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ABSTRACT: Soybean is the main crop grown in Brazil and is important to quantify the capacity of increase in yield by crop production
intensification and management. This study aims to quantify yield gap and agricultural efficiency (AE) for soybean in Central Cerrado biome,
Brazil. Yield gap by management (YG,,,) and water deficit (YG,,;) and AE and climate efficiency (CE) were calculated based on potential
(PoY), attainable (AtY) and actual (AcY) yields. Potential yields and AtY were simulated for the main sowing date, ranging from Oct 11 to Nov
01, using the agroecological zone crop model, from 1980/81 to 2016/17 growing seasons. The sites were Rio Verde (GO), Cristalina (GO),
Barreiras (BA) and Peixe (TO). Actual yield was obtained from official statistics for each site. Agricultural efficiency rate for this period and
its relationship with CE were analyzed. The YG,,, were 4,345, 3,446, 4,531 and 2,649 kg-ha™ for Rio Verde, Cristalina, Peixe and Barreiras,
respectively. Barreiras had a higher YG, ; when compared with other sites, reaching a mean of 6,526 kg-ha™. However, Barreiras had a
higher AE (51%), indicating that crop management applied in this region can explore the environmental conditions more than other sites.
Agricultural efficiency showed an increasing rate from 0.70 to 1.21% per year, while the relation between AE and CE fitted an exponential
negative function, by which higher water volume available reduced AE. Thus, itis possible to double soybean yield through improvements
in management based on AtY (7409 kg-ha™) and AcY (3,260 kg-ha™) in Central Cerrado biome, Brazil.
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INTRODUCTION

Soybean is the main crop in Brazil, having 36 million hectares cultivated in the 2018/19 growing season, producing a
total of 115 million tons, resulting in a mean actual yield (AcY) of 3,206 kg-ha™' (CONAB 2020). This AcY is about half of
yield observed in the best farm fields in Brazil (Battisti et al. 2018). The authors verified that soybean yield at farm level
reached more than 5,000 kg-ha™!, when evaluated 200 farm fields across Brazil. These levels are similar as those the Global
Yield Gap Atlas reported as a potential yield for soybean in Brazil (GYGA 2020).

The soybean production is driven to a constant increase in demand due to global population increase, associated with the
multiple uses of this crop, such as human and animal feed and biodiesel production (Wu et al. 2018). The main alternative
to maintain the soybean supply is to intensify production per area (Davis et al. 2016), thus reducing pressures over natural
areas, as Cerrado biome.

The potential of production can be quantified through the interaction between crop, management efficiency and local
climate (Sentelhas et al. 2015). Management efliciency can be quantified using the index of agricultural efficiency (AE)
(Battisti et al. 2012). It defines the level of intensification in a site and the yield of farmers based on the yield the crop can
reach considering environmental conditions at farm field (weather and soils). Agricultural efficiency is obtained through

the relation between AcY and attainable yield (AtY). Actual yield is obtained from farmers’ plots or at a regional level.
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Attainable yield is estimated using crop growth models. The first step is to quantify the potential yield (PoY) considering
solar radiation, air temperature, photoperiod and soybean genotype. Then, PoY is penalized by water deficit considering
the crop phase-sensitive and relative evapotranspiration (Doorenbos and Kassam 1994; Pereira et al. 2002; Sentelhas et al.
2015). Climate efficiency (CE) is obtained from the relation between AtY and PoY, representing the effects of water deficit
on yield (Battisti et al. 2013).

The hypothesis of this study is that soybean AcY can increase by improving AE. It is essential to quantify this improvement
capacity to support the soybean supply capacity through intensification of production in local weather conditions. Thus, the
study aims to (1) estimate the PoY and AtY using a crop growth model calibrated for high yield level, (2) quantify yield gap

due to water deficit (YG,,)) and management (YG (3) quantify the historical progress and current AE and (4) analyze

)
MG
the relation between AE and CE for soybean in Central Cerrado biome, Brazil.

MATERIAL AND METHODS

The investigation was developed for four selected sites that had a high soybean production intensity among county located in
Central Cerrado biome, Brazil (Fig. 1). The sites were Barreiras, BA (12°7'12”S; 45°1’12”W; 474 m), Peixe, TO (12°0°367S; 48°32°24” W
251 m), Cristalina, GO (16°46’48”S; 47°36’36”W; 1,211 m) and Rio Verde, GO (17°46’48”S; 50°57°36”W; 780 m). These sites are
located and representative of the Brazilian Cerrado, a biome with an Aw climate (tropical zone with dry winters) (Alvares et al. 2013).
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Figure 1. Soybean production intensity and sites considered in the quantification of AE in Central Cerrado biome, Brazil. Soybean production
intensity was obtained by dividing the cultivated area of soybean by county area. Data were obtained from IBGE (2019). The smaller figure
in the up-left corner is the map of Brazil, indicating the sites and the Cerrado biome.

The AtY was obtained considering the main sowing dates in each region following the agricultural crop zoning (MAPA
2019). The yield was simulated considering sowing on Nov. 1 in Barreiras, BA; on Oct. 11 in Cristalina, GO; Oct. 21 in
Peixe, TO; and on Oct. 11 in Rio Verde, GO. Weather data were obtained from Xavier et al. (2015) for the period between
1980 and 2015 and from INMET (2019) between 2016 and 2017. The weather data obtained daily were air temperature,
solar radiation, rainfalls, relative humidity and wind speed.
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The first step was to obtain the PoY using the agroecological zone crop model (Doorenbos and Kassam 1994; Pereira et al. 2002;
Battisti et al. 2017; Battisti et al. 2018), using Eqs. 1, 2 and 3. Microsoft Excel software was used to perform the yield simulation. This
crop model had a relative mean absolute error and Willmott d index of 17% and 0.91 and 28% and 0.53, respectively, for soybean
after calibration and evaluation, being widely used in Brazil for soybean yield simulation (Battisti et al. 2017; Battisti et al. 2018).

n
PPBp; * Ciaf, * Cg, * C
POY=Z [ Pi IAF; R; c] (1)
i=1

(1-0.01%U%)

n.
PPBc; = [(107.2 + 8.604 * Qo;) * cTc; * N—L] (2)

1

n.
PPBn_i = [(317 + 5.234 = Qoi) * CTni * (1 - N_l)] (3)
i

where: PoY is the potential yield (kg-ha™'); PPBp is the gross dry matter produced daily (i) for a standard crop with leaf area
index (LAI) = 5 under clear (PPBc) and cloudy (PPBn) sky (kg-ha™'-day™); C,, . is an index to adjust the actual leaf area index
from a standard of 5 and this was obtained by dividing the actual LAI by 5 and the LAI curve was obtained from Battisti et
al. (2018); C, is an index to adjust crop respiration in function of air temperature, being 0.5 and 0.6 for mean air temperature
above and below 20 °C, respectively; CC is the harvest index with a value of 0.53 (Battisti et al. 2017); U% is the final residual
water in the grain (13%); (i) is the number of days between sowing and physiological maturity and a mean of 125 days was
considered (Battisti et al. 2017); Qo is the global extraterrestrial solar radiation (MJ-m=-day'); cTc and cTn are adjusted based
on air temperature for the clear and cloudy sky, respectively (Pereira et al. 2002); clear and cloudy sky were defined by the
relation between n and N, respectively, the effective hours of sunshine (h-day') and the photoperiod (h-day).

The AtY was obtained by subtracting the water deficit from the PoY using Eq. 4. The relative evapotranspiration per crop
phase was used to quantify water deficit. Yield loss was calculated in functions of water deficit using the crop sensitivity

AtY = PoY ﬁ[1 K (1 ETai)]
= por x [ | 1= kv (1= 5 @

i=1

index to water deficit (Ky).

where: AtY is the attainable yield (kg-ha™); Ky is the yield response factor to water deficit for each crop phase (i), being
establishment = 0.05, vegetative growth = 0.15, flowering = 0.40, grain filling = 0.75 and repining = 0.10 (Battisti et al.
2017); ETa is the actual evapotranspiration obtained using daily water balance data from Thornthwaite and Mather (1955)
adapted by Battisti et al. (2018) for change maximum water available to the crop in function of root growth, considering a
soil with clay loam texture and a maximum available water to crop at maximum root depth of 75 mm (Battisti et al. 2018);
ETc is the potential crop evapotranspiration obtained considering the reference evapotranspiration (ETo), obtained using
the Penman-Monteith approach (Allen et al. 1998) and crop coefhicient (Kc) (Battisti et al. 2018) daily; ETa and ETc were
obtained considering the mean value for each crop phase (i) based on daily results.

Actual yield was obtained from IBGE (2019) official statistics. The data for mean yield is available for each county for a
growing season. The period analyzed was from 1980/81 to 2016/17. Agricultural efficiency was obtained by Eq. 5 through
the relation between AcY and AtY. Climate efficiency was obtained using Eq. 6 through the relation between AtY and PoY,
representing the fraction of yield without water deficit that was obtained under rainfall conditions. The AtY was considered
for each production system in rainfall conditions.

AE, = 2% 100

T (5)
cE = 2% o 100

= Poy, ©)
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where: AE and CE are, respectively, the agricultural and climate efficiencies in % for 37 (i) growing seasons, AcY is the
actual yield obtained at a county level, AtY and PoY are, respectively, the attainable and potential yield obtained by the
crop growth model.

Agricultural efficiency was adjusted using linear regression to obtain the slope curve for the period 1980/81 to 2016/17,
which represents the increase in efficiency due to better management over time. The ratio between AE and CE was analyzed
by fitting an adequate regression to verify the effects of water deficit on management efficiency. In this analysis, AE was
obtained by adding technological tendency yield at AcY in the previous growing seasons from 2016/17, following the
approach of Teixeira et al. (2019). The AcY rate was obtained by linear adjust, which was multiple by the number of years
between the growing seasons and 2016/17, adding this value to AcY. For example, the adjusted AcY in 1980/81 was obtained
by multiplying the rate by 37 years, plus the actual from 1980/81.

Potential yield, AtY, AcY and AE were characterized based on current technological level using the mean values from
2012/13 to 2016/17, using approach recommended by van Ittersum et al. (2013). The YG,, was obtained by the difference
between the PoY and AtY. The YG,,, was obtained by the difference between AtY and AcY considering the period 2012/13
to 2016/17. Potential yield, AtY, YG,, and AE were submitted to analysis of variance at 5% error probability, considering
the experimental design of randomized blocks, where the sites (n = 4) were the treatments and the growing seasons were
replicated, being 37 for PoY, AtY and YG, and five for AE. If the difference between treatments was significant, the
treatments were compared by Tukey’s test at 5% of probability. The analyses were performed using the software SASM-
AGRI (Canteri et al. 2001).

RESULTS AND DISCUSSION

The highest PoY was observed for Barreiras (BA) (Table 1). The value was 12,078 kg-ha™!, which was statistically different
from the other sites. The sites Rio Verde, Peixe and Cristalina had PoY ranging from 11,075 to 11,169 kg-ha™'. Potential yield
is the result of climate conditions, including solar radiation, air temperature and photoperiod, in interaction with the crop
without considering water deficit (Sentelhas et al. 2015). In Barreiras (BA), around 8% higher solar radiation was observed
during soybean cycle than other sites. The mean solar radiation was 18.89, 18.49, 18.95 and 20.32 M]-m™ day, respectively,
for Rio Verde, Peixe, Cristalina and Barreiras.

Table 1. Analysis of variance, mean PoY, AtY and AcY and YG , for soybean in the 1980/81 to 2015/16 growing seasons in four sites in Central
Cerrado biome, Brazil.

M.Q
Factor D.F. YG,,
PoY AtY
kg-ha %
Blocks 36 880739 2123334 4624382 273"
Sites 3 8360708 59832429 110704564 6538
Residues 108 147493 688719 976987 63
Total 147
CV. 3.38% 11.20% 24.97% 12.02%
PoY AtY AcY? YG,,
Sites
kg-ha* kg-ha* %
Rio Verde (GO) 11,169 b 8,271a 3,308 2,898 a 25a
Cristalina (GO) 11,075 b 7616 b 3,654 3,459 b 31b
Barreiras (BA) 12,078 a 5,652 ¢ 2,832 6,626 ¢ b4c
Peixe (TO) 11,149b 8,196 a 3114 2953 a 26a

“and "are significant by analysis of variance (ANOVA) test at 5 and 1%, respectively. '"Mean values followed by the same letter do not statistically differ by Tukey’s
test at a level of 5% of probability. 2Mean obtained from 2012/13 to 2016/17.
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The AtY had higher values in Rio Verde (GO) and Peixe (TO): 8,271 and 8,196 kg-ha!, respectively (Table 1),
which were statistically similar. Cristalina (GO) had intermediate AtY: 7,616 kg-ha™. Barreiras (BA) had a lower value:
5,552 kg-ha™'. In Barreiras (BA), the YG,,  obtained the highest value, reaching a mean loss of 6,526 kg-ha™', while Peixe
(TO) and Rio Verde (GO) had the lowest YG .

Sentelhas et al. (2015) observed a relative YG of 18, 24, 25 and 30% for Rio Verde (GO), Cristalina (GO), Peixe
(TO) and Barreiras (BA), respectively. In this study, 25, 31, 26 and 54% were observed, respectively. These differences
between studied sites are associated with yield level and the reference used to calibrate the crop growth model,
which affects the levels of yield gap. Lobell et al. (2009) discussed about the yield used as reference to estimate the
yield gap. In these cases, the approach used was the same; however, Sentelhas et al. (2015) used yield from cultivars
trial as reference from growing seasons between 2008 and 2011 (maximum yield below 6,000 kg-ha™'); while Battisti
etal. (2018) used yield from soybean contest during growing seasons between 2014 and 2017, with yield level between
4,800 and 8,800 kg-ha™'. This yield gap range helped to create different scenarios of yield project by management
improvement (Teixeira et al. 2019).

The maximum yield for soybean is a current concern; due to record yields in areas of soybean contest to be higher than
the maximum vyield observed in the field experiment. For example, in Brazil, the maximum yield observed in the yield
contest was 8,800 kg-ha™!, while the mean AcY for farmers with AE and CE higher than 80% was 7,832 kg-ha™ (+ 879),
representing 2,5% of the evaluated areas (Battisti et al. 2018). La Menza et al. (2017) verified a maximum soybean yield of
6,500 kg-ha™' in the environment with higher PoY in Argentina and the USA and to explore maximum yield associated
with the use of irrigation and full nitrogen supply. Further, the divergence between studies for maximum yield suggested
the need for further studies to clarify what would be the genetic yield potential of soybean in tropical conditions and how
climate change will affect yield.

Losses by water deficit occur mainly by limiting the water availability during sensitivity phases, such as sowing-emergence,
and between flowering and grain filling (Farias et al. 2009). Cultivars with a higher drought tolerance can be used in sites
with higher water deficits (Battisti and Sentelhas 2015), such as Barreiras (BA). Root growth is an interesting trait, for it can
be obtained through the improvement of chemical and physical soil characteristics (Battisti and Sentelhas 2017). Irrigation
can be used to improve yield (Pilau et al. 2018; Justino et al. 2019), a condition that has already been used in Cristalina
(GO) and Barreiras (BA) for other crops.

The mean AcY was 2,904, 2,989, 2,711 and 2,642 kg-ha™! for Rio Verde (GO), Cristalina (GO), Peixe (TO) and Barreiras
(BA), respectively (Fig. 2), considering the average of the last five growing seasons (from 2012/13 to 2016/17) (IBGE 2019).
The highest value of AcY was 3,500 kg-ha™!, recorded in Rio Verde (GO) in the 2016/17 growing season (Fig. 2a). In this
growing season, the climate conditions led to an AtY of over 8,000 kg-ha™, resulting in a YG, . of 4,800 kg-ha™'. The results
indicate a potential for yield improvement by using better crop managements. Thus, it is essential to identify the main
limiting factors for yield (Battisti et al. 2018).

The lowest AcY occurred in Peixe (TO): 1,761 kg-ha™ in the 2015/16 growing season (Fig. 2c). This same growing season
obtained the lowest yield in Barreiras (BA): 2,220 kg-ha™ (Fig. 2d). Yield gap management was 4,345, 3,446, 4,531 and
2,649 kg-ha™! for Rio Verde (GO), Cristalina (GO), Peixe (TO) and Barreiras (BA), respectively (Fig. 2), considering the
mean of the last five growing seasons. Barreiras (BA) had the lowest mean YG,, , which is associated with lowest AtY by high
water deficit. This site had a superior AE than the others. Agricultural efficiency was 51% (Table 2), even with a lower AcY
(Fig. 2d). This means that the crop management applied in this region could explore more the environmental conditions
than other regions, including the interaction with climate (Radin et al. 2017; Hampf et al. 2020).

Agricultural efficiency was statistically similar in Rio Verde (GO) and Cristalina (GO), with means of 40 and 47%,
respectively (Table 2). Peixe (TO) had the lowest values of AE, with a mean of 38% in the last five growing seasons,
ranging across growing seasons from 24 to 49%, showing an interaction between management and weather conditions
for farmers to explore the environment. The AE of 80% is a value reachable at the farmer level (Lobell et al. 2009),
indicating that yield can increase between 29 and 42% in the analyzed region, considering the mean AE of the last
five growing seasons.
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Figure 2. Actual yield and YG,, for five growing seasons (from 2011/12 to 2015/16) and means for four sites in Central Cerrado biome, Brazil.
Attainable yield is the sum between AcY and YG,,..

Table 2. Analysis of variance (ANOVA) and AE from 2012/13 to 2016/17 for five sites in Central Cerrado biome, Brazil.

Factor D.F. M.Q
Blocks 4 168’
Sites 3 179
Residues 12 55
Total 19
CV. 16.85%
AE (%)
Sites
2012/13 2013/14 2014/15 2015/16 2016/17 Mean?
Rio Verde (GO) 35 46 38 40 42 40b
Cristalina (GO) 36 57 48 43 51 47b
Barreiras (BA) 41 52 50 39 72 bla
Peixe (TO) 39 36 49 24 41 38¢c

“and " are significant by ANOVA test at 5 and 1%, respectively. '"Mean values followed by the same letter do not statistically differ by Tukey’s test at a level of 5%
of probability.
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Agricultural efficiency showed a rate of increase from 0.70 to 1.21%-year™* from 1980/1981 to 2016/17 for the
sites analyzed (Fig. 3). This increase is based on climate conditions for each growing season if actual management
(used to calibrate the crop model) had been applied in all growing seasons. Rio Verde (GO), Cristalina (GO) and
Peixe (TO) had a similar rate: around 0.70%-year™". This indicates that the management was similar in these sites.
However, Barreiras (BA) showed a rate of 1.21%-year™, almost the double than other sites, and AE reached 80% in

the 2011/12 growing season.

100 -
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Figure 3. Agricultural efficiency from the 1980/81 to 2016/17 growing seasons for four sites in Central Cerrado biome,
Brazil. In the equation, x represents the number of the growing season from 1980/81 (b = 1) to 2016/17 (b = 37). The
equations had a significance level of 1% (p < 0.01).

The increase in AE indicates that agricultural management has improved over time, including soil fertility
(Battisti et al. 2018), use of better adapted cultivars (Zanon et al. 2015), improvement of soil management through no-tillage
system (Cardoso et al. 2014) and better quality for sowing and harvest (Battisti et al. 2018). The production system and
climate affected AE progress due to the interaction between crops, sowing dates required for soybean as a previous crop
and residual fertilization. Cristalina (GO) and Rio Verde (GO) had a predominance of soybean, followed by maize in the
off-season (No6ia Junior and Sentelhas 2019). Peixe (TO) had soybean as the main crop, not followed by crops due to a short
rainfall period. However, Barreiras (BA) had soybean followed by cotton (IBGE 2019), where soybean can benefit from the
higher fertilization volumes used for cotton.

The relation between AE (y) and CE (x) fitted an exponential negative function (Fig. 4). This indicates that
farmers had higher YG,, , during growing seasons in a lower water deficit, when AtY was higher. This tendency was
observed for soybean (Merlos et al. 2015; Battisti et al. 2018), maize and wheat (Merlos et al. 2015), sugarcane (Dias
and Sentelhas 2018) and eucalyptus (Elli et al. 2019), when yield gap was quantified. The lowest AE under the best CE
indicates that limiting factors associated with crop management are more marked when water availability is higher
(Fig. 4). For example, these includes higher pressure from diseases, such as soybean Asian rust (Del Ponte et al. 2006),
less favorable conditions for management, leading to low quality of sowing, harvest and pest and disease control
(Monteiro et al. 2014), lower nitrogen fixation due to soil saturation (Mason et al. 2018) and an inadequate adjustment
of plant density to the climate during growing seasons that leading to plant lodging (Tagliapietra et al. 2018).
These factors needs be analyzed experimentally to identify the yield gap weight and strategies to reduce yield losses
under high CE.
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Figure 4. Relation between AE and CE for four sites and 37 growing seasons in Central Cerrado biome, Brazil.

CONCLUSION

Potential yield and AtY simulated for soybean crop show that water deficit reduces considerably the yield at different
levels in Central Cerrado biome, Brazil. It is possible to double soybean yield through improvements in management based
on the AtY and AcY observed in the sites.

There was a historical increase in AE of soybean, which is associated with improvement of crop management.
Agricultural efficiency decreased with the increase in climate efficiency, following an exponential negative regression.
Improvements in crop management are needed to obtain a higher AcY in growing seasons with higher water availability.
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