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ABSTRACT 11 

The traditional practice of burning at the pre-harvesting of sugarcane has being phased-12 

out in Brazil, resulting in the maintenance of a crop`s residue layer on soil surface, 13 

namely the Green Cane Trash Blanket (GCTB). New technologies for electricity and 14 

second-generation ethanol (2G) production from crop residues have raise the question 15 

on what would be the optimum amount of crop residue left on the field to keep the 16 

agronomic and environmental benefits of GCTB. To support informed decision making 17 

on sugarcane trash management, we updated, evaluated and applied a new version of the 18 

SAMUCA model to simulate the sugarcane growth and water use under the GCTB 19 

effect. The updated model was calibrated and parameterized for bare soil and GCTB 20 

conditions and evaluated across different Brazilian regions. Thirty-year simulations 21 

were then conducted with the updated model to quantify the effects of GCTB on 22 

sugarcane growth and water use where sugarcane is traditionally grown in Brazil. The 23 

updated version of SAMUCA model showed equal or superior performance when 24 

compared with widely-used process-based models for sugarcane. Based on our 30-year 25 

simulations, the GCTB exhibited a high probability to promote a beneficial effect on 26 
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sugarcane yields in dry climates (> 90%), with the potential for increasing, on average, 27 

14 ton ha-1 of fresh cane yield in Petrolina, Brazil. Although the beneficial effect on 28 

yields were not significant in humid regions, the maintenance of 12 ton ha-1 of GCTB 29 

was associated with a high probability (> 87%) in reducing the water use of sugarcane 30 

cropping system by 89 mm, on average, potentially reducing irrigation demand in the 31 

early stages of crop development while protecting crop production under dry spell 32 

events. The new version of SAMUCA model offers as a tool for decision making on 33 

mulch management in sugarcane plantations. 34 

 35 

Keywords: Saccharum officinarum L.; process-based model; trash blanket; bioenergy; 36 

sustainable agriculture 37 

 38 

1. Introduction 39 

Sugarcane crop is the main feedstock for sugar production in the world and has 40 

emerged as the second major source of biofuel (Goldemberg et al., 2014). It’s a crop of 41 

significant social, economic and environmental importance in many developing 42 

countries where nearly 75% of global production is concentrated in Brazil, India, China, 43 

Thailand and Pakistan (FAO, 2019). Brazil is the largest producer (38%), with 44 

approximately 10 million ha of sugarcane plantations, producing 635 million metric tons 45 

(MMT) of harvested stalk fresh mass, 38 MMT of sucrose, and 32 billion litres of 46 

bioethanol per year (CONAB, 2019).  47 

In the last decade, the traditional practice of burning at pre-harvesting of 48 

sugarcane has been phased-out in Brazilian plantations due to increased concerns on 49 

environmental and public health  (Le Blond et al., 2017). As a result, a rapid pace of 50 

https://paperpile.com/c/vSO7z1/OnhlI+3UScq
https://paperpile.com/c/vSO7z1/OnhlI+3UScq
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mechanisation and non-burning (green cane) sugarcane harvest took place in practically 51 

all sugarcane plantations in Brazil (Scarpare et al., 2016; Vianna and Sentelhas, 2016). 52 

This transition has required agronomic and operational adaptations specifically for 53 

managing the 10-to-20 ton ha-1 of crop residues (Leal et al. 2013), namely the Green 54 

Cane Trash Blanket (GCTB) sometimes also called “mulch cover”, “straw blanket” or 55 

“trash blanket”. Two of the most pronounced short-term effects associated to GCTB are 56 

the maintenance of soil moisture and reduced soil temperature (Olivier and Singels, 57 

2012), considered as important aspects mainly for warmer areas in the Central region 58 

(Cerrado) of Brazil where sugarcane has rapidly expanded over the last years (Scarpare 59 

et al., 2016). New technologies for electricity and second-generation ethanol (2G) 60 

production from crop residues (Dias et al., 2011) have also increased the interest from 61 

mills to take the crop residues for energy co-generation. Such opportunity for increasing 62 

revenues raise the question on what would be the optimum amount left on the field to 63 

keep the agronomic and environmental benefits of GCTB. 64 

Process-based models (PBM) integrate soil-plant-atmosphere and management 65 

interactions in cropping systems and have been used to support science and informed 66 

decision making on where and how agricultural crops can be managed in a sustainable 67 

way (Tsuji et al., 2013). Several PBMs for sugarcane have been developed and are well 68 

described in the literature (Marin et al., 2015). However, only two of these are available 69 

for end users, namely the DSSAT-CANEGRO (DC) (Jones and Singels, 2018) and the 70 

APSIM-Sugar (AS) (Keating et al., 1999). The DC model does not make a distinction 71 

between air and soil temperatures for simulating the underling crop processes, though 72 

the reduced soil evaporation rates in the presence of mulch is accounted for and well 73 

documented by Porter et al. (2010). The AS model is able to simulate GCTB 74 

decomposition and its effects on nitrogen availability and evaporation reduction as well 75 

https://paperpile.com/c/vSO7z1/WSY1u
https://paperpile.com/c/vSO7z1/sPw4h+FW4ND+1GMIC
https://paperpile.com/c/vSO7z1/sPw4h+FW4ND+1GMIC
https://paperpile.com/c/vSO7z1/4SDAQ+TJOx
https://paperpile.com/c/vSO7z1/4SDAQ+TJOx
https://paperpile.com/c/vSO7z1/zsxUv
https://paperpile.com/c/vSO7z1/SbpUl+mizTJ+SjDJn+rd71S
https://paperpile.com/c/vSO7z1/mizTJ
https://paperpile.com/c/vSO7z1/SbpUl
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(Thorburn et al., 2005). A third sugarcane model (SAMUCA –  Agronomic Modular 76 

Simulator for Sugarcane) was developed by Marin and Jones (2014) focusing on the 77 

specific features of sugarcane farming systems in Brazil and due to relatively small 78 

number of available sugarcane PBMs for simulation ensembles (Asseng et al., 2013). 79 

Marin et al. (2017) have, however, reported evidences that the soil-water balance of 80 

standalone version of SAMUCA required improvements and further validation for 81 

reducing uncertainties of simulations under diversity of soil and climates where 82 

sugarcane has been grown in Brazil.  83 

The objective of this study was to update the SAMUCA’s algorithms to 84 

improve soil moisture simulations also accounting for the new scientific evidences 85 

regarding the sugarcane growth and development under GCTB conditions. The updated 86 

model was parameterized and calibrated with a sugarcane field experiment carried out 87 

under bare soil and GCTB condition in Piracicaba, Brazil. After calibration, we 88 

evaluated the model’s performance against an independent dataset of field experiments 89 

under different edaphoclimatic conditions across Brazil. Finally, the updated SAMUCA 90 

model was applied to four Brazilian locations where sugarcane is traditionally cultivated 91 

to aid GCTB management dimensioning, as trash blanketing is now widely employed in 92 

most of the Brazilian sugar industry. 93 

 94 

2. Material and Methods 95 

2.1. Overview of the SAMUCA model updates and new features 96 

A new version of the SAMUCA model was developed and embedded into a 97 

simulation platform (Figure 1). The updated soil-water balance subroutine operates the 98 

one-dimensional “tipping bucket” method, considering the daily water inputs (rainfall + 99 

https://paperpile.com/c/vSO7z1/Rb62I/?noauthor=1
https://paperpile.com/c/vSO7z1/D2S41/?noauthor=1


5 

irrigation), evapotranspiration rates, runoff and drainage. A numerical algorithm for 100 

solving soil heat flux was also employed to simulate the soil temperature dynamics 101 

(Kroes et al., 2009). When GCTB is simulated, a layer with thermal and hydrological 102 

characteristics of sugarcane mulch is added to soil surface, affecting soil evaporation, 103 

runoff and heat transfer (Porter et al., 2010; Van Donk and Tollner, 2000).  104 

Algorithms of the SAMUCA model were also updated to account for the 105 

scientific findings regarding the sugarcane physiology that were not accounted by DC 106 

and AS. These includes a) the biomass partitioning simulation at the phytomer level 107 

(Singels and Inman-Bamber, 2011; Lingle et al., 2012); b) the computation of structural 108 

and sugars components with a source-sink method (O’Leary, 2000); c) canopy carbon 109 

assimilation using measured leaf assimilation rates and carboxylation efficiency 110 

(Goudriaan, 2016); d) the distinction between air and soil temperature to simulate soil 111 

related processes such as tillering, root growth and shoot emergence (Laclau and Laclau, 112 

2009; Bezuidenhout et al., 2003). The last one is specifically important to account for 113 

the GCTB effect on sugarcane growth and development. Full details of model updates 114 

and new features can be found in Appendix A of supplementary material. 115 

 116 

https://paperpile.com/c/vSO7z1/ebV7v+yIdZA
https://paperpile.com/c/vSO7z1/ebV7v+yIdZA
https://paperpile.com/c/vSO7z1/0d18
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Figure 1. Simulation shell framework with model subroutines and information flow 117 

through the simulation process. Red arrows represent direct relationship in the processes 118 

of sugarcane crop growth and development 119 

2.2. Field experiments description for model calibration and evaluation 120 

The new version of SAMUCA was calibrated and parameterized using field 121 

measurements of a sugarcane experiment at the College of Agriculture “Luiz de 122 

Queiroz” (ESALQ/USP) in Piracicaba, Brazil (Lat: 22°41’55”S Lon: 47°38’34”W Alt: 123 

540m). Chopped stalks of the widely planted variety RB867515 were used for planting 124 

13-15 buds m-1 at 1.4 m row spacing down to a depth of 0.2 m at Oct-16-2012. Four 125 

sequential seasons of approximately 1-year long were then carried out (1 plant cane + 3 126 

ratoons) through the years 2012-to-2016. At the first season (plant-cane), sugarcane was 127 

grown under bare soil conditions. From the 1st ratooning, two treatments took place to 128 

evaluate the sugarcane growth and water use under with mulch cover (WM) and bare 129 

soil (NM) conditions (Figure 2). Aiming to represent the commercial sugarcane fields’ 130 

conditions, approximately 12 t ha-1 of green cane straw (Lisboa et al., 2018) was 131 

homogeneously applied on the soil surface of WM treatment for each ratooning season. 132 

Agricultural practices were adopted to represent high yield farming systems and to 133 

ensure the crop was free from pests, diseases and nutritional stress. The site’s climate is 134 

characterised by a hot and humid summer with dry winter (Cwa - Köppen classification), 135 

and the soil classified as Typic Hapludox. 136 

https://paperpile.com/c/vSO7z1/HKibY
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 137 

Figure 2. Experimental area sketch presenting the predominant wind direction, location 138 

of evapotranspiration measurements and access tubes for FDR soil moisture probe in the 139 

with mulch (WM) and no mulch (NM) treatments of the trial in Piracicaba, Brazil 140 

Soil moisture and evapotranspiration were monitored throughout crop growth to 141 

determine water use in WM and NM conditions. Daily evapotranspiration rates were 142 

determined by integration of 15-min latent flux measurements taken by the Bowen Ratio 143 

Method (BRM) installed at each treatment (Figure 2). A total of 24 Frequency Domain 144 

Reflectometry (FDR) access tubes were placed across the field experiment at the middle 145 

of first ratoon season (2013/2014), where frequencies were monitored at every 3 days or 146 

at one day after a rainfall/irrigation event. Undisturbed soil samples were taken in five 147 

depths (5, 15, 30, 60 and 100 cm) and at four random locations within the experimental 148 

area, to obtain the soil hydrological characteristics (Table 1) and to calibrate the FDR 149 

probe’s scaled-frequencies for volumetric content outputs (cm3 cm-3). Soil temperature 150 

measurements were taken in both treatments by thermocouples placed down to a depth 151 

of 1, 5, 20 and 40 cm only for the 2nd Ratoon (2014/2015). Meteorological data, 152 

including maximum and minimum air temperatures, solar radiation, rainfall and 153 

irrigation applications are shown in Figure B2 of Appendix B. Crop growth and 154 

development was monitored by regular biometric sampling. Non-destructive samples 155 
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were taken for monitoring tiller population, stalk diameter and stalk height, number of 156 

appeared green leaves, leaf area index (LAI), leaf angle of insertion, blade area and shape 157 

(length and width). Stalk and leaf mass (fresh and dry) and sucrose content on fresh cane 158 

basis (POL) was obtained by regular destructive sampling. Leaf nitrogen content and 159 

carbon assimilation rates were also taken to support our study. Full description of 160 

equipment sets, measurements and calibration details are given in Appendix B. 161 

Table 1. Soil depth (DP), wilting point (WPP), field capacity (FCP), saturation point 162 

(STP), saturated hydraulic conductivity (Ksat), soil texture (sand, silt, clay) and organic 163 

carbon (Porg), and Mualen-van Genuchten Coefficients (θres, θsat α, n) adjusted to soil 164 

moisture at variable matric potentials (-10 > ψs > -15,000 hPa) 165 

DP WPp FCp STp Ksat θres θsat α n Psand Psilt Pclay Porg 

(cm) (cm3 cm-3) (cm3 cm-3) (cm3 cm-3) (cm h-1) (cm3 cm-3) (cm3 cm-3) (cm-1) (-) (g g-1) (g g-1) (g g-1) (g g-1) 

5 0.216 0.285 0.380 1.70 0.122 0.421 0.198 1.145 0.185 0.15 0.65 0.015 

15 0.240 0.303 0.352 1.01 0.021 0.359 0.043 1.067 0.185 0.15 0.65 0.015 

30 0.278 0.347 0.390 0.49 0.000 0.394 0.023 1.060 0.199 0.17 0.62 0.011 

60 0.307 0.394 0.428 0.21 0.000 0.430 0.008 1.071 0.199 0.17 0.62 0.011 

100 0.253 0.393 0.456 0.21 0.008 0.459 0.008 1.127 0.211 0.16 0.62 0.009 

We parameterized the biophysical characteristics of mulch based on previous 166 

literature, assuming the water holding capacity (Sm) of GCTB as 3.8 kg kg-1, the specific 167 

area covered by mulch (Am) as 32 cm2 g-1, and the GCTB light extinction coefficient (k) 168 

and albedo (α) as 0.8 and 0.4, respectively (Porter et al., 2010). The apparent thermal 169 

conductivity of sugarcane trash at dry (λdry) and wetting (dλwet) conditions were set as 170 

0.1, 0.03, according to Van Donk and Tollner (2000). To calibrate crop parameters that 171 

were not obtained directly from field experiment measurements or literature we 172 

employed the constrained BFGS (Broyden–Fletcher–Goldfarb–Shanno) optimisation 173 

method using the R software (Figure A14). 174 

https://paperpile.com/c/vSO7z1/ebV7v
https://paperpile.com/c/vSO7z1/ZYaH7/?noauthor=1
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After calibration, an independent dataset was used to evaluate the new model’s 175 

performance in simulating the main components of sugarcane growth and development 176 

across different soil and weather conditions in Brazil (Table 2). In all sites the RB867515 177 

variety was planted, where measurements of stalk dry and fresh mass, sucrose content 178 

(POL), tillering, stalk height and Leaf Area Index (LAI) were regularly taken throughout 179 

crop growth. Soil characteristics and management practices such as planting and 180 

harvesting dates, row spacing and irrigation applications (mm day-1) on each site were 181 

prescribed to the model as input information. This same database was previously used 182 

for assessing the performance DC and AS and is fully described by Marin et al. (2015). 183 

The performance of the new version of SAMUCA model was quantified in terms of the 184 

statistical indexes of precision (r2), accuracy (d), Nash–Sutcliffe efficiency (eff), root 185 

mean square error (RMSE) and bias (Wallach et al., 2018).  186 

Table 2. Summary of sugarcane field experiments datasets across Brazil used for model 187 

evaluation 188 

Site ID Planting and 
harvesting dates 

Weather Water 
treatment 

Soil Type 

União/PI 
4°51'S,42°52‘W, 68 m 

UNII 9/29/2007 and 
06/16/2008 

27 °C, 1500 
mm, Aw 

Irrigated 
(total = 235mm) 

Oxisol 

União/PI 
4°51'S,42°52‘W, 68 m 

UNIR 9/29/2007 and 
06/16/2008 

27 °C, 1500 
mm, Aw 

Rainfed Oxisol 

Coruripe/AL  
10°07'S,36°10‘W, 16 m 

CLER 8/16/2005 and 
09/15/2006 

21.6 °C 1401 
mm, As´ 

Rainfed Fragiudult 

Aparecida do Tab./MS 
20º05S,51º18’W,335 m 

ATAB 7/1/2006 and 
09/08/2007 

23.5 °C, 1560 
mm, Aw 

Rainfed Typic 
Hapludox 

Colina/SP  
20°25’S,48°19’W, 590 m 

COLI 2/10/2004 and 
12/01/2005 

22.8 °C, 1363 
mm, Cwa 

Rainfed Typic 
Hapludox 

Olímpia/SP  
20°26’S,48°32’W, 500 m 

OLIM 2/10/2004 and 
12/01/2005 

23.3 °C, 1349 
mm, Cwa 

Rainfed Typic 
Hapludox 

 189 

 190 

https://paperpile.com/c/vSO7z1/ICfUc
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2.3. Quantifying the effect of GCTB on sugarcane growth and water use across different 191 

Brazilian conditions 192 

Four locations were selected accordingly to the economic, social and 193 

environmental relevance of sugarcane crop and the contrasting edaphoclimatic 194 

conditions to quantify the effect of GCTB on fresh cane yields and water use with the 195 

new version of SAMUCA model (Figure 3). Daily meteorological data from 1980-to-196 

2010 and the hydraulic and texture characteristics of predominant soil was obtained for 197 

each location from the study of Vianna and Sentelhas (2016). Thirty-year simulations 198 

were run considering 1-year growth cycle of ratooning sugarcane with 199 

planting/harvesting in the dry season (July: Piracicaba, Jataí and Petrolina; and January:  200 

Recife), commonly employed in Brazil. The amounts of GCTB simulated were 0 (bare 201 

soil), 6, 12, and 18 ton ha-1 aiming to represent the range of mulch amounts generally 202 

found on commercial farms (Lisboa et al., 2018). Simulation results of fresh cane yields 203 

and total evapotranspiration were subjected to descriptive statistics and Tukey 204 

significance test (p < 0.05) to identify the effects of GCTB amounts across different 205 

locations. In addition, the probability of a beneficial effect (p-benef = n[Ymulch > 206 

Ybare]/30) of GCTB on fresh cane yields and in reduction of evapotranspiration (p-reduc 207 

= n[ETmulch < ETbare]/30) was computed from the 30 years simulations results for each 208 

site. 209 

https://paperpile.com/c/vSO7z1/HKibY
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 210 

Figure 3. Location of the four selected sites for the 30-year simulations (triangles), the 211 

sites where the validation was performed (circles), the Brazilian counties with over than 212 

100,000 ton year-1 fresh cane production and sugarcane land use identified by the 213 

CanaSat/INPE Project (Aguiar et al., 2011) 214 

 215 

3. Results 216 

3.1 Performance of the updated model on simulating sugarcane growth and water use 217 

under GCTB 218 

After calibration and parameterization, the new version of SAMUCA model 219 

captured the differences in ET, soil moisture and temperature between the WM and NM 220 

treatments conducted in the Piracicaba experiment (Figure 4). Simulation results of ET, 221 

soil moisture and temperature exhibited the highest differences between treatments in 222 
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early seasons, approximately when the days after planting (DAP) were below 100. Soil 223 

moisture simulations of WM treatment were, on average, +5.8% (0.016 cm3 cm-3) higher 224 

than bare soil (0.273 cm3 cm-3) during the early growth stages (DAP < 100, Figure 4a). 225 

Simulations of soil temperature were, on average, 6.3 °C colder in WM than NM at this 226 

time as well, with maximum difference of 10.4 °C (Figure 4d). Similarly, ET simulations 227 

were 0.3 mm day-1 lower on average in the WM treatment before canopy closure (Figure 228 

4b). Differences between simulation results of soil moisture, temperature and ET for 229 

WM and NM treatments were progressively reduced with canopy development. 230 

Simulations of accumulated ET in the course of crop growth agreed well with 231 

observations, where the total ET for WM was consistently lower than NM, with a 232 

maximum difference of 69.9 mm in the 3rd ratoon (Figure 4c). 233 

 234 

 235 
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 236 

Figure 4. Comparison between simulated (solid lines) and observed (circles) soil water 237 

content at 10 cm (cm3 cm-3) (a), daily (b) and accumulated (c) evapotranspiration rates; 238 

and soil temperature (°C) (d) for the WM (green) and NM (red) treatments of the trial in 239 

Piracicaba, Brazil 240 

The statistical indexes for precision (r2) and accuracy (d) for simulations of water 241 

moisture in the topsoil (10 cm) were 0.38 and 0.78, respectively, with a modelling 242 

efficiency (EF) of 0.27, and RMSE of 0.018 cm3 cm-3. When comparing all soil 243 

compartments together (10 to 60 cm, Figure A17), soil moisture simulations presented 244 

quite better performance (r2 = 0.69, d = 0.91, EF = 0.62 and RMSE = 0.025 cm3 cm-3, 245 

Table 3). Simulations of soil temperature showed similar performance as obtained for 246 

soil moisture simulations (r2 = 0.56, d = 0.84, EF = 0.53). Despite of an RMSE of 2.1 247 

°C, the difference between simulated and observed mean soil temperatures were only 248 
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0.9 and 0.1°C for WM and NM treatments, respectively (Table 3). Simulations of daily 249 

ET showed poor precision and modelling efficiency (r2 = 0.31, EF = 0.12) though 250 

reasonable accuracy (d = 0.66). Nevertheless, the agreement with accumulated ET rates 251 

was satisfactory, with high values of precision and accuracy (> 0.98) and an RMSE of 252 

14.7 mm. 253 

 Table 3. Statistical indexes of performance of the calibrated SAMUCA model in 254 

simulating soil moisture, temperatures and evapotranspiration rates for a sugarcane field 255 

cultivated under GCTB (WM treatment) and bare soil (NM treatment) at the trial in 256 

Piracicaba, Brazil 257 

Variables Treatment Bias RMSE EF r² D 𝑋̅ 𝑌̅ 

Topsoil Moisture 10 cm 
(cm3 cm-3) 

WM -0.0039 0.018 0.197 0.331 0.753 0.307 0.303 

NM -0.0023 0.019 0.330 0.415 0.799 0.303 0.301 

WM + NM -0.0031 0.018 0.276 0.379 0.781 0.305 0.302 

Soil Moisture*  
(cm3 cm-3) 

WM 0.0008 0.024 0.620 0.677 0.905 0.349 0.349 

NM -0.0031 0.025 0.617 0.707 0.910 0.347 0.344 

WM + NM -0.0012 0.025 0.619 0.691 0.908 0.348 0.346 

Daily ET  
(mm d-1) 

WM -0.0280 1.259 -0.212 0.205 0.681 2.98 2.96 

NM -0.0733 1.164 0.103 0.314 0.751 3.12 3.04 

WM + NM -0.0451 1.100 0.120 0.315 0.752 3.01 2.97 

Total ET  
(mm) 

WM -0.9985 11.61 0.997 0.997 0.999 534.9 533.9 

NM -10.045 21.47 0.989 0.991 0.997 530.2 520.2 

WM + NM -3.2351 14.68 0.993 0.994 0.998 555.7 552.5 

Soil Temperature  
(°C) 

WM 0.9068 1.381 0.373 0.647 0.824 23.6 24.5 

NM 0.1171 2.655 0.071 0.157 0.623 27.7 27.8 

WM + NM 0.5230 2.099 0.534 0.563 0.840 25.6 26.1 
*At soil depths of 10, 30 and 60 cm (Figure A17) 258 

RMSE: Root mean squared error; EF: Modeling efficiency; r2: Determination index; d: accuracy index of Wilmot; 𝑋̅: 259 

Mean observations; 𝑌̅: Mean simulations; Bias = 𝑌̅ −  𝑋̅; ET: evapotranspiration  260 

 261 

The updated version of SAMUCA model was able to simulate the crop 262 

components throughout the sequential sugarcane seasons of Piracicaba experiment, 263 

including the differences on peak of tillering observed at the second ratooning (DAS = 264 
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770, Figure 5). Simulations of stalk fresh and dry biomass presented satisfactory 265 

precision and accuracy (r2 > 0.88 and d > 0.96), with modelling efficiencies above 0.87 266 

and RMSE of 16.9 and 3.7 ton ha-1, respectively (Table 4). Leaf area index and tiller 267 

population exhibited lower statistical indexes of performance than stalk biomass (r2 > 268 

0.69 and d > 0.90), though with similar average simulated and observed values for both 269 

treatments (Table 4). Simulations of sucrose content on stalk fresh basis (POL) and stalk 270 

height had the best agreement among crop components (r2 > 0.88, d > 0.96 and EF > 271 

0.86), with RMSEs of 0.67 % and 31 cm, respectively, for both treatments. 272 

 273 

274 

Figure 5. Comparison between simulated (lines) and observed (circles) dry and fresh 275 

cane biomass (ton ha-1), sucrose content (POL, %), leaf area index (LAI, m2 m-2), tiller 276 

population (# m-2) and stalk heights (m) for the WM (green) and NM (red) treatments of 277 

the trial in Piracicaba, Brazil 278 

 279 

 280 
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Table 4. Statistical indexes of performance of the calibrated SAMUCA model in 281 

simulating sugarcane crop components cultivated under GCTB (WM treatment) and 282 

bare soil (NM treatment) at the trial in Piracicaba, Brazil 283 

Variables Treatment Bias RMSE EF r² d 𝑋̅ 𝑌̅ 

Dry Cane  
(ton ha-1) 

WM -0.3994 3.305 0.902 0.908 0.972 13.46 13.06 
NM 0.1729 3.673 0.877 0.877 0.966 13.89 14.07 

WM + NM -0.2455 3.680 0.876 0.884 0.963 14.58 14.33 

Fresh Cane  
(ton ha-1) 

WM -4.5726 16.752 0.877 0.891 0.964 74.91 70.34 
NM -2.4582 16.857 0.877 0.882 0.964 77.83 75.37 

WM + NM -5.2759 16.898 0.868 0.890 0.961 82.16 76.89 

POL  
(% [Fresh]) 

WM 0.1956 0.68 0.919 0.926 0.978 8.19 8.38 
NM 0.301 0.88 0.866 0.883 0.965 8.29 8.60 

WM + NM 0.1846 0.67 0.921 0.927 0.980 7.97 8.16 

LAI  
(m2 m-2) 

WM -0.0890 0.861 0.686 0.780 0.931 2.85 2.76 

NM 0.0036 1.023 0.549 0.688 0.901 2.79 2.79 
WM + NM -0.0187 0.937 0.649 0.766 0.924 2.67 2.65 

Tiller Population  
(# m-2) 

WM -0.4317 2.764 0.650 0.659 0.886 12.77 12.34 

NM -0.3146 2.905 0.740 0.743 0.922 14.07 13.75 

WM + NM 0.0862 2.716 0.729 0.731 0.920 12.69 12.78 

Stalk Height  
(m) 

WM 0.1442 0.326 0.879 0.904 0.966 1.26 1.40 

NM 0.1414 0.330 0.876 0.906 0.964 1.22 1.36 

WM + NM 0.0940 0.309 0.902 0.919 0.972 1.27 1.36 
RMSE: Root mean squared error; EF: Modeling efficiency; r2: Determination index; d: accuracy index of Wilmot; 𝑋̅: 284 

Mean observations; 𝑌̅: Mean simulations; Bias = 𝑌̅ −  𝑋̅; ET: evapotranspiration 285 

 286 

3.2 Model evaluation at different edaphoclimatic conditions in Brazil 287 

Simulations of stalk fresh and dry biomass yields exhibited good precision and 288 

accuracy (r2 > 0.89 and d > 0.94) with a modelling efficiency of 0.84 and RMSE of 19.6 289 

and 4.1 ton ha-1, respectively (Table 5). Stalk dry biomass measured at harvest ranged 290 

from 18.1 to 39.4 ton ha-1, where the longer crop cycles (490 days) at Colina and Olímpia 291 

obtained the highest yields (Figure 6). The same pattern was also observed for stalk fresh 292 

biomass, where fresh cane yields ranged from 73 to 179 ton ha-1. Although rainfed and 293 

irrigated treatments were conducted at União, a small effect of water stress was observed 294 

on stalk biomass (Figure 6), which is likely explained by the high annual rainfall at this 295 

site (1500 mm, Table 2) and due to the slightly higher soil moisture promoted by the 296 



17 

GCTB. The comparison between observed and simulated sucrose content on stalk fresh 297 

basis (POL) resulted in an RMSE of 1.09% with lower precision when compared to 298 

biomass performance (r2 = 0.66) though with good accuracy (d = 0.89) (Table 5). The 299 

values of POL presented similar pattern across regions, increasing from 9.7 to 15.5% 300 

between 294 to 490 days after planting (Figure 6). 301 

Tiller population and LAI showed an RMSE of 3.15 tiller m-2 and 0.76 m2 m-2, 302 

respectively, with relatively lower precision than stalk biomass (r2 > 0.45) though with 303 

good accuracy (d > 0.82) (Table 5). Peak of tiller population ranged from 18.2 to 22.6 304 

tillers m-2 and stabilized at 8.9 tillers m-2 after 230 days after planting (Figure 6). The 305 

simulated LAI values reached a maximum value of 4.4 m2 m-2 at Olímpia after 160 DAP, 306 

whereas the LAI obtained for the Coruripe site was of 1.8 m2 m-2 at the same period 307 

under rainfed conditions. After 220 DAP the LAI values oscillated between 2.1 and 3.8 308 

m2 m-2 at all locations (Figure 6). Only one site presented measured stalk height (CLER), 309 

which exhibited an RMSE of 0.33 m, and precision (r2) and accuracy (d) indexes higher 310 

than 0.94. For POL, the model exhibited an RMSE of 1.09%, with precision (r2) and 311 

accuracy (d) indexes of 0.66 and 0.89, respectively (Table 5). 312 
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 313 

 314 

Figure 6. Comparison of simulated (lines) and observed (circles) dry and fresh cane 315 

biomass (ton ha-1), sucrose content (POL, %), leaf area index (LAI, m2 m-2), tiller 316 

population (# m-2) and stalk heights (m) across different Brazilian regions. Code IDs for 317 

each site are provided in Table 2 318 

  319 

 320 

 321 
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Table 5. Statistical indexes of performance of the new version of SAMUCA model in 322 

simulating sugarcane crop components across different Brazilian regions 323 

Variables Bias RMSE EF r² d 𝑋̅ 𝑌̅ 

Dry Cane (ton ha-1) 0.6239 4.129 0.875 0.924 0.956 19.44 20.07 
Fresh Cane (ton ha-1) 0.5868 19.578 0.861 0.891 0.943 84.91 85.49 
POL (% [Fresh]) -0.2852 1.09 0.586 0.660 0.896 13.23 12.95 

LAI (m2 m-2) -0.0985 0.765 0.338 0.455 0.822 2.59 2.50 

Tiller Population (# m-2) 0.9859 3.151 0.627 0.674 0.895 14.03 15.02 

Stalk Height (m) 0.0450 0.334 0.851 0.961 0.945 0.96 1.01 

RMSE: Root mean squared error; EF: Modeling efficiency; r2: Determination index; d: accuracy index of Wilmot; 𝑋̅: 324 

Mean observations; 𝑌̅: Mean simulations; Bias = 𝑌̅ −  𝑋̅; ET: evapotranspiration 325 

 326 

3.3 Quantifying the effect of GCTB on fresh cane yield and water use in Brazil 327 

The 30-year simulations of stalk fresh biomass showed no expressive difference 328 

among treatments, except at Petrolina (Figure 7). Jataí, Piracicaba and Recife exhibited 329 

similar cane fresh yield results, ranging between 98 to 166 ton ha-1, while Petrolina had 330 

the lowest average yields (43 ton ha-1). In Jataí, Piracicaba and Recife, the simulations 331 

of fresh cane biomass were slightly higher (+7%) under bare soil condition than the 332 

GCTBs treatments only until the mid-season (Figure 7); thereafter, no significant 333 

difference was noticed among treatments for these regions. On the other hand, we found 334 

significant effects of GCTB on fresh cane yield simulations at Petrolina, where 6 and 12 335 

ton ha-1 of GCTB was associated with 9.1 to 14 ton ha-1 increase on the average fresh 336 

cane yields, respectively (Table 6). Further, the probability of a beneficial effect of 337 

GCTB in fresh cane simulations at Petrolina was over than 90%, with fresh cane yields 338 

increases ranging from 1.1 to 48.3 ton ha-1 when cultivated under 12 ton ha-1 of GCTB 339 

(Figure 8). 340 

Despite of the non-significance, the average fresh cane yields were 2.6 ton ha-1 341 

higher for all locations under 6 ton ha-1 of GCTB compared to bare soil (Table 6). In 342 

Jataí and Piracicaba, the probability of a beneficial effect of GCTB ranged from 41.9 to 343 
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54.8%, with fresh cane yields differences ranging from -12.1 to +31.4 ton ha-1 when 344 

comparing GCTB treatments with bare soil (Figure 8). The amount of 12 ton ha-1 of 345 

GCTB promoted the highest’s increase in fresh cane yields of Jataí (+24.2 ton ha-1) and 346 

Piracicaba (+25.9 ton ha-1), noticed in the years 1989 and 1984 (Figure A25), 347 

respectively. In contrast, an amount of 18 ton ha-1 of GCTB reduced the fresh cane yields 348 

in Recife from 123.1 to 120 ton ha-1, on average. The largest negative impact of GCTB 349 

on fresh cane yields simulated in Recife was of -15.3 ton ha-1, also associated with 18 350 

ton ha-1 of GCTB (Figure 8). The 18 ton ha-1 of GCTB also presented the lowest 351 

probability of a beneficial effect on fresh cane yield in Recife (25.8%), though the 6 ton 352 

ha-1 of GCTB was associated with 77.4% probability of a beneficial effect in Recife 353 

(Table 6). 354 

The total ET was significantly reduced under GCTB conditions in all locations 355 

(Table 6). The average reduction of ET ranged from 45.2 mm, for 6 ton ha-1 of GCTB at 356 

Petrolina, to 98.4 mm, under 12 ton ha-1 of GCTB at Piracicaba. Coefficients of variation 357 

(CV%) of total ET dropped to 5.8% at Jataí and to 9% at Piracicaba GCTB conditions. 358 

At Petrolina, the CV% for total ET increased from 16%, at bare soil, to 27% under 18 359 

ton ha-1 of GCTB. The GCTB of 6 and 12 ton ha-1 promoted total ET reductions of over 360 

than 196 mm at Jataí and Piracicaba in the years of 2008 and 1981, respectively, while 361 

keeping same level of yields among GCTB amounts (Figure A25). However, the same 362 

amounts of GCTB were associated with an increase of 258 and 142 mm in total ET for 363 

the same locations but for the years of 1989 and 1984, respectively. At Recife, all 364 

amounts of GCTB were associated with total ET reductions, except for the year of 1998 365 

(single outlier at each GCTB of Figure 7). The probabilities of reductions in total ET (p-366 

reduc) due to GCTB were over than 64.5% for all locations (Table 6). At Jataí and 367 

Piracicaba, the p-reduc ranged from 80.6% to 93%, whereas at Recife, the p-reduc was 368 
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of 96.8% for all GCTB amounts. In all locations, the 12 ton ha-1 of GCTB was associated 369 

with the highest’s probabilities (p-reduc ≥ 87.1%) of reduction on water use from the 370 

sugarcane cropping system. 371 

 372 

Figure 7. Fresh cane biomass (ton ha-1) and total evapotranspiration (mm) throughout 373 

sugarcane growth under variable GCTB (bare to 18 ton ha-1) and bare soil simulated for 374 

30 years at Jataí, Petrolina, Piracicaba and Recife. Solid lines represent the mean and 375 

coloured ribbons corresponds to the standard deviation of simulations for all the 30-years 376 

simulations (1980-to-2010) 377 

 378 
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 379 

Figure 8. Boxplots of differences between the bare soil simulations and the variable 380 

GCTB (6, 12 and 18 ton ha-1) amounts for final fresh cane yield (above) and total 381 

evapotranspiration (below) through 30-years at Jataí, Petrolina, Piracicaba and Recife. 382 

Red-dashed line represent zero difference between GCTB and bare soil whereas black 383 

dots represents the differences for all the 30-year (1980-to-2010) 384 

 385 

 386 

 387 

 388 

 389 

 390 

 391 
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 Table 6. Simulated fresh cane yields (ton ha-1) and total evapotranspiration (mm) mean, 392 

coefficient of variation (CV, %), statistical differences (p < 0.05, n = 30) and 393 

probabilities of a beneficial effect of GCTB on fresh cane (p-benef) and in reduction of 394 

evapotranspiration (p-reduc) among variable GCTB amounts (bare soil, 6, 12 and 18 ton 395 

ha-1) at Jataí, Petrolina, Recife and Piracicaba for 30 years (1980-to-2010) 396 

Variable Site Bare Soil 6 ton ha-1 12 ton ha-1 18 ton ha-1 

F
re

sh
 C

an
e 

(t
on

 h
a-1

) 

Jataí 
Mean 172.6a 174.4a 174.9a 174a 
CV% 7% 6% 6% 6% 

p-benef - 54.8% 54.8% 45.2% 

Petrolina 
Mean 37.4b 46.5ab 51.4a 50.5a 
CV% 46% 39% 38% 40% 

p-benef - 90.3% 100.0% 90.3% 

Recife 
Mean 123.1a 126.4a 122.3a 120a 
CV% 15% 16% 17% 18% 

p-benef - 77.4% 41.9% 25.8% 

Piracicaba 
Mean 149.4a 152.3a 150.5a 149.1a 
CV% 11% 8% 8% 8% 

p-benef - 54.8% 45.2% 41.9% 

T
ot

al
 E

T
 (

m
m

) 

Jataí 
Mean 1166.6a 1108.1b 1079.6b 1082.6b 
CV% 11% 5% 6% 6% 

p-reduc - 80.6% 87.1% 87.1% 

Petrolina 
Mean 360.2a 341.3ab 305.2b 298.5b 
CV% 16% 19% 24% 27% 

p-reduc - 64.5% 90.3% 87.1% 

Recife 
Mean 976.6a 859.5c 872.6bc 902.4b 
CV% 6% 7% 7% 7% 

p-reduc - 96.8% 96.8% 96.8% 

Piracicaba 
Mean 1069.9a 1000b 960.9b 969.2b 
CV% 12% 9% 9% 9% 

p-reduc - 80.6% 93.5% 90.3% 

 397 

4. Discussion 398 

The new version of SAMUCA model was able to capture the differences of 399 

soil moisture and temperature under bare soil and GCTB conditions. The mechanism 400 

employed in the updated model attenuates the heat transfer to soil surface when GCTB 401 
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is present, also considering the solar radiation transmitted through the canopy as the 402 

energy budget for soil heat transfer and evaporation. The methods proposed by Porter et 403 

al. (2010), coupled with SAMUCA model, resulted in satisfactory performance when 404 

simulating the reducing effect of GCTB on soil evaporation (Figure 4 and Figure A22). 405 

As a result, our early season soil moisture simulations became higher under the GCTB 406 

compared to bare soil conditions. Although the processes governing energy balance and 407 

water movement below the soil surface may be more complex, this approach was 408 

effective in mimicking the patterns of soil temperature and moisture under GCTB found 409 

in our field experiment at Piracicaba and in recent literature (Ruiz Corrêa et al., 2019; 410 

Olivier and Singels, 2012). Moreover, the RMSE and accuracy indexes (d) obtained in 411 

our soil moisture simulations were comparable with the results found on a wide range of 412 

environments and crops (Liu et al., 2013; Liu et al., 2011; Eitzinger et al., 2004; Singh 413 

et al., 2006; Inman-Bamber and McGlinchey, 2003).  414 

To our knowledge, this study is the first evaluating, altogether, the algorithms 415 

of ET, soil moisture and soil temperature for sugarcane and such approach would be 416 

valuable for crop modellers interested in dimensioning irrigation requirements and 417 

understanding the soil moisture dynamics. We also recognize that soil temperature and 418 

moisture not only affects sugarcane tillering and evaporation rates but may also change 419 

the physical, chemical, and biological processes in the rhizosphere, where the GCTB 420 

exerts a significant role (Thorburn et al., 2005; Leal et al., 2013). Therefore, we consider 421 

the inclusion of the effects of nutrients-limited environments in sugarcane growth as an 422 

emergent opportunity for future model improvements of SAMUCA model. 423 

Compared with the prior standalone version (Figure A20), simulations of LAI 424 

and tillering resulted in slightly higher values of RMSE, but the new version obtained 425 

higher modelling efficiency in simulating stalk biomass, POL and tillering than the 426 

https://paperpile.com/c/vSO7z1/zlxji+TI6Sy
https://paperpile.com/c/vSO7z1/Kh7r+a1xrz
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calibration presented by Marin and Jones (2014). Yet, the new version of SAMUCA 427 

showed equal or superior performance when compared with the DC and AS models 428 

(Figure A21). Such results can be attributed to the new biophysical mechanisms included 429 

in the model as well as to the more detailed simulations achieved by the discretization 430 

on phytomer level (Figures A15 and A16). For example, after the inclusion of the linear 431 

relationship between the sucrose with total sugars contents at phytomer level (Figure 432 

A8), the performance of POL simulations was considerably improved in comparison to 433 

the prior version (Figure A20b). 434 

The inclusion of the approach proposed by Bezuidenhout et al. (2003) coupled 435 

to soil temperature resulted in more realistic tillering simulations. Our results as well as 436 

previous studies (Olivier and Singels, 2012; Lisboa et al., 2018; Ruiz Corrêa et al., 2019) 437 

showed that GCTB reduces soil temperatures and delays the tillering process during the 438 

winter months. Bezuidenhout et al. (2003) found a linear decline on tiller population 439 

when the canopy light interception exceeded 60%, reinforcing the reliability of our 440 

model parameterization (ltthreshold = 0.40). Although non-optimum conditions of soil 441 

nitrogen (N) can also be associated with reduced tillering rates in sugarcane (Thorburn 442 

et al., 2005), the N contents in our experiment of Piracicaba were significantly higher at 443 

the GCTB treatment (Table B2 and B3), suggesting that soil temperature was the major 444 

driver for tillering. Nonetheless, as the treatments of Piracicaba trial had no replications, 445 

this effect cannot be statistically attributed solely to GCTB, though independent studies 446 

also found similar results (Lisboa et al., 2018; Olivier and Singels, 2012). 447 

The 30-year simulations results were in agreement with experimental data 448 

reported across Brazil and South Africa (Lisboa et al., 2018; Olivier and Singels, 2012; 449 

Ramburan and Nxumalo, 2017; Ruiz Corrêa et al., 2019), where SAMUCA showed a 450 

consistent increasing trend of fresh cane due to the presence of GCTB as a mediated 451 

https://paperpile.com/c/VloR5S/Xtod/?noauthor=1
https://paperpile.com/c/vSO7z1/q2SY7
https://paperpile.com/c/vSO7z1/q2SY7
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effect of increased soil moisture during crop initial development stages (sprouting and 452 

tillering). In addition, the outstanding beneficial effects of mulch in fresh cane obtained 453 

in Jataí and Piracicaba simulations coincided with one of the driest years of both climate 454 

series (Figure A25), reinforcing the positive effect of GCTB on fresh cane under dry 455 

spell events. Further, a consistent beneficial effect of GCTB on fresh cane was observed 456 

in our simulations for a semi-arid climate, represented by the Petrolina site (Figure 8). 457 

Similar results were found by Ramburan and Nxumalo (2017) in trials conducted in 458 

South Africa, where annual rainfall ranged from 707 to 857 mm. Some of the negative 459 

effects of GCTB on fresh cane yield found in Recife can be attributed to the lower soil 460 

temperature, because the well distributed rainfall events at this location on early crop 461 

season assure the water supply to crop and raises the importance of soil temperature as 462 

the main driving factor for crop development (Figure A23 and Figure A24).  463 

The simulations of total ET were 5 to 17% lower under GCTB conditions 464 

compared to the bare soil cultivation (Figure 8). These results are consistent to the 465 

evapotranspiration rates obtained by Olivier and Singels  (2012), where GCTB promoted 466 

an average reduction of 16 to 23% of water demand in comparison to the bare soil 467 

treatment. Despite of high probabilities of total ET reductions (p-reduc > 64.5%), GCTB 468 

simulations also showed ET increases in some circumstances compared to the bare soil 469 

cultivation (Figure 8). Such higher ET values were associated with higher yield outputs 470 

for GCTB than bare soil (e.g. year 1989 in Jataí, Figure A25). The maintenance of soil 471 

moisture at the early stage led by the GCTB can reduce the demand for the common 472 

practice of “saving irrigations” at initial developmental stages of sugarcane (Vianna and 473 

Sentelhas, 2016), leading to a more sustainable production. Further, the reduction of the 474 

coefficient of variation (Table 6) of fresh cane at Petrolina and Piracicaba suggest a 475 

https://paperpile.com/c/vSO7z1/9V0W/?noauthor=1
https://paperpile.com/c/vSO7z1/1GMIC/?noauthor=1
https://paperpile.com/c/vSO7z1/4SDAQ
https://paperpile.com/c/vSO7z1/4SDAQ
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better yield stability promoted by GCTB, maintaining the soil moisture under water 476 

shortage periods. 477 

 478 

5. Conclusions 479 

The new version of SAMUCA captured well the differences between soil 480 

temperature and moisture of a sugarcane field cultivated under bare soil and GCTB 481 

conditions. Those differences were directly considered in the mechanisms of crop 482 

development and water use (e.g. tillering and soil evaporation). The new version of 483 

SAMUCA showed equal or superior performance when compared with the prior version 484 

and with widely used process-based models. The long-term simulations agreed with 485 

independent field experiment results reported in the literature where mulch cover 486 

promoted a consistent beneficial effect under dry climates with high probability (> 87%) 487 

of reduction in water use of sugarcane cropping system under 12 ton ha-1 of GCTB. 488 

Although the model limitations must be put into consideration for the final decision, 489 

when properly calibrated, this new model emerges as low-cost and fast tool for 490 

supporting decision making on mulch management in sugarcane plantations.  491 

 492 
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