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ABSTRACT: Quantifying the impact of driving factors on crop water productivity (WP) is 
essential for efficient agricultural water use. To date, few studies have investigated the 
influence of management and environmental factors on sugarcane WP at the mill scale. 
This study aimed to assess the contributions of management practice factors, weather 
variables, and soil management zones (SMZs) on on-farm sugarcane WP in a single mill in 
the southern region of Brazil. An extensive on-farm database of commercial sugarcane field 
plots was used with a weather database to estimate evapotranspiration and water-limited 
potential yield (Yw). This was achieved by employing a crop sugarcane model to calculate 
actual water productivity (WPa) and attainable water productivity (WPw). The results 
demonstrated an inverse relationship between management practices and WPa, while 
harvest date and vinasse positively impacted on WPa. The Yw, actual yield (Ya), actual 
evapotranspiration (ETa) or crop evapotranspiration (ETc), and WPa varied according to 
the SMZ. The lowest WPa values were observed in the worst soils. The analysis revealed 
that weather variables collectively accounted for 46.2 % of WPa variability, management 
practice factors accounted for 40.5 %, and SMZs contributed 13.3 % of WPa variability. 
Despite weather variables being the primary source of WPa variability, management 
practice factors still played a key role in WPa variability.
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Introduction

Sugarcane accounts for nearly 75 % of the world’s sugar 
production for human consumption (Souza et al., 2008). 
Brazil is responsible for roughly 40 % of sugarcane 
globally. The country accounts for 50 % of global 
sugar exports and is the world’s second largest ethanol 
producer.

Sugarcane irrigation in Brazil is still a recent 
practice, accounting for approximately 10 % of the 
crop area; nevertheless, the expansion of sugarcane 
plantations into warmer and drier regions could 
intensify competition among water-consuming sectors 
in Brazil. This is particularly relevant when considering 
the implications within the broader context of global 
change scenarios (Marin et al., 2020; Oliveira et al., 
2018; Silva et al., 2013). The potential irrigated area 
in Brazil is estimated to be 29.3 Mha (FAO, 2017), 
which would aggravate the current scenario if such an 
area were cultivated under irrigation. Reduced water 
availability may intensify the stress in an already 
vulnerable context, with water scarcity being identified 
as a significant factor limiting sugarcane production in 
Brazil (Scarpare et al., 2016a).

The term “water productivity” (WP) is defined 
as the ratio of crop yield per unit of water used. Water 
productivity has been recognized as a comprehensive 
indicator of water use efficiency for the purpose of 
comparing crops, regions, and/or farming systems 
(Farias-Ramírez et al., 2024) and WP has been a topic 
of extensive discussion in the literature worldwide, 

particularly in the context of the challenge of increasing 
biomass production while using less water. However, 
improvements in WP in rainfed farming systems 
could potentially impact the national water situation 
by redirecting water runoff to evapotranspiration and 
enhancing WP in national-scale bioenergy production 
(Berndes, 2002; Hellegers et al., 2009).

In Brazil, the ethanol industry plays an important 
economic role, and its impact on water resources at a 
national scale has been a subject of discussion (Walter et 
al., 2014). Several studies have been conducted globally 
to examine the impact of sugarcane WP (Carr and Knox, 
2011; Lata, 2019; Meyer, 1977); however, no study has 
yet investigated the impact of management practices 
on sugarcane WP at the mill scale. This represents a 
significant gap in the existing literature. Therefore, this 
study aimed to investigate the effect of weather variables 
and the most commonly utilized management practices 
on on-farm sugarcane WP. To this end, we analyzed an 
extensive database from one mill located in the main 
producing region of Brazil (a total of 9,152 block-year 
observations).

Materials and Methods

Study site

Data on sugarcane yield and management practices were 
collected for the same group of sugarcane field plots 
from a mill in São Paulo State, Brazil over a five-year 
period (2013-2017) (Table 1). In the study site, sugarcane 
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is typically planted or begins to regrow during the 
months of Oct through May. It can be harvested at any 
point between 12 and 18 months after sprouting, with 
the precise harvest time dependent upon the demand for 
sugar by mills. It is cultivated under rainfed conditions. 
The climate is tropical, and the weather variables 
were retrieved from six weather stations, including 
solar radiation, maximum temperature, minimum 
temperature, and total rainfall (Table 2) (Alvares et al., 
2013). For each block, the meteorological data of the 
nearest weather station were assigned based on the mill 
shapefile map.

Rainfall events are concentrated from Sept to 
Mar, with a northeast decreasing trend in temperature, 
with maximum values recorded during Jan and Feb. 
The main growth phase of sugarcane is compared to 
annual patterns in weather variables (Figure 1). The 
highest biomass accumulation rates are achieved in the 
most rainy and warmest periods of the year, whereas 
mild water stress and cooler temperatures reduce crop 
vegetative growth and favor sucrose storage in the stalks 
(i.e., harvest periods, as illustrated in Figure 1).

Table 1 – Description of variables collected from sugarcane plots.
Variables (and acronyms) Unit/Class
Block location Latitude, longitude
Block area ha
Ya Mg ha–1

SMZ Classes I (‘good’) to V (‘poor’)
Crop cycle DAP
Harvest numbera H1 to H5
Planting date Year and DOY
Harvest date Year and DOY
Growth regulator L ha–1

Vinasse m3 ha–1

Filter cake Mg ha–1

Lime Mg ha–1

Gypsum Mg ha–1

aHarvest number in a given block. The class H1 corresponds to first ratoon 
and subsequent harvests [H2 to H5] correspond to the successive ratoon 
crops. Plots with number of harvests > 5 were not included. SMZ = soil 
management zone; Ya = actual yield in terms of stalk fresh mass; DAP = 
days after planting; DOY = day of the year.

Table 2 – Average (± standard error) daily solar radiation, maximum (Tmax) and minimum (Tmin) temperatures, total rainfall, and total grass-
reference evapotranspiration (ETo) within the study area in Southeast Brazil during the 2013-2019 seasons. Long-term (2001-2019) means 
are also shown.

Crop season Solar radiation Tmax Tmin Total rainfall ETo*
MJ m–2 d–1 ------------------------ °C ------------------------ ------------------------ mm ------------------------

2013 18.2 ± 0.4 26.4 ± 0.2 17.4 ± 0.3 1,154 ± 8 142 ± 4
2014 19.7 ± 0.5 28.2 ± 0.3 18.3 ± 0.3 815 ± 7 153 ± 4
2015 18.4 ± 0.4 27.4 ± 0.3 18.6 ± 0.3 1,432 ± 11 143 ± 4
2016 18.6 ± 0.4 27.1 ± 0.2 17.6 ± 0.3 1,431 ± 11 145 ± 4
2017 18.7 ± 0.4 27.4 ± 0.3 18.1 ± 0.3 1,356 ± 12 146 ± 4
2018 18.1 ± 0.3 27.9 ± 0.1 18.4 ± 0.2 1,215 ± 9 141 ± 3
2019 19.3 ± 0.5 27.3 ± 0.3 19.3 ± 0.3 1,195 ± 10 152 ± 5
19-year mean 18.6 ± 0.1 27.0 ± 0.1 17.8 ± 0.1 1,255± 2 146 ± 1

*ETo was estimated using the Priestley-Taylor method.

Figure 1 – Monthly means for daily incident solar radiation 
(□), maximum and minimum temperature (Tmax [▲] and 
Tmin [♦], respectively), total rainfall (○), and total reference 
evapotranspiration (ETo [●]) based on long-term (2001-2019) 
weather records collected from six meteorological stations 
located within the study site. Horizontal bars indicate the 
standard error of the mean. Typical planting (Pl.) and harvest 
(H) windows are also shown in the upper panel. 

In accordance with the United States Department 
of Agriculture (USDA) soil taxonomy, the predominant 
soil classes identified within the sugar mill area are the 
Rhodic Hapludox, which exhibit a degree of variability 
in texture, predominantly a sandy-clay (Dalmolin et al., 
2004; USDA, 1999).
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On-farm database description 

The variables pertaining to each block are described 
in Table 1, including the block location, the block size, 
the actual yield (Ya), the soil management zone (SMZ), 
the number of harvests (i.e., the number of consecutive 
harvests in each block), the crop cycle, the planting date, 
the harvest date, the quantity of growth regulator, the 
volume of vinasse per hectare, as well as the quantity of 
filter cake, lime, and gypsum per hectare (Table 1).

The data were subjected to a screening process 
to remove erroneous and incomplete data entries. For 
each block-year, entries exceeding the observed mean 
by more than 1.5 standard deviations were excluded. 
Additionally, plots with a number of harvests greater 
than five ratoons were removed, as these are highly 
unusual occurrences in sugarcane plantations. Following 
the quality control procedure, the database comprised 
8,656 block-year entries.

The SMZ is a generic classification method utilized 
by Brazilian sugar mills to differentiate soil types in 
terms of suitability for sugarcane production. This 
classification system encompasses a total of five SMZs, 
ranging from favorable (SMZ I) to poor (SMZ V) soils for 
sugarcane cultivation. The SMZs are defined according 
to three criteria: soil water holding capacity, drainage 
rate, and chemical attributes (pH, cation exchange 
capacity, nutrient availability) (Prado, 2005). The SMZ 
classification method is used consistently across regions, 
mills, and producers to inform decisions on variety, 
planting, harvest, and other management practices at 
the block level.

Crop model setup and simulations

The DSSAT/CANEGRO (DC) model was employed to 
simulate the potential yield of sugarcane under water-
limited (Yw, Mg ha–1) and crop evapotranspiration (ETc, 
mm) throughout the crop cycle (Jones et al., 2003; Singels 
et al., 2008; Hoogenboom et al., 2019). The Yw of an 
adapted crop cultivar is the yield that can be achieved 
when the crop is grown with non-limiting nutrients and 
effectively controlled biotic stress. However, the Yw is 
limited by the amount and distribution of rainfall during 
the crop growing season. The physiological explanation 
of sugarcane’s growth and development processes, 
including phenology, canopy development, tillering, root 
growth, biomass accumulation and organ partitioning, 
water stress, and lodging, form the basis of this model 
(Singels et al., 2008). The crop model simulates water 
consumption, as described in Marin and Jones (2014), 
using an adaptation of the Priestley and Taylor (1972) 
technique and calculates canopy development, radiation 
interception, potential soil evaporation, and potential 
plant transpiration. The actual evapotranspiration 
(ETa) was calculated by adding the actual evaporation 
to the actual transpiration. The actual evaporation was 
simulated by scaling down the potential soil evaporation 

by a reduction factor calculated using the relative water 
content (RWC), defined as the ratio between the current 
volumetric water content and the water content at 
saturation (Van Keulen and Seligman, 1987). The actual 
transpiration was simulated based on the root water 
uptake, which considers the soil moisture and root 
length density. The actual evaporation was simulated 
using an adaptation described by Ritchie (1998).

The calibration provided by Marin et al. (2015) 
was employed to minimize the root mean square 
error (RMSE) for stalk fresh mass and leaf area index 
using field data for the cultivar RB867515, which is 
cultivated on approximately one-third of the sugarcane 
area in Brazil (Marin et al., 2014). The experimental 
data utilized for model calibration were obtained 
from seven trials conducted across Brazil over several 
years in various climates and soil types representative 
of the main sugarcane-producing regions. These trials 
were conducted under good management practices. 
Consequently, the yields observed in these studies were 
close to Yw for each site, and indicative of Yw across 
years and the major Brazilian sugarcane-producing 
regions. Following calibration, the DC model accurately 
replicated the temporal growth dynamics in stalk fresh 
mass and leaf area index. Furthermore, the harvest-
measured stalk fresh mass (ranging from 77 to 152 Mg 
ha–1) exhibited a reasonable degree of agreement with 
the simulated values (RMSE = 16.5 Mg ha–1).

Our analysis aimed to estimate the on-farm 
actual water productivity (WPa) and attainable water 
productivity (WPw) for rainfed sugarcane. These 
estimates are expressed as:
							     
WPa

Ya
ETa

= 	  				    (1)

							     
WPw

Yw
ETc

= 					     (2)

where WPa with dimensions of Mg ha–1 mm–1 is defined 
as the ratio of Ya (Mg ha–1) to the depth of water consumed 
by the crop (ETa [mm]), and WPw is the ratio of Yw (Mg 
ha–1) to ETc (mm). ETa is the actual evapotranspiration, 
and refers to water loss either by soil evaporation and 
crop transpiration during the crop cycle. ETc is the crop 
evapotranspiration under standard conditions, with no 
limitations on crop growth (Allen et al., 1998).

For each block, Yw was simulated for each 
growing season, considering the number of harvests, the 
planting and harvesting dates, and the SMZ provided by 
the mill.

Identification of sources of yield variability

A regression analysis was employed to examine the 
correlation between WP and the various management 
factors, including filter cake (Mg ha–1), lime (Mg ha–1), 
gypsum (Mg ha–1), vinasse (m3 ha–1), growth regulator 
(L ha–1), and crop cycle. To determine the extent to 
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which each factor influences WP, we employed the 
slope and intercept of the linear equation, and Pearson’s 
correlation coefficient (Snedecor and Cochran, 1982). 
For the factors significantly correlated with WP based on 
the regression analysis (p < 0.05), further investigation 
was conducted using the Tukey’s test to compare means. 
To represent the spatial variability in the mill, maps with 
the averaged WP were produced using ESRI ArcMap 
10.5 software, and frequency distributions were used to 
assess variation in WP.

The plots were grouped into four quadrants, and a 
threshold of mean values was employed to identify plots 
related to WPa and management practice factors: (I) WPa 
< 84.7 Mg ha–1 mm–1, management factor < mean; (II) 
WPa ≥ 84.7 Mg ha–1 mm–1, management factor < mean; 
(III) WPa ≥ 84.7 Mg ha–1 mm–1, management factor ≥ 
mean; and (IV) WPa < 84.7 Mg ha–1 mm–1, management 
factor ≥ mean.

In order to understand sources of variation for WP 
across block years, we calculated the contribution rates 
(E) of driving factors (rainfall, maximum and minimum 
temperature, incident solar radiation, SMZ, planting 
date, harvest date, crop cycle, vinasse) on WPa by the 
partial least squares method (PLS) (Mevik and Wehrens, 
2007). This method was selected to avoid the issue of 
multicollinearity among the driving factors. PLS is a 
statistical method used to model causal paths between 
sets of variables, referred to as latent variables (LVs) 
or constructs. In PLS, the LVs and paths constitute the 
inner model, also known as the structural model, while 
the measured variables (MVs) form the outer or external 
model. In the inner model, the connections between LVs 
are quantified using path coefficients (β), while the links 
between LVs and MVs in the outer model are quantified 
using weights. The regression coefficients that connect 
the latent variables to the original X and Y variables 
are represented in the parameters β. This approach 
allows for the analysis of complex relationships between 
variables and the construction of predictive models.

To measure E, which refers to the effect of changes 
in driving factors on WPa variation, we considered the 
β parameters estimated by the PLS package conducted 
in RStudio. These were obtained for the entire period 
(2013-2017) and five sub-periods, that is, 2013, 2014, 
2015, 2016, and 2017. The sum of E for all analyzed 
driving factors for each analyzed period is 100 %.

Results

The crop cycle exhibited an inverse relationship with 
WPa, whereas vinasse demonstrated a positive impact on 
WPa (p < 0.05) (Table 3). Notably, the results indicated 
that the application of filter cake (p = 0.45), lime (p = 
0.95), gypsum (p = 0.86), and growth regulator (p = 
0.49) did not exhibit a significant impact on WPa. This 
suggests that shorter crop cycles may enhance WPa, with 
vinasse demonstrating relatively higher responsiveness 
than other significant factors. The findings indicate that 

Table 3 – Coefficients of linear regression (intercept and slope) 
and correlation (r) between actual water productivity (WPa) and 
the management factors.

Management factor
WPa (Mg ha–1 mm–1)

Intercept Slope r
Filter cake (Mg ha–1) - –0.15ns -
Lime (Mg ha–1) - 0.04ns -
Gypsum (Mg ha–1) - 0.09 ns -
Vinasse (m3 ha–1) 62.42* 0.23* 0.145
Growth regulator (L ha–1) - 0.31ns -
Crop cycle (DAP) 90.52* –0.01* –0.029
*Significance at p < 0.05; ns = not significant (all values with ns were 
also tested for α < 0.01, with no significance). Quadratic effects were not 
significant. Intercept and r values were not shown for those factors in 
which slope was not significant. DAP = days after planting. 

each m3 ha–1 applied vinasse can potentially elevate WPa 
by 0.23 Mg ha–1 mm–1.

With regard to vinasse, the majority of plots were 
situated within quadrant III (30 % of the total number 
of plots) (assuming an average value of 93.0 m3 ha–1) 
and accounted for 24 % of the total number of plots 
in the minority, falling within quadrant II (Figure 2A). 
The crop cycle (with an average duration of 365 DAP) 
exhibited the most plots in quadrant III, with 29 % of 
the total plots, while 22 % were situated in the minority 
in quadrant I (Figure 2B).

Yw, Ya, and ET (ETa or ETc) exhibited variability 
according to the SMZ, with the lowest Yw, Ya, and ET 
observed in the most severely degraded soils (Figure 3). 
The plots situated in SMZ I exhibited elevated values 
for Yw, Ya, and ETa, which were statistically equivalent 
to those observed in SMZ II. The plots within SMZ I 
demonstrated 890 mm, 78.8 Mg ha–1, and 116.7 Mg 
ha–1 for ET, Ya, and Yw, respectively (Figure 3). SMZ III 
was statistically equivalent to SMZ IV, and both were 
statistically distinct from SMZ I and SMZ II. The ETc 
for SMZ III was 847 mm, with 68.3 and 96.4 Mg ha–1, 
respectively, for Ya and Yw. The mean values for SMZ V 
were lower for all three variables: 81.7 Mg ha–1 for Yw, 
60.6 Mg ha–1 for Ya, and 798 mm for Eta (Figure 3). The 
yield gap, defined as the difference between Yw and Ya, 
was also higher in the best soils (38 Mg ha–1) than in the 
worst soils (21 Mg ha–1) (Figure 3).

The WPa exhibited a range of 32 to 186 Mg ha–1 
mm–1, with a degree of interannual variation (CV) of 
21 % (Figure 4). The WPw ranged from 42 to 204 Mg 
ha–1 mm–1, with an average of 121.4 Mg ha–1 mm–1, 
approximately 1.5 times higher than the averaged WPa. 
CV = 15 % (Figure 5).

The E factor, which encompasses significant 
management practice variables such as planting date, 
harvest date, vinasse, and crop cycle, accounted for 
40.5 % of the total variance throughout the period (Table 
4). In contrast, weather variables (including rainfall, 
incident solar radiation, minimum and maximum air 
temperature) accounted for 46.2 %. Of these, rainfall 
was the main factor, accounting for 29.5 %, followed 
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17 % between 2013 and 2017. Vinasse exhibited the 
lowest E average (5 %), ranging from 10 % (2013) to 
1 % (2017). However, the planting date showed an E 
average of 8 %, ranging from 1 % (2013) to 12 % (2017). 
The harvest date exhibited a slight decrease of E from 
11 % (in 2013) to 10 % (in 2017), with an average of 8 % 
(Figure 6).

Discussion

The results of the study indicate that management practices 
exerted a significant influence on WP values (Table 3), 
and thus should be considered as a potential avenue for 
enhancing WP in sugarcane plantations. The regression 
analyses of WP with crop cycle and vinasse (Table 3 and 
Figure 2A) demonstrate that ETa exerted a more significant 
influence than Yw and Ya on the composition of WP 
values. The ETa increased at a higher rate than Yw and 
Ya with the crop cycle, thereby demonstrating an inverse 

Figure 2 – Relationship between actual water productivity (WPa) 
and management practices factors. A) Vinasse, and B) crop 
cycle (DAP). Red solid lines are the function of linear regression, 
and the vertical dashed lines represent mean values of WPa, 
while horizontal dashed lines mean values represent mean 
values of management practice factors. R2 is the coefficient of 
determination. Each quadrant represents a combination of the 
two variables analyzed in each panel. The dotted lines indicate 
the median of each variable. DAP = days after planting.

Figure 3 – Actual yield (Ya) and water-limited potential yield (Yw) 
in function of plots across soil management zones, from the best 
soil management zones (SMZ) (I) to the worst (V) and actual 
evapotranspiration (ETa) or crop evapotranspiration (ETc) (mm), 
during the on-farm sugarcane growing cycle. Different letters 
above the bars indicate statistically significant differences 
(Tukey’s test, p < 0.05). 

by solar radiation (11.5 %), minimum temperature 
(1.1 %), and maximum temperature (4.1 %). The SMZ 
represented 13.3 % of the variability (Table 4).

The E factor exhibited considerable variation 
across different growing seasons, with rainfall levels 
ranging from 20 % (in 2013) to 41 % (in 2014) (Figure 
6). The maximum temperature exhibited an average 
increase of 8 %, ranging from 13 % (2013) to 7 % (2017). 
Conversely, the minimum temperature demonstrated 
a slight decline from 4 % (in 2013) to 8 % (in 2017). 
Compared to SMZ, the E factor ranged from 16 % (in 
2013) to 9 % (in 2017). Among the management practice 
factors, the crop cycle exhibited the highest E, with an 
average of 18 %. These values increased from 15 % to 

Table 4 – Contribution rates (E) of driving factors to the changes 
in actual water yield.

Factor E
%

Rainfall 29.5
Maximum temperature 4.1
Minimum temperature 1.1
Incident solar radiation 11.5
Soil management zone 13.3
Planting date 2.8
Harvest date 10.6
Crop Cycle 22.6
Vinasse 4.5
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Figure 5 – Spatial variation of sugarcane attainable water productivity (WPw) and its relative frequency (RF %) distribution across the plots 
from the 2013 to 2017 growing season. Mean, degree of interannual variation (CV %), and number of plots (n) are shown.

Figure 4 – Spatial variation of sugarcane actual water productivity (WPa) and its relative frequency (RF %) distribution over the plots from the 
2013 to 2017 growing season. Mean, degree of interannual variation (CV %), and number of plots (n) are shown.

relationship between WPa and WPw and these factors 
(Figure 2A). This highlights the interconnection between 
ETa, WPa, and management practices, emphasizing the 
pivotal role of crop management in defining of crop water 
use in sugarcane plantations in Brazil (Scarpare et al., 
2016b).

Vinasse represents a nutrient-recovery strategy for 
reducing reliance on synthetic fertilizers (Sadeghi et al., 
2016), while also serving as an important source of water. 

This is evidenced by the direct correlation between the 
increase of ETa and WPa (Figure 2A). Vinasse has been 
demonstrated to enhance soil moisture and promote crop 
growth during reduced precipitation, while also improving 
chemical soil properties (Reyes-Cabrera et al., 2017). The 
application of vinasse has been shown to significantly 
influence the reduction of runoff and soil loss, enhancing 
soil structure through particle aggregation (Tejada and 
Gonzalez, 2006), thus contributing to an increase in WPa.
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The literature on sugarcane, employing diverse 
techniques and methodologies to estimate WPa for 
farming systems in Brazil and Thailand, has documented 
a WPa range of 28 to 65 Mg ha–1 mm–1 (Cabral et al., 
2013; Teixeira et al., 2016; Chooyok et al., 2013). The 
WPa (84.7 Mg ha–1 mm–1) observed in this on-farm study 
was approximately two times higher than the global 
average. However, in our research, in addition to the 
factors listed by the aforementioned authors (weather, 
soil, and planting date), we identified other management 
practices that affect WPa.

The analysis revealed that weather variables and 
SMZ exhibited relatively stable patterns across the 
period analyzed (CV = 8 % and 2 %, respectively). This 
is consistent with previous research on the relationship 
between weather and sugarcane Ya (Marin et al., 2008; 
Marin and Carvalho, 2012; Marin, 2016). These studies 
have identified weather variables as a significant 
explanatory factor for approximately 50 % of the total Ya 
variability in the southern region of Brazil. Furthermore, 
the SMZs were found to influence WPa determination. 
Sugarcane cultivation in poor soils, which exhibit low 
water retention, aluminum toxicity, and/or a reduction 
in nutrient availability (Otto et al., 2011), demonstrated 
lower Ya compared to the optimal SMZs (Figure 3). Other 
studies have investigated the impact of SMZs on WPa, 
demonstrating a trend of WPa being higher in better 
SMZs, which are known to be associated with fertile and 
well-structured soils (Mbava et al., 2020; Mojid et al., 
2012; Russell, 2002).

In 2014, the southern region of Brazil experienced 
a severe drought, during which precipitation levels 
were significantly below the historical average. This 

resulted in a reduction of 6.5 % in WPa at the mill 
(Figure 6). Notably, in 2014, the rainfall exhibited the 
highest E value among the analyzed seasons. In contrast, 
in 2015, when rainfall was not a limiting factor for 
Ya, management factors played a significant role in 
explaining Ya variability (Figure 6). The instability of 
management practice factors across the years highlights 
the changes in the quality of these practices across 
seasons (Figure 6). This is crucial information for 
understanding the operational level of a mill and the 
consistency of technological investments across seasons 
(Millington, 2018).

Despite the considerable variation in average E 
from 2013 to 2017, our findings indicate that management 
practice factors were responsible for approximately 
41 % of the total variability in WPa (Table 4 and Figure 
6). On average, E for weather variables was just 5 % 
higher than that for management factors, highlighting 
the importance of management practice factors in WPa 
variation.

This study assessed the influence of significant 
driving factors on WPa, demonstrating that on-farm 
data can be utilized to determine the impact of crop 
management. Furthermore, it delineated methodologies 
for enhancing WPa in rainfed sugarcane cultivation 
systems in Brazil, encompassing approximately 90 % 
of the country’s sugarcane growing area. However, in 
such farming systems, water availability represents a 
primary source of interannual yield fluctuations and 
yield differences among soil types.

Weather conditions were the primary cause of 
WPa variation during the period 2013-2017. However, 
management practice factors were identified as the 
predominant contributing factor, accounting for 40 % 
of the observed WPa variation during the 2015 season. 
The results indicate that improving management 
practices could potentially enhance WPa, given that soil 
and weather variables exhibited relatively consistent 
patterns across the years. Furthermore, management 
practices demonstrated the highest degree of interannual 
variation, underscoring their pivotal role in WPa 
variability.
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