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Introduction

Freshwater scarcity and the increasing demand from the agricultural sector, which consumes approximately
70% of global freshwater, have posed serious challenges to global food security. This pressure is particularly
severe in arid and semi-arid regions like Iran, where high evaporation rates and irregular rainfall threaten crop
production sustainability. Conservation agriculture, particularly the retention of crop residues (straw mulch) on
the soil surface, is an effective strategy to manage soil and water resources. Mulch conserves soil moisture by
physically reducing the solar radiation reaching the soil, thus directly decreasing soil evaporation, especially
during the early stages of crop growth. In Golestan province, Iran’s primary soybean (Glycine max L.)
production hub, soybean is mostly cultivated in rotation with wheat (Triticum aestivum L.). However, farmers
commonly burn or remove wheat residues to accelerate land preparation, exposing the soil to severe evaporation.
Despite the importance of residue retention, there is a lack of quantitative knowledge regarding the effects of
different mulch rates on soybean water-saving in this region. Therefore, this study aimed to quantitatively
evaluate the impact of various rates of wheat straw mulch on soil evaporation, irrigation requirements, and the
water use efficiency (WUE) of soybean using an integrated field experiment and simulation modeling approach.

Materials and Methods

This study utilized a two-step integrated approach comprising a field experiment and long-term simulation
modeling. First, a field experiment was conducted at the research farm of Gorgan University of Agricultural
Sciences and Natural Resources, Iran, to quantify the effect of mulch on soybean phenology. The experiment
was laid out in a randomized complete block design with four replications. Treatments consisted of six levels of
wheat straw mulch: 0 (control), 750, 1500, 2250, 3000, and 3750 kg ha™. Soybean (cv. DPX) was sown on July
1. Phenological stages, particularly days to emergence and flowering, were meticulously recorded to extract
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linear correction factors. In the second step, the SSM-iLegume model was employed for long-term simulations
(2000-2020) across two distinct climates in Golestan province: Gorgan and Minodasht. The model’s genetic
coefficients for the DPX cultivar had been previously parameterized and evaluated for the region in previous
studies. The primary novelty in the modeling phase was incorporating the mulch effect. Using the field data,
correction factors were applied to simulate the delay in phenology caused by mulch. Furthermore, the physical
effect of mulch on reducing potential soil evaporation (Ep) was dynamically simulated based on the soil cover
fraction. The model simulated crop responses, water balance components, and WUE under the specified mulch
treatments and automated irrigation scenarios. Output data were statistically analyzed using Analysis of Variance
(ANOVA) and Duncan’s multiple range test (p<0.05) in SAS 9.4 software.

Results and Discussion

Field observations indicated that wheat straw mulch significantly delayed soybean phenology by shading the
soil and reducing received thermal time. Specifically, for every one ton per hectare of applied mulch, emergence
and flowering were delayed by 0.7 and 1.03 days, respectively. These correction factors were successfully
integrated into the SSM-iLegume model. Long-term simulation results revealed that while straw mulch did not
significantly alter the total above-ground dry matter and grain yield in either Gorgan or Minodasht, it profoundly
impacted the soil water balance. Mulch cover significantly reduced cumulative evaporation (CE) from the soil
surface, especially during the early growth stages before canopy closure. The application of 3.75 t ha™ of mulch
decreased CE by 51% (equivalent to 68 mm) in Gorgan and by 50% (equivalent to 92 mm) in Minodasht over
the growing season. Consequently, the ratio of soil evaporation to total evapotranspiration (E/ET) decreased to
its lowest levels (0.16 and 0.18 in Gorgan and Minodasht, respectively). The significant reduction in non-
productive evaporation translated directly into decreased irrigation water requirements. Applying 3.75 t ha™! of
mulch reduced the required irrigation volume by 15% (from 329 mm to 280 mm) in Gorgan and by 21% (from
366 mm to 288 mm) in Minodasht, eliminating the need for approximately one irrigation event per season.
Because grain yield was maintained while water consumption decreased, Water Use Efficiency (WUE)
improved significantly, reaching maximum values of 14.9 and 16.8 kg ha* mm™ in Gorgan and Minodasht,
respectively, under the highest mulch rate. Furthermore, scaling these findings to the 57,462 hectares of soybean
cultivated area in Golestan province demonstrated that implementing this residue management strategy could
potentially save up to 34.41 million cubic meters of agricultural water annually.

Conclusion

In conclusion, the integrated field and modeling assessment demonstrated that utilizing wheat straw mulch is
a highly efficient agronomic strategy for soybean production in semi-arid regions. Retaining up to 3.75 t ha™ of
crop residues significantly suppresses soil evaporation and improves water use efficiency without incurring any
yield penalty. This practice not only ensures the sustainability of crop production but also plays a vital role in
conserving scarce regional freshwater resources. Transitioning from the conventional practice of residue burning
to conservation agriculture is strongly recommended to optimize water footprints and mitigate the impacts of
climate change on agricultural ecosystems.
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Fig. 1- The average monthly weather data of maximum air temperature (Max T), minimum air temperature (Min T), and
rainfall (Prec.) and radiation for Gorgan(a) and Minodasht (b)



1P 0 olcwsl Yol VA ol (g 559L8 @au P A& s \vY

b SB mdow > aS 20d 0 el SB maw p L 15
SB D95 yieS o slod Gllwg g b dgmg 4 Saile
Ay o UL b slaSe (il (o as cowlon s
29 g > 0fugay o5 Slaraldl > itun 5SS 315 sl
.)]9_9 4\_})}9 Cas paw S LSL"') w&lf )409)45 ..\J]yua Co o Ui]
oS (sl 48 390 s Sl (g 5teS Ol a3 gy S, ]
o 1lg5 o0 3w Lol 3 el ol ol ol sio S
ceel S wlls g Llay sgng 5l 0 SB og S5 a aiily
UL ol gl a3y aoes )3 5 05 &l 500 oS oS 5

(Mirzaei et al., 2021) 5,5 & )50

ety g (A1 il p2) ool ol 5 gl A0

A 00 pudg L g, g dlge yiSu yd &S asc] a4 asgi b
AU 4 iss SIS glo o 3 olis glae o Sinlejl b
ey S e o g (lIS LB il 4 g pebay il
5 IV Oliedn o (23S L gy 5 S e U ) SB
U joy guonas (sl balslae opl jl oplply oldl (86 & 59, V/-Y
e 53 QS e Jlade Il plgieas (2SS B ) 9 (S S
(¥ JSCs) 45 oslinl

slee 53 ko3
591938 52 pusS GAIS wlle il

pAS ilS gllo a8 sy L clacyio Lialosl 5l ol guls
Fle 05 2 il o8 s 215 oo Sl Lgw HAi (0D s
Crie 8L Gl 5oy IV (e (0 e B g, plS LIS
Ot glo (5 2 slila (IS o Jlade (1B 35 (23S
GIBIL g8 Glgd oy ple rizren LSl AL 4 o) VY
S e 55 (I3l L oS (gpgba ol 5T 4 S gl
Bl il ey <IN (e bigw culldy (Sdewy U gy piS
SialS 5 ol el S gl ey 45 cdS oy e
i Lasgs aljg) (28,5 GDD lsee cl s g 00 S cglo
6L llas w3 byl (i e 3 3l sl g ool il |,
e ) U g SB lod ialS coge gdle 4 wlosly Lis 3
2l Ll 1Ayl Jlad o (o] )3 2500 o)l 5
a4 ol (L s e85 )8 () 3)90 )3 903 9 A5
S waw j LS blay sliS 8L g (05,08 pie &g
9 sl uujzvl_f 1) O s 3o )d ipgu 30 (6559 Sk b dslde 50
Ab )3 jgiy A Jew 53 (j9) &g U) p3 LS sl inen
wble bos 5 ablas 65,055 (Mingotte et al., 2020)
Sy g o il |y S gled Gllug «SB mow o aLS

Lgw CulS > (95,0 3590 Olo g puiS WS adlo Clideo alie W51 (1Sl dwslio —) Joas
Table 1- Mean comparison of the effect of different levels of wheat straw mulch on the evaluated traits in soybean

Irrigation Irrig. water Water use Soil Evapotranspiration ~ Grain yield  Biomass (g Straw mulch (t
number requirement efficiency evaporati (mm) (gm?) m?) ha't)
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5b 311b 12e 110b 458b 373a 888a 0.75
4hc 300bc 12d 89c 437c 372a 886a 15
4cd 287bc 13c 79d 426d 372a 888a 2.25
4d 280d 13b 70e 418e 373a 888a 3
4d 280d 13a 64f 412f 372a 886a 3.75
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Means followed by the same letter(s) in each column are not significantly different at the 5% probability level
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