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ARTICLE INFO ABSTRACT
Keywords: Crop rotations with high plant diversity and biomass input have been recognized worldwide as a crucial practice
Soybean for increasing the sustainability of grain production systems, particularly in regions under no-tillage (NT)
Maize

management. Nonetheless, low-diversity grain production systems based on double cropping (two crops in the
same agricultural year) repeated over time, including soybean followed by maize (known in Brazil as “second
Conservation agriculture crop maize”) or wheat, remain prevalent in Brazil. The continuous use of these systems can impair soil yield
Production cost capacity, farmers’ profits, and environnmental sustainability. Therefore, this study aimed to verify the grain yield
Profitability and profitability of different production systems with different levels of plant diversity. This study was based on
’ results obtained during the 2009-2017 cropping seasons through a long-term field trial conducted under NT
since 1985 in southern Brazil. The trial covered two 4-year agricultural cycles with two crops per year, resulting
in eight crops per cycle and 16 crops over the entire period. The experiment followed a randomized complete
block design, with five treatments and four replicates. The treatments involved three diversified crop rotations,
comprising different cover crops and two double-crop systems (wheat-soybean and maize-soybean). For a given
agricultural year, wheat and cover crops (white oats, black oats, and forage radish) were grown from May to
September, and the second crop maize was grown from March to August. Soybean and first crop maize were
grown during the summer from October to February. The grain yield, gross revenue, production cost, and cu-
mulative profit were analyzed for each production system. Gross revenue and profit were primarily estimated
based on the actual annual average commodity prices received by farmers, and two additional price scenarios
(pessimistic and optimistic) were proposed considering the average prices from 2010 to 2017. Regardless of the
cropping season, first crop maize and wheat grain yields were higher in diversified crop rotations. The pro-
duction system only affected the second crop maize yield in 2010/2011, with a higher value obtained in a
diversified crop rotation system. The soybean yield in diversified crop rotations was higher than that in double-
crop systems. Considering each cash crop separately, soybean produced the highest average profit (US$ 472.50
ha 1), followed by the first crop maize (US$ 245.31 ha 1) and wheat (US$ 77.71 ha 1), whereas the second crop
maize led to economic losses (—US$ 121.73 ha ). All diversified crop rotations produced a higher 8-year cu-
mulative profit and gross margin than the maize-soybean in double-crop system. The relative economic per-
formance of production systems remained unchanged under alternative price scenarios (pessimistic and
optimistic) compared with that under the observed (actual) price scenario. However, the cumulative profit of
maize and soybean in double-crop system was the most negatively impacted in the pessimistic scenario
(—45.9%), indicating greater economic risk. Overall, lack of direct revenues from cover crops were compensated
by increased grain yield in the spring-summer season and profitability of diversified crop rotation systems.
Therefore, diversified crop rotation systems are economically competitive with double crop systems, rendering
them feasible management options for conserving natural resources and increasing crop resilience to adverse
climatic conditions.
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1. Introduction

Brazil is one of the largest producers and exporters of agricultural
products worldwide, accounting for approximately 6.5% of the global
grain production (FAO, 2020), particularly soybean (Glycine max),
maize (Zea mays L.), and wheat (Triticum aestivum L.). Although plant
species diversification is essential for the sustainability of grain pro-
duction systems, Brazilian farming practices remain specialized
(CONAB, 2020). In areas earmarked for grain production, short-term
economic returns on soybean production have promoted the adoption
of low-diversified systems (Garbelini et al., 2020), predominantly dou-
ble cropping, involving soybean grown during spring-summer, followed
by maize or wheat during autumn-winter (Franchini et al., 2012).

Low plant diversity and biomass input in production systems have
long been known to negatively affect soil quality (Calonego et al., 2017;
Bertollo et al., 2021), as well as increase pressure from pests, diseases (Li
et al., 2019), and herbicide-resistant weeds (Bajwa, 2014). Thus,
low-diversity systems have become increasingly inefficient and less
sustainable, leading to stagnant yields and high production costs
(Canalli et al., 2020).

Crop rotation with high plant diversity and biomass input (plant
shoots and roots) under no-tillage (NT) management is one of the pillars
of conservation agriculture (Kassam et al., 2019; Telles et al., 2019; Lal,
2015b), positively impacting crop yield (Li et al., 2019; Gentry et al.,
2013) and agricultural profitability (Canalli et al., 2020;
Fuentes-Llanillo et al., 2018; Volsi et al., 2020, 2021), particularly under
tropical and subtropical conditions (Franchini et al., 2012). The pres-
ence of soil cover crop species alternating with commercial
grain-producing species within the same system allows for exploitation
of crop synergy over time, contributing to the overall efficiency of the
system (Hallama et al., 2019). Moreover, this system promotes biomass
production (Campos et al., 2011), nutrient cycling (Zotarelli et al.,
2012), water availability, and organic matter accumulation (Ferreira
et al., 2013; Zuber et al., 2017); improves soil structure, biological ac-
tivity, and diversity (Venter et al., 2016), and prevents soil erosion
(Deuschle et al, 2019) and compaction (Bertollo et al, 2021).
Furthermore, diversified crop rotation can mitigate adverse abiotic
(climatic variations, input costs, and product prices) and biotic (pressure
from weeds and diseases) effects on the performance of production
systems (Sentelhas et al., 2015).

The benefits of diversified crop rotation in terms of soil quality, as
well as pest, disease, and weed control, have been extensively discussed
in the literature (Daryanto et al., 2018; Hallama et al., 2019). However,
information on the impact of such systems on economic performance is
scarce (Al -Kaisi et al., 2015). In this context, an economic analysis could
be the key to highlighting the long-term advantages of diversified crop
rotation systems (Al-Kaisi et al., 2016; Daryanto et al., 2018), encour-
aging their large-scale adoption. To this end, we hypothesized that, in
addition to promoting crop yields, diversified crop rotation under NT
reduces production costs and increases farmers’” income. Thus, the pre-
sent study aimed to verify the grain yield and profitability of agricultural
production systems with different levels of plant diversity in southern
Brazil.

2. Material and methods
2.1. Experimental characterization

This study was based on results obtained during the 2009-2017
cropping seasons through a long-term field experiment conducted since
1985 in the municipality of Campo Mourao, in the state of Parana, Brazil
(24°05'S, 52°21'W; 630 m elevation). The soil at the study site was
classified as Rhodic Eutrudox according to the Keys to Soil Taxonomy
(Soil Survey Staff, 2014) and as dystroferric Red Latosol according to the
Brazilian classification (Anon, 2018), with a very clayey texture (703 g
kg~ ! clay, 201 g kg~ ! silt, and 96 g kg™! sand at 0-0.2 m layer).
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According to the Koppen classification, the regional climate is Cfa
(humid subtropical with hot, rainy summers, fairly infrequent frosts, and
no clearly defined dry season), with a mean annual temperature of
19.9 °C and mean annual rainfall of 1570 mm (Alvares et al., 2013). The
mean slope of the experimental area was 0.05 m~'. Data on the
maximum and minimum temperatures, as well as the 10-year water
balance during the experimental period, are presented in Fig. 1,
following the method proposed by Thornthwaite (1948), based on a soil
water storage capacity (WSC) of 75 mm. Rainfall, evapotranspiration,
and maximum/minimum temperature data were obtained from a
weather station located in the experimental area.

Mean soil chemical attributes at the 0-0.2 m layer during the eval-
uation period were as follows: organic matter (SOM) of 36 g kg 1; pH
(CaCly) of 5.5; potential acidity (H*Al) of 27.1 mg kg~'; phosphorus (P,
Melich I) of 13.6 mg kg~%; calcium (Ca®") of 1136.2 mg kg~!; magne-
sium (Mg%™) of 254.0 mg kg™!; potassium (K¥) of 269.8 mg kg™!; sulfur
(S04) of 6.9 mg kg™!; exchangeable aluminum (AI**) of 0.0 mg kg™%;
cation exchange capacity (CEC, pH 7.0) of 1687.1 mg kg™ %; and base
saturation (V%) of 76%.

2.2. Experimental design and treaiments

The experiment followed a randomized complete block design, with
five treatments and four replicates. The evaluation period involved two
4-year agricultural cycles between the 2009/2010 and 2016/2017
cropping seasons. The treatments were distributed over 180 m? plots
(30 m x 6 m). The treatments involved five grain production systems
under NT management, and the plant layout over time is presented in
Table 1.

Production systems I, II, and III were set up as crop rotation alter-
natives with a higher degree of plant diversity than the double cropping
systems involving soybean (spring/summer) followed by wheat or sec-
ond crop maize in fall-winter (IV and V).

2.3. Crop management

Vegetation in the experimental area before sowing the crops was
desiccated with glyphosate herbicide (480 g ha™), and all plots were
directly sown over the remaining plant residues (NT management).
Considering that glyphosate use is restricted in some countries, pre-
sowing management can be performed using mechanical strategies (e.
g., knife rollers) integrated with chemical control using selective her-
bicides, as necessary.

Soybean and maize were sown using a tractor-pulled planter
equipped with perforated horizontal plates for seed metering, a helical
fertilizer metering mechanism, residue-cutting disks, and shanks and
double disks as furrow openers for fertilizer and seed deposition,
respectively. Wheat and cover crops were sown using the same machine
but with double disks as furrow openers for both seeds and fertilizer, and
fluted wheels for seed metering. Commercial NPK (maize and wheat) or
PK (soybean) fertilizers were applied to the furrows (5 cm below the
seeds) at rates based on soil analysis and standard recommendations for
each crop. Cover crops included forage radish (Raphanus sativus L.),
white oats (Avena sativa L.), and black oats (Avena strigosa Schreb.)
intercropped with radish. The cover crops were not fertilized. Both the
first and second crop maize were top-dressed with 133 kg ha™! of urea
(60 kg N ha 1) 35 days after emergence (DAE) using a tractor-pulled
broadcast spreader.

Genetically modified (GM) glyphosate-tolerant soybean and insect-
tolerant maize varieties were grown during all cropping seasons from
2010 to 2017. Non-GM wheat varieties and cover crops were used in this
study. For a given cropping season, the selection was based on the most
cultivated varieties and hybrids (either GM or non-GM) by farmers in the
region during the preceding cropping season. Hence, the soybean and
wheat varieties and maize hybrids used in the experiment varied among
growing seasons according to market preferences, aiming to better
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represent the actual cropping systems. For a given growing season, the
same varieties or hybrids were planted in all evaluated production sys-
tems, allowing for appropriate statistical comparisons among the
treatments.

The cash crop seeds were treated with fungicides and insecticides.
Soybean was sown in October after direct inoculation of the seeds with
Bradyrhizobium elkanii and B. japonicum, as described by Hungria et al.
(2015). Wheat and cover crops were sown in May during all the crop-
ping seasons. The first crop maize was sown in October, and the second
crop maize was sown in the first fortnight of March, except in the
2011/2012 and 2012/2013 cropping seasons, when the seeds were
sown in the second fortnight of March.

For soybean, the row spacing was 0.50 m, and the planter was
adjusted to obtain a density of 300,000 plants ha™!. For maize, the row
spacing was 0.80 m until the 2014/2015 cropping season and 0.60 m
thereafter, with a plant density of 60,000 plants ha™! during spring-
—summer and 55,000 plants ha~! during autumn-winter. For wheat and
cover crops, the row spacing was 0.20 m and the density was 300 plants
per m2. The cover crop seeding rates were as follows: 40 kg ha™! for
white oars, 20 kg ha™? for forage radish, 32 kg ha™" for black oats, and
8 kg ha™?! for forage radish.

Other crop treatments for soybean, maize, wheat, oats, forage radish,
and black oats + forage radish intercrop were applied according to the
technical parameters and crop monitoring data, following the recom-
mendations for integrated control of pests, diseases, and weeds for each
crop under investigation and were the same across all treatments.
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Spraying was performed using a tractor-pulled sprayer with a 12 m
spray boom and a capacity of 600 L. Crops were harvested using a self-
propelled grain harvester equipped with a straw chopper and spreader
and a 4.0 m harvesting platform.

2.4. Grain yield

Grain crops were mechanically harvested along the middle of the
plot with a useful harvest area of 120 m?(30 m x 4 m). The results were
corrected for 13% moisture content and expressed in kg ha™! for all
crops. The crop yield in each cropping season was determined based on
the averages of each replicate and treatment.

2.5. Economic analysis

The economic efficiency of the production systems was determined
based on the gross revenue, total cost, cumulative profit, and gross
margin throughout the two 4-year agricultural cycles.

Initially, economic analysis was conducted for each cropping season
and crop. Gross revenue was estimated as the product of grain yield and
mean annual price paid to the farmer in each cropping season. Infor-
mation on the prices received by farmers was obtained from the Parana
State Office for Agriculture and Supply — SEAB (2022). The total pro-
duction cost was calculated considering expenditure on inputs and
farming operations, as well as indirect costs related to farm adminis-
tration and management. Specifically, input cost was calculated based

I Water deficit (mm) —— Maximum temperature (°C)

Withdrawal (mm)
I Rainfall (mm)

Minimum temperature (°C)

2009/2010

2010/2011 40

2011/2012

2012/2013 - 40

2013/2014

2014/2015 [ 40

Temperature (°C)

2016/2017

Mar May Jul Sep Nov Jan Mar Jan

May  Jul

Sep Nov

Fig. 1. Rainfall, withdrawal and water deficit, and minimum and maximum daily temperature as well as 10-year water balance (WSC = 75 mm) from the 2009/
2010-2016/2017 cropping seasons.
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on the quantity of each input and its respective market value. Opera-
tional cost was calculated based on all inputs, labor, and mechanized
operations used at all stages of crop production: preparation of the area
(desiccation), sowing (seeds, seed treatment, inoculation, and fertilizer
application), crop management (insecticides, herbicides, fungicides, and
additives), and harvesting. Indirect costs (i.e., farm administration and
management) involved summing charges, taxes, rural insurance, tech-
nical assistance, transportation, and other overheads such as water,
electrical energy, telephone, and the Internet. Financing charges and
interests were excluded, because producers in this region typically
participate in schemes for the early purchase of inputs offered by agri-
cultural companies and cooperatives. Purchase prices for inputs and
agricultural operations from at least three agricultural companies or
cooperatives in the experimental region were obtained for all cropping
seasons considered in this study.

The total cost was deducted from revenue to calculate the profit for
each crop. Gross margin was calculated as an indicator of inherent risk
in agricultural business based on the percentage return on capital
invested; it is one of the most widely used indicators for analyzing farm
economic sustainability.

After analyzing each crop and cropping season separately, an eco-
nomic analysis was performed at the production system level. The cu-
mulative values of gross revenue and total cost in each system were
obtained by summing the gross revenue and total costs derived from all
crops and cropping seasons. The difference between the cumulative
gross revenue and the total cost indicates the profit from a given pro-
duction system. Notably, the production costs associated with cover
crops were considered to estimate the profit from systems I, II, and III.

Furthermore, the cumulative system profit was estimated for two
alternative scenarios (pessimistic and optimistic) of soybean, wheat, and
maize prices received by the farmers, aiming to add an uncertainty
component to the economic analysis. Briefly, we adapted the approach
used by Noia Junior and Sentelhas (2019), whereby alternative sce-
narios were created by deducting from (pessimistic) or adding to
(optimistic) the average price the standard deviation; both parameters
were estimated from the temporal series. In the present study, we
considered the standard error obtained from Student’s t-distribution
(p < 0.05) rather than the standard deviation to be added to or deducted
from the annual average commodity prices. Standard errors and average
prices were estimated based on the annual price variations from 2010 to
2017. Statistically, the pessimistic and optimistic scenarios correspond
to the lower and upper limits of the confidence intervals (p < 0.05)
estimated for soybean, maize, and wheat prices, and hence, for cumu-
lative gross revenue and profit.

The economic indicators were updated to real values in June 2020.
The inflation adjustment was based on the extended national consumer
price index (IPCA), which is the official national inflation index. Real
values were converted to dollars (US$) at the exchange rate for June
2020 (US$ 1 = R$ 5.436) published by the Brazilian Central Bank
(2020).

Table 1
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2.6. Statistical analysis

The production systems were compared in terms of their impacts on
grain yields. Comparisons among production systems were performed
separately for each grain crop and cropping season, as joint analysis
involving all cropping seasons or analysis of cumulative yields over time
was not possible, because the number of cultivations for each crop from
2009/2010-2016/2017 varied according to the evaluated production
system. Furthermore, soybean and wheat cultivars and maize hybrids
varied over time, rendering direct comparisons among cropping seasons
difficult. For the same reasons, the production systems compared in
terms of second crop maize yield varied among cropping seasons
(Table 1 and Fig. 2). Comparisons among production systems in terms of
maize and wheat yields were restricted to cropping seasons in which
there were at least three treatments applied to the same grain crop
(Table 1). For soybean, statistical analysis was performed on cropping
seasons in which the crop was sown in all treatments (Table 1).

Regarding the statistical procedures, the data were tested for
normality and homogeneity of variance. Variance was analyzed using
the F-test (p < 0.05), and when significant, the means were compared
using Tukey’s test at 5% significance. All statistical analyses were per-
formed using R, version 4.1.2.

3. Results
3.1. Grain yield of first and second crop maize

The maize yield was affected by the production system. System V
negatively affected first crop maize yield compared to systems I and II
(Fig. 2A and B). In the 2009/2010 and 2013/2014 cropping seasons, the
yield of first crop maize grown in system I was 1020 and 660 kg ha !
higher than that of maize grown in system V, respectively. Similarly, in
the same cropping seasons, the yield of first crop maize grown in system
Il was 1020 and 1200 kg ha ! higher than that of maize grown in system
V, respectively. In both cropping seasons, there were no differences in
first crop maize yield between systems I and II.

In the 2010/2011 cropping season, the grain yield of second crop
maize was higher in production system III than in systems II and V
(Fig. 2C). In the same cropping season, the grain yield of second crop
maize grown in system TIT was 1860 and 2760 kg ha~* higher than that
of maize grown in systems II and V, respectively. In the 2011/2012
cropping season, frost occurred in June, with temperatures dropping to
as low as — 1.6 °C (Fig. 1), which adversely affected all treatments
evaluated (Fig. 2E). In the 2014/2015 and 2015/2016 cropping seasons
(Fig. 2D and F), second crop maize yield was not affected by the pro-
duction system.

3.2. Wheat yield

During both cropping seasons 2012/2013 and 2016/2017, wheat
yield was higher in systems I and II than in system IV, in which wheat

Grain production systems under no-tillage covering two 4-year agricultural cycles evaluated in Campo Mourao, Parand, from the 2009/2010-2016/2017 cropping

Sedsons.

Production system First cycle

Second cycle

2009/2010 2010/2011 2011/2012 2012/2013 2013/2014 2014/2015 2015/2016 2016/2017

w sU w sU w SU w sU w sU w sU w sU w SuU
I R M1 Wh S M2 S Wh S R M1 Wh ] M2 S Wh S
II Wo M1 M2 S M2 S Wh S Wo M1 M2 S M2 S Wh S
I Bo+R S M2 S Wh S M2 S Bo+R S M2 S Wh S M2 S
v Wh S Wh S Wh S Wh S Wh S Wh S Wh S Wh S
v M2 M1 M2 S M2 S M2 S M2 M1 M2 S M2 S M2 S

W: winter; SU: summer; Wo: white oats (Avena sativa L.) as ground cover crop; Bo+R: black oats (Avena strigosa Schreb.) + forage radish (Raphanus sativus L.) intercrop
as ground cover crop; M1: first crop maize (summer maize); M2: second crop maize (fall-winter maize); R: radish as ground cover crop; S: soybean; Wh: wheat.
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(A) 2009/2010: first crop maize

(B) 2013/2014: first crop maize
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Fig. 2. Mean annual grain yield of first crop
maize (spring—summer) in 2009/2010 (A) and

13,000 13,000 2013/2014 (B) cropping seasons; second crop
12,000 a 12,000 a i - wi i
12,500 10,980 b 12,500 10920 a maize (autumn-winter) in 2010/2011 (C),
10,380 a ’ 9.720b 2014/2015 (D), 2011/2012 (E), and 2015/
% 10,000 A < 10,000 A ’ 2016 (F) cropping seasons; and wheat in 2012/
- = 2013 (G) and 2016/2017 (H) cropping seasons.
% 7,500 ~ if 7,500 1 Compositions of systems I, II, IIT (diversified
=l =] crop rotation), IV, and V (low-diversity double
5,000 5,000 A R . . .
~ > cropping) are described in detail in Table 1.
2,500 - 2,500 A Means followed by different letters are signifi-
cantly different according to Tukey’s test at 5%
0 - 0 significance.
I il v I 1I v
(C) 2010/2011: second crop maize (D) 2014/2015: second crop maize
15,000 1 15,000 1
12,500 - 12,500 -
%, 10,000 - <, 10,000
= 7,560 a =
27504 So00n £ 7500
% B 4800 b % 5,400 ns 4,800 ns 5,220 ns
2 5,000 - £ 5,000
2,500 - 2,500 -
0 0 -+
s I N I i v
(E) 2011/2012: second crop maize (F) 2015/2016: second crop maize
15,000 - 15,000 -
12,500 A 12,500 A
% 10,000 A % 10,000 A
fa fﬂ 7,680 ns 7,440 ns 7,620 ns
< 7,500 A = 7,500 A
= =
o o
£ 5,000 - £ 5,000 -
23001 900 ns 780 ns 780 ns 2500 1
o NN 2 e 0 meae 0 4
1 I v I 1I v
(G) 2012/2013: wheat (H) 2016/2017: wheat
15,000 - 15,000 -
12,500 12,500 A
% 10,000 A <. 10,000 A
= =
£ 7500 - s 460 £ 7500 -
= 5340 a s a = 5,040 a
el =] : 4,560
25000 - 420062 5000 2 3.660 b
2,500 1 2,500 . . .
0 - 0 -

was grown continuously every winter (Fig. 2G and H). Wheat yield in
system [ was 1140 and 1380 kg ha~! higher than thart in system IV in the
2012/2013 and 2016/2017 cropping seasons; in the same cropping
seasons, wheat yield in system Il was 1260 and 900 kg ha™! higher than
that in system IV, respectively. There were no significant differences in
wheat yields between systems I and II in either cropping season.

3.3. Soybean yield

The soybean grain yield was higher in system I than in systems IV and
V (Fig. 3). Specifically, the time-averaged soybean yield in system I was
230 and 270 kg ha~! higher than that in systems IV and V, respectively.

However, in systems II and III, soybean yield was moderate, with no
significant differences compared to the values in systems I (diversified
crop rotation), IV, and V (double cropping).

3.4. Crop economic performance

Based on average across cropping seasons and production systems,
soybean generated the highest gross revenue at US$ 935.66 ha™!
(Fig. 4). Average gross revenues generated by first crop maize, wheat,
and second crop maize were 5.1%, 50%, and 54.9% lower, respectively,
than those generated by soybean.

The first and second crop maize incurred the highest mean
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5,000

41708 4010ab  4.070ab  3940b 3900

~ 4,000 -

2 3,000 -

%D E

= 2,000 4

=]

> 1,000 -

0 - T r T T
1 11 I v v

Fig. 3. Soybean grain yield averaged over six cropping seasons (2010/2011,
2011,/2012, 2012/2013, 2014/2015, 2015/2016, and 2016/2017). Composi-
tions of systems I, II, III (diversified crop rotation), IV, and V (double cropping)
are described in detail in Table 1. Means followed by different letters are
significantly different according to Tukey’s test at 5% significance.

production costs at US$ 642.52 ha~! and US$ 543.44 ha™?, respectively
(Fig. 4). Production costs for first and second crop maize was 38.7% and
17.3% higher, respectively, than that for soybean. In contrast, produc-
tion cost for wheat was 15.9% lower than that for soybean. The highest
cost for inputs was recorded for first crop maize (US$ 382.20 ha™ 1),
followed by second crop maize (US$ 346.99 ha™). Compared with
soybean, first and second crop maize required 67.9% and 54.0% higher
costs, respectively, for inputs. In contrast, this cost was 4.0% lower for
wheat than for soybeans. The cost of agricultural operations was the
highest for first crop maize at US$ 159.81 ha !, followed by soybean,
second crop maize, and wheat. Cost of agricultural operations was
12.5% higher for first crop maize, but 14.7% and 19.5% lower,
respectively, for second crop maize and wheat than for soybean. The
costs associated with transportation, technical assistance, insurance,
charges, and taxes (other costs) were the highest for first crop maize at
US$ 99.83 ha !, followed by second crop maize, soybean, and wheat.
Other costs were 17.5% higher for first crop maize, but 5.1% and 6.1%
lower, respectively, for second crop maize and wheat than for soybean.

(A) First crop maize

L0001 gg7 80

750 1 642.52

500 A

USS ha'!

24531
250 A

Gross revenue  Total cost Profit

(C) Soybean

1,000 1 935.66

750 A

463.16 472.50

USS ha'l
wn
i =
S

250 A

Gross revenue Total cost Profit
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Based on crop averages, soybean was the most profitable crop at US$
472.50 ha ! (Fig. 4C), whereas second crop maize led to a loss of US$
121.73 ha™! (Fig. 4B). Compared with those of soybean, the profits on
first crop maize and wheat were 48.0% and 84% lower, respectively. The
costs related to the cover crops were low. The mean production costs of
intercropped black oats and forage radish, forage radish, and white oats
were comparable at US$ 111.38, US$ 110.26, and USS 104.49 ha?,
respectively.

In the economic analysis performed separately for each cash crop,
profit was generally higher from diversified crop rotation systems (I, II,
and III) than from double-crop systems (IV and V) (data not shown) as a
result of higher grain yield (Figs. 2 and 3). The only exceptions to this
trend were the spring-summer of 2016/2017 due to climatic factors and
the fall-winter of 2009/2010 and 2013/2014, when cover crops were
grown in plots under systems I, II, and III (Table 1).

3.5. Economic performance of the production systems

The production systems affected the cumulative economic indices
(Fig. 5). System I generated the highest cumulative gross revenue over
the eight agricultural years (US$ 10,699.32 ha™1), and there were no
differences among the other systems (Fig. 5A). Conversely, system V
generated the highest cumulative total production cost (US$
8383.96 ha™1), followed by systems II, I, III, and IV (Fig. 5B). Similarly,
system 1 generated the highest cumulative profit for this period (US$
3711.95 ha™Y), followed by systems IV, III, and II (Fig. 5C). Low-
diversity system V yielded a cumulative profit of US$ 2059.35 ha™?,
which was 40.6% lower than the average across the more profitable
systems [, II, III, and IV. Winter crops added little to the cumulative
profit (systems I and [V) or even resulted in losses (systems II, III, and V).
In terms of gross margin, production systems III, I, and IV generated the
highest indices (51%, 53%, and 54%, respectively), system II generated
an intermediate index (42%), and system V generated the lowest index
(25%).

(B) Second crop maize
1,000 -

750 A
543.44

500 A 421.72

US$ ha'!

250 4

-121.73
Profit

-250 -

(D) Wheat
1,000 -

Grossrevenue  Total cost

467.10
200 389.39

USS ha'l

250 A
77.71

Gross revenue Total cost Profit

Fig. 4. Average gross revenue, total cost, and profit for the 2009/2010 and 2016,/2017 cropping seasons: (A) first crop maize (spring/summer), (B) second crop
maize (autumn/winter), (C) soybean, and (D) wheat. Gross revenue was calculated considering the actual annual average prices for maize, wheat, and soybean

received by the farmers in each cropping season (observed scenario).
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Fig. 5D shows the changes in system profit in response to pessimistic
and optimistic scenarios, reflecting the economic analysis performed for
the lower and upper limits of the confidence interval (based on standard
error estimated using Student’s t-distribution, p < 0.05) calculated from
the average soybean, wheat, and maize prices (60 kg bags) from 2010 to
2017. The estimated standard errors for soybean, wheat, and maize
prices were + US$ 1.23 bag™!, USS$ 0.94 bag™! and US$ 0.23 bag™?,
respectively. The profit response of the production systems remained
unchanged in the pessimistic and optimistic scenarios. As expected, the
system profit decreased and increased in pessimistic and optimistic
scenarios, respectively, although all treatments generated net profits
even under the pessimistic scenario in terms of soybean, wheat, and
maize prices. Absolute cumulative profit between the pessimistic and
optimistic scenarios was similar among systems, at US$ 1946.00 ha™},
although relative profit reduction compared with the observed (actual)
scenario was higher in system V (45.9%) than in the other systems
(28.1% on average).

4. Discussion
4.1. Grain yield of first and second crop maize

Maize is a strategic crop for agricultural diversification in Brazil with
satisfactory market fundamentals and widely disseminated production
techniques. Our findings indicated that the grain yield of first crop maize
grown following second erop maize (system V) or vice-versa (systems 1)
was lower than that of maize grown following soybean (second crop
maize) and white oats or radish (first crop maize) (Fig. 2). There may be
several reasons for the superior agronomic performance of first crop
maize when grown following winter cover crops (systems [ and II), as
observed in the present study. Firstly, abundant plant residues with a
high C/N ratio, such as those produced by the second crop maize in
system V, immobilize N during decomposition, reduce N availability,
and impair the growth of grasses grown in sequence (Uzoh et al., 2019).
Conversely, the C/N ratio and dry mass production of white oats and
forage radish are substantially lower than those of maize residues

(Schomberg et al., 2006; Silva et al., 2009; Costa et al., 2017), providing
better conditions in terms of N availability for maize growth. In a pre-
vious study, Acosta et al. (2014) noted no net N immobilization during
forage radish straw decomposition and short N immobilization during
oat straw decomposition, with net N mineralization occurring 40 days
after cover crop desiccation.

In addition to their effects on N availability, forage radish and oat
residues are known to improve soil physical properties by preventing
soil compaction in the long term, while enabling the uptake of high
amounts of nutrients that may otherwise be lost in the system (Adetunji
et al., 2020; Okello et al., 2013; Van Eerd, 2018; Tessaro et al., 2019),
thereby ultimately improving nutrient cycling. In the present study, in
contrast to specialized double cropping in system V, winter cover crops
were grown once every four years in systems [ and II since 1985
(Table 1), which likely improved the soil structure, increased water
availability, and promoted maize root growth in deeper soil layers
(Govaerts et al., 2007; Moraes et al., 2018, 2019). In addition, the
long-term maize-maize sequence in production system V possibly
increased the frequency and severity of pests and diseases, as observed
by Govaerts et al. (2007).

Cultivation of second crop maize after a legume that can fix N,
leading to a low C/N ratio of residues, such as soybean, in system III
increased grain yield by 45% on average compared with the continuous
double cropping of maize in system V (Fig. 2C). The superior yield
performance of maize grown on soybean plant residues can be ascribed
to the low C/N ratio of the residues, which enhances N mineralization
(Uzoh et al., 2019). In contrast, the high C/N ratio of biomass added by
first crop maize likely led to N immobilization during microbial
decomposition (Silva et al., 2009), resulting in lower N availability to
second crop maize in system V than in system III. Furthermore, the
higher yield of cereals grown after legumes rather than grain cereals can
be related either to the addition of N via symbiotic Ny fixation or to the
reduction of inorganic N through removal from soil by the legume crop
— called the “N-sparing” or “N-conservation” effect (Chalk et al., 1993).
In the present trial, conducted under long-term NT management and
using the best practices for inoculation, the amount of biologically fixed
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N in soybean was likely equivalent to or marginally lower than that
exported through grains (neutral or close to neutral N balance), as re-
ported by Salvagiotti et al. (2008), Mastrodomenico and Purcell (2012),
and Landriscini et al. (2019). Accordingly, the superior performance of
second crop maize grown after soybean can mainly be explained by the
N-sparing effect, together with N immobilization during the microbial
decomposition of first crop maize residues. Consequently, greater N
availability to maize is expected when it is grown following legume
crops (Zotarelli et al., 2012). Similar substantial increases in yield with
maize cultivated after soybean compared to those from the maize-maize
sequence have frequently been reported in the literature (Govaerts et al.,
2007; Sindelar et al., 2015).

Furthermore, by improving the soil physical attributes, water avail-
ability, and root growth (Govaerts et al., 2007; Rosolem and Piverta,
2017), increased crop diversity can offer additional advantages under
drought conditions (Bowles et al., 2020). Thus, the absence of second
crop maize response to increased crop diversity in the 2014/2015 and
2015/2016 cropping seasons (Fig. 2D and F) may be associated with
adequate water availability during the crop cycle (Fig. 1).

4.2. Wheat yield

Under the subtropical conditions of southern Brazil, wheat is
considered a strategic option for inclusion in diversified crop rotations,
mainly as a winter cash crop preceding soybean. Although the biomass
production of wheat is lower than that of winter cover crops such as oats
and forage radish, the markedly higher C/N ratio of wheat straw
(Truong and Marschner, 2019) enables persistent soil mulching (Wen-
neck et al., 2021). This, in turn, reduces soil erosion, maximum soil
temperature, and evaporative soil water loss (Engel et al., 2009; Gava
et al., 2013; Daryanto et al., 2018; Carcer et al., 2019; Rahma et al.,
2019), thereby ultimately improving the agronomic performance of
subsequent crops (Balbinot Junior et al., 2020). Wheat straw mulching is
an important component for integrated weed management in grain
production systems (Guareschi et al., 2020).

In the present study, wheat was highly responsive to crop rotation, in
terms of increased yield and reduced cost. A higher yield was observed
when wheat was grown for one or two cropping seasons within the four
4-year crop rotations. On average, wheat yield was respectively 32.4%
and 27.3% higher in systems I and II than in system [V (Fig. 2G and H).
Similarly, Franchini et al. (2012) reported consistently higher yields
from wheat rotation with black oats and white lupin (Lupinus albus L.)
(two wheat crops in the same area every 4 years) than from continuous
double cropping (wheat/soybean), mainly due to the reduced incidence
and severity of root and shoot diseases, such as take-all root rot caused
by Gaeumannomyces graminis, common root rot and spot blotch caused
by Bipolaris sorokiniana, yellow leaf spot caused by Drechslera tritici-r-
epentis, and fungal glume blotch caused by Stagonospora nodorum.

4.3. Soybean yield

System I was the only diversified crop rotation system in which
soybean yield was higher (by 6% on average) compared with that in the
specialized systems IV and V (Fig. 3). Thus, the differences between
system [ and other diversified crop rotations (systems Il and III), in terms
of species combinations and temporal planning, warrant attention.
Contrary to system I, system III did not involve soybean rotation with
first crop maize during spring-summer in 25% cropping seasons or land
areas. Various studies have reported substantial increases in soybean
yield grown in rotation with maize (e.g., Wilhelm and Wortmann, 2004;
Sindelar et al., 2015; Al-Kaisi et al., 2016; Behnke et al., 2018), partic-
ularly because of the breaking of the cycle of pests and diseases (Mueller
et al., 2002; Reis et al., 2014) as well as the improvement of soil quality
(Nouri et al., 2019).

Similar to system I, system II was also characterized by soybean
rotation with maize in the summer. However, systems I and II differed in
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terms of the cover crop species preceding the first maize crop in summer
(Table 1). The use of radish rather than white oats may be the major
reason for the superior performance of soybean in system I. Radish is
known to be efficient in breaking compacted soil layers, facilitating the
root growth of subsequent crops in deeper soil layers, and increasing soil
water and air availability (Adetunji et al., 2020; Tessaro et al., 2019).
Chen et al. (2014) showed that radish reduced soil penetration resis-
tance through its taproot growth, creating biopores that facilitate root
penetration, as well as water and air flow. Soil compaction is a major
problem in most Brazilian regions at present (Bartzen et al., 2019).
Under NT, soil compaction typically occurs at 0.1-0.2 m layers and can
impair crop growth and yield, particularly in very clayey soils (Tokura
et al.,, 2017; Bertollo et al., 2021). Furthermore, radish belongs to a
different botanical family (Brassicaceae); thus, its inclusion in system I
likely increased the soil microbial diversity (Venter et al., 2016), leading
to positive effects on various processes mediated by microorganisms and
yield (Maron et al., 2018).

Another important difference between systems I and II was associ-
ated with the proportion of wheat and second crop maize in autumn and
winter (Table 1). System I included a higher proportion of wheat (50%
versus 25%), but a lower proportion second crop maize (25% versus
50%) than system II. Other studies in Parand have reported higher
soybean yields after wheat than after second crop maize (Garbelini et al.,
2020). Despite their lower straw dry matter yield, wheat residues pro-
vide a more persistent, higher soil coverage at the time of soybean
planting than second crop maize residues, considering the usual condi-
tions in southern Brazil. Similarly, the second crop maize implies a
longer time window (—~75-90 days) between its harvest and soybean
planting than wheat (—30-40 days), which contributes to the additional
reduction in soil coverage percentage at the time of soybean planting.
Thus, wheat mulching may be more effective in reducing the maximum
soil temperature and increasing water availability because of lower
water loss through evaporation and surface runoff, which closely de-
pends on the residual soil coverage percentage (Hillel, 1998).

4.4. Crop economic performance

The best economic performance was obtained with summer crops,
with soybean generating the highest profit at US$ 472.50 ha~?, followed
by first crop maize (48.0% lower than soybean) (Fig. 4). The remarkable
result for soybean can mainly be explained by its higher market value
during the study period (CONAB, 2020) as well as its more stable and
higher yield, which, on average, for the systems evaluated, was 23.3%
higher than the regional average for Campo Mourao in the
2009/10-2016/17 cropping seasons (3260 kg ha_l) (SEAB, 2022).

Different results were obtained for the first and second crops of
maize, with higher production costs than soybean and wheat. The
average revenue for the second crop maize was not sufficient to cover
the average production cost, inflicting an average loss of US$
121.73 ha™! (Fig. 4B). This result may render the second crop mai-
ze-soybean double cropping system non-viable. Fertilizers and seeds
accounted for approximately 75% of the expenditure on inputs for the
first and second maize crops, indicating the highest share of the final
production cost.

In addition to its high production costs, the yield of second crop
maize was heavily impaired in the 2011/12 cropping season due to
climatic adversities (frost), leading to an average loss of 87% compared
with the previous cropping season (Fig. 2C and E), which certainly
contributed to the poor performance of this crop. However, when sown
during autumn-winter, a summer crop with high production costs
(Canalli et al., 2020; Volsi et al., 2020, 2021) poses a high risk of eco-
nomic loss to the producer (Noia Jinior and Sentelhas, 2019).

The controversy regarding the profitability of wheat production is
not centered on the production cost itself, as is the case with other
commodities. Crop problems are related to cereal production and
commercialization (Flister and Galushko, 2016). In addition, climatic
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factors often affect the grain quality and price (Carcer et al., 2019).
During the cropping seasons evaluated, the average yield was high at
4710 kg ha™%, bur the drop in grain quality and prices paid to the
farmers negatively affected crop profitability. Although wheat incurred
the lowest commodity production cost (US$ 389.39 ha™! on average),
its profitability was low (Fig. 4D).

Overall, our results related to the economic performance of soybean,
second crop maize, and wheat were consistent with previous findings of
Garbelini et al. (2020) that soybean returned a profit, thus sustaining the
economic viability of the studied production systems. However, both
second crop maize and wheat resulted in financial losses in terms of the
averages of the crops studied, which were mainly associated with crop
yield losses due to climatic adversities (drought and/or frost) and low
market prices.

4.5. Economic performance of the production systems

The profitability of production system I exceeded that of all other
systems by 1.8% (system IV), 6.4% (III), 18% (II), and 44.5% (V) (see
Fig. 5 C). In addition, the relative economic performance of the pro-
duction systems remained unchanged under alternative price scenarios
(pessimistic and optimistic) from that under the observed (actual) price
scenario (Fig. 5D), which can be attributed to the similar relative price
fluctuations of the studied commodities from 2010 to 2017. According
to our scenario analysis, if the average annual prices for soybean, wheat,
and maize from 2018 onward follow similar trends to those during
2010-2017, the relative performance of production systems is expected
to remain unchanged even after the analyzed period (2018 onward) at
5% error probability.

The higher cumulative profit from system I can be ascribed to its
higher productivity and economic efficiency. Forage radish, planted
every three years in system I, increased the yield of the first crop maize
compared with that in system V, in which the previous crop was second
crop maize. In addition, forage radish was likely a major reason for the
higher soybean yield in system I. Moreover, replacing soybean with first
crop maize every three years contributed to the higher soybean yields.
Furthermore, replacing second crop maize with wheat for two cropping
seasons during the 4-year production cycle boosted the yield of both
second crop maize and wheat, and lowered the production costs.

System [ is a good example to illustrate the profitability of growing
winter cover crops in the grain production systems in southern Brazil.
Forage radish did not provide direct revenue, but incurred an additional
cumulative production cost of US$ 110.26 ha™!. Nevertheless, forage
radish played a key role in improving soil conditions and increasing
wheat, soybean, and maize yields (Fig. 2). Thus, the increased crop yield
outweighed the cost and loss of revenues related to forage radish,
leading to a higher cumulative profit in system I. Thus, forage radish
provided indirect revenues through increased grain crop yield. These
results also highlight the importance of performing economic analyses
for crop production systems, rather than for specific crops or cropping
Seasons.

Production system [V generated the second-highest cumulative profit
(Fig. 5C). This result can mainly be attributed to the lower total pro-
duction cost for wheat than for the second crop maize (Fig. 4D), which
was grown in all other production systems (Table 1). Despite the prob-
lems faced over the past few years in wheat production and commer-
cialization (Flister and Galushko, 2016), improved soil cover provided
by wheat helps to control weeds and reduces soil erosion, maximum soil
temperature, and soil water evaporation (Gava et al., 2013; Guareschi
et al., 2020). This renders wheat as an important option for diversifying
production systems in southern Brazil, alternated with second crop
maize and/or soil cover crop species (Balbinot Junior et al., 2020; Liv-
ingston et al., 2016).

Despite providing the second highest cumulative gross revenue
(Fig. 5A), system V generated the lowest cumulative profit (Fig. 5C). The
higher production cost of maize planted in double cropping systems
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(Fig. 5B), along with the generally lower soybean and maize grain yield,
explains the low profitability of system V. Low-diversity crop rotations,
such as system V, are known to reduce soil productivity (Lal, 2015a;
Bertollo et al., 2021), increase the incidence and severity of pests and
diseases (Li et al., 2019), and favor the growth of difficult-to-control
weeds (Bajwa, 2014). In a previous economic analysis, Néia Junior
and Sentelhas (2019) demonstrated that second crop maize-soybean
double-cropping is a high-risk production system, and that its success
closely depends on the selection of the ideal sowing date because of the
climatic vulnerability posed by the Brazilian autumn-winter season. In
Brazil, many farmers use specialized production systems with high
production costs and volatile selling prices. The yield losses reported
herein for second crop maize due to climatic challenges also explain the
drop in profitability, particularly in systems with a higher proportion of
this crop produced during the autumn-winter season.

The grain crops grown in autumn-winter (wheat and second crop
maize) produced a lower cumulative profit or even economic losses at
the system level, with first crop maize and soybean being the crops with
the highest profitability (Fig. 5). Additionally, our experiment demon-
strated that the economic performance in autumn and winter decreases
with higher proportion of second crop maize in a production system.
Similarly, the relative proportion of autumn-winter grain crops incor-
porated into a production system incurs a higher operational cost
(—46%) than gross revenue (—29%), indicating the poor economic
performance of autumn-winter crops in the studied region, particularly
in view of the high production costs and climatic limitations that result
in yield losses (Noia Junior and Sentelhas, 2019; Lollato et al., 2020).

Overall, to improve the economic performance of a production sys-
tem, farm management should prioritize the achievement of high first
crop maize and soybean yields, which are more profitable. In this
context, our results indicate that diversified crop rotation, involving
winter cover crops in rotation with grain crops, is a management prac-
tice that can produce higher first crop maize and soybean yields. Pre-
vious studies in southern Brazil have shown that growing
autumn-winter cover crops in diversified crop rotations is an ideal
practice for increasing system profitability and reducing financial risks,
and thereby, to increase crop yield (Balbinot Junior et al., 2017; Tessaro
et al., 2019) in a manner that outweighs the total production costs
related to cover crops (Garbelini et al., 2020).

Gross margin is an economic indicator that reflects farming risks and
represents the percentage of the return on capital invested (Garbelini
etal., 2020). The gross margins of systems I, II[, and IV were comparable
(53%, 51%, and 54%, respectively), but higher than those of systems IT
(42%) and V (25%). In general, the gross revenue was higher with a
higher proportion of maize (particularly second crop maize) in the
system. However, the higher gross revenue was outweighed by the
respective increases in production costs, leading to a lower gross margin
and, hence, a greater financial risk. Similarly, system V resulted in the
highest relative profit reduction under the pessimistic scenario (45.9%),
indicating that the continuous growth of second crop maize renders the
production system more susceptible to commodity price volatility and,
hence, riskier. The management of risks involved in farming should be
treated as a factor that discourages or incentivizes the adoption of a
given practice (Burney et al., 2014; Salazar et al., 2019). In our study,
production system I was proven to be the best practice for increasing
crop diversification in grain production systems in western central
Parana, since its financial risk was similar to that of system IV, but much
lower than that of system V.

To broaden the discussion on crop diversification in production
systems, other interesting cover crop options to be cultivated in
autumn-winter include tropical perennial forage species, particularly
ruzigrass (Urochloa ruziziensis), as a monocrop or an intercrop with
second crop maize (Garbelini et al., 2020). Ruzigrass is known to yield
abundant shoots and roots, leading to increased soil mulching and
improved soil quality (Rosolem and Pivetta, 2017; Bertollo et al., 2021),
which in turn increases soybean and maize yields (Franchini et al., 2015;
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Balbinot Junior et al., 2017).

Our results were corroborated by the findings of studies undertaken
in different regions worldwide, demonstrating the profitability of
diversified crop rotations. For instance, in a study conducted by
Gonzéales et al. (2013) in Chile, higher economic stability was observed
when legumes were introduced into production systems, which
increased crop diversification. According to the authors, the selection of
appropriate crops and correct planning play key roles in improving the
economic performance of diversified crop rotation systems. In another
study in Iowa (USA), Al-Kaisi et al. (2015) observed a higher soybean
yield, profit, and economic stability in diversified systems than in
monocultures. Based on a meta-analysis of 347 site-years of yield data
from 11 long-term experiments conducted in the USA and Canada,
Bowles et al. (2020) reported higher maize yield in diversified crop
rotation systems across all growing seasons, particularly during drought
years. In a study conducted in Southern Asia, Jat et al. (2014) concluded
that diversified production systems were agronomically and economi-
cally more advantageous than simplified double-cropping systems.
Therefore, the adoption of diversified crop rotation systems is the path
to increasing crop vield, ensuring food security, and protecting the
environment.

Previous studies in Brazil have associated diversified crop rotations
with higher incomes and profitability. For instance, in a long-term study
involving soybean, maize, wheat, and tropical forage grasses in southern
Brazil, Garbelini et al. (2020) observed higher profits and gross margins
for more diversified production systems, including cover crops. In a
study in naturally less fertile soils based on 3-year production systems,
Volsieral. (2021) concluded that growing cover crops during winter and
cash crops in summer increased system profitability. Similarly, Canalli
etal. (2020) undertook an economic analysis of five different production
systems in southern Brazil and concluded that crop diversification was
economically feasible and enhanced crop sustainability.

Overall, all diversified crop rotations studied herein (systems I, II,
and III) offered higher profitability but posed a lower financial risk than
specialized, double cropping systems, which are widely adopted by
farmers in several Brazilian regions, where the climate conditions allow
for growing this cereal during autumn and winter. For instance, in
approximately 65% areas under soybean cultivation in the Campo
Mourao region, second crop maize was grown in the 2020/21 cropping
season, whereas wheat was grown in only —15% area (SEAB, 2022). In
other regions in Parand with similar climate conditions, second crop
maize was cultivated in over 90% soybean-producing areas during
spring-summer. Apparently, farmers in this region are motivated to
grow maize continuously during autumn-winter because, in certain
years, when climate conditions are favorable for obtaining high yields
and commodity prices are satisfactory, the profit can be significant. For
instance, in the 2015/2016 cropping season, considering the average
second crop maize yield (7580 kg-ha™1), along with average production
costs (Fig. 3B) and the upper limit of the confidence interval for the
average maize price (optimistic scenario, US$ 6.22 per 60 kg bag), the
net profit was US$ 242.45 haL. Furthermore, some Brazilian farmers
frequently make decisions based on gross revenue rather than opera-
tional profits, as they rarely conduct an appropriate economic analysis.
As previously mentioned, system V yielded the second highest gross
revenue, which may lead to an incorrect conclusion of good economic
performance.

Wheat/soybean (system IV) double cropping was the second most
profitable production system, being only marginally inferior (1.8%) to
system L. Likewise, the profitability of system IV was only 4.8% higher
than that of system III (Fig. 5 C). Overall, these results demonstrate that
diversified production systems I and III are economically competitive
with the specialized double-crop system IV, offering the key advantage
of contributing to environmental conservation.

Increasing food production to meet the rising global demand without
degrading the environment represents a major challenge faced by hu-
manity at present. In this regard, diversified crop rotation systems under
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NT can reduce soil erosion, thus helping conserve soil and water re-
sources (Deuschle et al., 2019). Furthermore, diversified crop rotation
systems, such as those addressed in this study, lead to higher C and N
additions (via vegetal biomass) to soil than specialized double cropping
systems, thereby increasing the soil organic matter content (SOM)
(Diekow et al., 2005). In addition to improved soil physical, chemical,
and biological properties, increased SOM content implies atmospheric
CO, sequestration. Thus, diversified crop rotation has been recognized
as a strategy for mitigating greenhouse gas (GHG) emissions and global
climate change (Santos et al., 2011; Bayer et al., 2016; Sa et al., 2017).
Furthermore, crop diversification increases soil biodiversity, which is
crucial for maintaining a multitude of ecological functions of soil (Li
et al., 2021). Improved mulching, soil quality, and biodiversity under
diversified crop rotation can enhance weed, pest, and disease control
(Govaerts et al., 2007; Li et al., 2019; Guareschi et al., 2020) and in-
crease water (Sentelhas et al., 2015; Bowles et al., 2020) and fertilizer
use efficiency (Fageria and Baligar, 2021; Soltangheisi et al., 2018),
ultimately promoting water conservation, mitigating GHG emissions,
and lowering pesticide use (Volanti et al., 2021).

In addition to reducing environmental impacts, diversified crop
rotation systems involving cover crops have been increasingly recog-
nized as an important means of mitigating the effects of global climate
change on crop yields. Reduced yield losses from heat and drought stress
have been frequently ascribed to enhanced mulching and soil quality
owing to diversified crop rotation (e.g., Degani et al., 2019; Li et al.,
2019; Bowles et al., 2020; Silva et al., 2020). Considering the different
climate change scenarios, diversified crop rotation systems (e.g., I, II,
and III) are expected to beconie increasingly important to ensure more
stable yield and profitability in southern Brazil.

5. Conclusion

In southern Brazil, expanding the adoption of diversified crop rota-
tion systems rather than low-diversity, specialized double-cropping
systems has been a major challenge in enhancing agricultural sustain-
ability. Our results proved that diversified crop rotations increased
soybean, maize, and wheat grain yields, while reducing production
costs. In terms of crop yield, wheat and first crop (summer) maize
exhibited the strongest positive response to crop rotation, contributing
to the positive economic performance of the corresponding diversified
crop rotation systems. All 4-year diversified crop rotation systems
generated a higher cumulative operational profit and gross margin than
specialized double cropping systems. Overall, second crop maize was
proven to be a high-risk option for autumn-winter cultivation, with high
production costs and unstable yields. Wheat/soybean double cropping
was the second most profitable system. In general, high production cost
and lack of direct revenue from cover crops were compensated by the
increased grain crop yield in diversified crop rotation systems. There-
fore, diversified crop rotations are economically competitive with
specialized double cropping systems, with a proven advantage of envi-
ronmental conservation (air, water, and soil). Well-planned diversified
crop rotation is an important strategy to reduce soil erosion, pesticide
consumption, and GHG emissions, as well as to increase water and fer-
tilizer use efficiency.

The relative performance of the production systems was not affected
by either the pessimistic or optimistic scenarios. However, maize-
soybean in double cropping presented the highest relative profit
reduction under the pessimistic scenario (45.9%), indicating that the
continuous growth of second crop maize renders the production system
more susceptible to commodity price variations and, hence, riskier.

Our findings provide technical insights for the development of more
efficient crop rotation systems in southern Brazil. Among the cover crops
tested, forage radish can be highlighted as an interesting alternative to
compose diversified crop rotation systems, mainly preceding first crop
maize. Finally, system management should focus on increasing the
summer crop yield and reducing their production costs, since soybean
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and first crop maize provided the highest sustained profitability of the
studied production systems. Accordingly, the use of winter cover crops
appears to be a system managenent strategy for increasing summer crop
yields.
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