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HIGHLIGHTS
e No-tillage area in Parana increased by 29.5% from 2006 to 2017 (2.8 to 3.7 Mha)
e Conservation agriculture went from 18.1% of farm holdings in 2006 to 31.7% in 2017

e Adoption of conservation agriculture can help to sustainable intensification of agriculture.

Abstract: in Brazil, the development of a strong technical foundation for soil and water conservation has
made no-tillage (NT) the leading method for preparing land for temporary crops. Despite this, there's
insufficient information regarding the extent to which farmers have adopted NT and conservation agriculture
(CA) and the distribution and evolution of these practices within Parana—a state at the forefront of NT and
CA implementation. This study investigates the adoption rates of NT and CA among Parana's farmers,
focusing on temporary crops. It utilizes specialized data from the Brazilian Institute of Geography and
Statistics' agricultural censuses of 2006 and 2017. Adoption rates for NT and CA were determined by
comparing their proportions in both the number of farming properties and the overall land area devoted to
temporary crops across various microregions. Findings indicate a rise in the adoption of NT from 68.5% to
78.9% and CA from 14.6% to 27.7% over the 2006 to 2017 period. Moreover, adoption rates varied across
the 39 microregions, with the highest rates in regions dominated by temporary crops, particularly soybeans,
maize, and wheat. Conversely, the lowest adoption rates were found in microregions where permanent crops
and pastures prevailed, and sugarcane, cassava, and rice were the primary temporary crops.

Keywords: no-tillage system; soil conservation; soil management; land use planning; sustainability.

INTRODUCTION

In the early 1970s, soil conservation practices were adopted in Brazil to control and reverse soil erosion
and degradation issues, including no-tillage — NT [1, 2]. NT emerged as an alternative to the conventional
tillage, which involved plowing and harrowing and left the soil exposed and vulnerable to the erosion process
[3]. NT is a technique in which sowing is carried out on the straw of the previous crop using specialized
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equipment that makes openings in the soil for seed deposition such that soil mobilization for planting is
restricted to the area of rows or sowing holes.

In the 1970s, NT evolved into the No-Tillage System (NTS), a concept developed by the Agricultural
Research Institute of Parana (IAPAR), which proposed a new approach to crop management based on three
pillars that require simultaneous attention [3, 4, 5, 6]: no soil disturbance (that is, restricted to sowing lines or
holes), diversification of plants in crop rotation, and permanent soil cover (with live plants or straw residues).
The NT, defined as seeding with minimal soil disturbance, is a fundamental component of the NTS. The NTS
embodies a holistic agricultural strategy, encompassing a variety of cultivation practices. These include
diversifying crop rotation with different plant species, utilizing green manure to enrich the soil, enhancing soil
fertility, boosting crop yields, and safeguarding the soil from erosion. For these reasons, while NT is a
progressive shift from traditional practices such as plowing and harrowing for soil tillage, it is not adequate to
fully prevent erosion and degradation of agricultural soils under the diverse edaphoclimatic conditions found
across Brazil. Therefore, adopting the more comprehensive NTS becomes crucial to ensure effective soil and
water conservation [7, 8, 9]. The significance of the NTS in both Brazilian and global agriculture is such that
it served as a foundational model for the Food and Agriculture Organization of the United Nations (FAO)
when defining the principles of Conservation Agriculture (CA) [10, 11]. CA is now the term recognized
internationally. Due to its widespread adoption and to avoid potential confusion with NT, which may not
always encompass the full spectrum of practices, this article will use the term CA to refer to the system that
includes the core principles of NTS.

Although NT is widely used in Brazilian agriculture, especially in the South, Southeast, and Central-West
great regions, where climate conditions are more favorable for grain cultivation [4], quantitative data on the
adoption of NT and CA is still needed. It is worth noting that NT is a component of CA. The CA integrates a
broader spectrum of practices, including crop diversification through rotation, the application of green manure
or cover crops, preservation of crop residues and straw on the field, enhancement of soil organic matter
content, and support of biological processes that facilitate nutrient cycling within the soil. Studies have
indicated that many farmers are not implementing CA [12, 13]. Furthermore, adopting other soil and water
conservation practices, such as level planting and constructing agricultural terraces, is not widespread and
tends to be leveraged by among farmers in Brazil’s traditional grain production areas [8, 14]. This limited use
of conservation practices can lead to increased soil erosion and degradation. Therefore, despite the
advancements of NT over conventional tillage methods, it is insufficient to combat erosion and degradation
of agricultural soils or to ensure soil and water conservation, given Brazil's diverse edaphoclimatic conditions
[7, 8]. This highlights the importance of implementing CA.

Despite establishing a strong framework for soil and water conservation in Brazil, leading to the
widespread use of NT, there is insufficient information regarding the extent of NT and CA adoption by farmers
in Parana. This is the case even in a state that has pioneered the development and use of NT and the NTS
(subsequently termed CA). There may be considerable variation in implementing these conservation
practices among farmers across Parana. This study seeks to assess NT and CA adoption rates among
farmers of temporary crops in the microregions of Parana by analyzing data from the agricultural censuses
of 2006 and 2017.

MATERIAL AND METHODS

The assessment of NT and CA adoption levels in the State of Parana, including their progression over
time, was conducted using specialized datasets from the 2006 (CA 2006) and 2017 (CA 2017) agricultural
censuses, which were performed by the Brazilian Institute of Geography and Statistics (IBGE). The CA 2006
dataset covered 258,052 rural properties engaged in temporary cropping on a total area of 5,414,528
hectares, whereas the CA 2017 dataset encompassed 220,132 rural holdings with temporary crops extending
over 6,087,813 hectares.

The specialized data sets from the Brazilian Institute of Geography and Statistics (IBGE) were analyzed
for the 39 microregions of Parana, as depicted in Figure 1, for the reference years of the 2006 and 2017
agricultural censuses. The analysis calculated the following relative shares for each year: 1) the proportion
of rural holdings with temporary crops implementing NT and CA out of the total number of rural holdings with
temporary crops; and 2) the size of temporary crop areas practicing NT and CA (as reported in the agricultural
census questionnaire regarding the declaration of NT use concurrent with crop rotation and continuous soil
cover) out of the total area of temporary crops.
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Figure 1. Microregions of the state of Parana.

Notes: (1) Paranavai; (2) Umuarama; (3) Cianorte; (4) Goioeré; (5) Campo Mouréo; (6) Astorga; (7) Porecatu; (8) Florai;
(9) Maringa; (10) Apucarana; (11) Londrina; (12) Faxinal; (13) Ivaipora; (14) Assai; (15) Cornélio Procépio; (16)
Jacarezinho; (17) Ibaiti; (18) Wenceslau Braz; (19) Telémaco Borba; (20) Jaguariaiva; (21) Ponta Grossa; (22) Toledo;
(23) Cascavel; (24) Foz do Iguagu; (25) Capanema; (26) Francisco Beltrdo; (27) Pato Branco; (28) Pitanga; (29)
Guarapuava; (30) Palmas; (31) Prudentdpolis; (32) Irati; (33) Unido da Vitdria; (34) Sdo Mateus do Sul; (35) Cerro Azul;
(36) Lapa; (37) Curitiba; (38) Paranagua; (39) Rio Negro.

It is worth mentioning that information on soil tillage referred only to areas of temporary crops since it is
in these areas that soil tillage takes place for the planting of short-term crops, which generally required
replanting after each harvest; short-term crops are defined as less than one year, except crops such as sugar
cane and cassava which are also classified as temporary crops in the agricultural censuses database. For
field survey purposes, IBGE defines NT as the method of planting in small furrows open in the soil covered
with straw, without plowing or harrowing the land’s surface, keeping the remains of previous crops in the soil.
By its turn, crop rotation is defined as alternating crops of legumes, grasses, and others, with alternating
fallow periods.

To create maps displaying the adoption rates of NT and CA across Parana’s microregions for the years
2006 and 2017, the calculated variables were sorted into six classes of adoption levels, as follows: (i) 0%, (ii)
greater than 0% up to 20%, (iii) over 20% up to 40%, (iv) over 40% up to 60%, (v) over 60% up to 80%, and
(vi) over 80% up to 100%.

The land usage and primary agricultural activities were analyzed to identify factors that could explain the
differences in NT and CA adoption rates. Initially, the distribution percentage of key land use categories on
farm properties was determined for each microregion. Land use was classified into five major groups:
permanent crops; temporary crops, which included fields for temporary planting, flower cultivation, and fodder
production if present; pasturelands, categorized into natural grasslands, well-maintained planted pastures,
and poorly maintained planted pastures; woodlands and forests, encompassing areas of natural woodlands
reserved for permanent conservation or as legal reserves, as well as both natural and cultivated forests; and
other land uses, which covered areas used for agroforestry systems, water bodies, structures, facilities or
roads, degraded lands, and lands unfit for use. Following this, for the same microregional divisions, the
temporary crops were further broken down to determine the predominant types of crops within this category,
with their proportions expressed as a percentage of the total harvested temporary crop area.

RESULTS

In 2006, 49.6% of rural holdings in Parana implemented NT on 68.5% of the land designated for
temporary crops; by 2017, this practice had expanded to 59.8% of rural holdings and 78.9% of the land area
for temporary crops (refer to Table 1), signifying a notable rise in its adoption. From 2006 to 2017, the number
of rural holdings with temporary crops employing NT grew by 2.8%, increasing from 128,000 to slightly over
131,000 (despite a decrease in the total number of rural holdings), and the land area using NT for temporary
crops surged by 29.5%, from around 3.7 million hectares to nearly 4.8 million hectares.
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Table 1. Percentage of rural properties employing no-tillage (NT) and conservation agriculture (CA) out of the total
properties with temporary crops, and the proportion of land area using NT and CA compared to the overall area of
temporary crops in Parana for the years 2006 and 2017.

Variable 2006 (%) 2017 (%) Variation (%)
Number of holdings with annual crops (total) 258 052 220132 -14.7
Area with annual crops (total Mha) 54 6.1 12.4

No-tillage (NT)

Share of area with NT 68.5 78.9 15.2

Conservation agriculture (CA)

Share of holdings with CA 18.1 31.7 44 1

Share of area with CA 14.6 277 82,2

Source: Based on data from the 2006 and 2017 agricultural censuses, performed by the Brazilian Institute of
Geography and Statistics

In 2006, CA was implemented in 18.1% of rural holdings and on 14.6% of the area with temporary crops
in Parang; in 2017, these figures had climbed to 31.7% of rural holdings and 27.7% of the temporary crop
area (refer to Table 1). The span between 2006 and 2017 witnessed a 44.1% increase in the number of rural
holdings using CA for their temporary crops, growing from 67 thousand to 97 thousand, and an approximate
82% rise in the land area devoted to CA, expanding from 2.2 million hectares to around 4.1 million hectares.
Despite the adoption of CA being lower compared to NT, Parana experienced significant growth in the
adoption of CA in terms of the number of rural holdings and the area under temporary crops engaging in this
practice. However, the levels of adoption of NT and CA in terms of area and number of rural holdings with
temporary crops are quite heterogeneous among the Parana microregions (Figures 2 and 3).

In 2006, the microregions with the largest proportion of rural holdings employing NT for temporary crops,
exceeding 80%, were Florai (83.7%) and Pato Branco (81.2%). By 2017, this greater than 80% usage was
seen in four microregions: Pato Branco (88.9%) and Florai (87.4%) once again, with Goioeré (81.7%) and
Campo Mouréo (80.4%) also surpassing this threshold. Conversely, the smallest shares in both census years
were recorded in the microregions of Paranagua with 6.0% in 2006 and 11.4% in 2017, and Paranavai with
3.6% in 2006 and 9.9% in 2017.

Upon examining the prevalence of CA among rural holdings with temporary crops, the data shows that
in 2006, the microregions with the highest adoption were Pato Branco (45.2%) and Toledo (40.9%). By the
year 2017, the number of microregions with more than 40% of rural holdings implementing CA increased to
27, with particular note of Pato Branco, which reached an adoption rate of 69.1%, the only microregion in the
state within the 60% to 80% bracket. In contrast, the microregions with the lowest CA adoption rates in 2006
(up to 20%) included Paranagua (0.7%), Paranavai (0.5%), and Cerro Azul (0.3%), a trend that continued
into 2017. That year, Paranavai (1.9%) and Paranagua (1.3%) remained the most notable among the 12
microregions with the scantiest adoption rates of CA.
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Figure 2. Share of rural holdings with no-tillage (a) in 2006 and (b) in 2017, and with conservation agriculture (c) in 2006
and (d) in 2017, by microregion of Parana.

Source: Based on data from the 2006 and 2017 agricultural censuses, performed by the Brazilian Institute of Geography
and Statistics.

Regarding the extent of NT and CA usage based on the proportion of temporary crop areas, a trend
somewhat less pronounced than that observed with the number of rural holdings was noted. In 2006, Toledo
(91.8%), Maringa (90.9%), Cascavel (89.5%), Pato Branco (88.7%), and Florai (88.2%) were prominent
among the nine microregions with the largest areas — surpassing 80% — utilizing NT. By 2017, NT had
broadened its reach in temporary crop areas, with 23 microregions reporting over 80% of their areas under
NT, particularly Pato Branco (97.4%), Ponta Grossa (95.6%), Toledo (95.1%), Cascavel (93.3%), and Campo
Mouréao (92.9%). On the opposite end, in 2006, Paranavai (9.6%), Cerro Azul (6.9%), and Paranagua (3.2%)
recorded the smallest percentages - below 20% - of NT adoption, a status that persisted into 2017 for
Paranagué (15.3%) and Paranavai (12.5%) alone.
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Figure 3. Share of area under no-tillage (a) in 2006 and (b) in 2017, and with conservation agriculture (c) in 2006 and
(d) in 2017, by microregions of Parana.

Source: Based on data from the 2006 and 2017 agricultural censuses, performed by the Brazilian Institute of Geography
and Statistics.

The adoption of CA, indicated by its coverage in terms of temporary crop area (as depicted in Figure 3¢
and 3d), remains considerably lower compared to NT. In 2006, only the Toledo microregion achieved more
than a 40% share of its temporary crop area using CA (Figure 3c). However, by 2017, the number of
microregions with CA levels between 40% and 60% rose to eleven, signaling adoption growth. Notably, the
microregions of Toledo (53.1%), Pato Branco (51.4%), Foz do Iguacu (48.7%), Londrina (46.5%), and
Goioeré (44.9%) led the way (Figure 3c). These areas with higher CA adoption rates are typically
characterized by basaltic soils, a dominance of temporary crops in land use, and primarily cultivating
soybeans, corn, and wheat (Figure 4). Conversely, the lowest CA adoption rates in temporary crop areas
were recorded in Paranavai (1.0% in 2006 and 2.3% in 2017), Cerro Azul (0.3% in 2006 and 0.8% in 2017),
and Paranagua (0.1% in both 2006 and 2017) (Figures 3c and 3d). These particular microregions, known for
sandy soils (Paranavai and parts of Paranagua) or morphological transitions with steep slopes (Cerro Azul),
tend to have land use dominated by permanent crops and livestock, with sugar cane, cassava, and rice as
the chief temporary crops (Figures 4 and Table 2).

The review of land use distribution across rural holdings, categorized by primary usage types from 2006
to 2017 (as shown in Table 2), reveals an expansion in the acreage of temporary crops and woods and
forests across all microregions in Parana. There were exceptions, however: Jaguariaiva did not experience
an increase in temporary crops, and Jacarezinho and Pitanga saw no growth in woods and forests. This
expansion occurred concurrently with a decline in the proportions of land devoted to permanent crops and
pasture areas.
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1: Sugarcane (31%), cassava (25%), soybean (16%), maize (12%)
2: Soybean (54%), maize (24%), sugarcane (9%), cassava (5%)
3: Sugarcane (38%), soybean (32%), maize (19%), cassava (6%)
4: Soybean (56%), maize (30%), sugarcane (3%)

5: Soybean (61%), maize (22%), wheat (8%)

6: Soybean (39%), sugarcane (31%), maize (21%)

7: Soybean (50%), maize (27%), sugarcane (12%)

8: Soybean (52%), sugarcane (41%)

9: Soybean (47%), maize (31%), sugarcane (8%)

10: Soybean (47%), maize (25%), wheat (20%)

11: Soybean (51%), maize (21%), wheat (21%)

12: Soybean (46%), maize (27%), wheat (12%), sugarcane (10%)
13: Soybean (46%), maize (21%), wheat (14%), bean (11%)

14: Soybean (56%), maize (20%), wheat (18%)

15: Soybean (54%), maize (24%), wheat (10%), sugarcane (7%)
16: Sugarcane (48%), soybean (29%), maize (15%)

17: Soybean (34%), maize (32%), sugarcane (15%), wheat (7%)
18: Maize (46%), soybean (22%), bean (16%), wheat (5%)

19: Soybean (49%), maize (26%), wheat (10%), bean (8%)

20: Soybean (44%), maize (29%), wheat (9%), bean (9%)

1: Sugarcane (57%), cassava (20%), soybean (14%), maize (12%)
2: Soybean (38%), maize (31%), sugarcane (24%)
3: Sugarcane (55%), soybean (23%), maize (16%)
4: Soybean (52%), maize (42%)
5: Soybean (54%), maize (27%), wheat (11%)
6: Sugarcane (35%), soybean (33%), maize (29%)
7: Soybean (45%), maize (43%), sugarcane (9%)
8: Soybean (49%), maize (47%)
9: Soybean (47%), maize (38%), wheat (8%)
10: Soybean (48%), wheat (26%), maize (18%)
11: Soybean (51%), maize (34%), wheat (12%)
12: Soybean (47%), maize (23%), wheat (20%)
13: Soybean (51%), maize (22%), wheat (19%)
14: Soybean (50%), maize (30%), wheat (18%)
15: Soybean (46%), maize (36%), wheat (8%)
16: Sugarcane (46%), soybean (26%), maize (18%)
17: Soybean (56%), maize (28%), wheat (7%)
18: Soybean (54%), maize (26%), wheat (12%)
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19: Soybean (54%), wheat (18%), maize (15%), bean (7%)
20: Soybean (51%), wheat (18%), maize (16%), bean (7%)
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21: Soybean (58%), maize

( 25%), bean (8%)
22: Soybean (51%), maize

(

(

33%), wheat (12%)

23: Soybean (56%), maize (29%), wheat (8%)

24: Soybean (51%), maize (38%), wheat (8%)

25: Soybean (48%), maize (25%), wheat (15%), cassava (4%)
26: Maize (46%), soybean (32%), wheat (6%), bean (4%)

27: Soybean (54%), maize (25%), bean (6%), wheat (5%)
28: Soybean (45%), maize (38%), bean (11%)
(
(

(
29: Soybean (44%), maize (35%), bean (8%), wheat (6%)
30: Soybean (64%), maize (22%), bean (6%), wheat (5%)
31: Soybean (61%), maize (17%), bean (12%)
32: Tobacco (31%), maize (29%), soybean (19%), bean (18%)
33: Maize (52%), bean (22%), soybean (19%)
34: Maize (40%), bean (25%), soybean (18%), tobacco (15%)
35: Maize (43%), bean (25%), cassava (16%), soybean (10%)
36: Soybean (37%), maize (36%), bean (19%)
37: Maize (66%), bean (15%), soybean (9%)
38: Rice (41%), cassava (32%), sugarcane (16%)
39: Maize (45%), tobacco (24%), soybean (13%), bean (13%)

21: Soybean (54%), maize (17%), wheat (13%), bean (9%)
22: Soybean (49%), maize (48%)

23: Soybean (52%), maize (34%), wheat (10%)

24: Soybean (49%), maize (44%)

25: Soybean (47%), maize (28%), wheat (21%)

26: Soybean (45%), maize (34%), wheat (13%)

27: Soybean (53%), maize (24%), bean (11%), wheat (9%)
28: Soybean (63%), maize (17%), wheat (11%)

29: Soybean (55%), maize (23%), wheat (6%), bean (5%)
30: Soybean (73%), maize (15%), bean (4%)

31: Soybean (48%), bean (16%), maize (15%), wheat (11%)
32: Soybean (61%), maize (12%), tobacco (12%), bean (8%)
33: Soybean (47%), maize (32%), bean (9%), tobacco (6%)
34: Soybean (52%), maize (17%), tobacco (15%), bean (11%)
35: Maize (31%), cassava (24%), soybean (22%), bean (12%)
36: Soybean (63%), maize (12%), bean (11%), wheat (8%)
37: Soybean (45%), maize (30%), bean (10%), wheat (6%)
38: Rice (58%), cassava (30%), sugarcane (6%)

39: Soybean (40%), maize (27%), tobacco (17%), bean (8%)

Figure 4. Share of products of temporary crops in terms of the total area of temporary crops harvested in 2006 and 2017, by microregions of Parana.
Source: Based on data from the 2006 and 2017 agricultural censuses, performed by the Brazilian Institute of Geography and Statistics.
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Table 2. Share of major groups of land use in rural holdings in the microregions of Parana state in 2006 and 2017.

. . 2006 2017
Microregion Permanent crops Temporary crops Pastures  Woods or forests Other Permanent crops Temporary crops Pastures Woods or forests  Other
Paranavai 11,71 20,22 56,77 7,58 3,72 1,72 33,53 53,45 8,49 2,81
Umuarama 6,29 21,18 61,14 8,92 2,46 1,17 31,89 52,86 11,09 2,99
Cianorte 8,67 44,82 34,81 9,02 2,69 1,09 52,69 30,62 13,32 2,28
Goioeré 1,85 58,94 25,84 11,31 2,06 0,07 62,93 22,30 13,12 1,58
Campo Mouréo 9,01 50,73 22,35 14,66 3,24 0,27 60,51 17,76 19,39 2,07
Astorga 21,36 33,75 32,34 6,35 6,21 2,03 56,96 25,07 12,47 3,47
Porecatu 6,37 64,40 16,35 8,43 4,44 0,65 68,95 10,81 14,02 5,57
Florai 3,60 82,10 5,35 6,98 1,98 1,16 84,49 4,18 8,27 1,90
Maringa 7,37 55,91 23,01 9,32 4,38 2,31 66,07 15,93 10,34 5,36
Apucarana 17,60 39,07 24,70 13,26 5,38 4,45 54,54 18,73 17,61 4,67
Londrina 20,74 43,00 19,52 10,73 6,00 2,47 62,34 12,64 19,07 3,48
Faxinal 14,06 33,91 36,47 11,86 3,70 0,84 48,22 31,91 16,26 2,76
Ivaipora 6,83 27,48 45,56 16,69 3,45 1,28 34,96 41,03 19,56 3,17
Assai 11,63 41,12 29,77 12,18 5,30 3,28 48,91 25,50 18,58 3,74
Cornélio Procépio 14,59 44,67 26,15 9,60 4,99 2,23 58,12 22,03 13,54 4,07
Jacarezinho 9,85 29,66 46,05 10,56 3,88 1,60 31,09 52,32 9,74 5,25
Ibaiti 6,88 12,35 59,17 18,57 3,03 3,55 15,22 52,51 25,12 3,60
Wenceslau Braz 6,53 16,01 61,44 13,14 2,89 4,44 23,77 50,77 17,49 3,54
Telémaco Borba 3,05 17,77 20,92 46,71 11,54 1,41 23,71 24,02 46,80 4,05
Jaguariaiva 1,63 26,37 23,17 41,61 7,22 0,46 25,32 12,98 57,27 3,97
Ponta Grossa 2,15 48,06 15,76 26,53 7,50 0,38 48,64 12,32 31,40 7,27
Toledo 2,49 65,72 15,94 12,06 3,79 0,30 68,87 13,42 13,45 3,96
Cascavel 1,61 41,20 34,77 19,28 3,15 0,51 43,86 30,86 21,80 2,97
Foz do Iguagu 2,35 56,95 24,32 12,36 4,02 0,32 59,56 20,84 15,53 3,75
Capanema 1,54 45,58 28,82 18,96 5,11 0,59 47,58 28,23 19,47 413
Francisco Beltrdo 2,92 37,76 33,30 19,59 6,44 0,64 40,53 30,60 22,81 5,42
Pato Branco 1,51 51,27 24,20 17,90 5,12 0,37 54,82 21,44 18,97 4,41
Pitanga 2,29 28,58 44,67 20,12 4,34 1,05 29,40 44,23 19,74 5,58
Guarapuava 2,08 30,57 28,69 31,89 6,76 1,40 31,34 28,38 32,60 6,28
Palmas 4,25 31,06 22,84 34,33 7,52 0,33 33,14 20,93 38,91 6,69
Prudentdpolis 3,60 42,89 13,06 32,07 8,38 1,82 50,21 13,97 27,53 6,47
Irati 1,97 46,06 8,49 32,23 11,26 1,58 46,37 7,09 35,09 9,87
Unido da Vitdria 5,87 15,30 12,30 56,47 10,07 3,90 14,02 10,69 61,01 10,37
Sao Mateus do Sul 5,78 38,34 7,89 37,60 10,39 5,29 43,15 5,61 34,82 11,13
Cerro Azul 6,43 20,46 27,77 40,48 4,86 2,74 4,09 22,22 63,18 7,78
Lapa 2,01 42,54 13,74 32,46 9,25 1,09 51,03 13,12 29,67 5,09
Curitiba 3,05 23,19 20,18 38,02 15,56 0,86 21,75 16,24 51,02 10,13
Paranagua 15,59 5,81 9,54 55,12 13,95 15,14 5,18 11,81 61,57 6,31
Rio Negro 2,12 29,73 9,64 47,63 10,88 0,38 34,59 8,65 48,20 8,18

Source: Based on data from the 2006 and 2017 agricultural censuses, performed by the Brazilian Institute of Geography and Statistics.
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During the period in question, the proportion of temporary crops decreased across all microregions.
Conversely, Jacarezinho, Wenceslau Braz, and Prudentépolis did not see a decrease in the proportional
contribution of pastures to the total land area of rural holdings (as indicated in Table 2). This suggests that
with the rise in conservative agricultural practices such as NT and CA, which are associated with the
management of temporary crops, there was a parallel increase in the adoption of these methods in line with
the growing proportion of temporary crop areas in Parana's agriculture. This trend also underscores the
heightened significance of measures focused on soil and water use and conservation in the region,
particularly in the context of temporary crops taking over land from permanent crops and pastures.

In sandy soil regions like the Paranavai microregion, the combination of the highest temperatures leads
to increased evapotranspiration and reduced winter precipitation, resulting in a more precarious soil water
balance. Consequently, it becomes significantly challenging to establish and preserve adequate vegetation
cover all year round. This scarcity of continuous ground coverage presents a significant barrier to
implementing CA practices effectively.

Figure 4 illustrates the proportion of yields from temporary crops within the total harvested area of such
crops by microregion. Soybeans have emerged as the predominant crop across the majority of microregions,
with their share in the total harvested area of the state rising from 42.6% in 2006 to 47.9% in 2017. In
microregions where NT and CA practices are most prevalent, the temporary crop mix primarily consists of
soybeans, maize, wheat, and sometimes beans. These crops are central to the rotational farming systems
practiced in Parana's agriculture. The harvested area percentages for these specific crops have remained
relatively unchanged between 2006 and 2017 in areas with the highest NT and CA adoption levels.

In the two microregions with the lowest adoption of NT and CA, there was an increase in the share of
sugarcane (Paranavai) and rice (Paranagua, typically in an irrigated system) in the total area harvested, with
the percentage of cassava decreasing while still remaining among the main products. Sugarcane, rice (when
considering the irrigated systems), and cassava are three temporary crops that face technological constraints
in the adoption of NT and CA techniques.

DISCUSSION

The initial premises of the study that there is significant heterogeneity in how farmers carry out soil and
water conservation and that the level of adoption of NT and CA in temporary crops by farmers varies
according to the microregions of the state of Parana, were confirmed. NT was adopted on 68.5% of the
temporary crop area in Parana in 2006, increasing to 78.9% in 2017; CA was less prevalent, adopted on
14.6% of the temporary crop area in 2006 and rising to 27.7% in 2017. These trends show a significant uptake
of NT yet a restrained use of CA, not reaching the desired level for sustainable agriculture standards. The
growth in CA from 2006 to 2017, while notable, remains limited due to several factors: (i) the often-delayed
economic return from CA, with rural producers typically favoring systems that provide immediate profits [15];
(i) a tendency to favor simpler production systems that focus on crop succession rather than rotation [16,
17]; (iii) farmers being confined to growing the predominant grain of their region due to logistics, infrastructure,
and market considerations, deterring them from diversifying crops [18, 19]; and (iv) the dominance of crops
like cassava or sugarcane in some regions, as opposed to grain [20, 21] (Table 2).

CA expansion in Parana depends on integrating crop rotation, yet farmers frequently rely on technology
packages from agricultural cooperatives, agreeing to settle payments with grain yields. Parana's agribusiness
model, heavily involving cooperatives, presents a multifaceted input supply network. Furthermore, the state's
grain market focuses on two primary crops: soy for export and corn for livestock feed. Consequently, the
decision of what to cultivate isn't solely in the hands of the farmers; they are entwined with their regions'
dominant grain production systems, explaining the scant use of diverse crop rotation. Two interrelated hurdles
to adopting CA emerge in this setting: the lack of crop rotation and farmers' reliance on region-specific
technology packages.

Understanding the reluctance of farmers to implement optimal soil and water conservation methods has
long been a subject of study, considering both technological and socioeconomic factors influencing their
decisions. Despite over a century of research, a robust theoretical framework, and established best practice
recommendations available to farmers [2], the uptake remains uneven. IAPAR has advocated for CA, known
as SPD, since 1977 [3]. The myopic economic perspective of these agents is sometimes cited as a
contributing factor, yet it doesn't fully account for the hesitancy in adopting superior agricultural practices.
Additionally, farmers typically favor less complex operations [16]. This preference explains the swift adoption
of NT and the prevalence of crop succession over rotation due to its operational simplicity.

Although the vast majority of medium and large-scale farmers in South American countries, including
Brazil, who use tractor-based farming systems have switched from conventional tillage to NT, small-scale
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rural holdings that use exclusively animal traction or manual labor have not widely adopted CA, even with
massive efforts to disseminate the necessary technology through development aid projects and actions by
local governments [22]. The constraints observed in regions characterized by smaller rural holdings may
stem from limited mechanization and are often compounded by the soil's prevalent degradation and nutrient
scarcity. These factors hinder cultivation by intensifying competition from the diverse array of spontaneous
species in the soil's seed bank [23].

In areas like southern Brazil where NT is the main method of soil tillage, this shift has occurred in
conjunction with the growth of soybean cultivation areas, a crop of significant economic value for the country
[4]. Typically, these agricultural systems involve rotating soybeans during the spring/summer with either
maize or wheat in the fall/winter. Market demands and supportive government policies have led many farmers
to adopt a single-crop system of soybeans during the summer. Occasionally, they do this without any
protective vegetation cover in the intervals, which can still lead to soil erosion and degradation despite the
use of NT. Such practices do not align with the principles of CA. Efforts to tackle this issue in Brazil and
Uruguay have included legal mandates for the use of cover crops specifically with soybeans, and subsidy
programs for CA [17].

This research reveals that microregions predominantly growing sugarcane, cassava, and rice exhibit
reduced adoption rates of no-tillage compared to findings in other regions. In southern Brazil, sugarcane,
beans, and tobacco cultivation contribute substantially to the persistence of traditional soil tillage practices,
as conventional tillage. These crops present technical barriers to modifying soil management techniques and
are often grown in landscapes that hinder the deployment of farm machinery and equipment [4, 20].

Soil conservation techniques are limited in sugarcane cultivation, which predominantly uses conventional
tillage [21]. Many of these constraints are due to the crop's intrinsic characteristics; as a semi-perennial with
an average cycle of five years, it primarily relies on conventional tillage involving plowing and repeated
harrowing, alongside the use of heavy machinery for harvest and infield transportation [24]. The adoption of
NT in lowland regions typically used for growing irrigated rice remains at an early stage (below 5%), primarily
due to the hydromorphic condition of the soils and the need to manage the crop's particularly resistant leftover
biomass, which necessitates soil turning periodically [25]. This also applies for cassava, where NT is rarely
adopted by producers and the harvest operation of this tuber requires soil revolving [26].

The research recommendations go in the direction of CA, combining productivity, profitability, and
sustainability; however, few producers fully implement the CA technologies. In Brazil, agriculture is one of
the pillars of the economy, but soil and water conservation is still a bottleneck for this sector, as we are failing
to use a more economically and environmentally efficient technology.

The economic return of CA is may appear to be short-lived but increase over the years. The benefits
associated with soil conservation practices, including enhanced soil quality and reduced expenditures on
pesticides, makes the crop rotation system increasing the crop yield averages [15, 27], and rising agricultural
land prices [28]. Thus, it is identified that crop planning and management are fundamental factors for the
adoption of CA technology.

The questions listed here for future research and studying are related to: the impact of sustained
incentives on the adoption of CA by farmers; financial support for the research and development of
conservation technologies adapted to sugarcane, cassava and rice crops; determine whether or not
temporary crops in regions with less adoption of NT and AC are being cultivated in areas of agronomic
suitability according to land use class; and, lastly, verify whether the lowest adoption of NT and CA in Parana
is correlated to farm scale or type of producer categories.

Funding: This research was funded by the National Council for Scientific and Technological Development (CNPq), and
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