 0.0 0.0 0.9 -0.9 0.0
10/07/2016 535 0.80 4.29 0.16 1293  0.539 69.7 119.59  120.29 9.0 0.0 0.0 0.7 -0.7 0.0
11/07/2016 6.92 0.80 5.51 0.15 1293 0.539 69.7 120.29  121.12 8.2 0.0 0.0 0.8 -0.8 0.0
12/07/2016 8.06 0.79 6.38 0.14 1293 0.539 69.7 121.12 122.00 7.3 0.0 0.0 0.9 -0.9 0.0
13/07/2016 6.20 0.77 4.77 0.12 1293 0.539 69.7 122.00  113.93 15.4 8.7 0.0 0.6 8.1 0.0
14/07/2016 535 0.77 4.11 026 1293 0.539 69.7 113.93 114.99 14.3 0.0 0.0 1.1 -1.1 0.0
15/07/2016 1.85 0.77 1.42 024 1293 0.539 69.7 114.99 83.98 45.3 315 0.1 0.3 31.0 0.0

16/07/2016 4.74 0.75 3.56 0.76 1293  0.539 69.7 83.98 86.59 42.7 0.1 0.0 2.7 -2.6 0.0
17/07/2016 564 0.75 4.23 0.72 1293 0.539 69.7 86.59 89.62 39.7 0.0 0.0 3.0 -3.0 0.0
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Table S.14. A period of the 2014 phenological soil water balance with the end of the phase of water stress. For explanation of the symbols,
see Table S.10.

P, - RO - aET, - AAW = DP

date ET, K., EL K TAW p RAW D, D¢ AW P, RO aET. AAW DP

29/08/2014 4.52 0.86 3.89 037 1295 0570 738 108.93  110.36 19.1 0.0 0.0 1.4 -1.4 0.0
30/08/2014 4.63 0.86 3.98 034 1295 0570 738 11036  111.73 17.8 0.0 0.0 14 -1.4 0.0
31/08/2014 4.87 0.86 4.19 032 1295 0570 738 111.73 113.07 16.4 0.0 0.0 1.3 -1.3 0.0
01/09/2014 1.79 0.86 1.54 034 1295 0.631 817 113.07 65.59 63.9 524 44 0.5 475 0.0
02/09/2014 1.25 0.86 1.07 1.00 1295 0.631 81.7 65.59 55.41 74.1 112 0.0 1.1 10.1 0.0
03/09/2014 1.04 0.86 0.90 1.00 1295 0.631 81.7 55.41 54.41 75.1 1.9 0.0 0.9 1.0 0.0
04/09/2014 1.29 0.86 1.11 1.00 1295 0.631 81.7 54.41 45.62 83.9 9.9 0.0 1.1 8.8 0.0
05/09/2014 2.54 0.86 2.18 1.00 1295 0.631 817 45.62 47.80 81.7 0.0 0.0 2.2 -2.2 0.0
06/09/2014 3.54 0.86 3.04 1.00 129.5 0.631 81.7 47.80 50.84 78.7 0.0 0.0 3.0 -3.0 0.0

Table S.15. A period of the 2014 phenological soil water balance; the return of the runoff and the deep percolation. For explanation of the
symbols, see Table S.10.

| EL-K-aEL
ET,, - K.y, = ET. TAW - p = RAW, P, - RO - aET. - AAW = DP
date ET, K. EL K TAW p RAW D,.. Dya AW P, RO aET. AAW DP

15/11/2014 1.39 1.04 1.44 1.00 1295 0.681  88.2 4.89 4.08 125.4 2.2 0.0 1.4 0.8 0.0
16/11/2014 1.61 1.04 1.67 1.00 1295 0.681 88.2 4.08 2.81 126.7 2.9 0.0 1.6 1.3 0.0
17/11/2014 0.53 1.04 0.55 1.00 1295 0.681  88.2 2.81 (-16.43) 1295 334 13,6 0.6 2.8 16.4
18/11/2014 1.75 1.04 1.81 1.00 1295 0.681  88.2 0.00 (-1.00) 1295 2.8 0.0 1.8 0.0 1.0
19/11/2014 0.78 1.08 0.85 1.00 1295 0.681 88.2 0.00 (-4.34) 129.5 52 0.0 0.9 0.0 4.3

20/11/2014 0.47 1.08 0.51 1.00 1295 0.681 88.2 0.00 0.32 129.2 0.2 0.0 0.5 -0.3 0.0
21/11/2014 0.53 1.08 0.57 1.00 129.5 0.681 88.2 0.32 0.83 128.7 0.1 0.0 0.6 -0.5 0.0
22/11/2014 0.43 1.08 0.47 1.00 129.5 0.681 88.2 0.83 1.27 128.2 0.0 0.0 0.5 -0.5 0.0
23/11/2014 0.45 1.08 0.48 1.00 1295 0.681 88.2 1.27 1.59 127.9 0.2 0.0 0.5 -0.3 0.0
24/11/2014 0.38 1.08 0.41 1.00 129.5 0.681 88.2 1.59 1.78 127.7 0.2 0.0 0.4 -0.2 0.0
25/11/2014 0.40 1.08 0.43 1.00 129.5 0.681 88.2 1.78 2.15 127.3 0.1 0.0 0.4 -0.3 0.0

26/11/2014 0.42 1.08 0.45 1.00 129.5 0.681  88.2 2.15 (-2.58) 1295 52 0.0 0.5 2.1 2.6

27/11/2014 0.43 1.08 0.46 1.00 129.5 0.681 88.2 0.00 (-3.41) 1295 39 0.0 0.5 0.00 34
28/11/2014 0.40 1.08 0.43 1.00 129.5 0.681  88.2 0.00 0.25 129.3 0.2 0.0 0.4 -0.2 0.0
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SUPPLEMENTARY MATERIAL 6 - MONTHLY VALUES
OF THE PHENOLOGICAL SOIL WATER BALANCE IN
THE PERIOD 2013-2019

For ease of reading, the values are shown at two-
year intervals.

It should be noted that the phenological soil water
balance (in bold in the tables) is valid at each time inter-
val (daily, weekly, monthly, annual, multiannual). The
relationships between the preliminary parameters are
valid instead at daily intervals. For example for equation
7 in the text we have that:

ETC = ETOa : Kc Ws

However, the monthly values are sums (such as ETO0,
and ET,) or weighted sums (such as K_y,) and therefore
the equation does not work well with these values (there
is a small error). But these values are derived from daily
values that are correct, values for which equation 7 is
perfectly valid.

Michele Bartolucci, Francesco Veneri

Table S.16. Monthly values of the phenological soil water balance
in the period 2013-2014.

P, - RO - aET, - AAW = DP

ETO, K.\, ET.

P, RO aET. AAW DP

2013 January 21,4 1,07 22,8 98,7 2,7 228 -3,3 76,5
February 26,9 1,01 26,8 956 14,7 26,8 -0,1 54,1
March 53,1 0,87 46,8 1093 11,1 46,8 3,4 48,0

April 96,0 0,68 650 48,1 2,5 650 -343 148

May 114,55 0,95 109,5 109,6 4,3 109,5 -4,2 0,0
June 1553 0,98 151,8 75,9 0,9 114,7 -39,7 0,0
July 1822 0,84 151,9 57 0,0 49,6 -439 0,0
August  160,2 0,80 128,5 79,2 0,0 34,1 451 0,0

September 110,2 0,68 73,5 53,0 0,0 474 56 0,0
October 52,8 0,79 41,5 872 46 41,5 41,1 0,0
November 21,6 1,04 22,0 232,7 103,4 22,0 30,3 77,1
December 24,7 0,79 19,2 273 0,1 192 -0,6 86
2014 January 26,2 0,77 21,5 66,6 94 21,5 0,7 35,1
February 42,6 090 37,3 83,7 82 373 -44 426
March 72,7 0,73 49,3 121,6 34,6 493 -46 423

April 91,0 0,84 76,1 96,8 122 76,1 1,1 7,5

May 1315 0,99 130,9 120,6 34,8 120,7 -61,8 26,9
June 161,4 0,98 158,1 63,2 0,1 84,4 -21,3 0,0
July  151,9 0,80 122,2 96,4 0,0 649 31,5 0,0
August  155,3 0,73 113,2 20,0 0,0 73,4 -534 0,0

September 79,8 0,80 63,8 1254 6,1 62,8 56,6 0,0
October 56,6 0,59 33,6 888 10,7 33,6 445 0,0

November 28,1 0,99 26,0 84,8 156 26,0 12,0 31,1
December 23,1 1,06 245 99,5 164 24,5 -0,8 59,5

ET,,: reference evapotranspiration corrected for acclivity coefficient;
K. ws: unique ‘crop’ coeflicient of the territory;

ET,: crop evapotranspiration of the territory;

P,. precipitation values corrected for acclivity coeflicient;

RO: runoff;

aET,: actual crop evapotranspiration;

AAW: variation of the available water with respect to the previous
day; and

DP: deep percolation.



The phenological soil water balance

Table S.17. Monthly values of the phenological soil water balance

in the period 2015-2016
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Table S.18. Monthly values of the phenological soil water balance
in the period 2017-2019.

P, - RO - aET, - AAW = DP P, - RO - aET, - AAW = DP
ETO0, K.w, ET. ET0, K.w, ET.
P, RO aET, AAW DP P, RO aET. AAW DP
2015 January 36,3 0,72 24,6 30,2 0,5 24,6 -05 55 2017 January 21,3 09 17,9 854 17,8 17,9 2,1 47,6
February 26,6 1,04 27,5 157,7 47,8 27,5 -03 82,7 February 386 09 33,3 82,1 13,5 333 1,8 335
March 66,3 0,84 542 152,5 33,5 54,2 -10,9 75,8 March 86,2 0,5 41,3 44,5 12,5 41,3 -24,3 149
April 108,55 0,68 723 79,1 7,6 723 -85 78 April 1088 0,7 79,1 721 3,6 791 -10,6 0,0
May  138,1 0,93 127,5 106,8 159 114,5 -23,6 0,0 May  140,5 1,0 142,1 46,7 0,0 114,0 -67,4 0,0
June 166,2 0,97 161,0 33,6 0,0 956 -62,0 0,0 June 1949 1,0 1952 143 0,0 22,5 -82 0,0
July  206,0 0,83 170,5 2,9 0,0 19,5 -166 0,0 July 2085 0,8 1642 352 0,0 356 -04 00
August 148,3 0,78 1159 51,2 0,0 31,0 20,2 0,0 August 184,9 0,7 1350 11,3 0,0 203 -9,0 0,0
September 104,1 0,69 65,3 62,9 0,0 279 350 0,0 September 97,3 0,8 79,7 1625 29 61,9 97,7 0,0
October 41,9 0,88 37,7 1196 2,7 37,7 674 11,8 October 64,3 0,5 31,0 154 0,0 31,0 -157 0,0
November 30,1 0,65 19,0 52,5 56 190 -1,7 29,6 November 31,3 1,0 30,5 1104 15,6 30,5 40,9 23,5
December 14,0 0,31 49 1,7 00 49 -32 00 December 28,5 1,1 30,7 724 58 30,7 -1,6 374
2016 January 34,1 0,89 30,0 756 13,6 30,0 -81 40,2 2018 January 31,7 06 178 11,4 0,0 178 -80 1,6
February 42,7 0,84 34,6 101,9 11,8 34,6 13,7 41,8 February 20,3 1,0 20,6 194,4 42,9 20,6 84 1225
March 62,4 0,88 51,2 109,7 21,1 51,2 -11,1 484 March 60,7 09 51,0 1384 17,6 51,0 -13,7 83,5
April  102,5 0,71 72,6 534 2,1 726 -21,3 0,0 April 1104 0,7 76,5 33,1 0,1 76,5 -435 0,0
May 129,3 1,00 129,2 96,9 17,3 127,8 -52,2 4,0 May 1148 1,0 111,0 949 2,6 111,0 -18,6 0,0
June  151,4 0,98 147,8 84,8 4,8 1048 -24,8 0,0 June 1544 0,9 1454 18,0 0,0 59,9 -41,9 0,0
July 176,4 0,77 136,9 62,0 0,1 51,9 10,0 0,0 July 174,1 0,8 133,1 71,0 0,0 54,6 16,5 0,0
August 153,1 0,68 104,0 11,9 0,0 33,2 -21,3 0,0 August 149,6 0,7 104,0 198 0,0 27,5 -7,7 0,0
September 96,9 0,74 70,4 554 0,0 349 20,5 0,0 September 95,9 0,6 61,4 50,3 0,0 4255 79 0,0
October 42,3 093 379 786 0,0 358 42,8 0,0 October 48,8 0,8 39,3 766 0,0 372 394 0,0
November 28,4 1,06 29,9 99,6 80 299 550 6,7 November 22,0 0,9 183 949 64 183 61,1 9,0
December 24,1 0,31 84 40 00 84 -45 0,0 December 19,9 1,0 19,6 52,5 51 19,6 -68 34,6
L. . X 2019 January 24,4 1,0 24,1 682 29 24,1 68 34,5
ET,,: reference evapotranspiration corrected for acclivity coeflicient;
K, w,: unique ‘crop’ coefficient of the territory; February 456 07 291 221 13 291 -192 10,9
ET.: crop evapotranspiration of the territory; March 90,4 05 465 340 05 465 -129 00
P, precipitation values corrected for acclivity coeflicient; April 89,2 0,7 658 766 14 658 94 00
RO: runoff; May 98,0 1,0 96,4 189,1 39,6 96,4 18,5 34,6
aET.: actual crop evapotranspiration; June 1834 1,0 1765 24 00 1150-112,6 0,0
AAW: variation of the available water with respect to the previous Juy 1766 08 1346 81,8 0,1 461 356 0,0
]d)any 3:;) percolation, August 1553 07 1069 299 00 63,6 -337 00
September 103,2 0,7 744 799 0,0 514 285 0,0
October 58,4 0,5 29,5 392 00 294 98 00
November 30,1 1,0 29,9 123,7 88 299 724 126
December 452 0,7 28,7 560 59 287 06 208

ET,,: reference evapotranspiration corrected for acclivity coeflicient;
K. ws: unique ‘crop’ coeflicient of the territory;
ET,.: crop evapotranspiration of the territory;

P,. precipitation values corrected for acclivity coeflicient;

RO: runoff;

aET.: actual crop evapotranspiration;
AAW: variation of the available water with respect to the previous

day; and
DP: deep percolation.
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SUPPLEMENTARY MATERIAL 7

ERRRRERERERERRERTCIOENNNNED

I maximum runoff m

Figure S5. Map of the infiltration/runoff propensity obtained as overlapping layers of land use, hydrologic soil groups, slope and aspect. The
processing was carried out up to the section in which the discharges of the Santa Maria degli Angeli stream were measured.
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Abstract. Global honey production is increasing.In Italy, the two predominant mon-
ovarietal honey types are acacia and chestnut . Climate change, with an increase in
extreme weather events (including droughts, heat waves and late frosts), impacts both
the phenology of melliferous species andhoneybee activity. The aim of this study was
to correlate the honey yields of acacia and chestnut in five Italian climatic sub-regions
with the thermal extremes during the flowering phases of the two melliferous species.
The objective was to understand the impact that these parameters have on yields.The
results highlighted differing impacts of thermal extremes on honey yields for acacia
and chestnut, respectively . In the acacia, temperature below 4.3C° in the flowering
period had a negative impact particularly in the North-West (P<0.01). Instead tem-
peratures above 17.5C° impacted positively in North Italy. In contrast, for chestnut,
temperatures above 23.5C° negatively affected honey yields in the North-West. Under-
standing the interaction between climate, melliferous species and bees is useful for
beekeepers towards developing adaptation strategies to climate change with the aim of
protecting the yields, income, animal welfare and ecosystem services.

Keywords: bees, climate change, agrometeorology, plant phenology, ERA5 land.

1. INTRODUCTION

Honey production is rising on a global level with an 85 % increase in
the number of managed honeybee colonies reported for the 1961-2017 peri-
od (Phiri et al. 2022). In Italy honey production was 0.026Mt in 2021 and
according to ISMEA (2020), the increase in the last 10 years was attribut-
able to the growth in the number of professional and amateur beekeepers.
In 2022 the recorded number of beekeepers was 72020 (Report Osservatorio
nazionale del miele 2022) with 60 monovarietal honey types. However, annu-
al production is strongly influenced by the weather conditions (Rahimi_2021,
Delgado et al. 2012, Olvera et al. 2023). Acacia (Robinia pseudoacacia L.) and
chestnut (Castanea sativa L.) honeys in Italy represent the two main mono-
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varietal types spread over almost the national territory
(Parri et al. 2014). From both observational and experi-
mental studies, it is well established that climate change
has been associated with an alteration of phenological
cycles, resulting in an earlier onset of vegetation activity
in spring with effects on the related leaf-out and flow-
ering dates (Piao et al. 2019). Strong relationships were
found between phenological events and early spring
weather (Sparks and Carey 1995, Linderholm 2006,
Richardson et al. 2013) with vegetal species respond to a
rise in temperature by coming into leaf or/and flowering
earlier. It is projected that in the future, leaf and flower-
ing dates will to be 3-4 weeks earlier than present (IPCC
2023, Simpson et al. 2023). In Italy there are insufficient
studies investigating the impact of meteo-climate con-
ditions on honeybee production. Nonetheless, there
have been research reports correlating the activity of
bees, phenological period and resultant honey produc-
tion with climatic factors (Wyver et al. 2023a, Wyver et
al. 2023Db, Blasi et al. 2023). It has been found (Medina
2018) from simulated bee stress conditions in the labora-
tory thatf high temperatures (<= 40°C) influenced on the
phenotype and behavior of honey bees under heat stress,
with potential consequences for colony fitness (Medina
2018). In two sites in Portugal, Fernandes et al. (2015)
in Portugal showed that high rainfall and low tempera-
tures advanced vegetative growth and early flowering
in the northern study site, whereas high temperatures
with no rainfall advanced growth and ripening phase of
fruits in the southern site. Previous work demonstrated
that the increase in average temperatures in winter and
early spring accelerated the phenological development of
plants by interacting with the activity of pollinators in
the various ecosystems (Hung e al 2018, Villagomez et
al. 2021, Hunichen et al. 2021, Mashilingi et al. 2022,).
A decrease in honey production under extreme drought
conditions was also observed in a case study in Cor-
doba, Spain (Flores et al. 2019). Zhao et al. (2021) high-
lighted two temperature values, 5°C and 10°C of daily
minimum values, which determined the optimal start of
bee activity inside and outside the hive, respectively In
China an increase in temperatures and a reduction in
rainfall, respectively, was shown to alter the phenology
of plants in general but more specifically honey plants
(Guo et al. 2013). The growing season expanded by 4.3
days per decade in Beijing region with the first flower-
ing was advanced by high temperatures between January
and June, but delayed by warm conditions during the
chill accumulation phase.

Moreover, it was reported that from 1956 to 2010,
the budding of many honey plants, was progressively
brought forward, up to 13.5 days, with impacts on the
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subsequent phenological stages of many honey spe-
cies (Juknys et al. 2011). This was corroborated by Vis-
ser and Both (2005), demonstrating an advance from
3 to 11 days in the manifestation of many phenologi-
cal phases of cultivated species during the end of win-
ter and the beginning of spring. Also Dalla Marta_et
al. (2010) showed that the phenology of Montepulciano
vine progressively advances for one day every 2 years in
the budding and flowering phases. Back in 2005 (Peat
amd Goulson 2005)attention was already drawn to the
effects of climate change. Those authors pointed out
that climate change modifies the quality and quantity
of available nectar and/or pollen, limiting its collection
by pollinating insects. Southern European countries,
including Italy, are among the most critically affected by
climate change in Europe and the situation is expected
to worsen in the coming decades with an impact both
temperatures and precipitation distribution (IPCC 2021).
A variation in the distribution of precipitation regimes
and temperatures in different Italian areas were evi-
denced (Brunetti et al. 2006) These variations were also
highlighted by studies on a regional scale (Bartolini et
al. 2014) with a decrease in precipitation during winter
and spring, especially in northwestern areas. Regard-
ing temperatures, an increase was observed during all
months of the year, also associated with an increase in
heat waves. More recently, Bartolini et al. (2021) demon-
strated both spatial and temporal changes in dry spells
in Central Italy during the 1955-2017 period. Given the
climate changes and impacts on the phenology of hon-
eybee species, the aim of the present study is to correlate
the honey yields of acacia and chestnut with the thermal
extremes during the flowering phases of the two spe-
cies, within five Italian climatic sub-regions, in order to
understand the impact of these environmental param-
eters on yields.

2. MATERIALS AND METHODS
2.1. Climatological dataset (Era5 Land)

Climatological data was obtained by the ERA5 rea-
nalysis dataset from 1950 at a 0.1° resolution.The data
wasstored in a tridimensional hypercube data store where
the first two dimensions represented spatial dimensions
(Longitude and Latitude) and the third, a time dimen-
sion. Taking into account the high heterogeneity in cli-
mate (Martinelli and Matzarakis 2017), Italy divided into
5 climatic sub-regions (North West, NW; North East,
NE; Northern Central Tyrrhenian, NCT; Central Adriat-
ic, CA; South, S) (Figure 1), each describing the different
climatic zones in the April-July period. Recently a simi-
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Figure 1. Italian climatic sub-regions used in the study. North West,
NW; North East, NE; Northern Central Tyrrhenian, NCT; Central
Adriatic, CA; South, S.

lar approach was used in studies investigating the impact
of atmospheric circulations on the crop yields in specific
Italian sub-areas (Central and North-East Italy) (Salinger
et al. 2020, Salinger et al. 2022).

2.2. Honey production

The production of acacia and chestnut honey was
obtained from the National Honey Observatory annu-
al reports (https://www.informamiele.it/). The database
reports the average production in kg/hive on a regional
scale for the period 2015-2022. For each climatic sub-
area, an average was calculated (Figure 2).

2.3. Phenological data

Phenological data for chestnut and acacia were
acquired from the Italian PHEnology Network (IPHEN)

database, a national system of monitoring based on com-
prehensive phenological observations for some plant spe-
cies. IPHEN is a cooperative project that started in 2006
with theaim of producing nationwide maps analysis
maps and forecasts for the phenological stages of plants
of interest to agriculture, health, and environmental
care. More details about the IPHEN dataset have been
described by Mariani et al. (2012).

For acacia and chestnut, weekly IPHEN phenologi-
cal maps shows the BBCH phenological stadium (Meier
2001, Meier 2018) for each vegetative season. The Day Of
the Year (DOY) when 50% of flowering occurs in most
of the domain was estimated for each of the Italian cli-
matic sub-regions. DOY was considered as the Annual
Zonal Peak Flowering (AZPF) in the present study.
Starting from the AZPF, a temporal flowering window
(FW) of 16 days (Figure 3) was derived, The FW ranges
from 7 days before the AZPF to 7 days after.

2.4. Data processing and statistical analysis

For each macro-climatic area, average daily tem-
perature data was obtained from each pixel (0.1° x 0.1°,
Lat/Lon). During FW, the number of days (occurrence)
for different thermal extremes were calculated. These
extremes were identified with the following percentile
classes: 2,10,15, 25, 75, 80, 85, 90 and 98 respectively. The
occurrence was calculated during the period 1950-2022.
The data obtained was than related to the honey produc-
tion for the two melliferous species using a linear cor-
relation.

Statistical analyses were carried out in the Conda
4.2 open source, using the Python 3.8 programming
language, related temporal and statistical analysis (XAr-
ray, SciPy, Statistics, Numpy, Pandas) and visualization
(Matplotlib) modules.

3. RESULTS AND DISCUSSION
3.1. Effects of low temperature on honey production

The effect of low temperature anomalies had a sig-
nificant negative impact only on acacia honey yields in
Northern Italy (Table 1).

The NW TItalian area showed the highest significance
(p<0.01) with a negative impact of low temperatures for all
percentile classes except for the most extreme one (2th).

This result can be explained by the fact that during
the acacia flowering period (May) the low air tempera-
tures impacted negatively on bee activity. The present
work corroborated a recent study carried out on Rho-
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Figure 2. Production in kg/hive for each climatic sub-area in the period 2015-2022.

des Island, from 2015 to 2019, showing a link between
wildflower honey production and the main microcli-
matic parameters (air temperature and humidity). The
results showed that the optimal temperature values for
the daily production of honey in spring were around
17°C, while below 14°C the balance between the honey
produced and consumed became negative (Gounari et
al. 2022). This was also confirmed in an earlier study
demonstrating that bee foraging activity was reduced
to the point of cessation at 6.5°C (Oshi and Joshi 2010).
Instead, foraging activity was shown to increase at
higher temperatures reaching a maximum peak around
20°C (Tan et al. 2012).

Furthermore, as is well-documented, air tempera-
ture is a determining factor of the plant species phenol-
ogy (Alilla et al. 2022). Robinia pseudacacia was shown
to be particularly damaged by late frosts which nega-
tively impact young leaves, shoots and flowers thereby
reducing the availability of food for the bee (Vitkova et
al. 2017). Of note, it is important to take into considera-
tion that the low percentiles in northern Italy had lower

values than the temperatures obtained in central and
southern Italy.

As far as the chestnut honey yields are concerned,
the analysis did not show statistical significance as
regards the low temperatures. The chesnut flowering
period (June) occurrs one month later than Acacia, and
for this reason low temperatures are not conditioning
chesnut flowering.

3.2. Effects of high temperature on honey production

The effect of positive temperature anomalies on aca-
cia honey yields was positive in most macro-areas (Table
2) with statistical significance in NW, NE, NCT, CA.

In North Italy and in NCT, the greatest significance
occurred in the less extreme percentiles. The highest sig-
nificances (P<0.001) were observed in North Italy in the
75th percentile class.

The positive effect of high temperature is in agree-
ment with that shown by Tan et al. (2012) who identi-
fied that the maximum bee foraging activity occurred
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Figure 3. Acacia and chestnut flowering windows for each Italian climatic sub-region.
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in the spring with temperatures close to 20°C. This tem-  the inflorescences, reducing the time period needed by the
perature also has a positive effect on the nectar charac-  bees to obtain nectar (Giovannetti et al. 2013).

teristics which becomes more available to the insects and In Southern Italy, high temperatures did not have a
contained a higher sugar content (Bertsch 1983, Kim et  significant effect on honey yields.
al. 2020). Furthermore, Alilla et al. (2022) found a greater In contrast, for Chestnut honey yields, the positive

nectar quantity in the advanced stages of flowering in Rob-  temperature anomalies were generally shown to have
inia pseudacacia a greater nectar quantity with maximum  a negative impact, significant in the NW climatic sub-
availability starting from the second week. The higher  region, with a reduction especially for the 85th and 90th

temperatures were also shown to allow a faster opening of  percentile (Table 3).
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Table 1. Correlation coefficient (r) and significance (sig) of the correlations between low temperatures and Acacia honey production. NS
Not significant; * P<0.05; ** P < 0.01; *** = P<0.001%; NW = North West; NE = Nord East; NCT = Northern Central Tyrrhenian; CA =
Central Adriatic; S =South. tt= average temperature of the percentile for each Italian climatic sub-regions.

Climatic sub-regions

Acacia NW NE NCT CA S

r sig tt r sig tt r sig tt r sig tt r sig tt

2 -049 NS 1.0 0.00 NS 1.3 0.00 NS 4.4 0.00 NS 22 0.00 NS 5.2

% 10 -0.70 > 27 -0.51 NS 32 -0.49 NS 6.0 -038 NS 4.0 -0.38 NS 6.4

§ 15 -0.82 h 33 -0.61 NS 3.8 049 NS 6.4 -0.35 NS 4.5 -0.55 NS 6.9
-

8 20 -0.79 h 39 -063 NS 44  -0.51 NS 6.9 -0.47 NS 5.0 -0.51 NS 7.3

25 -0.88  o* 4.3 -0.67 * 4.8 -0.60 NS 72 -0.58 NS 5.5 -0.56 NS 7.7

Table 2. Correlation coeflicient (r) and significance (sig) of the correlations between high temperatures and Acacia honey yields. NT Not
significant; * P<0.05; ** P < 0.01; *** = P<0.001%; NW = North West; NE = Nord East; NCT = Northern Central Tyrrhrenian; CA = Cen-
tral Adriatic; S =South. tt= average temperature of the percentile for each Italian climatic sub-region.

Climatic sub-regions

Acacia NW NE NCT CA S
r sig tt r sig tt r sig tt r sig tt r sig tt
75 0.89 o 175 0.93 o 18.0  0.76 * 20.2  0.66 * 194 023 NS 20.4
% 80 0.84 > 18.0  0.92 o 185  0.83 b 206 0.74 * 200  0.16 NS 20.9
§ 85 0.71 * 185  0.89 o 19.0  0.83 h 21.0  0.69 * 205 015 NS 215
-
& 9 0.78 * 192 0.86 > 19.7  0.84 h 21.6  0.73 * 212 0.01 NS 223
98 0.76 * 212 0.63 NS 21,5 0.86 > 238  0.63 NS 234 0.08 NS 24.7

Table 3. Correlation coefficient (r) and significance (sig) of the correlations between high temperatures and Chestnut honey yields. NE =
Not significant ; * P<0.05; ** P < 0.01; *** = P<0.001%; NW = North West; NE = Nord East; NCT = Northern Central Tyrrhrenian; CA =
Central Adriatic; S =South. tt= average temperature of the percentile for each Italian climatic sub-region.

Climatic sub-regions

Chestnut NwW NE NCT CA S
r sig tt r sig tt r sig tt r sig tt r sig tt
75 -0.73 * 23.5 0.19 NS 242 -0.26 NS 27.1 -0.19 NS 26.2 -0.25 NS 28.3
% 80 -0.72 * 24.1 0.23 NS 248 -0.26 NS 275 -0.15 NS 269  -0.19 NS 289
§ 85 -0.84 b 24.8 0.07 NS 254 -0.30 NS 28.1 -0.14 NS 27.5 -0.12 NS 29.6
-
g 9 -0.79 b 256  -0.05 NS 262 -0.23 NS 28.8 -0.13 NS 28.4  -0.01 NS 30.3
98 -0.508 NS 279  0.333 NS 282  -0.679 * 30.8  -0.01 NS 30.6 0.11 NS 32.7

This result can probably be explained by the
change in nectar characteristics with air temperature.
In a recent study on Castanea sativa, it has highlighted
that a higher sugar content was present in the nectar
with average daily air temperatures between about 22
and 25°C but that the sugar content tended to rapidly
decrease with higher air temperatures (Kim et al. 2020).

In addition, studies have highlighted a positive role
of high air humidity levels in the nectar characteristics.
In particular, an increase in the sugar content produced
by numerous herbaceous flowers, shrubby and tree spe-
cies with high air humidity was reported Corbet et al.
(1979). Therefore, if we consider that over the last few
decades, the northern Italian areas have experienced



Effects of air temperatures on acacia and chestnut honey yields: case study in Italy 55

negative rainfall anomalies (Caloiero et al. 2021) and an
increase in drought episodes (Baronetti et al. 2020), the
decrease in honey production could also be explained by
low air humidity.

However, this result cannot be generalized to all
melliferous species. In fact, a study on the evaluation of
the sugar content in the nectar of Epilobium angustifo-
lium (Bertsch 1983) did not show significant differences
at different air humidity rates (50%, 78%, 94%).

The main strength of the present study was to draw
cognitive awareness to the complex interaction of plant,
insect, man and climate. To date, correlation studies
between honey production and meteorological param-
eters are still scarce, especially in the Mediterranean
Basin.However, these correlation studies can provide a
very useful tool for beekeepers to understand produc-
tion dynamics. Furthermore, the use of ERA5 Land spa-
tialized data can also be very useful in instances where
ground meteorological stations are not sufficiently near
apiaries.

This preliminary study must is to be considered as
a starting point for understanding the dynamics corre-
lating climate with bee activity and phenology of mel-
liferous species. However, some limitations were shown
to exist. The first limitation was the represented by the
limited sample size. The number of years of production
is in fact rather limited and does not allow for a suffi-
cient comparison with the thermal extremes. Further-
more, the climatic data was calculated as an average of
the macro-area, also including information from pixels
of areas not suitable for the two honey species. Probably,
a comparison with the Corine Land Cover could help in
better defining the thermal characteristics of the areas.

Future studies are aimed at increasing the sample
size, extending the study to other honey types, thereby
including other melliferous species. This would also
make it possible to increase the honey production win-
dow to the entire summer. In addition, overwintering
conditions, effects of pests on hive health conditions
should be taken into account in future studies.

Furthermore, the correlation analysis could also be
extended to other meteorological parameters (e.g. wind,
air humidity), which which also may play an impor-
tant role in both bee activity and nectar availability.
For this reason, a cross-disciplinary research in envi-
ronmental sciences that make available long historical
series of climatic-environmental data (for example Itin-
eris Project,Italian Integrated Environmental Research
Infrastructures System), colud be very useful in order to
improve this type of research by including case studies
on honey yields in specific sites.

4. CONCLUSION

Our study showed that air temperature was able to
describe the trend of acacia and chestnut honey yields
in Italy under many situations. Above all, high tempera-
tures (higher percentiles) were shown to exert a positive
impact on the spring acacia honey yields, especially in
the more northern latitudes (North and central Italy)
where cold spells are generally more likely during the
spring. In contrast, the chestnut honey yields seemed
to be negatively influenced by the higher air tempera-
ture which impacted on both honeybee activity and on
the phenology of the melliferous species. These results,
especially in the contest of climate change, could be
very useful in understanding the mechanisms of inter-
action between climate, melliferous species and bees. In
particular, the integration of the results obtained using
models for estimating honey production as a function
of the expected climatic conditions could allow for an
early estimation of honey production in the various Ital-
ian climatic macro-areas. Moreover, the use of seasonal
forecasts assist beekeepers in choosing the locations in
which to carry out nomadism. The study was performed
with a view to provide to beekeepers a tool that allows to
adopt adaptation strategies to counteract climate change
effects and consequently to protect production, income,
animal welfare and ecosystem services.
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Abstract. Pan evaporation (E,,,) of class A pan evaporimeter under local semi-arid
conditions was modelled in this study based on meteorological observations as input
data using an integrated regression approach that includes three steps: a) first step:
appropriate selection of transformations for reducing normality departures of inde-
pendent variables and ridge regression for selecting variables with low collinearity
based on variance inflation factors, b) second step (RCV-REG): regression (REG) of
the final model with selected transformed variables of low collinearity implemented
using an iterative procedure called “Random Cross-Validation” (RCV) that splits multi-
ple times the data in calibration and validation subsets considering a random selection
procedure, c) robustness control of the estimated regression coeflicients from RCV-
REG by analyzing the sign (+ or -) variation of their iterative solutions using the 95%
interval of their Highest Posterior Density Distribution (HPD). The iterative procedure
of RCV can also be implemented on machine learning methods (MLs) and for this
reason, the ML method of Random Forests (RF) was also applied with RCV (RCV-
RF) as an additional case in order to be compared with RCV-REG. Random splitting
of data into calibration and validation set (70% and 30%, respectively) was performed
1,000 times in RCV-REG and led to a respective number of solutions of the regres-
sion coefficients. The same number of iterations and random splitting for validation
was also used in the RCV-RE. The results showed that RCV-REG outperformed RCV-
RF at all model performance criteria providing robust regression coefficients associ-
ated to independent variables (constant signs of their 95% HPD interval) and better
distribution of validation solutions in the iterative 1:1 plots from RCV-RF (RCV-RG:
R?=0.843, RMSE=0.853, MAE=0.642, MAPE=0.081, NSE=0.836, Slope(1:1 plot)=0.998,
Intercept(1:1 plot)=0.011, and RCV-RF: R?=0.835, RMSE=0.904, MAE=0.689, MAPE=
0.088, NSE=0.818, Slope(1:1 plot)=1.120, Intercept(1:1 plot)=-1.011, based on the
mean values of 1,000 iterations). The use of RCV approach in various modelling
approaches solves the problem of subjective splitting of data into calibration and vali-
dation sets, provides a better evaluation of the final modelling approaches and enhanc-
es the competitiveness of typical regression models against machine learning models.
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Posterior Density Distribution of solutions.

1. INTRODUCTION

Evaporation is among the leading components of the
hydrologic cycle since it transforms liquid water into gas
form, which is diffused into the atmosphere enriching
the clouds that regulate precipitation. For this reason, it
is always a hot research topic especially during the last
years when the analysis of climate change has become a
crucial component in developing water resources man-
agement plans (Konapala et al., 2020; Althoft et al., 2020).
The evaporative water flow rate from large water bodies is
significant and the simulation of this loss is prerequisite
to understand the contribution of evaporation to hydro-
logic cycle under varying climatic conditions.

The most common experimental procedure for
measuring water evaporation is the pan evaporation
(Epan) method. This method is based on measurements
of water level fluctuations in evaporimeter tanks (pans),
which have specific properties. The most common evap-
orimeter types are the class A and the Colorado sunken
pans (Doorenbos and Pruitt, 1977; Allen et al., 1998).
Although, pan evaporation observations are not equiv-
alent to evaporation rates of large water bodies (e.g.
lakes), their values are highly correlated and can be use-
ful in understanding the mechanisms that take place
between the water surface and the atmosphere, helping
to find transition methods between the magnitudes of
the two different evaporation types (i.e. pan, lake evapo-
ration) (Finch and Hall, 2001).

Evaporation measurements are extremely useful for
researchers and water resources planners, but the instal-
lation and the preservation of evaporation pans exhib-
its a lot of difficulties since their employment cannot be
fully automated (e.g. water filling, cleaning of pan etc).
For this reason, pan evaporimeter is not a basic instru-
ment of a meteorological station and this led to many
efforts for modelling pan evaporation by using mete-
orological parameters (Finch and Hall, 2001). The first
models that were developed are transformations of
energy balance equations in combination with terms of
water vapor removal (Penman, 1948, 1956; Brutsaert and
Lei Yu, 1968). Later, more comprehensive models were
developed, which considered more processes involved
in the procedure of evaporation, through the evaluation
of existing energy balance models (Xu and Singh, 1998;
Molina et al., 2006; Valiantzas, 2006). Other models
were simply based on regression analysis using measure-

ments from typical meteorological stations and evapora-
tion pans under various climates that differ in the num-
ber of required input variables and their form (Irmak
and Haman, 2003; Konvoor and Nandagiri, 2007; Alme-
deij, 2012).

The last years, artificial intelligence has become very
popular in many research fields, as well as in hydrology
and agrometeorology, and the derived machine learning
(ML) algorithms have significantly improved the perfor-
mance of modelling efforts. Machine learning models do
not consist of mathematical equations, which describe
physical processes, but they are data driven models, so
called black-box models, and their parameterization
and performance depends on the attributes of the avail-
able data. Since the beginning of 2000, the first Machine
Learning implementation approaches have been imple-
mented to calculate daily E,,,, mainly using artificial
neural network (ANN) methods and, in general, per-
formed better compared to regression models (Bruton et
al., 2000; Keskin and Terzi, 2006; Piri et al., 2009; Rahi-
mikhoob, 2009; Shirsath and Singh, 2010; Tabari et al.,
2010; Kim et al.,, 2012; Alsumaiei, 2020). Except for the
ANN models, at that time, researchers had developed
models using fuzzy logic to estimate E,, (Keskin et al.,
2004; Kisi et al., 2005) and other artificial intelligence
methods (genetic programming, regression trees), along
with ANN, with adequate performance and in some
cases with limited available data (Chang et al., 2013;
Shiri et al., 2014; Kim et al., 2015). Later, many research-
ers attempted to calculate E,,, by developing models
combining machine learning and numerical analysis
(hybrid models). The developed hybrid models, in gen-
eral, further improved the accuracy of the estimations
of E,,, compared to the machine learning models (Pam-
mar and Deka, 2015; Deo and Samui, 2017; Wang et al.,
2017; Ashrafzadeh et al., 2018; Ghorbani et al., 2018; Seifi
and Soroush, 2020; Wang et al., 2020). ML models gen-
erally show better performance than regression models,
but they are highly dependent on the way the data set is
split into training and test set and consequently they are
prone to fitting the possible noise of the data set (overfit-
ting) (Dietterich, 1995).

A recently published work by Babakos et al. (2020)
provided a new approach for assessing the robustness
of regression model coefficients but also for comparing
the predictive power of regression and machine learn-
ing models. The specific approach was a combination of
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bootstrap and cross-validation techniques that allowed
to assess the predictive power during the validation
procedure considering the probabilistic range (based
on highest posterior density distribution) of regression
coefficients, statistical metrics (R2, RMSE) and the slope
and intercept of linear trend line from 1:1 plots between
observed vs. predicted values. The analysis was based
on pan evaporation measurements for assessing refer-
ence crop evapotranspiration. The results of the analysis
showed that a Random Forest model (machine learn-
ing model) showed slightly better statistical metrics (R?,
RMSE) from a regression model, but it was not balanced
showing worse slope and intercept values of the trend
line than the regression model.

The aim of this study is to develop a regression
model for simulating pan evaporation at local condi-
tions by using only meteorological parameters based on
the approach of Babakos et al. (2020) and to compare its
strength versus a machine learning approach (Random
Forests). The steps presented in this paper could be used
as example to investigate and compare the proposed
regression method against machine learning methods
that use only meteorological data for the simulation of
pan evaporation.

2. DATA AND METHODS

2.1. Data

Daily meteorological data of precipitation (P), tem-
perature (T), solar radiation (R,), relative humidity (RH)

and wind speed at 2 m above ground (u,) covering the
warm-dry periods (May to September) of 2008 and 2009
were obtained from the meteorological station located in
the Aristotle University Farm (~1 m a.s.l., 40°32°08” N,
22°59’18” E) in Thessaloniki (Greece). The daily values of
the meteorological parameters were calculated as mean
values of hourly observations of a 24-h period. Moreo-
ver, a class A pan evaporimeter made by Monel metal
with fetch distance F = 1 m (green upwind fetch - Case
A) was used for obtaining daily E,,, measurements dur-
ing the same periods of 2008 and 2009. The climate and
evaporation data are representative of the warm-dry
season conditions of the Thessaloniki Plain in Greece,
where the climate is considered as semi-arid Mediter-
ranean environment (Hastie et al., 2009). The 5-month
period of May-September is the period for cultivating
summer crops, and it is responsible for more than 70%
of the annual reference evapotranspiration in the study
area (Aschonitis et al., 2018). The meteorological data
were used in this study for building models that estimate
daily E,,,. The records of rainfall days (P > 0) during
May-September were excluded from the analysis, lead-
ing to a final number of 212 daily records of meteoro-
logical and E,,, data. The statistical properties and dis-
tribution characteristics of the data are given in Table 1
and in Figs. 1,2.

2.2. Methods of analysis

The methodological steps that are going to be fol-
lowed are provided in the following subsections and in
the flowchart presented in Fig. 3.

Table 1. Statistical properties and distribution characteristics of daily measured Class A pan evaporation (E,,,), temperature (T), incident
solar radiation (Ry), relative humidity (RH), and wind speed at 2 m above ground surface (u,) after excluding rainfall days.

Parameter T (°C) R,(MJ m2d") RH (%) u, (m s?) E,p (mm d)
Minimum 16.70 7.41 31.55 0.85 2.53
Lower quartile 23.79 21.46 47.94 1.20 6.80
Average 25.56 23.87 54.91 1.43 8.14
Median 26.07 2491 54.99 1.36 8.45
Upper quartile 27.75 27.26 62.10 1.50 9.33
Maximum 31.01 30.04 81.14 3.34 14.85
Range 14.32 22.63 49.58 2.49 12.32
Standard deviation 2.95 4.30 9.65 0.43 2.15
Coefl. of variation 11.56% 18.03% 17.56% 30.32% 26.42%
Stnd. skewness -3.95 -6.56 0.05 15.26 -0.12
Stnd. kurtosis 0.26 3.66 -1.07 23.09 1.24
Kolmogorov-Smirnov Norm. Test (p-value)* 0.099 <0.05 0.93 <0.05 0.14
Shapiro-Wilk Norm. Test (p-value)* <0.05 <0.05 0.82 <0.05 <0.05

* p-values <0.05 indicate that data do not follow a normal distribution at 95% confidence level (for both normality tests).
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Figure 1. Frequency histograms for daily class A pan evaporation (E,,,) data and for daily meteorological parameters of temperature (T),

incident solar radiation (R,), relative humidity (RH) and wind speed at 2 m above ground (u,).
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Figure 2. Box-Whisker plots for daily class A pan evaporation (E,,,) data and for daily meteorological parameters of temperature (T), inci-
dent solar radiation (R,), relative humidity (RH) and wind speed at 2 m above ground (u,).

2.2.1. Transformation of variables and Ridge regression

A common problem when building models based
on meteorological parameters is the high multicollin-

earity that may appear among some parameters (e.g.
temperature and solar radiation). High multicollinear-
ity among independent variables leads to imprecise esti-
mates of the regression model coefficients using ordinary



Using a random cross-validation technique to compare typical regression vs. Random Forests for modelling pan evaporation 63

Comparison of RCV-REG and RCV-RF
performance criteria

Figure 3. Flowchart of the methodological steps.

least squares, whereas the final model tends to overfit
the data. A solution to this problem is the use of Ridge
regression analysis, which is based on the idea that the
variance of the slope estimates can be greatly reduced by
introducing some bias into them. Ridge regression anal-
ysis also includes the estimation of the variance infla-
tion factor (VIF) of each independent variable, which is
a valuable indicator of multicollinearity among them.
A large VIF has not been universally defined, but it is
commonly considered large when exceeds the threshold
value 10; however, some use 4 as threshold value (Kutner
et al., 2004; O’brien, 2007; Vatcheva et al., 2016; Helsel et
al., 2020).

Considering the above, ridge regression to fit the E,,,
data using the T, R, RH and u, parameters was consid-
ered a crucial step to detect if multicollinearity exists
among the independent variables. Before ridge regres-
sion, the normality tests of Shapiro-Wilk and Kolmog-
orov-Smirnov (STATGRAPHICS Centurion XV soft-
ware, StatPointTechnologies Inc.) were used to identiy
normality divergences of E,,,, T, R;, RH and u, data for
p<0.05 (Table 1). R, and u, data failed to pass both nor-
mality tests, T and E,,, succeeded to pass only the test o
Kolmogorov-Smirnov while RH succeeded to pass both
tests. To reduce normality divergences, different trans-
formations were employed according to the rules of Hel-
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sel (2020) that are based in data skewness. T and R, data
were negatively skewed (Fig.1b,c) and for this reason the
square transformation (x*) was used. On the other hand,
u, data were positively skewed (Fig.le) and for this rea-
son the logarithmic transformation In(x+1) was used. E,,
was not transformed because different tested transforma-
tions did not improve the results of the normality tests.
Thus, the final form of the ridge regression model with
transformed variables was the following:

Epan=a+b-Tz+c-Rsz+d-RH+e-ln(u2+1) (1)
where E,,, is the measured evaporation from the evap-

orimeter (mm d™), T is the mean daily air temperature
(°C), R, is the incident solar radiation (MJ] m=2 d!), u,
is the mean daily wind speed at 2 meters height (m s™),
RH is the mean daily relative humidity (%), u, is the
mean daily wind speed at the height of 2 m (m s). The
ridge regression is used as a preliminary control proce-
dure to assess multicollinearity before proceeding to the
modelling approach of RCV-REG, which is described in
the next section. In case of high multicollinearity, the
indipedent variables of Eq. 1 are reduced in order to
reach an acceptable VIF value of the remaining param-
eters before their use in RCV-REG.

2.2.2. Regression with Random Cross-Validation (RCV-
REG)

The E,,, model (Eq. 1) contains non-linear transfor-
mations of the independent variables and its predictive
power was investigated using a random cross-validation
regression (RCV-REG) analysis based on the concept of
Babakos et al. (2020). The RCV-REG analysis performs
a random splitting of the initial dataset into a calibra-
tion set (70% of the records) and a validation set (30%
of the records). This random splitting is performed
1000 times (number adusted by the user), leading to a
respective number of calibration and validation pairs of
datasets. The calibration procedure leads to 1000 esti-
mations of the regression coefficients of Eq. 1. The esti-
mated coeflicients of each calibration set were used to
validate the model based on the respective validation set.
The RCV-REG was built in R software using the “nls.
Im” function of the {minpack.lm} package (Guan et al.,
2020), which includes the Levenberg-Marquardt non-
linear least-squares algorithm. The range of 1000 solu-
tions of each regression coefficient from calibration and
validation procedures was respectively defined by the
95% confidence interval of the highest posterior den-
sity (HPD) distribution. The 2.5% and 97.5% thresholds
(HPD thresholds) containing the central 95% interval
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of the HPD distribution were estimated in R software
using the “p.interval” function of the {LaplacesDemon}
package (Majhi et al., 2020). This function returns uni-
modal or multimodal HPD intervals depending on the
form of the probability distributions. The HPD intervals
are extremely valuable since they can provide informa-
tion about the robustness of regression coefficients, the
robustness of the independent variables associated to
them and consequently the robustness of the overall
model. The following robustness rule was suggested by
Babakos et al. (2020) based on the results of the com-
plete RCV-REG procedure: “a model is robust only when
the 95% HPD intervals of all its regression coefficients
associated to independent variables preserve a constant
sign (+ or -)”. When a 95% HPD interval of a regression
coeflicient contains positive and negative values, then
it indicates a non-robust coeflicient (non clear effect of
the indipedent variable) that can significantly affect the
robustness of the model.

2.2.3. Random Forests with Random Cross-Validation
(RCV-RF)

Random forests (RF) is among the most important
machine-learning methods (Breiman, 2001), which is an
improvement of the Classification and Regression Trees
(CART) method (also called decision trees). RF employs
a modification of the bootstrap aggregating technique
(bagging), where a large collection of decorrelated, noisy,
approximately unbiased trees are constructed and aver-
aged in order to minimize the model variance and insta-
bility problems (Hastie et al., 2009). RF is an ensemble
method where the aggregation of multiple trees increases
the prediction accuracy, with results described by both
low bias and low variance (Breiman, 2001; Diaz-Uriarte
and De Andres, 2006). Advantages of RF are the ability
of modeling high-dimensional nonlinear relationships
with few user-defined parameters, relative robustness
with resistance to overfitting and estimation of impor-
tance of the variables (Dietterich, 1995; Breiman, 2001;
Hastie et al., 2009; Diaz-Uriarte and De Andres, 2006;
Strobl et al., 2009).

The hyperparameters of the RF model signifi-
cantly affect model’s performance. The hyperparam-
eters that were considered in this study are the number
of the regression trees (num.trees), the proportion of
train set that was used for building the model (sample.
fraction), the number of candidate predictors that were
randomly sampled (mtry), and the minimum number
of points in the terminal nodes of the regression trees
(min.node.size). Different combinations of various val-
ues of hyperparameters was built, and by executing the
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“ranger” package (Wright et al., 2020), their optimal set
of values was determined (mtry = 2, num.trees = 1000,
sample.fraction = 0.7, and min.node.size = 5). The vali-
dation set was set to 30% of the initial dataset in order
to be comparable with the RCV-REG. RF also includes
an iterative process (Out-Of-Bag - OOB) during training
(calibration) by using different sets of the training data-
set (the rest 70%), which is used to reduce the variance
without changing the bias of the complete ensemble. RF
also estimates the predictor variables’ importance, which
is calculated as the mean-across all trees-decrease (%) of
accuracy, expressed by the % change in Mean Squared
Error - MSE (%) of the Out-of-Bag (OOB) sample when
the variable is not considered by permuting its values
randomly and maintaining the others as they were.

The internal random procedures in RF lead every
time to different solutions using constant optimal values
of hyperparameters (Hastie et al., 2009). For this reason,
1000 RF iterations (RCV-RF) were also made in order to
make comparisons with the RCV-REG model (Eq. 1). RF
is not restricted by the limitations of a predefined non-
linear form and can be used as a benchmark model for
evaluating the predictive accuracy of typical regression
models but, also, for assessing the relative importance of
the predictor meteorological variables to affect E,,,. The
main reason for selecting the Random Forests approach
is that it does not consider assumptions regarding nor-
mality, linearity, homoscedasticity, and collinearity. It
also does not demand a high sample-to-predictor ratio,
it is very suitable to interaction effects (including non-
linearity) and it is recognized as one of the state-of-
theart methods in terms of prediction accuracy (Flach
2012; Geurts et al., 2009; Golino and Gomes, 2016). The
RCV-RF analysis was performed using all the same pre-
dictor variables of RCV-REG without transforming the
variables since RF does not consider assumptions of nor-
mality.

2.2.4. Models’ performance criteria and evaluation of
required number of iterations used in RCV-REG and
RCV-RF

The models’ performance criteria of R?, the root
mean square error (RMSE), the mean absolute error
(MAE), the mean absolute percentage error (MAPE),
and the Nash-Sutcliffe efficiency were estimated: a) for
each calibration and validation dataset of the RCV-REG
analysis for Eq. 1, and b) for the OOB and validation
dataset of the RCV-RF analysis; leading to 1000 respec-
tive estimations of their values for each model. Moreo-
ver, the 1000 estimations of slope and intercept of the
trend line in the 1:1 plot of observed vs. predicted E,,

models only using the validation sets were also made
(for both RCV-REG or RCV-RF) as complementary cri-
teria. The 1000 estimations of the criteria were also ana-
lyzed through the computation of HPD intervals.

The evaluation of the selected number of iterations
(i.e. 1000) used in RCV-REG and RCV-RF was per-
formed using individual graphs of the mean regression
coeflicients (only for RCV-REG) and of the mean cri-
teria values (for both RCV-REG and RCV-RF) versus
the number of iterations. Based on these graphs, it was
assumed that the required number of iterations is suc-
ceeded when the mean value of a regression coefficient
or a criterion reaches a stablized plateau.

3. RESULTS

Ridge regression analysis was performed on the
transformed variables of Eq. 1 to detect any multicollin-
earity among them and the VIF results of the variables
are shown in Table 2. The VIF values of all the variables
were below the threshold value 4, suggesting low mul-
ticollinearity degree and low overfitting effects by their
combined use. For this reason, indipedent variables were
not removed from Eq. 1 and it was used as it is in the
RCV-REG approach.

The mean, standard error, minimum, maximum
and 2.5% and 97.5% HPD quantiles of the coefficients of
the RCV-REG approach for Eq. 1 are given in Table 3.
The statistical metrics and the robustness rule of Baba-
kos et al. (2020) based on the 1000 iterations (Table 3)
showed that the form of Eq. 1 is robust considering that
all the estimated coefficients associated to independent
variables have stable sign between 2.5% and 97.5% HPD
thresholds. Only the regression coefficient of intercept
(coefficient a in Eq. 1) does not follow the rule of robust-
ness, but it is not associated to an independent variable.
The regression model’s performance is described by the
statistical criteria given in Table 4 for both the calibra-
tion and validation subsets.

Table 2. VIF values of Ridge regression analysis on transformed
data.

Value of the coefficient VIF
Constant -0.51 -
T2 0.005 1.54
In(u,+1) 4.03 1.63
RH -0.027 1.87
RS 0.006 1.47
R? of the regression 0.852
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Table 3. Highest posterior density distributions of 1000 estimations
of coefficients of independent variables for the RCV-REG model

(Eq. 1).

a b C d e
Mean -0.458 0.005 4.019 -0.028 0.006
St.Error 0.022 0.000 0.012 0.000 7.14E-06
Min -2.542 0.003 2.611 -0.048 0.005
HPD thres. 2.5%  -1.995 0.004 3.131 -0.040 0.005
median -0.453 0.005 4.018 -0.028 0.006
HPD thres. 97.5% 0.788 0.006 4.707 -0.017 0.006
Max 1.970 0.006 5.272 -0.008 0.006

The mean, standard error, minimum, maximum
and 2.5% and 97.5% HPD thresholds of the importance
indicator of the variables from the RCV-RF method are
given in Table 5, where the importance of independent
variables showed the following ranking R;>RH>u,>T.

As regards the implementation of RCV-RF approach,
the statistical metrics for both the OOB set and the vali-
dation set are given in Table 6.

Considering the mean values of metrics for the
validation datasets (1,000 iterations) of RCV-REG and
RCV-RF (Table 4 and 6), it is observed that RCV-REG
outperformed RCV-RF in all criteria indicating that the
proposed regression approach can compete the accuracy
of machine learning methods for building evaporation
models.

Finally, for the evaluation of the selected number
of iterations (i.e. 1000) used in RCV-REG and RCV-RF,
the individual graphs of the mean regression coeffi-
cients (only for RCV-REG) and of the mean criteria val-

Table 4. Performance criteria for the RCV-REG model.
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Table 5. Importance indicators of indipedent variables based on the
RCV-RF approach.

Imp. Indicator T u, RH R,
Mean 75.992 84.319 88.730 204.366
St.Error 0.395 0.418 0.412 0.529
Min 36.362 49.824 50.894 152.022
HPD thres. 2.5% 51.118 60.887 63.887 170.893
median 76.208 84.023 87.980 204.772
HPD thres. 97.5%  98.923 111.048 113.947 234.927
Max 111.194 132.797 142.721 264.168

ues from the validation procedure (for both RCV-REG
and RCV-RF) versus the number of iterations are given
in Fig. 4 and 5. Based on these graphs, it is evident that
the all the regression coefficients and perfromance crite-
ria reached a stablized plateau even after 500 iterations.
Thus, the number of 1000 iterations is considered more
than enough for assuming a robust analysis using both
approaches.

4. DISCUSSION
4.1. Performance of the models

The most possible reason to justify why RCV-REG
showed better performance from RCV-RF in the exter-
nal validation (metrics denoted as pred. in Tables 4 and
6) is probably due to the normality improvement of the
data based on proper selection of transformations used
in RCV-REG. Transformed variables were not used in

Criterion Mean St.Error Min HPD thres. 2.5% Median HI;];.;I(;es. Max
- R? 0.854 0.000 0.801 0.827 0.854 0.880 0.893
.8 RMSE 0.817 0.001 0.715 0.746 0.822 0.887 0914
_E MAE 0.615 0.001 0.544 0.571 0.616 0.669 0.692
S: MAPE 0.078 0.000 0.068 0.072 0.078 0.084 0.088
NSE 0.854 0.000 0.801 0.827 0.854 0.880 0.893

R? 0.843 0.001 0.675 0.777 0.845 0.907 0.926

RMSE 0.853 0.003 0.570 0.703 0.846 1.020 1.073

.g MAE 0.642 0.002 0.456 0.526 0.640 0.751 0.850
§ MAPE 0.081 0.000 0.057 0.067 0.081 0.096 0.110
E NSE 0.836 0.001 0.660 0.770 0.838 0.903 0.919
Intercept* 0.011 0.015 -1.493 -0.853 0.005 1.059 1.288
Slope* 0.998 0.002 0.836 0.875 0.998 1.116 1.197

*Estimated only for the validation set.
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Table 6. Performance criteria for the RCV-RF model.

Criterion Mean St.Error Min HPD thres. 2.5% Median HP;;;Z%' Max

R2 0.823 0.001 0.761 0.791 0.824 0.852 0.881

- RMSE 0.902 0.001 0.788 0.842 0.903 0.968 1.002
8 MAE 0.685 0.001 0.599 0.636 0.684 0.737 0.758
MAPE 0.088 0.000 0.076 0.081 0.088 0.094 0.097

NSE 0.821 0.001 0.760 0.790 0.823 0.851 0.880

R2 0.835 0.001 0.673 0.775 0.838 0.896 0.910

RMSE 0.904 0.003 0.649 0.744 0.896 1.093 1.267

.S MAE 0.689 0.002 0.481 0.564 0.687 0.820 0.918
;‘;2 MAPE 0.088 0.000 0.061 0.071 0.088 0.107 0.117
§ NSE 0.818 0.001 0.663 0.759 0.821 0.881 0.892
Intercept* -1.011 0.020 -3.236 -2.299 -1.021 0.120 0.657
Slope* 1.120 0.002 0.898 0.963 1.121 1.260 1.378

*Estimated only for the validation set.

Random forest method because this approach over-
comes problems of normality, linearity, homoscedas-
ticity and collinearity (Flach 2012; Geurts et al., 2009;
Golino and Gomes, 2016) since it doesn’t use metric
distances between data points but applies splits along
a tree. Another possible reason is the difference in the
degrees of freedom of the two models (associated to the
number of coefficients that are free to vary) in combi-
nation with the number of records used in this study.
Models that have low degrees of freedom (e.g. linear
or non linear regression such as RCV-REG) are not
usually so flexible to fit the data. Thus, the lower the
degrees of freedom of a model the lower is the effect of
the noise/bias in the data included in the final model
(e.g. noise/bias in the data may come from other sourc-
es such as errors associated to the observer). Moreo-
ver, when the number of data records to calibrate the
model is low, the larger is the effect of the noise/bias
included in the final calibration. Based on the above,
machine learning models that are generally used to
solve problems using Big Data and they have much
more degrees of freedom, may not be the proper choice
for typical modelling applications, where the number
of data is small, because they “absorb” a large portion
of the data noise. This may lead to a lower performance
of a machine learning model compared to a regres-
sion model during external validation. In this study,
the number of records were 212 and they are not in the
category of Big Data but they are enough for the typical
regression analysis. This was an additional reason for
including the RCV approach of iterations in both mod-
elling approaches.

4.2. Limitations of RCV-REG approach

The RCV-REG iterative procedure in combination
with the preliminary analyses of the Ridge regression
and the tranformation of variables can be considered a
complete methodology that takes into account all the
nessecary elements for building a robust model. On
the other hand, the final form of the model is based on
the experience of the user, which may not be adequate
to achieve the maximum potential of the methodol-
ogy. Moreover, RCV-REG approach is limited to pro-
vide a graphical representation of the results. For exam-
ple, it is typical in modelling approaches to provide 1:1,
quantile:quantile (Q:Q) plots of observed vs. predicted
data, 2D plots of the respective joint probability distri-
bution etc. The problem of the RCV-REG is that there
are 1,000 iterations that neither can be plotted seperately
(due to the large number) nor to merge the results of all
iterations in one graphic type. The second case is feasible
for 1:1 plot but leads to clouds of points that come from
different 30% of the initial data.

4.3. Reasons for excluding records of cold season and rain-
fall days

The reason for not including pan evaporation meas-
urements of the cold season and of the rainy days was
because these measurements have a lot of bias. During
the six-month cold season in this location, E,,, is low
and generally falls in the range 0-2 mm/day not only due
to the lower temperature but also due to high relative
humidity with a lot of foggy days and condensed mois-
ture (dew) in the leaves of the surrounding vegetation
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Figure 4. Variation of mean values of regression coefficients of Eq. 1 and performance criteria from the validation procedure versus the
number of iterations for RCV-REG.
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Figure 5. Variation of mean values of performance criteria from the validation procedure versus the number of iterations for RCV-RE.

during the morning. During these months, even during
April or October, it was observed the occurrence of neg-
ative E,,, measurements due to condensed dew input in
the pan. The rainfall days during the warm season were
also excluded because the temperature of rainfall is quite
different from the water temperature in the pan (even
10°C) and their mixing changes the evaporative energy
demand. The records of rainfall days could only be used
in the case of deterministic modelling approaches based
on energy budget where the water temperature is used as
input parameter.

Another reason for not including the data from
the six-month cold season is that the seasonal varia-
tion of temperature and solar radiation between sum-
mer and winter leads the two variables to be collinear
and thus the one should be removed from the modelling

approach. Using only the data of the warm season, the
two variables present lower collinearity that allows their
combined use in the models.

The general concept and methodological steps pre-
sented in this study are valid for all areas that have dis-
tinct warm and cold seasons. If cold season does not
exist (e.g. tropical environments), data from all seasons
can be included. Rainfall days can also be included but it
is expected to lead to a reduction in the predictive accu-
racy of the final model. The larger the proportion of the
rainfall days in the final record, the larger is expected to
be the reduction of the predictive accuracy. For the inclu-
sion of rainfall days, it is proposed the inclusion of rain-
fall variable in Eq. 1 or the use of a categorical variable
for splitting the records in rainfall and no-rainfall days.
The second case is considered as categorical regression.
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5. CONCLUSIONS

The implementation of the RCV-REG method,
which includes regression with transformed variables of
low collinearity and analysis of the 95% HPD of regres-
sion coefficients, was found to be an extremely power-
ful approach for E,,, analysis that can compete machine
learning methods and can provide a complete evaluation
of the regression coeflicients robustness. As it was shown
from the results of this study for modelling E,,, using
meteorological variables, the specific method succeed-
ed to outperform RCV-RF in all performance criteria.
Moreover, RCV-REG gave a better aspect and evaluation
of the robust effect of the indipedent variables (through
the HPD analysis on the regression coefficients associ-
ated to the indipedent variables) in comparison to RCV-
RF that is able to provide only a relative ranking of indi-
pedent variables’ importance.

Moreover, the use of the RCV data splitting
approach in various modelling approaches solves the
problem of subjective splitting of data into calibration
and validation sets, provides a better evaluation of the
final modelling approaches and enhances the competi-
tiveness of typical regression models against machine
learning models. Despite the fact that machine learn-
ing methods are more advanced in comparison to typi-
cal regression methods, mostly by handling better Big
Data, they still face the problem of transferability from
the developer to the user for various reasons, such as
non-availability of the calibrated code or its form (since
it is a black box) and lack of users’s expertise to handle
such models. On the other hand, the resulting models
through typical regression approaches do not require
advanced skills and can be used in other studies either
by adopting the entire calibrated model or by adopting
the general form of the model.

Future studies should focus on (a) the investigation
of E,,, models with the inclusion of records of rainfall
days and (b) the investigation of new graphical methods
for representing different elements of the results of the
RCV-REG method.
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Abstract. The objective of this study was to examine drought using the Streamflow
Drought Index (SDI) at various time scales and its temporal evolution using monthly
streamflow data from 1973 to 2009. Streamflow records were collected from a network
of 14 hydrometric stations distributed throughout the study area. The Akaike Informa-
tion Criterion (AIC) and the Bayesian Information Criterion (BIC) were used to assess
the quality of the adjustment. According to these criteria, the gamma law better suited
the time scales of 3, 6, and 12 months, whereas the log-normal law was better suited to
the scale of 9 months. The analysis of the Streamflow Drought Index in the three study
basins (Middle and Upper Cheliff, Lower Cheliff, and the Mina) revealed that different
classes of drought among 3, 6, 9, and 12-month time scales in the period of 1973 to
2009 had occurred, notably beginning in 1980. The frequency of 19 to 54% was found
at all stations and in years marked by a mild drought. The moderate years had a fre-
quency of 6 to 19%, while the severe and extreme years had a lower percentage (about
3 to 6%) in the study area. Two consecutive years of drought (D-D) were more likely
in the Middle and Upper Cheliff basins (> 60%) for the 6, 9, and 12-month time scales,
according to the transition of probability of first-order non-stationary Markov chain.
On a three-month time scale, the transition probabilities (D-D) were greater than 50%
in the Coastal basin and Lower Cheliff basin, as well as the Mina basin, and less than
50% in the Middle and Upper Cheliff basins.

Keywords: monthly stream flow, hydrological drought, frequency, Markov chain,
North of Algeria.

INTRODUCTION

Climate change in arid and semi-arid regions is marked by a decrease
in precipitation as well as a deprivation due to drought; this phenom-
enon is one of the most extreme climate conditions, affecting more peo-
ple than any other natural disaster (Wilhite, 2000). Algeria is one of the
countries in the Mediterranean basin that suffers from water scarcity from
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one season to the next and year to year. Water runoff
is characterized by significant seasonal and interan-
nual irregularities, as well as the severity and rapidity
of the floods. In addition, the climate is characterized
by lengthy periods of drought and irregular precipi-
tation patterns in terms of both time and space. The
lack of precipitation has resulted in evaporation defi-
cits ranging from 37 to more than 70% from the east
to the west of the country (Meddi and Hubert, 2003).
Algeria, like the rest of the North African region, has
been suffering from a persistent drought for more than
three decades (Meddi and Meddi, 2009; Ghenim et al.,
2013). The hydrological drought is the reduction of sur-
face flow in watercourses and, consequently, it leads to
a decrease in the volume stored in hydraulic structures
and a natural drop in the water level in underground
wetlands (Bergaoui and Alouini, 2001). The economic
impact of hydrological drought on a country can be
significant. For example, higher average temperatures
in winter than in summer, has an impact on snow and
ice tourism in particular (Yuan et al., 2022). Hydro-
logical drought is defined by reduced river flow, dam
fill rates, and groundwater recharge (Soro et al., 2011).
Drought is a prolonged dry period in the natural cli-
mate cycle that can occur anywhere in the world. It is
a slow on-set phenomenon caused by a lack of rainfall
(WMO, 2014). Meteorological drought is character-
ized by the absence of precipitation or lower precipita-
tion heights than those generally recorded in the same
period and signaled by a lack of precipitation over time
(WMO, 2014). Between 1970 and 2012, severe African
droughts caused nearly 680,000 deaths (OMM, 2014).
Thierry (2020) and Faye et al. (2015) defines agricul-
tural drought as the influence of meteorological or
hydrological droughts on crop yield. There are several
indices for assessing the hydrological and meteorologi-
cal drought at different scales (3, 6, 9 and 12 months),
including the Palmer Drought Severity Index (PDSI,
Palmer, 1965), The Standard Precipitation Index (SPI,
McKee et al.,1993), the Standardized Stream Flow
Index (SSFI, Modarres, 2007), the Standardized Run-
off Index (SRI, Shukla and Wood, 2008), the Surface
Water Supply Index (SWSI, Shafer and Dezman, 1982)
and the Streamflow Drought Index (SDI, Nalbantis and
Tsakiris, 2009) . The SPI, SDI and SSFI indices were
used to generate drought intensity at time scales of 3,
6, 9 and 12 months. According to the time scale, the
3-month SPI index provides a seasonal estimate of pre-
cipitation; the 6- and 9-month SPIs indicate the medi-
um-term precipitation trend. As for SPIs of 12 months
and more, they reflect the long-term trend. They are
generally related to stream flows, reservoir filling rates

Habibi Brahim, Meddi Mohamed, Abdelkader Mohamed

and even static groundwater levels (Khan et al., 2008).
Modarres (2007), the SSFI provides the benefit of con-
trolling hydrological drought and/or water supply on
a short, medium, and long term basis. Standardized
streamflow index (SSFI) was utilized by Hosseinza-
deh Talaee et al. (2014) to characterize hydrological
drought in the west of Iran for the hydrological years
of 1969/1970 to 2008/2009 through 29 rainfall stations.

Nalbantis and Tsakiris (2009) proposed the Stream-
flow Drought Index (SDI) method, which is used to
evaluate dryness over time. The SDI method, devel-
oped by Nalbantis and Tsakiris (2009), includes a simi-
lar calculation to the Standardized Precipitation Index
(SPI) method (McKee et al. 1993). Zamani et al. (2015)
determined the hydrological droughts through the SDI
index in the Karkheh river basin in southwest Iran at
time scales of 3, 6, 9, and 12 months. Several researchers
around the world have used the SDI index to analyze
hydrological drought, for example, Tabari et al.,2013;
Rezaeian-Zadeh and Tabari (2014); Yeh et al.,2015; Hong
et al., 2015 WMO and GWP , 2017; Kavianpour et al.,
2018 ; Akkurt Erogluer and Apaydin, 2020 ; Jahan-
gir and Yarahmadi, 2020; Zaki, 2020; Zhao et al., 2020
;Kofhi et al.,2020 ; Tareke and Awoke, 2022 ; Elbeltagi
et al.,, 2023). Meteorological and hydrological droughts
have been analyzed by many researchers around the
world on the basis of SPI and SDI indices (Sardou and
Bahramand, 2014; Arya Akbari et al., 2015; Pathak et
al., 2016; Koudamiloro Olivier et al., 2017; Dabanli, 2018
;Melhaoui et al., 2018; Boudad et al., 2018; Zulfiqar et
al., 2019; Gonzalez-Lopez et al., 2020; Benlabiod et al.,
2020; Sun et al., 2020; Zhong et al., 2020; Jiang et al.,
2020; Minea et al., 2021; Ngoc Quynh Tram et al., 2021;
Prajapati et al., 2022). Bartczak et al. (2015) applied
the Box-Cox transformation to identify drought events
through the Standardized Precipitation Index (SPI) and
Streamflow Drought Index (SDI).

In Algeria, there are researchers who have used the
SDI index and the SSFI index to analyze and charac-
terize hydrological drought. Filali (2004) investigated
medium and long-term dryness using (SPI) and (SSFI)
over two time scales of 6 and 12 months. Ghenim and
Megnounif (2011) used the SPI and SSFI indices between
September 1946 to August 2009 to study drought vari-
ability. The results showed that the drought severity val-
ues by SPI -12 for the two sub-basins vary within the
same range [-2.24; 1.79], i.e. from extreme drought to
severe humidity. On the other hand, the drought sever-
ity of the SSFI index over 12 months varied between -2.3
(extreme drought) and 1.8 (severe humidity) in Mef-
frouche and Beni Bahdel from -1.99 (severe drought) at
2.39 (extreme humidity). Ghenim and Megnounif (2013)
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used two indices, SSFI and SPI, to show that the Meft-
rouche sub-basin in northwestern Algeria had experi-
enced periods of moderate humidity and drying, with
a drying trend. Meddi et al. (2013) used the Stream-
flow Drought Index (SDI) to study drought in the Tafna
river basin during periods of 3, 6, 9, and 12 months in
the northeast of Algeria between 1941 and 2010. In this
regard, some researchers have applied the Standardized
Streamflow Index (SSFI) and the SDI Index in Algeria,
such as Bendjema (2019) and Atallah et al (2021). They
discovered that precipitation decreased by 26% in the
Tafna basin after 1975, with a notable reduction in run-
off of around 62%. In comparison, the three basins of
Middle and Upper Cheliff, Lower Cheliff , and the Mina,
which belong to the grand basin of Cheliff-Zahrez, have
had severe and moderate droughts since 1980 (Habibi et
al., 2018; Habibi and Meddi, 2021).

The Markov chain methodology may be used to
determine the likelihood of having a dry year following
a dry year. This procedure expresses conditional proba-
bilities of transiting from the previous year’s state to the
current year’s state. Because the stochastic process X, (n
=0, 1, 2...) is a Markov chain (Medhi, 1994), the prob-
abilities of transitions are only dependent on the cur-
rent and future states (Meddi and Meddi, 2009; Meddi
et al., 2013; Tokarczyk and Szaliska, 2014; Meddi et al.,
2014; Tabari et al., (2015) :Lazri et al., 2015; Merabti and
Meddi, 2016;Tettey et al., 2017; Habibi et al., 2018; Santos
et al., 2019; Sattar et al., 2020).

The aim of this study is to provide quantitative
information on hydrological drought (SDI) in semi-arid
climatic conditions in northern Algeria using random
Markov chain models and to

obtain probabilistic hydrological information. The
SDI index was chosen to describe hydrological drought.
The SDI (Nalbantis and Tsakiris, 2009) index has been
widely used to describe and characterize hydrological
drought. It is also simple in its use and allows a good
description of this type of drought, which has been
shown by several researchers around the world (Jahan-
gir and Yarahmadi, 2020; Zhang et al., 2022; Katipoglu,
2023). We have chosen this indicator for the efficient ser-
vice and management of surface water (dams) and for
the control of groundwater levels in the Cheliff-Zahrez
basin, which is considered as an important agricultur-
al area in the north of Algeria. The information on the
probability of occurrence of drought is an important
challenge for making short- and long-term decisions on
water management.

This research motivates researchers and policymak-
ers to use the most accurate and representative temporal
characterization of drought risk in a semi-arid region.

STUDY AREA

The study area is located in the midwest of northern
Algeria which includes three hydrographic basins (Low-
er Cheliftf and the Mina, Middle and Upper Cheliff, and
Coastal Dahra) (Figure 1). These three basins extend over
132,411 km?. Lower Cheliff and the Mina, and Middle
and Upper Cheliff are crossed by the Cheliff River. These
basins have a very dense hydrographic network (Figure 2)
with around 2, 2 km of permanent wadis and 5,600 km
of temporary wadis. The Cheliff River’s main watercourse
of 349 km long results from the junction of the two large
wadis of Nahr Touil and Nahr Ouassel (ABH CZ, 2004).
The drainage density varies between 0.57 and 1.54 km/
km?. The low values characterize low-pitched terrain,
which is mainly located on the high plains and results
from low rainfall on permeable formations.

Data and methodology

The data used in this study is made up of a series of
monthly flows. The characteristics of hydrometric sta-
tions, in terms of geographical location and observation
periods, are summarized in Table 1. The largest moving
sub-basin is that of El Abtal, which covers 5,400 km2
(Table 1), while the second largest sub-basin is that of
Ammi Moussa, which covers 1,890 km2, and they are
followed by the sub-basin of Takhemaret, which cov-
ers 1,550 km2. The fourteen stations in the study area
are not regulated by the dam waters. We chose 14 sites
to cover the study area completely. The operating peri-
od of the selected stations was 37 years, beginning with
the hydrological year 1973/74 and ending with the year
2009/10. September is considered the beginning of the
hydrological year in Algeria.

Hydrometric data relating to monthly flows was col-
lected from the National Agency for Hydraulic Resourc-
es (ANRH) Algeria.

Streamflow Drought Index (SDI)

Nalbantis (2009) developed the SDI method for the
detection of the onset of hydrological drought in two
river basins in Greece. The SDI is calculated using sev-
eral time scales. Furthermore, according to Nalbantis
(2008), the calculation of SDI is based on monthly flows,
which are then accumulated based on the duration k.
For a k-year hydrological period, the cumulative flow
volume is obtained. It is necessary to understand the
circumstances, magnitude, extent, and frequency of the
drought (Tabari et al., 2013). Other researchers used the
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Figure 1. Geographical location of the study area.

SDI index to calculate hydrological drought (e.g., Tabari
et al., 2013; Manikandan and Tamilmani, 2015; Yeh et
al., 2015). According to the impact studied, SDI values of
3 months or less are useful for routine drought monitor-
ing, SDI values of 6 months or less are useful for agricul-
tural impact monitoring, and SDI values of 12 months
or more are useful for hydrological impact detection
(WMO, 2012).

The SDI is calculated as follows using the cumula-
tive flow V; | in which i denotes the hydrological year
and j the month within that hydrological year (j = 1 for
September et j = 12 for August), V;) can be obtained
based on Equation (1):

for the i-th hydrological year and the reference period k:

Vo= Sum (Qy) i=1, 2.T, J=1, 2, .12, k=1, 2, 3, 4 (1)

Qj;; is the monthly flow, and V; is the cumulative
streamflow volume for the i-th hydrological year and
the k-th reference period, k =1 is used for the period
of September to November, k = 2 is used for the period
of November to February, k = 3 is used for the period of
September to May, and k = 4 is used for the period of
September to August.

After calculating V | |, the SDI is calculated for each
reference period k of i years:
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Table 1. Characteristics of the hydrometric stations studied.

Table 2. Hydrological drought based on the SDI (Nalbantis and
Tsakiris, 2009).

Name Basin X (m) Y (m) Z (m) Obls)z‘i](?ill . State description Criterion Probability (%)
Sidi Akkacha Coastal 375000 354300 120 1973-2009 Non-drought <0.0 50
Ain Amara Dahra 316450 335120 775 1973-2009 Mild drought -1.0 > SDI <0.0 34.1
Tamesguida 497000 323899 490  1973-2009 Moderate drought -1.5 2 SDI <-1.0 9.2
El Ababsa 443950 318050 313 1973-2009 Severe drought -2.0 2 SDI <-1.5 44
Arib Ebda Middle 439600 335600 280 1973-2009 Extreme drought SDI <-2.0 2.3
Bir Oued Tahar and Upper 431000 313250 245  1973-2009
Tikazel Cheliff 413668 320905 215  1973-2009
Sof;‘: Fares igjézg ifgigg ;Z? 1322882 bantis and Tsakiris (2009) ; Meddi and Meddi, 2009;
Ammi Moussa 357400 286150 140 1973.2009 Meddi et al., 2013; Tabari et al., (2015); Lazri et al., 2015;
o Lower Merabti and Meddi, 2016; Tettey et al., 2017; Habibi
Djidiucia RNO4 Cheliff 332600 293899550 19732009 et al., 2018; Santos et al., 2019; Sattar et al., 2020 and
Kef Mahboula  ° ", =~ 330500 223800 620  1973-2009 recen,tly Railmouni et al ’(2021)’ ’
Sidi Mokarfi Mina 463000 302600 425 1973-2009 Mark hai il X l le of has-
Oued El Abtal 357350 225849 490  1973-2009 ) arkov chains are the simplest exampie o stochas
tic processes, when in the study of a series of random
variables, one abandon the assumption of independence.
SDI,, = VikVie 5190 kel 2,3, 4. 2) It is a non-memory discrete time Process. .
' Sk The first order Markov Chain takes into account
only the actual state (present) of the process and not the
where

Vi and S, are the long-term average and standard devia-
tion of the cumulative flow volumes of the reference
period k, respectively. In this definition, the truncation
level is set to V4, although other values based on rational
criteria can also be used (Nalbantis and Tsakiris, 2009).

In general, flow data for small basins does not follow
a normal distribution and has an asymmetric probability
distribution. In accordance with Nalbantis and Tsakiris
(2009), Tabari et al. (2013), and Zamani et al. (2015), a
log-normal distribution is used as follows to fit the flow
data for the SDI calculation:

SDI;, =2k =1 2. k=l,2, 3, 4. ©)
" Sy,k
In such case:

yix =In(V) i=1,2...T k=1, 2, 3,4. (4)

where

Yk and Sy represent the mean and standard deviation
values of V;, and T is the number of years. According to
Nalbantis and Tsakiris, 2009, hydrological drought clas-
sification using SDI is shown in Table 2.

The first-order Markov process

Hydrological drought and Markov chains have been
studied by many authors, we can cite among them Nal-

previous states (past).

Formally, we model with Homogeneous Markov
chains the evolution over time of quantities X which can
take a finite number of states X = x;, X = x,,... X = x,,,
and which pass from the state i at time t at state j at the
next time t + 1 with a given probability p;.

pi = P(Xpy = x/X, = x; therefore satisfy 0 < p; <
1 and Xj=o pi = 1 (since if the chain is in state xi at a
time, it will necessarily be in one of the possible states
xL,..., xn the next instant and therefore p;; + p;, + ... +
Pin = 1; The expression P(X,,, = j/X, = i) is called a con-
ditional probability and represents the “probability that
the quantity X will be j at time t + 1 knowing that it is i
at time t”.

To define a Markov chain, two basic ingredients are
therefore needed:

1. The state space S:={x,...x,} known that we will
assume finite
2. The transition (or passage) matrix
X1 X2 Xn

P:(pi]-)lsisn,lsjsn:< pu pgzmpm ) ®)
Pn1  Pnz DPnn

Two-state, first-order Markov chain

A two state-, first-order Markov chain is illustrated
schematically in figure 2. The two states wet (“1”) and
dry (“0”). were considered in this study as at each time
t, the random variable X can be in one state. First order
time dependence implies that there are 22 = 4 transition
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Figure 2. Transitions diagram of two-state, first-order Markov
chain.

probabilities, p;, with p; + p;, = 1 with i = 1, 2. Estima-
tion of the transition probabilities for two-state Markov
chains are obtained from the conditional relative fre-
quencies of the transition counts (n;):

Dij

njj — 0‘1 (6)

=—-i
Sk=0,1 Nk’ ')

We used the following hypothesis: the model is
non-stationary order lag-one Markov chain, i.e P(X,=0)
is not constant over time. Furthermore, it was assumed
that transition probabilities were constant across time.

The transition from one state to another at any
moment was determined by a P transition matrix of size
nxn with the following properties:

[P B
| B, P @)

10 11

In order to calculate the probabilities of a higher-
order transition, we used the Chapman-Kolmogorov
(Ross, 2014; Lakshmi and Manoj, 2020). equations given
by the following matrix product:

Pkl = pkpwherek=1,2 ... n.

The limit law of the steady state (which is stationary)
exists and is unique because the Markov chain is aperi-
odic and irreducible in the space of finite states, and it is
invariant in determining the limit equation:

By By
[)1() P11

[ p][ }[z-p »l ®

Let p, = P(X, = 1). Here p, is the probability that the
initial year was wet year in our data.
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Solving equation 7 gives the following solution:

R

1- (B, - Ry) ©
p is the probability of remaining in state “1,” and 1/p is
the average time to return to that state.

The law of probabilities of sojourn time in the state
“1: Wet” noted by W, which follows the geometric law of
a parameter (P)), i.e.
PW=k)=(1 - Py) P,;¥! (10)

As a result, the transition probabilities of Wet
sequences of lengths greater than k are:

PW >k)= iP(W:t) =p*

t=k+1

(11)

Similarly, the probability of a dry episode of a length

m 1S

P(D =m) = (1 = Pyy) Pyy™" (12)
and the probability of dry sequences of lengths greater
than “m” is:

P(D > m) = (Pyo)"™ (13)

The criteria for comparison

The Akaike Criteria (AIC) was proposed by Akaike
(1974) and the Bayesian Criteria (BIC) was proposed by
Schwarz (1978). Akaike’s Information Criterion (AIC)
and Bayesian Information Criterion (BIC) are two of the
most widely used criteria for model selection and per-
formance measures (Qi et al., 2001). Lower AIC and BIC
values indicate better model fit. Akaike (1974) formula is
given in equation (14):

2n

n—k-1

AIC, = [ } k-2In[L,,.] (for n>=40). (14)

The Bayesian Criteria (1978) is defined by equation
(15) as follows:
BIC = In[n]k-2In[L,,,]

(for n>=20) (15)
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DISCUSSION AND RESULTS

The frequency analysis of flows at different scales
was carried out on data from 14 hydrometric stations
from 1973 to 2009. The laws used are: gamma, Gumbel,
log-normal and Halphen type A. According to Nalbantis
2008; Shukla and Wood 2008 the log-normal distribu-
tion is the most adequate distribution for flow adjust-
ment. In our work, we adapt the flow series to both the
gamma law and the log-normal distribution and we
determine the validity of the law by the criteria of AIC
and BIC.

The analysis of the results showed that the log-nor-
mal is better adjusted with the Coastal Dahra stations at
different scales of 3, 6, 9 and 12 months according to the
AIC and BIC criteria. On the other hand, the Gamma
law appears better with the stations Middle and Upper
Cheliff and Lower Cheliff and the Mina for the scale 6, 9
and 12 (tables 3 and 4).

Table 3. Results of the AIC and BIC criteria (3 months).

Knowledge of SDI classes for different time scales
plays an important role in drought identification. It then
allows better control of the water supply which generates
the proper functioning of the system of forecasting and
management of water resources in the short, medium
and long term.

The results of an SDI analysis for 14 sites for the
period from 1973 to 2009 (September-October-Novem-
ber) showed that three basins had experienced a variety
of droughts, with the most severe occurring during the
1980s.

The duration of drought episodes (Fig. 3) showed
that variations were occurring from one time scale to
another and from one station to another. The Coastal
basin had a longer period of non-drought (six years)
from 1996 to 2001, and the same class was recorded
in the basins of the Lower Cheliff and the Mina from
1992 to 1995, 1999 to 2001, and 2006 to 2008. In the
meantime, the Middle and Upper Chelift basins faced

Table 4. Results of the AIC and BIC criteria (12 months).

Basin Station names  Criteria Gamma Log-normal Basin Station names  Criteria Gamma Log-normal
. AIC 319.2 301.3 . AIC 227,4 226,6
Ain Amara Ain Amara
Coastal BIC 323.8 305.9 Coastal BIC 230,6 229,8
Dahra AIC 65.8 64.8 Dahra AIC 197,3 193,5
Sidi Akacha Sidi Akacha
BIC 69 68 BIC 200,5 196,8
AIC 176.7 172.8 AIC 272,1 277,9
Tamezghuida Tamezghuida
BIC 179.9 176.1 BIC 275,3 281,2
AIC 157.1 119.4 AIC 86,5 91,6
El Ababsa El Ababsa
BIC 150.3 122.6 BIC 89,7 94,8
AIC 129.4 127.1 AIC 277,2 279,9
Arib Ebda Arib Ebda
ddl BIC 132.6 130.3 4dl BIC 280,5 283,1
Middle Middle
AIC 176.3 175.1 AIC 173,6 175,3
and Upper Bir Ouled Tahar BIC and Upper Bir Ouled Tahar BIC
Cheliff 179.6 178.3 Cheliff 176,8 178,5
! AIC 136.4 125 , AIC 93,6 106,1
Tikazel Tikazel
BIC 139.6 128.3 BIC 96,8 109,3
AIC 54.7 52.8 AIC 238,1 248,5
Ouled Fares Quled Fares
BIC 57.9 56 BIC 241,3 246,8
AIC 74.5 70.9 AIC 188,1 189,9
Sobha Sobha
BIC 77.8 74.2 BIC 191,3 193,2
. AIC 172.7 175.1 . AIC 296 297,5
Ammi Moussa Ammi Moussa
BIC 175.9 178.3 BIC 299,2 300,7
S AIC 37.6 39.9 o AIC 200 200.6
Djediouia RN 04 Djediouia RN 04
BIC 40.8 43.1 BIC 203,8 203,8
Lower Lower
AIC 79.2 84.3 AIC 137,8 140,3
Cheliff and  Kef Mahboula Cheliff and  Kef Mahboula
. BIC 82.4 87.5 . BIC 141 143.6
the Mina the Mina
AIC 236.3 284.7 AIC 262,2 263,2
Oued El Abtal Oued El Abtal
BIC 239.5 287.9 BIC 265,1 266,5
AIC 90.3 91 AIC 239,1 242,5
Sidi Mokarfi Sidi Mokarfi
BIC 93.5 94.3 BIC 236,3 248,7
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Figure 3. The evolution of the 3-month SDI for (a) Coastal, (b) Lower Cheliff and the Mina, and (c) Middle and Upper Chelift.

wet periods from 1974 to 1978 and from 1981 to 1984 the Coastal basin consisted of a number of mild epi-
in the months of September, October, and November. sodes between 13 to 14, 2 to 5 moderate episodes, 2 to
On a three-month scale, the hydrological drought in 3 severe episodes and 0 extreme episodes with a maxi-
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mum intensity of -1 .9. In terms of the Lower Cheliff and
the Mina basins, they recorded 10 to 15 mild episodes,
2 to 5 moderate episodes, 0 to 2 severe episodes, and 1
to 2 extreme episodes with a maximum intensity of -2.3.
Furthermore, hydrometric stations in the Middle and
Upper Cheliff basins recorded 9 to 17 mild episodes, 2
to 6 moderate episodes, 1 to 4 severe episodes, and 0 to 1
extreme episode with a maximum intensity of -2.2.

The three basins are distinguished by different types
of drought based on a six-month analysis of the SDI. The
results are depicted in the figures below.

During the 6-month period (September, Octo-
ber, November, December, January, and February),
the three basins (Fig. 4) experienced extreme drought
with maximum intensities of -2.2 (Coastal), -2.2 (Low-
er Cheliff and the Mina), and -2.4 (Middle and Upper
Cheliff). They were observed between 1988 and 1989,
and between 1990 and 1991. A mild drought of flow sup-
plies (-1.0 < SDI < 0.0) was noted at most of study sites
between 1980 and 1985. A mild drought was marked by
the occurrence of 13 to 15 episodes in the Coastal basin,
9 to 12 episodes in the Middle Cheliff and the Mina
basins, and 9 to 20 episodes in the Upper Cheliff basin.
However, from September to February, the Coastal and
Lower Cheliff faced moderate droughts of 2 to 4 epi-
sodes, while the Mina experienced moderate droughts
of 2 to 6 episodes. The Middle and Upper Cheliff basins
faced 2 to 7 Moderate drought episodes.

During a 6-month period, the basins of Lower
Cheliff and the Mina recorded 2 to 3 severe episodes and
0 to 2 extreme episodes. Furthermore, the hydrometric
stations in the Middle and Upper Cheliff basins recorded
0 to 4 severe episodes and 0 to 1 extreme episode. And
the Coastal basin recorded 2 to 3 severe drought epi-
sodes and 1 extreme episode.

Considering all the study stations, the evolution of
the 9-months SDI in Figure 5 shows successive occur-
rences of moderate, mild, and severe droughts, which
were observed between 1980 and 1986, 1985 and 1993,
and 1995 and 2006. For instance, a 9-month drought
was recorded in 1983 at Oued EIl Abtal (-2.2) and Kef
Mahboula (-2.2), in 1988 at Kef Mahboula (-2.6), in 1991
at Bir Oued Tahar (-2.2), in 1992 at Arib Ebda (-2.3), and
in 2006 at Tikazel (-2.9).

In terms of mild drought episodes, 13 episodes
were observed in the Coastal basin, 9 to 12 episodes
in the Lower Cheliff and the Mina basins, and 9 to 18
episodes in the Middle and Upper Cheliff basins. Com-
parable moderate droughts of 9 months duration are
counted in the order of 5 to 7 sequences in the Coastal
basin. The Bas Chéliff and Mina basin recorded 2 to 6
drought sequences and the Middle and Upper Chéliff

3 to 5 sequences. On the other hand, in terms of severe
drought episodes, 0 to 2 episodes were observed in the
Coastal basin, 0 to 3 episodes in the Lower Cheliff and
the Mina basins, and 1 to 4 episodes in the Middle and
Upper Cheliff basins. In addition, the 9-month evolution
of droughts revealed 5 extreme episodes in three study
basins: Arib Ebda, Bir Oued Tahar, Kef Mahboula, Oued
El Abtal, and Tikazel.

The variability of the evolution of the 12-month
SDI in Figure 6 was studied, and it was discovered that
it varied in terms of both time and region. The results
of a 12-month SDI analysis (from September to August)
are depicted in the figures, which show the various
classes, and they particularly occurred in the 1980s. It is
also noted that the driest years during the study period
were recorded from 1999 to 2006 at the stations of Sidi
Akkacha and Ain Amara and from 1985 to 1990 at the
stations of Bir Oued Tahar, E1 Ababsa, Arib Ebda and
Ouled Fares. On the same time scale, the stations in
the Coastal basin had 13 episodes of mild drought with
a maximum intensity of -0.5. From 1973 to 2009, 9 to
12 mild drought episodes were observed in the Lower
Cheliff and the Mina basins, and 9 to 18 mild drought
episodes were observed in the Middle and Upper Chelift
basins, based on 12-month records. In the three study
basins, a 12-month moderate drought was observed with
a number of episodes between from 2 to 7, with maxi-
mum intensities of -1.4 (Coastal), -2 (the Lower Cheliff
and the Mina), and -2 (the Middle and Upper Chelift).
Severe and extreme drought episodes occurred in two
basins (the Lower Cheliff and the Mina, and the Middle
and Upper Cheliff), with the number of episodes rang-
ing from 0 to 3. The maximum intensity was recorded at
the Middle and Upper Cheliff basins (e.g. -2.9 (Tikazel),
-2.4 (Arib Ebda)) as well as at two stations in the Lower
Cheliff and the Mina basins (Kef Mahboula (-2.4) and
Oued El Abtal (-2.4)).

Comparison of the number of episodes in each of the three
basins at various time scales

The graphs below show the number of extreme,
severe, and moderate drought sequences that occurred
in three basins in northern Algeria between 1973 and
2009. The analysis revealed that the number of episodes
varied from one time scale to another and from one sta-
tion to another.

The number of drought episodes in each of the
three basins was determined using the SDI (shown in
Figure 7) at various time scales, allowing us to identify
the periods of extreme drought (ED), severe drought
(SD), and moderate drought (MD) in the Middle and
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Figure 4. The evolution of the 6-month SDI for (a) Coastal, (b) Lower Cheliff and the Mina, and (c) Middle and Upper Cheliff.

the other hand, the four stations of the Bas Cheliff and

Mina basin. Extreme drought episodes were observed Mina basins were confronted with two extreme epi-

Upper Cheliff basins, the Lower Cheliff basin, and the

sodes of drought on a time scale of 9 months. Ammi

at 14 hydrometric stations across the study area, with

Moussa (Lower Cheliff and the Mina), Bir Oued Tahar,

episodes ranging from 1 to 2 months in length. On
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Figure 5. The evolution of the 9-month SDI for (a) Coastal, (b) Lower Cheliff and the Mina, and (c) Middle and Upper Cheliff.

El Ababsa, and Tikazel (Middle and Upper Cheliff) had
all experienced severe drought, with a maximum of four
episodes. The obtained results suggest that moderate
drought periods can be classified into three main cate-
gories. Each category can be distinguished by the length
and frequency of the drought event occurrence. This
condition is the result of the dry climate trend that has

been seen in northern Algeria since the 1980s (Meddi
and Meddi, 2009).

Frequency mapping of the SDI

We used a histogram that represents through a bar
the frequency of drought classes at each interval for the
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Figure 6. The evolution of the 12-month SDI for (a) Coastal, (b) Lower Cheliff and the Mina, and (c) Middle and Upper Chelift.
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description and analysis of the variability of relative fre-
quencies at different time scales in the three basins. Fig-
ure 8 shows the frequency distribution, which takes into
account the continuous nature of variables and the fact
that the classes have different amplitudes. In the mean-
time, the relative frequency provides the percentage for
each drought class in a range of 0 to 1. The distribution
of drought classes for all three basins was represented
by projecting the results of the SDI frequencies onto the
map of the studied region. This type of representation
makes the distribution of frequencies of stations in the
study area more visible.

Figure 8 depicts the spread of five different kinds
of hydrological drought throughout the whole catch-
ment basin. The non-drought class (ND) was found at all
the stations in the study area, with a peak at El Ababsa
(62%), and a nadir at Oued El Abtal, Tamesguida, and
Ferme-Farhat (45%). At Ferme-Farhat, a mild drought
(MLD) with a maximum trend (17%) was recorded. And
then, 15% frequency was recorded at the levels of Sidi
Mokarfi, Kef Mahboula, Bir Oued Tahar, and Djidiuoia
RNO4. A minimum mild drought (MLD) of 7% was
recorded at the El Ababsa station. The maximum fre-
quency of moderate drought (MD) was observed at the
stations of Ammi Moussa and Sobha, which reached
27%. Except for the station at Bir Oued Tahar, which
recorded an 11% frequency of severe (SD) and extreme
(ED) droughts, the whole study area was characterized
by very low values ranging from 0% to 8%.

The non-drought frequency (6-month) of the four-
teen hydrometric stations was found to be between 62 %
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Figure 8. Frequency distribution of the SDI-3 (left) and SDI-6 (right).
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and 44%, and they are shown in Figure 8. The repetition
of the mild drought (MLD) of high frequency at the level
of three basins (Middle and Upper Cheliff basin, Coastal
and Lower Cheliff basin, and the Mina basin) was of the
order of Sidi Mokarfi (54.1%), Sobha (37.8%), Sidi Akka-
cha (40.5%), and Ferme-Farhat (29.7%).

Analysis of the 9-months frequency distribution
map (Fig. 9) of the study basin shows that the non-
drought (ND) frequency was between 45% and 60% in
all hydrometric stations such as Tamesguida (56.8%),
Kef Mahboula (59.6%), Ferme-Ferhat (54.1%), and Sidi
Akkacha (46%). In addition, the mild drought was quite
strong in the Middle and Upper Cheliff basins with a
maximum value at the station of Sobha (32.4%). More-
over, stations in the Coastal and Lower Cheliff basins
were marked by a rather low frequency (Ammi Moussa
(32.4%), and Kef Mahboula (24.3%). Severe drought (SD)
was recorded in the upper part of Tamesguida (8.1%)
and in the upper part of Ferme-Farhat (10.8%). Extreme
drought (ED) was detected at the stations of Kef Mah-
boula (5.4%) and Oued El Abtal (5.4%).

Between 1973 and 2009, the 12-month non-drought
class frequencies (Fig.9) reflected the most significant
trend in the study area, ranging between 59 % and 38%.
The highest non-drought (ND) frequency was discovered
in the east and southeast. In the mild class (MLD), the
sub-basin of Lower Cheliff had relatively low frequen-
cies, averaging 32.4%, whereas the other basins had quite
high frequencies, ranging from 48% to 19%. In the whole
study basin, frequencies ranging from 11% to 0 were
found for the two severe and extreme drought classes.
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Figure 9. Frequency distribution of the SDI-9 (left) and SDI-12 (right).

First-order Markov chain

In this study, we used the stochastic first-order Mark-
ov chain model and the SDI to investigate hydrological
drought episodes at various time scales (3, 6, 9, and 12
months) and during a period spanning from 1973 to 2009.
To better visualize the variability of hydrological drought,
we represented the probabilities of transitions using a his-
togram. A first-order Markov chain was used to generate
probability histograms for three basins (Coastal, Middle
and Upper Cheliff, as well as Lower Cheliff and the Mina).

The analysis of these histograms of probability of
transition from one dry hydrological year to another dry
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hydrological year (D-D, Figure 10) over a three-month
period (September-October-November) revealed a north-
south gradient of 75% to 50%, indicating a strong trend
of hydrological drought in the north. In the Middle and
Upper Chelift basins, however, the probability of transi-
tion on a 6-month scale (September, October, November,
December, January, and February) recorded high values
(about 80%). The Lower Cheliff and the Mina basins had
the lowest transition probabilities for D-D (40%-45%). In
the Middle and Upper Cheliff basins, and in the Coastal
basin, the probability of transition from one dry hydro-
logical year to another dry hydrological year (D-D) over
12-month and 9-month periods was fairly similar, rang-
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Figure 12. Transition Probabilities (W-D) for the First Order.

ing between 50% and 69%. In the Lower Cheliftf and the
Mina basins, however, it ranged between 33% and 65%.
For the 3-month scale, the probability of a dry year
followed by a wet year (D-W, Fig. 11) revealed a decreas-
ing east-west gradient of 53% (Ouled Fares) to 37%
(Ammi Moussa). However, for the same stations, the
6-month transition probability was 31% to 0.56% (Mid-
dle and Upper Cheliff), 40% (Coastal), and 44% to 56%
(Lower Cheliff and the Mina). The transition probabili-
ties for D-W on a 9-month time scale showed a high
probability at the Kef Mahboula station (67%). On the
other hand, probabilities of between 31% and 0.41% were
found in the Middle and Upper Chelift basins. In the
Coastal basin, the probabilities (D-W) were rather high
(> 40%). The probability of transition (D-W) of 14 sta-

tions showed a north-south trend of 35% to 60% during
a 12-month time scale, with minimum values recorded
at the levels of El Ababsa (26%) and Tamesguida (27%).

The transition probability of a wet state followed by
a dry state (W-D, Fig. 12) was revealed by an east-west
gradient from 63% to 30%.

In the Middle and Upper Cheliff basins, the proba-
bilities (W-D) on a 6-month time scale ranged from 30%
to 63%. In the meantime, the remaining stations in these
basins ranged from 32% to 58%. It’s also worth noting
that the study’s stations had nearly identical transition
probabilities (W-D) for the two scales, 9-month and
12-month (between 18 and 53%).

On a 3-month scale, the probability of transiting
through two wet years in a row (W-W, Fig.13) ranged
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Figure 13. Probability of transition W-W for the first-order.

from 38% to 70%. For example, the two stations Sidi
Mokarfi and El Ababsa in the Middle and Upper Chelift
basins were determined by probabilities of 38% (W-W)
and 70% (W-W), respectively, and the station Ain
Amara in the Coastal basin was determined by a prob-
ability of 70% (W-W). The two stations in the Coastal
basin recorded the same probability of transition dur-
ing a 6-month period (53%). In the Middle and Upper
Cheliff basins, however, the probability of transition var-
ied between 76% (W-W, Tamesguida) and 23% (W-W,
Sidi Mokarfi).

Comparatively, the stations in the Lower Cheliff and
the Mina basins recorded probabilities ranging from
40% (W-W, Oued El Abtal) to 60% (the Mina) (W-W,
Kef Manboula). In the Lower Cheliff and the Mina
basins’ and in the Coastal basin’s 12-month time scale,
probabilities corresponding to 47%-59% were recorded
for the two consecutive years (1st order Markov chain,
W-W). The stations of the Middle and Upper Chelift
basins, on the other hand, had values ranging from 47%
in Sidi Mokarfi to 82% in El Ababsa.

Comparison with previous studies

The balance between resources and needs is an
important indicator that guides us in correcting the
future of water policy to mitigate the effects of the defi-
cit in all sectors. It is clear that the North African coun-
try of Algeria is experiencing a severe resource shortage at
a time when demand is growing and the available water
supply is shrinking. This is due to a variety of natural and
human-caused issues that affect water catchment sites (sil-
tation of dams (3%), or 34 million m3/year in 2000).

Northern Algeria has been exposed to hydrologi-
cal drought (Nekkache et Megnounif Abdessalem, 2011;
Rahmouni et al., 2022). During the different periods 3, 6,
9 and 12 months, the Lower Cheliff and the Mina, Mid-
dle and Upper Cheliff, and Coastal Dahra basins were
subjected to severe drought with maximum intensity as
high maximum values were recorded for example (-2.42)
and observed between 7519 and 1995. These results are
confirmed by several research works in northern Alge-
ria, for example Meddi et al 2014, showed by a hydrolog-
ical analysis of drought based on SDI that almost all sta-
tions in the Tafna basin (northern Algeria) have suffered
from drought during the study period and especially
after 1975. Additionally, extreme droughts occurred
most frequently after 1975. Bendjemaa et al (2019)
showed by the SSFI index that the Bouchegouf station
is the most affected by continuous drought conditions
in the periods 1987/1988 to 2001/2002 and 2005/2006
to 2009/2010. Nekkache and Megnounif (2011) showed
by Standardized Streamflow Index (SSFI) that the two
basins of Meftfrouche and Béni Bahde (northern Algeria)
experienced extreme drought which reached -2.30. Nek-
kache and Megnounif (2013) showed a deficit of 30% for
precipitation after 1970 which caused a drop in flow of
more than 60% da in the supply basin of the Meffrouche
dam (North-West of Algeria. The driest hydrological
years were 1991-1993 and 2005-2006, and that a time
scales of 12 months was the most appropriate for devel-
oping an effective drought mitigation strategy (Atal-
lah et al., 2022). Brouziyne et al., 2020, the Bouregreg
watershed (Marocco) exhibited several dry years with
a higher frequency and a significant decrease in annual
water inflows were simulated during dry years, ranging
from -45.6 %. Tareke and Awoke (2022) showed by SDI
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index that 1984/85, 1986/87, 2002/03 and 2010/11 were
the most severe and extreme drought years in the river
basins of Tekeze, Abbay and Baro.

Hydrological drought and Markov chains have been
studied by many researchers, e.g. Nalbantis and Tsakiris
(2009); Tabari et al.,2015; Yeh et al., 2015 and Rahmouni
et al., 2021 ; Hasan et al,, 2021. Our results by the SDI
drought index and the transition probabilities indicate
that the study area is sensitive to hydrological drought.
On the other hand, Meddi et al 2009 and Habibi et al
2018 showed that northern Algeria experienced severe
drought by SPI index and Markov chains.

CONCLUSION

This study used statistical methods to investigate
hydrological drought in three semi-arid basins (the
Coastal basin, the Middle and Upper Chelift basins,
and the Lower Cheliff and the Mina basins). The statis-
tical treatment of hydrological data allowed researchers
to investigate drought frequency and persistence using
a first-order Markov chain for the period of 1973-2009.
The study area consisted of 14 hydrometric stations dis-
tributed across three basins.

Different time scales (3, 6, 9, and 12 months) were
examined to fully understand the hydrological drought.
The results obtained from the SDI values in this study
showed that the frequency of drought episodes varied
significantly in terms of both time and region. Mean-
while, since 1980, most of the stations have experienced
increased hydrological drought.

The results obtained by the SDI index at different
time scales showed that hydrological drought was domi-
nant over the entire study area. Mild drought, on the other
hand, was defined by a frequency of greater than 5% but
less than 21%. Moderate drought episodes had a frequen-
cy of between 5% and 18%, whereas severe and extreme
drought years had a low percentage (about 4% to 1%). Fur-
thermore, the SDI calculation for periods of 3, 6, 9, and 12
months revealed that almost all the stations experienced
moderate-to-mild drought throughout the study period.

For the time scales of 6, 9, and 12 months, the tran-
sition probability of first-order non-stationary Markov
chains showed that two years of drought (D-D) were
more likely in the Middle and Upper Cheliff basins (>
60%). On a three-month scale, the transition probabili-
ties (D-D) were greater than 50% in the Coastal basin
and in the Lower Cheliff and the Mina basins, and less
than 50% in the Middle and Upper Chelift basins.

This research highlighted the relevance of studying
hydrological drought and how it affects water resource
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management. The organizations and managers of water
resources are responsible for monitoring and control-
ling the indicators of drought. In the meantime, the
interventions to consider: optimization of water resource
management, improvement of irrigation techniques to
reduce losses and maximize the use of water resources
and then structural works (dams, etc.)
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Abstract. The extensification of agricultural activities to suboptimal areas, including
dryland, is being considered. Sorghum as a drought-tolerant crop is usually cultivated
in dryland areas in Indonesia. However local farmers are having difficulty in choos-
ing quality seeds suitable for the specific area temperature condition. This study evalu-
ated the physical quality of commonly used sorghum cultivars in Indonesia and their
responses to several germination temperatures. The three sorghum cultivars used were
Strong Brown (SB) Sorghum known as the local cultivar, Pale yellow (PY), and Light
Brown (LB). The result revealed that each sorghum cultivar has specific seed character-
istics, especially in the color, shape, and size of the seeds. The seeds of the Light Brown
sorghum had the highest quality, followed by Strong Brown sorghum and PaleYellow
sorghum cultivars based on both the tetrazolium test and the direct germination test.
The optimum temperature for sorghum seed germination ranged from 25 to 35°C.
Each sorghum cultivar has its specific temperature requirement for germination. Low
temperature (20°C) potentially reduces the percentage of germination and delays the
seed germination time of these three cultivars. LB cultivar has the highest relative
growth rate (RGR) from the first week to the second week (R1), while the RGR from
the first week to the third week (R2), LB sorghum cultivar is in the second position
after the PY cultivar. Cultivar LB is suggested for cultivating in elevations 300-500 m
asl, moreover cultivar SB elevations 50-250 m asl.

Keywords: germination, RGR, sorghum, seed characteristics, temperature.

HIGHLIGHT

- Sorghum cultivar can be differentiate based on their color, size, and shape.

- Specific sorghum cultivars require specific temperature for their germi-
nation.

- The suitable cultivation area for each sorghum cultivar affected by envi-
ronmental condition, including temperature.

Italian Journal of Agrometeorology (1): 95-107, 2024
ISSN 2038-5625 (print) | DOI: 10.36253/ijam-1828


http://www.fupress.com/ijam
https://doi.org/10.36253/ijam-1828
https://doi.org/10.36253/ijam-1828
http://www.fupress.com/ijam
http://www.fupress.com/ijam
https://orcid.org/0000-0001-8996-8402
https://orcid.org/0000-0002-4980-2333
https://orcid.org/0000-0002-9256-5249
https://orcid.org/0000-0002-5596-9850
https://orcid.org/0000-0002-7116-7014
https://orcid.org/0000-0003-0158-3415
mailto:wawoal@gmail.com

96

INTRODUCTION

Drylands in Indonesia cover about 13.3 million
hectares. Most of the dry lands in Indonesia have been
underutilized or utilized for agriculture using poor cul-
tivation practices. Drylands are the area where average
rainfall is lower than the potential moisture loss through
evapotranspiration (FAO, 2004). Drylands are character-
ized by high surface temperature and light intensity, low
humidity, and low soil nutrients. Drylands are extremely
sensitive to global climate change (Huang et al., 2017).
Climate change has increased the annual mean tem-
perature in Indonesia by 0.36-0.46°C since 1990 (Mari-
ah, 2010). Drylands are defined as suboptimal land but
have the potential for agricultural development. Stewart
(2016) suggested that a successful dryland farming sys-
tem requires 3 components, i.e retaining the precipita-
tion, reducing evapotranspiration, and utilizing drought
tolerance crops.

Drought tolerance is a combination of molecular,
physiological, and morphological traits in plants (Cha-
niago, Syarif and Riviona, 2017). Akinseye et al. (2020)
suggested selecting a suitable cultivar for raising crop
production in a certain area. Sorghum (Sorghum bicolor
[L] Moench) has been reported for a high tolerance of
many unfavorable environmental conditions, including
drought, salinity, heat, chilling and flooding (Maiti and
Satya, 2014). Compared to other cereal crops, sorghum
has a higher ability to adapt well under limited water
conditions (Bibi et al., 2012; Badigannavar et al., 2018;
Widiyono et al., 2020). Schlegel et al., 2018 reported
that the cultivation of sorghum in dryland resulted in a
higher yield than corn. Aerial part biomass of sorghum
in the flowering phase has the potential to reach 28.34
t ha! by 504 mm of water consumption (Garofalo et al.,
2020). The development of sorghum cultivation in the
drylands of Indonesia is potential as an alternative food
resource. Queiroz et al. (2015) reported that sorghum
contains 55.2-75.2% carbohydrates, 8.6-18.9% proteins,
1.7-4.9%lipids, 9.3-25.2% fibers and 1.1-2.4% ash. Sor-
ghum contains many amino acids which are valuable
to be consumed as a functional food (Abah et al., 2020).
Moreover, sorghum biomass is also beneficial as biofuel,
sugar, and animal feed industry (Hu et al., 2022).

In order to obtain high productivity and produce
high-quality seeds, the utilization of superior varie-
ties is one of the important technological components.
Seed quality is complex and can be determined by four
key quality attributes, including genetic, physiological,
physical and health (Bishaw, Makkawi and Niane, 2007).
Genetic quality is defined as the potential for resulting
higher productivity with better quality and greater tol-
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erance to biotic or abiotic stresses. Physiological quality
shows the potential of germination and vigor leading to
subsequent seedling emergence and crop establishment
in the field. Physical quality can be seen by the free
from contamination from other crops and weed seeds,
mechanical damage, discoloration, and uniformity of
weight and size. Health quality shows the absence of
infection of seed-borne pests.

The availability of quality seeds of sorghum in Indo-
nesia is still limited. The farmers usually utilized the
seeds harvested from the previous growing season. A
higher number of seeds (4-5 seeds per hole) is required
in anticipation of failure to grow due to the information
unavailability of seed quality. Consequently, sorghum
cultivation requires a high number of seeds the wasting
of planted seeds was unavoidable. Therefore, this study
was conducted to evaluate the physical quality of com-
monly used cultivars in Indonesia and their responses
to several germination temperatures. This result is pro-
posed to motivate the farmers to choose sorghum seeds
that are suitable for the daily temperature of field culti-
vation, especially in drylands.

MATERIALS AND METHOD
Plant materials

Seeds of three sorghum cultivars were used in this
study. The cultivars used differed based on the grain
color, which were Strong Brown (SB), Pale Yellow (PY),
and Light Brown (LB). These cultivars were commonly
cultivated during dry seasons in Pajarakan Village, Bule-
leng, West Bali, Indonesia. SB originated from West Bali,
PY from Thailand and LB from China. All seeds were
obtained from a farmer in Pajarakan village, Grokgak,
West Bali. The seeds were stored in the farmers' storage
room for 6 months and carried to Plant Physiology Lab-
oratory, Research Center for Biology, Indonesian Insti-
tute of Sciences (LIPI), now BRIN, Cibinong, West Java,
Indonesia for experimenting. The experiment site was
located at 6°29°52.9”S 106°50'43.4”E, 250 m above sea
level with a daily temperature of 30-33°C and air humid-
ity around 70-80%.

Seed characterization

The seeds characterization was performed by the
bulk method covering the color, shape, size and weight
of 100 seeds. The sample seeds samples were obtained
from the top, middle, and bottom of the seed lot. Meas-
urement of seed diameter was conducted using a manual
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caliper with an accuracy of 0.01 mm. The weight of 100
sorghum seeds was measured using digital analytical
scales with an accuracy 0.001 g. Each measurement was
replicated 4 times. The seeds' color was observed quali-
tatively under natural light conditions using RHS Color
Chart EditionVI (Royal Horticulture Society, America).
Each seed was placed at the bottom of each hole from
tully saturated to the less saturated color chart of RHS
until matched the most exact color.

Moisture content and conductivity test

Seed moisture content was measured using the oven
drying method. A total of 50 fresh seeds were weighed
using analytical scales, then dried at a temperature of
105°C for seventeen hours 2 times and reweighted until
reaching the constant weight. The moisture content was
counted following ISTA (1976) equation. The ion leakage
was observed using conductometer CG 855 (Gebrauch-
sanleitungcompany, German). Seeds were rinsed 3-5
times using the distilled water and soaked in a flask
filled with distilled water (50 ml g seed) for 24 hours at
ambient temperature. The flask filled with distilled water
without seed was used as a control (blank). The ion leak-
age of the blank flask must be < 5 uS.cm™. The measure-
ment was taken at 25°C temperature. The ion leakage
was identified as conductivity values through the follow-
ing equation:

(S-A)xBxK

Cv=
w

Notes:

CV = Conductivity values

S = Measurement result for sample

A = Measurement result for blank

B = Bereich scale (20/200/2000 uScm™)
K = Constant (0.91 cm™)

W= Sample weight (gram).

Tetrazolium test

Tetrazolium test refers to Masullo et al. (2017). Ten
sorghum seeds per replication were soaked in distilled
water for 24 hours. The seeds were split into two parts
until the embryo was visible, and then they were soaked
with 0.5 % tetrazolium solution for 4 hours. A solution
of 0.5% tetrazolium in 100 ml of buffer (pH 6.5-7) was
carried out by dissolving 0.5 g of powdered 2,3,5-triphe-
nyl tetrazolium chloride (TTC) into 100 ml of buffer (pH
6.5-7). The buffer solution was prepared using 2 solu-

tions. Solution 1 was prepared by dissolving 0.908 g of
Na,HPO, thoroughly in some distilled water, then filling
up the distilled water to 100 ml. Solution 2 was prepared
by weighing 1.1876 g of Na,HPO, powder, putting it in
a certain amount of distilled water, and tera up to 100
ml. Both solutions were mixed (40 ml of solution 1 +
60 ml of solution 2) to make 100 ml of a buffer solution
with a pH of 6.5-7. The seeds were categorized as viable
seeds when the embryo was bright red. If the color of
the embryo was pale red or white, the seeds were catego-
rized as dead.

Vigor test and germination value

Seed and seedling vigor was measured using a direct
viability test, namely: the germination test and seed-
ling relative growth (Hartmann et al., 2011). During the
germination test, seeds were sowed at three germina-
tion facilities, i.e seed incubator, nursery (with a water-
proof roof and gauze wall) and germination chamber.
The temperature in germination facilities were 20 + 3°C,
25-35°C and 30 + 3°C, respectively.

This experiment was conducted using the Nested
Design (Completely Randomized Group Design) with
three replications. The first factor was the germination
facilities (the nursery, incubator, and germination cham-
ber). Meanwhile, the second factor was sorghum culti-
vars, namely PY (Pale Yellow), LB (Light Brown), and
SB (Strong Brown). The SB was local cultivar sorghum
form Bali, Indonesia; while PY and LB was introduced
cultivar from Thailand dan China, respectively. The sor-
ghum seeds were sown in a germination tray with the
hilum facing down. Each tray was filled with 5cm height
growing media and each tray was planted with 30 seeds.
A tray with the seeds of each cultivar was placed in each
germination facility. The media was kept in a moist con-
dition by watering twice a day. The number of germinat-
ed seeds was recorded daily for ten days. The seed viabil-
ity evaluation included the percentage of germination (%)
and the average number of days to germination. The per-
centage of germination was calculated based on the per-
centage of the total number of seeds germinated on day
10 to the total number of seeds planted (Queiroz et al.,
2019). The average number of days to germination was
counted following Hartmann et al. (2011). Germination
value (GV) was obtained by multiplying Peak Value (PV)
and Mean Daily Germination (MDG). PV is defined as
the peak point of increase in percentage germination on
the graph of percent germination before sloping down
(Hartmann et al., 2011); while the MDG (%) was calcu-
latted by dividing the highest total of percentage of ger-
mination by number of days to reach the value.
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Seedling growth

The vigor of the seedling phase was observed by
measuring the Relative Growth Rate (RGR). The study
used a Completely Randomized Design with three rep-
lications. The treatments were three sorghum cultivars.
Two seeds were sown in each polybag (40x40 cm) con-
taining a mixture of soil and sand (1:1 v/v). After one
seed grew, another seed was removed. Thus, there was
only one seedling for observation. Each cultivar main-
tained 30 seedlings for three weeks.

Observation of seedlings’ vigor was carried out by
destructively observing three seedlings per replication
every week starting from the first until the third week
after planting (WAP). The seedlings were gently tak-
en out of the media and cleaned with tap water. Shoot
height (cm), number and length of leaves, length of root
(cm), fresh weight (g), and dry weight (g) were meas-
ured. The fresh and dry weight of sorghum seedlings is
the accumulation from both the aerial part and the root.
The dry weight was measured after the sample was dried
in an oven at 105°C until the sample reach the constant
weight. RGR of seedling (R) was calculated with the fol-
lowing Whitehead and Myerscough (1962):

R= LogW?2 — LogW1
B Tn—T1

Notes:

W1= dry weight of 1 wap
W2 = dry weight of 2 wap
W3 = dry weight of 3 wap
wap = week after planting
Tn = week-n

T1 = the first week

Microclimate measurement

Environmental parameters consist of temperature
(°C), air humidity (%), and light intensity (Lux). The
temperature and humidity of the incubator and germi-
nation chamber were stable, with temperatures of 20 +
3°C and 30 + 3°C, respectively, and RH of 50-53%, in
total darkness. While, the environmental parameters at
nursey were observed every day at the morning, after-
noon, and evening for ten days. The air temperature
and humidity were measured with a Thermo-hygro
meter (AS ONE Th-321, Corona), while the light inten-
sity was measured with a lux meter (LUXOR). The aver-
age microclimate conditions at the nursery are presented
in Table 1.
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Table 1. Microclimate condition in the nursery.

Observation Light intensity ~ Temperature PN
time (lux) (°C) Humidity (%)
Morning 5069 28.51 69.4
Afternoon 10318.0 32.31 63.0
Evening 2964. 3 29.65 61.8

Data analysis

All data on seed germination and seedling growth
were displayed in graph, documentation and table. Col-
lected data were analyzed using the statistical analysis
software (SAS portable 9.0, SAS Institute Inc., Cary, North
Carolina, US) and microsoft excel 2013 (Microsoft Office
Home and Student 2019, Redmond, Washington, USA).

RESULT AND DISCUSSION
Seed characters

The current study emphasizes the main character-
istics of the seeds. The three sorghum cultivars used in
this study have different characteristics, such as shape,
color, and size (Figure 1). PY cultivar characterized by
flat round shape, pale yellow color, with a diameter of
4.06 mm and the weight of 100 seeds of 3.36 g. SB culti-
var has an ovate shape, strong brown color, 3.05 mm in
diameter and the weight of 100 seeds of 1.84 g. While LB
cultivar has an ellipse shape, brownish orange color, 3.51
mm in diameter and a weight of 100 seeds of 2.65 g.

Seeds characters are commonly used to distinguish
genera, species, and even varieties since the charac-
ters are categorized as high heritability and are readily
used in sorghum plant breeding programs (Slamet et al.,
2020). According to UPOV (2014) on sorghum identifi-
cation, there are variations in the shape, size, and color
of seeds. Sorghum has color variations ranging from
white, pale yellow, red, brown, and purplish brown,
while the shape were varies from flat, ovate, and ellipse.
The size of the seed varies between 4-8 mm in diameter
with 10-60 mg in weight. Queiroz et al., (2019) describe
that the differences in seed size affect the amount of
amylum and other nutrients in the seeds. Furthermore,
it can affect germination and seedling growth.

Seed viability

The sorghum seeds’ viability was detected through
three tests, namely tetrazolium test, ion leakage, and
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Seeds Parameter

Sorghum Cultivars
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Pale Yellow (PY) Strong Brown (SB) Light Brown (LB)
Fresh weight 3.36g 1.84¢g 265g
Diameter 4.06 mm 3.05 mm 3.51 mm
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Figure 1. The seed characteristics of PY, SB and LB sorghum cultivars.

moisture test. All three tests are frequently used to esti-
mate seed quality quickly in many species. These tests
are very useful for post-harvest handling of large num-
bers of seeds in a short time in many species. As well as
handling the storage and marketing process. Among the
three tests, the tetrazolium test is the most popular, due
to its simplicity and doesn’t require special equipment.
The tetrazolium test was categorized the viable seed
is based on the red color that forms in the seed tissue,
especially the embryonic part. The intensity of the red
color in the tissue indicates the viability of the tissue
(Subantoro & Prabowo, 2013). The test result showed that
SB and LB cultivars had a 100% bright red color. Mean-
while, the PY cultivar resulted in 90% red color (Figure
2). It indicates that the viability of SB and LB cultivars
was 100%, while PY cultivar was 80-90%. Based on the
tetrazolium test, it can be concluded that the viabil-
ity of all three sorghum cultivars qualified based on the
ISTA (1976) standard since the result of tetrazolium test
was more than 80%. The principle of this test is to dis-
tinguish between living and dead seeds based on the
rate of respiration in wet conditions (Whitehouse et al.,
2020), however, this test is disabled to detect abnormali-
ties of the seed. In order to complete the tetrazolium test
data, moisture content measurement and conductivity
tests (ion leakage) of sorghum seeds were also performed
(Table 2). Both ion leakage and moisture tests are able to

Cultivars Tetrazolium Test (%)
Pale Yellow (PY) 90%
Strong Brown (SB) 100%
Light Brown (LB) 100%

Figure 2. Tetrazolium test result of sorghum seed.

detect seed damage due to mechanical damage or pests.
The measurement of seed moisture content is impor-
tant to consider the speed of seed deterioration by the
increase of moisture content, meanwhile, ion leakage
from the seed to the water indicates a symptom of seed
damage due to membrane damage.

The highest moisture content was obtained by the
LB cultivar of 11.32%, followed by PY and SB cultivars
of 10.45% and 9.17%, respectively. Seed moisture content
is affected by harvest time, drying process, and storage
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conditions (Surki et al., 2012). However, in the present
study, all cultivars were treated equally during the post-
harvest handling: drying, packing and storing. Thus, the
difference in seed moisture content was affected by each
cultivar’s characteristics. The ion leakage value of PY, SB
and LB cultivars were 0.67 pScm!, 0.12 pScm and 0.06
uScm’l, respectively. A higher ion leakage value indicates
lower seed viability in sorghum (Fatonah et al., 2017).
Ion leakage occurs because the cell membrane function
related to ion exchange between inside and outside the
cell is being interrupted. The ions coming out of the cell
membrane accumulate in the seed immersion water and
are identified as electrical conductivity values (Brunei-
Muguet et al., 2015). A higher ion leakage value indicates
more ions released from the seeds into immersion water
and greater damage to the cell membrane. de Carvalho
Miguel & Filho (2002) explains that the electrical con-
ductivity test is one of the best tests for the evaluation of
the loss of cell membrane integrity by the concentration
of electrolytes released by seeds during imbibition.
Sorghum seeds are grouped as orthodox seeds (Sol-
berg et al., 2020). The recommended moisture content
for orthodox seeds is 5% in low humidity conditions
storage. However, if the seeds are handled traditionally,
the moisture content should be around 13-16% (FAO,
2018). The moisture content of seeds after drying and
stored in the storage room fluctuates depending on the
humidity of the storage room. If the humidity increases,
the moisture content of the seeds will increase, and vice
versa (Awosanmi et al., 2020; Mbofung, 2012). In this
study, the handling of the three sorghum cultivars was
equal. The difference in seed moisture content is affected
by the genetic traits, especially the thickness of the seed
coat of each cultivar. The difference in ion leakage values
was also suspected to be affected by differences in genet-
ic traits. Based on ion leakage, it showed that PY cultivar
is more susceptible to environmental fluctuations com-
pared to SB and LB cultivars. In addition to the effect
of genetic traits, ion leakage is also affected by temper-
ature in storage room. (Wawo et al., 2019) reported an
increase of ion leakage when Inocarpus fagiferus seeds
with high moisture content are stored at room tempera-
ture (25-27°C) for four weeks. We suggest that sorghum

Table 2. Moisture content and ion leakage values of three sorghum
cultivars

Cultivars Moisture Content (%) Ion Leakage (uScm™)
Pale Yellow (PY) 10.45 0.67
Strong Brown (SB) 9.17 0.12
Light Brown (LB) 11.32 0.06

Albert Husein Wawo et al.

seeds at farmer’s storage in this study, without tempera-
ture and humidity control, are likely to have fluctuated
seed moisture levels in accordance with temperature and
humidity fluctuations. High-temperature conditions in
the room will stimulate the respiration rate in the seeds,
which will deplete the food reserves in the seeds and
decrease the energy for germination. Sorghum cultivars
that are susceptible to high temperatures will experience
a rapid decline in viability compared to those that are
tolerant of high temperatures. The temperature of Grok-
gak district (where the seed was stored) during the dry
season (September-November) was 40°C, with rainfall of
7.4-91.4 mm (BPS Kabupaten Buleleng, 2018).

Seed vigor

Each plant requires a certain temperature range
(minimum, optimum, and maximum) for each stage
of its growth, which is called the cardinal temperature
(Salisburry and ross, 1995). Sampayo-Maldonado et
al. (2019) affirmed that the cardinal temperature is the
condition that drives at least 50% germination of the
total sample during the test period, while Shaban (2013)
stated that the optimum temperature is the tempera-
ture that enables to produce of the highest percentage of
germination of seeds in one lot in a short time. Shaban
(2013) also reported that many types of cereal germi-
nate optimally at 15-30°C with a maximum temperature
of 30-40°C.

This study revealed that higher temperature resulted
in a higher germination percentage and faster germina-
tion time (Table 3). The temperature requirement for
sorghum germination was occurred range at 25-30°C.
This range of temperature value was tighly related to
sorghum temperature requirement for growth stage,
ranged from 25-32°C (Garofalo et al., 2020). Each sor-
ghum cultivar had its specific temperature for germina-
tion. The highest germination percentage for LB cultivar
(93.33%) occurred at 30°C, while for SB (98.89%) and
PY (67.78%) cultivars occurred at 25-35°C. It indicated
the optimum temperature of SB and PY cultivars is in
the range of 25-35°C, while the LB cultivar sorghum is
around 30°C.

Germination at 20°C tended to take a longer time
(6-9 DAS) and resulted in a lower final germination per-
centage value than at 25-35°C temperatures (4-5 DAS;
>80% germination percentage) (Table 4). The SB cultivar
requires a longer time to reach the highest germination
percentage compared to LB and PY cultivars. The differ-
ence in germination time was influenced by base-mois-
ture content in the seed of each sorghum cultivar. In
general, the seed water content of cereal crops must reach
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Table 3. Interaction between cultivars and temperature of germination facilities on final germination percentage.

Temperature (°C)

Sorghum cultivars

Means cultivars

20 25-35
PY 28.89 e + 1.95 60.00 d +2.49 67.78 cd + 1.53 52.21b
SB 73.33 cd £ 5.74 74.44 cd £ 3.33 98.89 a + 0.98 82.22a
LB 87.78 bc + 1.26 93.33ab + 1.79 86.67 bc + 0.81 89.26 a
Means Temperature 63.70 b 75.56 a 8444 a

Note: Numbers that are followed by the same letter in one column mean that they are not significantly different based on the Duncan test

with 5% levels. The number after + means standard deviation.

Table 4. Interaction between cultivars and temperature of germination facilities on germination mean per day.

Temperature (°C)

Sorghum cultivars

Means cultivars

20 25-35
PY 8.00 ab + 2.00 433c+1.15 4.33 ¢ +£0.58 5.55b
SB 9.00 a +2.08 7.67 ab + 1.73 5.00 ¢ £ 1.00 7.22a
LB 6.00 bc + 0.00 500c+1.73 4.00 ¢ = 1.00 5.00 b
Means Temperature 722a 6.11 a 444 b

Note: Numbers that are followed by the same letter in one column mean that they are not significantly different based on the Duncan test
with 5% levels. DAS = days after sowing. The number after + means standard deviation.

at least 35 to 45% of seed dry mass to occur during the
germination process (Queiroz et al., 2019). The fact that
the handling of the three sorghum cultivars was similar
led the author to suggest that the difference in seed mois-
ture content is affected by the character of each cultivar,
such as the thickness of the seed coats. Thicker the seed
coat need the more time to absorb water from the seed
surrounding environment. The present study did not
observe chemical changes during the germination pro-
cess, but Benincasa et al. (2019) stated that the chemical
and biophysical composition of seeds control the germi-
nation process, and the process was driven by environ-
mental conditions, including temperature. At constant
high temperatures, the growth enzyme activity will be
stimulated and triggers germination (Gardner et al. 1991).

A previous study proved that at low temperatures,
sorghum seeds consistently reduce the germination per-
centage (Solberg et al., 2020). Furthermore, each cultivar
had a different tolerance to low-temperature germina-
tion. LB cultivar was more tolerant to low tempera-
ture, while SB and PY cultivars were susceptible (Table
4). Solberg et al. (2020) explained that the germination
response was influenced by several factors, including
species, variety, the mother tree’s condition, and both
duration and condition of seed storage. The cultivars
used in this study originated from different countries.
The genetic basis of each cultivar might strongly influ-
ence the optimum germination temperature require-

ment. Thus, SB and PY cultivars which are originated
from the equator are more susceptible to low tempera-
tures. In contrast, the LB cultivar has a wider tempera-
ture adaptation because it has adapted to a temperate
climate, characterized by higher monthly temperature
fluctuations.

In accordance with FAO (2018) standard that qual-
ity seeds must have a germination percentage of at least
80%. In this study, SB cultivar (82.22%) and LB cultivar
(89.26%) can be categorized as the quality seed. While
the highest germination in PY cultivar was less than
80%. The low percentage of germination is closely related
to the high value of ion leakage (Marcos-Filho, 2015).

One of the important characteristics of seed qual-
ity observation is the uniformity of seed germination.
The information on the germination process is generally
shown by the peak value, mean daily germination, and
germination value. The peak value is the time when an
increase in germination percentage happened in a short
time that can be signed with a sharper increase in the
curve simultaneously with an increase in germination
percentage which is signed with the slighter increase in
the curve and horizontal (Hartmann et al., 2011). The
Peak Value (PV) of all three cultivars is strongly affected
by germination temperature (Figure 3). The peak value
(PV) at 20°C (3-6 DAS) was slower than at 30°C and
25-35°C (2-3 DAS). This value is related to the final ger-
mination, when the germination percentage is high, the
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Figure 3. Daily germination percentage of PY, SB and LB sorghum cultivars at 20°C (A), 30°C (B) and 25-35°C (C). vertical bars indicated
standard deviation.
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Table 5. Peak Value (PV), Mean Germination Day (MDG), and
Germination Value (GV) of PY, SB and LB sorghum cultivars at
20°C, 30°C and 25-35°C.

Temperature (°C)

Sorghum
cultivars 20 30 25-35
Peak Value (PV)
PY 4.07 18.52 17.41
SB 8.15 19.63 28.89
LB 16.67 28.89 25.93
Mean of Germination Day (MDG)
PY 2.50 12.00 13.56
SB 7.44 7.33 16.48
LB 14.63 23.06 17.33
Germination Value (GV)

PY 11.80 222.24 236.08
SB 60.64 143.89 467.11
LB 243.88 649.14 449.37

PV value also showed the same trend. LB and PY culti-
vars showed a similar trend of PV (Table 5). The PV of
both cultivars was lowest at 20°C and highest at 30°C,
while SB cultivar had a linear trend related to the raising
of germination temperature.

Mean Daily Germination (MDG) values of the three
cultivars are varied depending on the germination tem-
perature (Table 5). The MDG of LB cultivar was con-
stantly higher than other cultivars at any germination
temperature. The MDG values were found lowest when
seeds germinated at 20°C and then increase at 30°C and
25-35°C. The PV and MDG will strongly affect germi-
nation value. The highest germination value indicates
strong seed vigor to germinate under certain conditions,
especially at a specific temperature. The result of this
study showed that the LB seeds required 30°C to obtain
the highest germination value while the SB and PY seeds
required 25-35°C to reach the highest germination value.
The specific temperature that is required by each culti-
var to reach the highest germination value is called opti-
mum temperature. Shaban (2013) explained the opti-
mum temperature is the temperature that enables to the
production of the highest percentage of germination in a
short period of time.

Seedling growth

The quality of seeds is also determined by seedling
growth. Seedling is defined as a complete germination
process after the release of radicle and plumules through
the seed coat and grows into young plants with roots

and leaves. This process was driven by soil nutrition
and light. Dubey et al (2018) confirmed that each phase
of plant growth requires different environmental condi-
tions to achieve maximum growth. Plant performance
during its life is an interaction between plant genetic
potential and the environment. Therefore, the growth of
seedlings in the nursery was observed without any con-
trol of environmental temperature and light.

The plant characteristics that were observed at the
seedling phase included plant height, number of leaves,
root length and plant biomass. The sorghum seedling
height showed a sigmoid pattern. The curve experiences
a rapid increase from the first week to the second week
of observation, then sloping in the third week. Overall,
the LB cultivar showed the tallest and highest growth
rate, followed by PY and SB cultivars (Figure 4a). The
highest number of leaves during the 1* and 2°¢ weeks
were found in LB cultivar, followed by SB and PY culti-
vars. However, in the 374 week, all cultivars had the same
number of leaves (Figure 4b).

The root length was observed for three weeks and
experienced a different increase. LB cultivars have the
longest roots at 1 WAP (17.2 cm), followed by SB cultivars
(12.3 cm) and PY cultivars (10.2 cm). The root length
increased along with the age of the plant. The successive
increase of the length of the root was 12.7 cm for LB cul-
tivar, 4.1 cm for SB cultivar, and 22.8 cm for PY cultivar.
In the third week, the length of the root of PY cultivar
decreased by 6.5 cm. It is suspected that a part of the root
was broken off during root sampling. The length of the
root of SB and LB cultivars increased by 4.9 cm and 0.2
cm from the previous week (Figure 4c).

By all the plant growth parameters, the biomass
measurement showed that SB cultivar had lower fresh
weight compared to PY and LB cultivars at each seed-
ling age (Figure 4d). The seedling growth rate of LB
cultivar was higher compared to the other two culti-
vars, which started from the beginning of their growth
until the third week. The growth rate was drawn from
a higher number of leaves and taller ones since the first
week of observation. which results in higher fresh weight
and dry weight of the seedlings compared to PY and
SB cultivars Timotiwu et al (2017) state that seedlings
that have high vigor will have longer seedling roots and
greater dry weight.

Thai cultivars seemed higher in early growth, but
the growth rate gets slow in the second week. The pro-
duction of leaves is also lower than that of SB cultivars.
The seedling growth rate has a significant impact on the
fresh weight and dry weight of seedlings. Queiroz et al.
(2019) state that the seeds of each plant have a different
amount of starch and other nutrients. This difference in
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the amount of starch and nutrients is one of the major
factors affecting seedling growth. Sorghum seeds of SB
cultivars have smaller sizes compared to LB and PY cul-
tivars, possibly because of genetic factors of the cultivar
and the size of the seeds that affect the seedling growth.

Relative Growth Rate (RGR)

The relative growth rate of seedlings in each culti-
var was different (Table 6). It showed that each cultivar
has a different growth ability. The relative growth rate
in the second week reached 0.321 g week! for LB culti-
var, 0.289 g week for PY cultivar, and 0.239 g week for
SB cultivar. The growth rates of LB and SB cultivars in
the third week decreased to 0.261 g week! and 0.224 g
week’!, respectively. Meanwhile, PY cultivar increased to
0.304 g week! from the previous week. The distribution
of biomass to aerial parts of plants appears to be more
influenced by genetic factors (plant cultivars) because
environmental conditions were homogeneous.

The relative growth rate of each cultivar tends to
be higher at R1 (first-second week) than R2 (first-third
week). The higher R value indicates faster growth, while
lower R values indicate slower plant growth. LB culti-
var was thought to be early maturing sorghum, which is
characterized by rapid vegetative growth and starts the
generative phase quickly. On the other hand, the slower-
growing SB and PY cultivars showed both were deep-
aged sorghum.

Based on the results and discussion of the research, it
can be concluded that the quality of sorghum seeds can
be varied, depending on the germination temperature.
Therefore, it is important to choose a sorghum cultivar
that is suitable for the daily temperature range. Gener-
ally, the distribution of temperature and light intensity
depends on the altitude above sea level. Considering the
cardinal temperature range of sorghum germination,
this commodity is suitably cultivated in areas with tem-
peratures below 40°C with full light intensity for optimal

Table 5. Relative growth rate (R) of sorghum seedlings.

Dry Weight (g) Relative Growth Rate

Cultivars (g week)

1 WAP 2 WAP 3 WAP R1(g) R2(g)
PY 0.019 0.037 0.077 0.289 0.304
SB 0.015 0.026 0.042 0.239 0.224
LB 0.021 0.044 0.070 0.321 0.261

Notes: WAP= Weeks after planting, R1= first-second week, R2=
second-third week.

growth. Regarding the three sorghum cultivars tested in
this experiment, the LB cultivar was recommended to be
cultivated at an altitude of 300 - 500 m above sea level.
This area is identical with less fluctuation in daily tem-
perature, around 30°C, corresponding to the optimum
temperature for LB cultivar germination, but the light
intensity is quite high, and the humidity is low. SB culti-
var, which has higher germination temperatures, seems to
be more suitable for cultivation in lower areas, between 50
- 250 m above sea level. Such areas have more fluctuating
daily temperatures due to sea breezes, with low humidity
and high light intensity. Sopandie (2013) explained that
temperatures above the optimum temperature will reduce
plant physiological activities, especially the inactivity of
several enzymes, and disrupt the balance between photo-
synthetic activity and respiration. Conductivity test values
in this study had a similar trend to the tetrazolium test,
also in line with the direct germination test and mois-
ture test. We consider that the conductivity test can be
used by local farmers in assessing the quality of the seeds.
This test is simple and requires an inexpensive tool. Con-
ductivity tests can also solve the problem of subjectivity
in the color-based assessment of the tetrazolium test. At
the seedling level, the relative growth rate measurement
based on the growth rate of the plumule can be utilized to
assess seed vigor.
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Abstract. The objective of this work was to evaluate the influence of meteorological
variables on height and diameter increment in a Tachigali vulgaris plantation ferti-
lized with NPK. The meteorological data were recorded by the agroclimatological sta-
tion of Embrapa Amazonia Oriental, located in Igarapé-Agu, in the period from March
2016 to June 2018. The monitoring of the increment rate in height and diameter of
the plants was done. The data collected were: monthly temperature, average maximum
temperature, average minimum temperature andprecipitation. The maximum quarterly
periodic increment in height occurred in the June-September 2017 quarter, while the
highest diameter increment occurred in the June-September 2016 quarter. Principal
component analysis showed that the first three factors together explained 94% of the
total variance of the species’ growth, where the unfolding analysis of the first two prin-
cipal components showed that the variables that contributed most to explain the spe-
cies’ stand development correlated with the climate measures observed in this study,
were mean and maximum temperatures and precipitation, followed by height, diam-
eter and minimum temperature. It was concluded that the weather variables positively
influenced the increment in height and diameter of plants Tachi, with precipitation
being the variable with the greatest contribution to predicting tree growth.
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STUDY IMPLICATIONS

The global demand for forest products, although
with different rates by segment, in general, has con-
sistently grown in recent years, which has increased
the demand for raw materials, resulting in an increase
in new forest plantations. However, most of the refor-
estations are implemented in areas of weathered and
leached soils, that is, they have low availability of nutri-
ents, which generates variations in productivity, and
the implementation of forestry projects may be eco-
nomically unfeasible in some cases. In this way, under-
standing forest production in this context is necessary,
since it can be expressed as the result of a function that
considers the availability of edaphoclimatic resources,
the amount of these absorbed by the plant and the efhi-
ciency with which it uses them, to fix atmospheric CO,
and transform it into biomass. The study of growth
trends of forest plantations in different meteorological
variations is important in the sense of helping decision-
making regarding places where there is little knowledge
about adaptation and performance of forest species to
be planted. Among the reforestation species is Tachigali
vulgaris L.G.Silva & H.C.Lima (white tachi), considered
an Amazonian species, promising for bioenergetic pro-
duction. So, providing information on its cultivation
under a given microclimate becomes necessary for the
establishment of this crop in similar regions, which
plays an important economic and ecological role for its
region of origin.

INTRODUCTION

Seasonality is the first description of the behavior
of the system over time. The difference in the seasonal
pattern of functioning of a biological system, which can
be more or less stable, is due to both biotic factors and
environmental impacts. The Amazon is an example of a
highly seasonal environment, with its diverse arboreal
component (Silva et al., 2017).

Tree growth is defined by the genetic composition
of the species and can be influenced by its characteris-
tics, interacting with the environment. Environmental
influences include climatic factors (temperature, precipi-
tation, wind, and sun exposure) (Kanieski et al., 2012).
In this context, works have been carried out in order to
evaluate the influence of meteorological variables on the
growth of tropical and subtropical species. Many stud-
ies report that the influence of meteorological variables
(precipitation and average temperature) on the incre-
ment in diameter of some forest species show positive
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correlations (Soares & Cruz, 2016, Kanieski et al., 2017,
De Jesus et al., 2019, Bertolini et al., 2020).

The excess or insufliciency of available water in the
soil causes a decrease in the photosynthetic rate reflect-
ing in the decrease of plant growth. The influence of
temperature and precipitation on the distribution and
growth of forests is demonstrated by the high correlation
between these aspects and climate classifications, such
as those made by Merriam, Koppen and Thornthwaite
(Zanon & Finger, 2010).

The distribution of forest stands is closely related to
the microclimatic conditions of a given region. The cli-
matic elements, such as temperature, relative humidity,
precipitation, wind and solar exposure, can influence
the growth, development and even the survivability of
plants (Santos Neto, 2014). In this context, the study of
the growth trends of from forest plantations in differ-
ent types of soil and on the variation of the water regime
is important in order to help decision making regard-
ing the places where there is little knowledge about the
adaptation and performance of the forest species to be
planted (Santos et al., 2017). Although plants adapted to
low nutrient availability can develop naturally (Camargo
et al., 2004, Rosim et al., 2016), the adoption of manage-
ment practices and correction of soil fertility in areas
cultivated with species of rapid growth in order to raise
the productivity of forest sites, or at least maintain it for
future rotations (Pinkard, 2003).

Management practices planit and soil must take into
account the use of nutrient sources through mineral or
organic fertilization (Vogel, 2005, Silva et al., 2021), ensur-
ing that the soil supplies all nutrients in quantities nec-
essary to obtain the desired growth for plants (Forrester
et al., 2006, Smethurst, 2010). The elements nitrogen,
phosphorus and potassium stand out, which are essen-
tial macronutrients for plant development (Zhang et al.,
2010, Biagiotti et al., 2017). Where effects of fertilization
with these nutrients on both plant growth and leaf chemi-
cal content have been extensively studied in forests such
as eucalyptus (Graciano et al., 2006, Rosim et al., 2016,
Santos et al., 2017). Thus, the objective of this work was to
evaluate the influence of meteorological variables on the
increment in height and diameter of planting Tachigali
vulgaris L. G. Silva & H. C. Lima fertilized with NPK.

MATERIAL AND METHODS

Study drea: The study was carried out at the Fazenda
Escola de Igarapé Agu - FEIGA of the Universidade Fed-
eral Rural da Amazoénia - UFRA, in the municipality of
Igarapé-agu, Pard State, Brazil.
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The municipality belongs to the Northeast Paraense
mesoregion and the Bragantine microregion. The munic-
ipal seat has the geographical coordinates 01°07°33”
South latitude and 47°37°27” West Greenwich longitude.
The climate of the municipality is Am type by Koppen
classification (Costa et al., 2013), with an average tem-
perature around 25°C throughout the year. The annual
precipitation of the region is high, reaching 2,853 mm,
with a strong concentration in the months from January
to June and less rainy from July to December. The pre-
dominant soil in the region is yellow Latosol (Rousseau
et al., 2014).

Meteorological data

The meteorological data for this study were obtained
from the Embrapa Amazonia Oriental agroclimatologi-
cal station, located in Igarapé-Acqu, Pard, Brazil, situated
at latitude 01°07°33”S, longitude 47°37°27” W and alti-
tude 45 m, distant 28 km from the study area.

The meteorological data such as air temperature,
maximum and minimum temperature, and precipita-
tion were analyzed in the period from March 2016, when
planting was performed, until June 2018.

Experimental design and evaluations

A stand of Tachigali vulgaris L. G. Silva & H. C.
Lima was established in 2016, whit area of 1.44 hec-
tare (14,400 m2), containing 1728 trees, distributed in
four plots with a distance of five meters, to facilitate
the implantation of future experiments, with the use of
fertilizers applied to the soil surface, thus avoiding con-
tamination between treatments by rainfall, with plants
spacing 2 x 3 m (plants x rows), as recommended by
Sousa et al. (2016). The planting was submitted to differ-
ent levels of fertilization, which were applied in grams
per plant, which constituted the treatments, of two doses
of nitrogen-N (0, 26.67 g), two doses of phosphorus-P
(0, 19.56 g) and two doses of potassium-K (0, 30 g). The
commercial formulations of urea, triple superphosphate
and potassium chloride respectively were used, com-
bined according to the fractional factorial 2k, which
totals 8 treatments randomly distributed, with 4 plants
grouped in the planting plots, whit 4 replications, name-
ly: TO (control, no fertilization), T1 (30 g of K), T2 (19.56
g of P), T3 (19.56 g of P + 30 g of K), T4 (26.67 g of N),
T5 (26.67 g of N + 30 g of K), T6 (26.67 g of N + 19.56
g of P), T7 (26.67 g of N + 19.56 g of P + 30 g of K).
Fertilizations were performed in 2016, right after plant-
ing and repeated twelve months later in 2017. Being used

as a parameter of comparison with the climatic data,
the average data of growth in height and diameter of all
treatments.

To follow the periodicity and the rate of increment
in height and diameter of the plants, measurements were
made every three months during the 2-year period, corre-
sponding to the months of March 2016 to March 2017 in
the first year and from June 2017 to June 2018 in the sec-
ond year, thus providing a quarterly analysis of the incre-
ment in height and diameter of the plants. The diameter
evaluations during the two years were divided into two
forms of measurement, due to the fact that the plants only
presented measurable DBH (diameter at breast height at
1.3 m from the ground) at 15 months of age, which cor-
responded to the measurement in June 2017.

In the first year, the diameter was measured at the
height of the basal diameter (BD), using a digital cali-
per, as the plant heights were less than 1.3 m. In the sec-
ond year, the diameter measurement was made at DBH
(Diameter at breast height - 1.3 m), using a diametric
tape graduated in centimeters. The total height of the
plants was measured with a ruler graduated in centim-
eters. Periodic quarterly increments (IPT) of plant diam-
eter and height were calculated to express the growth of
Tachigali vulgaris every three months (equation 1).

IPT=Y(t+n)-Y, 1

where: IPT = quarterly periodic increment
Y = considered dimension

t =age

n = time period

Statistical analysis

The data were submitted to the normality test, and
subsequent statistical analysis. In order to verify the
associations between the growth variables of Tachigali
vulgaris L. G. Silva & H. C. Lima and the climatic varia-
bles, a multivariate statistical analysis of Principal Com-
ponents — PCA and Pearson’s correlation was performed.
For that, the software R studio was used.

RESULTS

The average results found for the quarterly periodic
increase in height of the forest stand of Tachigali vul-
garis L. G. Silva & H. C. Lima showed (Table 1 and Fig-
ure 1) that the species maintained its growth rate until
September 2017 (94.4 cm overall average), when 76.3
mm of rain was recorded, which was reduced in the fol-
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Table 1. Periodic quarterly increase in height and diameter of T. vulgaris plants subjected to N, P and K fertilization, and the variation dur-
ing the period of the meteorological variables of temperature (average, maximum and minimum) and precipitation.

2016 2017 2018
Increments / Treatments
Mar.-June  June-Sept. Sept.-Dec. Dec.-Mar.  June-Sept.  Sept.-Dec.  Dec.-Mar.  Mar.-June
0 18.7 37.1 23.3 43.8 77.1 44.4 57.7 76.6
n:26.67 30.8 45.3 34.3 49.9 96.2 61.1 69.2 69
. p:19.56 19.6 429 26.8 48 82.3 47.8 66.3 65.7
ﬁ k:30 20.4 44 .4 35 46.8 92.6 54.2 70.3 82
%a n:26.67, p:19.56 30.7 47.5 32.8 53.4 94.6 55.9 75.3 76.4
E) n:26.67, k:30 24.5 45.7 38.7 47 103.3 59.7 68.5 60.3
p:19.56, k:30 21.3 44.9 41.1 52.6 108.1 54.4 80.2 78.8
n:26.67, p:19.56, k:30 26.4 48.3 32.9 51.5 100.9 54.5 60.9 71.2
Average treatments 24 44.5 33.1 49.1 94.4 54 68.6 72.5
0 0.36 1.09 0.78 0.82 1.05 0.73 1.2 0.97
n:26.67 0.6 1.65 0.74 1.27 1.43 1.01 1.15 0.95
’E‘ p:19.56 0.38 1.47 0.63 1.01 1.44 0.69 1.04 0.93
< k30 0.41 1.31 0.76 0.85 1.31 0.83 1.2 1
% n:26.67, p:19.56 0.54 1.71 0.82 1.2 1.45 0.75 1.01 0.9
§ n:26.67, k:30 0.58 1.58 0.83 0.84 1.54 0.81 1.2 0.97
A p:19.56, k:30 0.49 1.45 0.89 1.3 1.82 0.86 1.4 1.09
n:26.67, p:19.56, k:30 0.58 1.47 0.84 1.05 1.33 0.73 0.96 0.81
Average treatments 0.49 1.47 0.79 1.04 1.42 0.8 1.15 0.95
S Temperature-T. °C 27.7 27.5 28 27.5 28.7 28.6 27.5 27.3
%D_'g T. maximum °C 32.5 33 33.7 32 33.8 34.1 32 31.9
§ g T. minimum °C 23 22 22.3 23.1 23.6 23.1 22.9 22.8
= Precipitation (mm) 321.2 120.5 78.9 384.7 76.3 32.6 262.5 310.1
100.0 944 - 4500 ticity regarding the low precipitations, while the tempera-
900 1 b 400.0 ture was stable over the years, not having great variation
i :zg Ir 00 o (Table 1), keeping within a range of approximately 1°C.
2 500 | [0 E The maximum quarterly periodic increase in height
Z 500 - I zzzz% occurred in the quarter from June to September 2017,
§,, “ﬁg | 1500 é where treatments with fertilization of nitrogen + potassi-
2 | 1000 um, phosphorus + potassium and NPK (nitrogen, phos-
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Figure 1. Average quarterly increase in height (cm) of T. vulgaris
plants subjected to N, P and K fertilization, and rainfall (mm) dur-
ing the studied period.

lowing quarter (54.0 cm), which had the lowest rainfall
observed during the study, 32.6 mm of rain. The results
found indicate that there is a gradual proportionality for
the vertical increment of the plants and the precipitation,
being able to infer that the planting presented good elas-

phorus and potassium) presented values of 103.3, 108.1
and 100.9 cm, respectively (Table 1). And the second
largest increase in planting corresponded to the quar-
ter from March to June 2018, where the treatment with-
out fertilization obtained dendrometric accumulation
at a height similar to that with the addition of nitrogen
plus potassium (76 cm). This growth rate in height is
outside the expected patterns, since normally the great-
est increases occur in the rainy season, which was not
observed in the present study.

Unlike growth in height, the largest increase in
diameter occurred in the first year of planting (2016),
with 1.47 cm in June-September (Table 1 and Figure 1).
The second largest increase (1.42 cm) also occurred in
June-September, but in the following year (2017). Pre-
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Figure 2. Average increment of basal diameter (BD) (cm), corresponding to the first year of planting (a), diameter at breast height (DBH)
(cm), corresponding to the second year of planting (b), and rainfall (mm) during the periods studied.
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Figure 3. Result of the analysis of principal components of the
variables of growth (height and diameter) of T. vulgaris plants and
meteorological variables (temperature and precipitation).

cipitation in these periods of greatest increase was only
120.5 mm in Jun-Sep 2016 and 76.3 mm in Jun-Sep 2017
(Figure 2).

Among the treatments with the highest mean incre-
ments, those with the addition of nitrogen + phosphorus
(1.71 cm), nitrogen (1.65 cm) and nitrogen + potassium
(1.58 cm) stand out (Table 1).

The reduction in the increase in tree diameter and
height in the quarter from December to March 2017,
despite the high level of precipitation (384.7 mm), can be
partially attributed to the greater number of cloudy days
affecting respiration and nutrient translocation. by the
roots and photosynthesis, with reflection in the increase
of the dendrometric variables.

The principal component analysis showed that the
first three factors have eigenvalues, which correspond
to 46.5%, 27.4% and 20.1% of the variance (Figure

40.00%
3244%  3237%
30.00% 28.37%
<
B
S 20.00%
=
E
=
3
o]
10.00%
308%  267%
1.07%
0.00% v v v v
°C average Maximum Precipitation Minimum  Height Diameter

“C °C

Figure 4. Contribution of the variables of height, diameter, temper-
ature (minimum, average and maximum temperatures) and precipi-
tation, for the first principal component, in a T. vulgaris plantation
submitted to fertilization with N, P and K.

3), explained by the model’s eigenvalues, that is, they
explain together 94 % of the total variance of species
growth, with a stabilization of the curve after the fourth
component. Thus, the first three components were con-
sidered, considering that the other components present a
low explanation.

The breakdown of the analysis of the first two main
components shows that the variables that most contrib-
uted to explain the development of the population of
the species, correlated with the meteorological variables
observed in this study, were the average and maximum
temperatures and precipitation (Figure 4), followed by
the height, diameter and minimum temperature (Figure
5). For the third main component, only the minimum
temperature contributed to explain the data variance
(Table 2). This demonstrates that the temperature vari-
ation and the amount of rain were the first variables to
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Figure 5. Contribution of height, diameter, temperature (minimum,
average and maximum) and precipitation variables to the second
principal component in a T. vulgaris plantation subjected to N, P
and K fertilization.

Table 2. Contribution of growth and meteorological variables to the
first three Principal Components extracted, in a T. vulgaris planta-
tion fertilized with N, P and K.

Principal Components

Variable
1 2 3

Height 2.67% 46.55% 0.63%
Diameter 1.07% 32.70% 25.16%
Average temperature 32.44% 0.04% 7.03%
Maximum temperature 32.37% 4.54% 0.90%
Minimum temperature 3.08% 12.61% 56.74%
Precipitation 28.37% 3.57% 9.53%

predict the development of the plantation, followed by
the dendrometric indicators.

In the ordering diagram of the original variables of
the six principal components, it can be seen that some
dendrometric and climatic variables are superimposed

Lenilson Ferreira Palheta et al.
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Figure 6. Ordering diagram of the original variables of the six Prin-
cipal Components, extracteds from the analyzed growth and mete-
orological variables, in a T. vulgaris plantation fertilized with N, P
and K.

(right side of the circle), which demonstrates that they
have similar representation (Figure 6). It can also be
observed that the environmental variables are close to
the unit circle, denoting a strong relationship with the
increase in height and diameter.

Pearson’s correlation showed that the variables that
most correlated were precipitation with mean and maxi-
mum temperatures, with correlation values close to 1
(100%) (Table 3). The height and diameter variables had
a low (R=0.3) to moderate (R=0.6) correlation with pre-
cipitation. In planting of Tachigali vulgaris with spacing
(4 x 2 m).

Table 3. Pearson correlation matrix for the growth and meteorological variables studied, in a T. vulgaris plantation fertilized with N, P

and K.
Pearson’s correlation matrix

Variables

Height Diameter Average T. Maximum T. Minimum T. Precipitation
Height 1
Diameter N 1
Average T. - -
Maximum T. - - 1
Minimum T. - - 1
Precipitation - B - 1

Legend: “-“ 0.3, “.” 0.6, ,” 0.8, “*” 0.95, “B” 1, correlation level.
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DISCUSSION

For Brienen et al. (2017), growth can vary intra
and interspecifically according to the size class of the
trees, in the case of the study they were still in the ini-
tial phase of growth, therefore, the association of fac-
tors with the climate is important. determinant in the
dynamics of growth combined with carbon gain, since
larger trees have greater monthly growth, disregarding
the point at which age can be limiting (Lyra et al., 2017).

Dias & Marenco (2016) evaluated the effect of rain-
fall seasonality on tree growth of 28 species in tropical
terra firme forest in central Amazonia and concluded
that the region’s mild dry season is not long enough to
deplete soil water, beyond the reach of the root system,
which allows trees to grow at constant rates through-
out the year. In the present study, the growth also
remained constant, not being null during the evalua-
tion period.

As for height, the species showed good elasticity in
terms of low precipitation rates. According to (Sette et
al. 2010), this result is explained by the availability of
water from the rainy season, stored in the deeper layers
of the soil.

Physiologically speaking, the assimilation of CO,
from the atmosphere through foliar photosynthe-
sis depends on temperature limits that allow the work
of the enzymes that act in the process, the main one
being Rubisco. Excessive temperature limits can not
only inhibit Rubisco, but also cause damage to the
plant’s hydraulic system. This is because temperature is
strongly related to vapor pressure deficit (VPD) which,
in turn, has been identified as one of the main causes of
tree mortality (McDowell and Allen, 2015, McDowell et
al., 2018).

In a study to evaluate the growth in trunk diam-
eter of Eucalyptus grandis trees and its relationship
with climatic variables and mineral fertilization, (Sette
et al. 2010) concluded that climatic variables influ-
enced growth rates, where greater rainfall led to reduc-
tions in increments. Narducci et al. (2016) evaluated the
growth of Sclerolobium paniculatum and the relationship
between precipitation and diameter increment, in differ-
ent planting spacings in dystrophic yellow latosol with
annual precipitation of 2500 mm, and concluded that
the correlation between precipitation and increment in
diameter was moderate to strong, which, according to
the authors, shows the sensitivity of the growth of this
species to the availability of water. However, in the pre-
sent study this correlation did not occur.

According to Mattos et al. (2015), rainfall from the
previous year had a major contribution to the subse-

quent increase in diameter of Mimosa tenuiflora in sea-
sonally dry tropical forest in Brazil. According to Santos
et al. (2017), in places where there is an inventory to sup-
port the development and intervene in forest plantations,
such as the choice of clones with higher productivity per
site, information on rainfall, together with the analysis
of growth curves in different types of soils, can help to
define the most suitable clone for a given region.

According to Morais et al. (2017), Tachigali vulgaris
presents strategies to water stress, which is correlated
with increased leaf temperature. This promotes the
elevation of leaf transpiration rates, serving as a strat-
egy used to reduce leaf temperature, avoiding damages
due to the exaggerated heating of the photosynthetic
apparatus, since the process of evaporation of the water
molecule by the plants causes a substantial loss of heat
and constitutes one of the most important means they
have to regulate the temperature. This is in agreement
with the results found in the present study, where pre-
cipitation and maximum and average temperatures
strongly influenced the dendrometric increments of
Tachigali vulgaris. Narducci et al. (2016) also observed
a correlation close to 0.6 between precipitation and
diameter increment.

Soares and Cruz (2016) evaluated the influence of
meteorological variables on the growth in diameter and
height of parica (Schizolobium parahyba var. amazoni-
cum), using Pearson’s correlation analysis, and found
positive correlations, showing a directly proportional
relationship between the meteorological variables and
the increments in diameter and height of the trees of the
species. In a study of the relationship of meteorologi-
cal variables with the growth of planted trees of Arau-
caria angustifolia (Bertol.) Kuntze, it was found that
the increase in precipitation positively influences the
increase in diameter (Zanon & Finger 2010), which cor-
roborates the results of the present study.

CONCLUSION

Precipitation was the climate variable that most pos-
itively influenced the increase in height and diameter of
Tachigali vulgaris L. G. Silva & H. C. Lima plants,

The plants showed excellent elasticity, especially in
periods of low rainfall,

The precipitation and maximum and average tem-
peratures strongly influenced the dendrometric incre-
ments of Tachigali vulgaris,

In view of the results presented, there is a great pos-
sibility of indicating the planting of Tachigali vulgaris for
regions with climate variations similar to this study.
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