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A B S T R A C T   

Reconciling forest preservation and agricultural production is a major challenge. In Brazil, environmental laws 
have been introduced to reduce forest degradation associated with the expansion of agriculture. However, these 
laws are constraining small-scale family farmers who rely on cassava produced in shifting cultivation. Faced by 
scarcity of land, farmers are reducing the fallow periods on their farms. In this study, our hypothesis was that the 
reduction of the fallow period in shifting cultivation systems leads to a depletion of soil fertility and an increase 
in weed pressure. In the Brazilian Eastern Amazon region, soil fertility and weed infestation indicators were 
assessed in 36 cassava fields under shifting cultivation with different land-use histories. The frequency of 
cultivation of the fields in the past 10 years ranged from 1 to 7 and averaged 3.7 ± 2.3. The results show that the 
most frequently cultivated fields had lower soil fertility, indicated by lower soil organic carbon, total nitrogen 
and exchangeable potassium and pH. In addition, labor input for weeding and weeding frequency increased with 
the frequency of cultivation of the fields, indicating that weed pressure increased with intensified crop culti
vation and shorter fallow periods. The findings of this study make clear that the current trend of reducing the 
fallow period in the Eastern Amazon is a threat to the sustainability and productivity of the local shifting 
cultivation systems. There is an urgent need for alternative production systems that allow for a better weed 
control and that contribute to restoring and maintaining soil fertility.   

1. Introduction 

The Brazilian Amazon forest represents one third of the world’s 
tropical rainforest, but deforestation and the associated land degrada
tion are major threats to its conservation (Lapola et al., 2023; Lewinsohn 
and Prado, 2005). Whilst between 2005 and 2015 deforestation declined 
as a response to the Brazilian policies and regulations on the protection 
and sustainable use of native forests (i.e. Forest Code, law no. 
12.651/2012), more recently deforestation rates have surged, reflecting 
the reversal in the public policies on forest protection and the deliberate 
obstructions towards environmental agencies enforcing the regulations 
under the previous presidency (Ferrante and Fearnside, 2019). In 2021 
deforestation was at its highest level since 2006, reaching 13 235 km2 

between 1st of August, 2020 and 31th July, 2021 (INPE, 2023). 
The Forest Code stipulates the obligation of landholders in the 

Amazon region to maintain 80% of the forest cover on their farms, the 
so-called Legal Reserve (Area de Reserva Legal, in Portuguese) (Azevedo 
et al., 2017). It also forbids uncontrolled fire use, while some state and 
municipal laws (e.g., in the state of Acre and in the municipality of 
Paragominas in the Pará state) forbid all forms of fire use (Cammelli 
et al., 2019). However, despite these policies and because of the lack of 
practical fire-free alternatives, small-scale family-owned farmers 
continue ‘pioneer’ slash-and-burn practices, including the clearing of 
new areas of forest (Carmenta et al., 2019; Godar et al., 2012; Schons 
et al., 2019). Slash-and-burn is a type of shifting cultivation that entails 
the burning of the natural vegetation for non-permanent crop 
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cultivation (Conklin, 1961). This practice on the small-scale family 
farms was estimated to contribute to about 15% of the total deforesta
tion in the Brazilian Amazon (Godar et al., 2014). 

In shifting cultivation systems, fields are cultivated temporarily, then 
abandoned and allowed to recover to their natural vegetation as fallow. 
The sustainability of shifting cultivation largely relies on fallowing and 
allowing the natural vegetation to regenerate from stumps and roots that 
survived the cultivation period (e.g. Guillemin, 1956; Uhl and Jordan, 
1984). In the Amazon region, population growth and the associated 
increasing demand for farmland have, however, caused a reduction in 
the length of the fallow periods in the context of forest conservation 
(Jakovac et al., 2017; Van Vliet et al., 2012). For example, it was re
ported that farmers in the northeastern region of the Pará state have 
gradually reduced the length of the fallow periods to about three to 
seven years (Gehring et al., 1999). Reduced lengths of fallows have an 
impact on several ecological processes of the shifting cultivation system 
(Wood et al., 2017), affecting soil fertility and crop yields (e.g. Jakovac 
et al., 2016), and also leading to lowered biodiversity (e.g. Metzger, 
2003; Villa et al., 2018) and higher emissions of carbon dioxide into the 
atmosphere (e.g. Shimizu et al., 2014). Secondary forest recovery during 
the fallow period plays an important role in partially recapturing 
through deep root uptake the nutrients that have been leached to deep 
soil layers (e.g. Sommer et al., 2004). Moreover, the closed canopy of the 
regenerating secondary forest helps breaking the reproduction cycle of 
weeds, especially herbaceous ones, that built up in the field during the 
crop cultivation period (De Rouw, 1995). Therefore, management of the 
length of the fallow period is important, particularly for 
cash-constrained farmers who have limited access to fertilizers and 
herbicides. 

While the importance of the fallow period for maintaining the long- 
term productivity of shifting cultivation systems is widely acknowl
edged, there is no consensus on the length of the fallow period required 
to keep the system sustainable and ecologically sound (Kleinman et al., 
1995; Mertz et al., 2008). This is mostly because of the large diversity of 
shifting cultivation systems (Fujisaka et al., 1996). For sustainable 
regeneration of soil fertility, it is generally assumed that the length of the 
fallow period has to range between five to 15 years or more, depending 
on the local climate and soil conditions, as well as the cultivation 
practices (Bruun et al., 2006; Hepp et al., 2018; Nye and Greenland, 
1964; Schmidt-Vogt et al., 2009). On the other hand, the effect of the 
length of the fallow period on weed dynamics and weed pressure is still 
poorly studied (Jakovac et al., 2016), but is also important with regard 
to the productivity and sustainability of the shifting cultivation system; 
weed control constitutes a major time investment for small-scale family 
farmers in the Amazon region (Vissoh et al., 2007). 

In the Eastern Amazon region, cassava (Manihot esculenta Crantz) is 
the main staple food crop for family farmers (Díaz et al., 2018) and is 
mostly produced in shifting cultivation systems based on 
slash-and-burn. Maintaining cassava productivity with short fallow cy
cles is challenging; the productivity in these systems without external 
inputs depends mainly on the inherent soil fertility along with the nu
trients released from the slashed (and burned) fallow biomass, and on 
the natural levels of weed and pathogen infestations. 

The aim of this study is to assess the consequences of reduced fallow 
periods on soil fertility and weed pressure in shifting cultivation systems 
of small-scale family farmers in Paragominas, Eastern Amazon. In gen
eral, the provision of ecosystem services by fallows and secondary for
ests in shifting cultivation systems remains poorly understood (Mertz, 
et al., 2021), and few studies have examined the effect of fallow duration 
on soil or vegetation properties across cultivation cycles in the Amazon 
(Wood et al., 2017). A comprehensive understanding of the factors 
controlling soil fertility and weed pressure is essential for the successful 
management of shifting cultivation. We compared soil fertility, weed 
pressure and weed control in farmers’ cassava fields with different 
cultivation frequencies, and thus fallow lengths. The study provides 
important new insights that can aid in the development of alternatives to 

slash-and-burn systems. These alternatives have the potential to break 
the vicious circle of reduced fallow periods, soil fertility depletion, 
increasing weed pressure, and crop productivity loss. 

2. Materials and methods 

2.1. Study sites 

The study was conducted in the rural region of Paragominas, Pará 
state, Brazil, from December 2015 to March 2018 (Fig. 1). The region is 
characterized by a monsoonal equatorial climate (Am, Köppen classifi
cation), with an average annual temperature of 26.6◦C and annual 
precipitation of 1800 mm. The wet season (defined as those months 
when rainfall is above 60 mm) spans from January to June; the dry 
season from July to December. Soils in the study region are mainly 
yellow dystrophic Latosols (Brazilian Soil Classification) or xanthic 
Ferralsols (World Reference Base for Soil Resources). The original 
vegetation in the region is ombrophilous dense forest. 

The study was done in three sites: the village of Nazaré (2◦40.92’S, 
47◦53.35’W), and the communities of Paragonorte and Patrimônio, both 
situated in the Luiz Inácio Lula da Silva settlement (2◦32.03’S, 
46◦57.25’W) (Fig. 1). The main characteristics of the study sites are 
shown in Table 1. The village of Nazaré hosts a community of traditional 
farmers that is older than the creation of the municipality of Para
gominas in 1964. It is the least developed site in terms of infrastructure, 
and farmers have no access to tractors or herbicides. The Luiz Inácio da 
Silva settlement was created at the end of the 1990 s as part of the 
Brazilian agrarian reform to free land in the Amazon region for landless 
farmers. Paragonorte is a village located in this settlement and hosts a 
population of ‘colonists’, i.e. farmers with land allocated by the gov
ernment to cultivate it. In a part of the settlement, called “Patrimônio”, 
the land has not yet been officially attributed and has been informally 
occupied by spontaneous settlers, i.e. self-sponsored farmers who 
cultivate the land on their own initiative. Cassava is the main staple crop 
in these three study sites. It is mostly used for self-consumption. 

2.2. Field selection and previous land use 

In each study site a number of cassava fields were randomly selected, 
depending on the willingness of farmers to contribute to monitoring 
their fields. Eighteen fields were selected in Nazaré (from 10 farms), five 
fields in Paragonorte (three farms), and 13 fields in Patrimônio (five 
farms). Seventeen fields (10 in Nazaré, 3 in Paragonorte and 4 in Pat
rimônio) were monitored during 2015–2017 and 19 fields (8 in Nazaré, 
2 in Paragonorte and 9 in Patrimônio) during 2017–2018. Cassava was 
planted at the onset of rains at the end of December 2015 (first cassava 
cropping cycle) and in January 2017 (second cycle) and managed ac
cording to the local farmer practices. Field sizes were between 0.15 and 
4.4 ha, and 10 of the 36 selected fields were intercropped with maize. To 
account for within-field heterogeneity, five square-shaped experimental 
plots (25 m2) were demarcated in an “X” pattern (i.e., one plot in the 
center of the field and four plots in between the center and each field 
corner) within each field. 

Interviews with the farmer of each field were conducted to recon
struct the land-use history since the initial clearing of the native forest. 
Complementary interviews with neighbors or previous occupants of the 
fields were also conducted to triangulate the data. Three land-use cat
egories were distinguished to characterize the land use/land cover of the 
fields: cropland, regenerative fallow, or forest. The interviews allowed 
the reconstruction of the full land-use history of all selected fields up to 
10 years back in time. Finally, the frequency of fallow and cultivation of 
the fields during that 10-years period was quantified. 

2.3. Field management data 

Data on cassava management were collected for each field by 
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conducting monthly interviews with the farmers during the 2015–2017 
and 2017–2018 cropping cycles. Management activities were classified 
as: land preparation, planting, weeding, and harvest. For each activity, 
the start and end date, the labor inputs as well as the amount and cost of 
other inputs were recorded. The land preparation consisted of slash-and- 
burn, mechanical plowing or herbicide application. Land preparation 
with plows or herbicides was performed for fields with fallow periods of 
0–2 years. Slashing was conducted with a chainsaw for big trees and 
with machete and hoes for the residual plant cover. Mechanical land 
preparation was performed by tractors with a disc plow. In the case of 
herbicide clearing, glyphosate was commonly used. The crops were al
ways planted within a two-week time window after the land prepara
tion, and no extra weeding was done in between vegetation clearing and 

cassava planting. Weeding after planting was conducted manually with 
hoes. All crop management activities were performed by family labor, 
with the exception of the weeding for which extra labor was occasionally 
hired and for the mechanical land clearing and preparation that was 
done by hired tractor services. 

2.4. Soil sampling and analyses 

Soil sampling was conducted on each experimental plot (five plots 
per field) during the dry seasons of 2016 and 2017. In each plot, un
disturbed soil samples were collected using volumetric steel rings 
(100 cm3) at depths of 0–5, 5–10, 10–20, and 20–30 cm, resulting in five 
replicate samples per field for each soil depth. The samples were air 
dried for several days and weighted to determine soil bulk density. A 
50 g sub-sample of each sample was dried in an oven at a temperature of 
105 ◦C for 48 hours to determine dry soil weight, and to correct the bulk 
density for residual moisture. The remaining soil of the sample was 
manually crushed to pass through a 2 mm sieve. Samples were analyzed 
for organic carbon (Schollenberger method), total nitrogen (Kjeldhal 
method), texture (pipette method), pH (CaCl2) and exchangeable K+
(extraction with ammonium acetate, NH4OAc, pH 7.0 and flame 
photometry), as described in Elisabeth and Claessen (1997). 

2.5. Assessment of weed pressure 

Weed growth and weeding activities by farmers were monitored in 
all selected fields during the 2017–2018 cropping cycle. Farmers wee
ded their fields according to their usual practices, but were asked not to 
weed the five experimental plots established in their fields. Prior to each 
weeding event and at harvest, proportional weed cover (% of soil 
covered by weed) in the experimental plots was determined with the 
Canopeo® smartphone application (Patrignani and Ochsner, 2015), 
using five replicate pictures per plot. The weed cover development rate 
(% day− 1) was calculated by dividing the measured weed cover by the 
number of days since the last weeding (or since land preparation for the 
first assessment). The aboveground biomass of all monocotyledonous 
and dicotyledonous weeds was then measured in the experimental plots. 
Weeds were cut at soil level and fresh biomass of monocotyledonous and 
dicotyledonous weeds was determined. 300 g sub-samples were oven 
dried at 70◦C for 72 h to determine dry weight (Da Silva, 2009). For each 
plot, an average monocotyledonous-to-dicotyledonous weed biomass 
ratio for the whole cropping cycle was calculated. The weed biomass 
growth rate (g dry weight m− 2 day− 1) was determined by dividing the 
dry weight weed biomass by the number of days since the last weeding 
event (or since land preparation). To determine the average rates of 
weed cover development and weed biomass growth for the whole 
cropping cycle, rates were weighed over the successive weed 
assessments. 

Fig. 1. Location of the study sites in the in Paragominas Municipality within the Pará state in Brazil.  

Table 1 
Main characteristics of the three study sites. Values represent means and stan
dard errors.   

Paragonorte Patrimônio Nazaré 

Number of farms 3 5 10 
Number of fields 5 13 18 
Number of observation plots 25 65 90 
Population density 

(people km− 2) 
75 300 12 

Farmer/settler type government- 
sponsored 
colonist 

spontaneous 
settler 

indigenous 

Soil type yellow dystrophic 
Latosol 

yellow 
dystrophic 
Latosol 

yellow 
dystrophic 
Latosol 

Rainfall recorded during 
cassava cropping cycle 
(mm) 

2390 2390 2590 

Vegetation cover 
preceding cultivation 

secondary forest secondary 
forest 

primary 
forest 

First land clearing 20 years ago 20 years ago >40 years 
ago 

Farm size (ha) 62.5 ± 4.2 2.2 ± 0.2 40.2 ± 2.5 
Legal reserve size (ha) 17.0 ± 1.4 none 16.8 ± 1.3 
Fallow period (yrs) 3.7 ± 0.6 0.58 ± 0.03 5.2 ± 0.3 
Cassava area per farm in 

2015 (ha) 
1.6 ± 0.4 0.93 ± 0.14 0.69 ± 0.10 

Silt + clay content 
(0–30 cm) (%) 

37.9 ± 4.1 24.4 ± 3.5 48.6 ± 12.1 

Soil bulk density 
(0–30 cm) (g cm-3) 

1.40 ± 0.05 1.40 ± 0.05 1.39 ± 0.09 

Soil pH (0–5 cm) 5.4 ± 0.7 4.7 ± 0.3 4.8 ± 0.6 
Soil organic carbon 

(0–30 cm) (Mg C ha− 1) 
27.3 ± 6.0 25.7 ± 6.3 34.5 ± 6.4 

Soil total nitrogen 
(0–30 cm) (Mg N ha− 1) 

2.4 ± 0.5 2.3 ± 0.5 3.0 ± 0.6 

Exchangeable soil 
potassium (0–30 cm) 
(mg K kg− 1) 

28.2 ± 15.1 13.3 ± 7.2 26.1 ± 12.0  
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2.6. Cassava yield measurements 

Fresh root weights were measured from all cassava plants in the 
experimental plots when farmers decided to harvest i.e., after between 
12 and 20 months of growing cycle. In some experimental plots, cassava 
plants died due to root rot diseases; yield was recorded as zero in these 
cases. 

2.7. Statistical analyses 

The effects of the frequency of cultivation in the 10 years prior to the 
start of the experiments on soil fertility and weed pressure (response 
variables) were quantified using linear mixed modeling. Five indicators 
of soil fertility were used: organic carbon, total nitrogen, exchangeable 
potassium, pH, and bulk density. Weed pressure was characterized by 
the number of weeding events, the labor time dedicated to weeding and 
the average weed cover development and weed biomass growth rates 
during the cassava cropping cycle. The clay plus silt content of the 
0–30 cm soil layer was included as an additional explanatory variable 
because soil texture affects soil carbon content and may also influence 
weed growth dynamics. Since several fields were located on the same 
farm, and farms were nested within sites, ‘Farm within Sites’ and ‘Site’ 
were set as random factors in the models. All statistical analyses were 
conducted in R (Core Team, 2020), using the lme function of the lme4 
package for mixed models. 

3. Results 

3.1. Site and farm characteristics 

The selected study sites represent different shifting cultivation farms 
of the region of Paragominas in Eastern Amazon (Table 1). In Para
gonorte and Patrimônio, the clearing of (secondary) forest for cultiva
tion took place about 20 years ago, whilst the fields in Nazaré are 
considerably older than 20 years; initial (primary) forest clearing for 
cultivation occurred in the early 1960s. Farms in Patrimônio are much 
smaller (2.2±0.2 ha) than in Nazaré and Paragonorte (40.2±2.5 ha and 
62.5±4.2 ha, respectively). In fact, in Patrimônio farmers cultivate small 
plots of land that were not officially attributed to them. Obviously, these 
farms do not have areas of Legal Reserves. Patrimônio has also by far the 
highest population density (300 persons km− 2, Table 1) and land scar
city is acute, resulting in short lengths of fallow periods, i.e. on average 
0.58 ± 0.03 years, compared to 3.7 ± 0.6 and 5.2 ± 0.3 years in 
respectively Paragonorte and Nazaré (Table 1). Farms in Paragonorte 
had the largest areas cultivated with cassava, namely on average 1.6 
±0.4 ha compared to 0.7±0.1 ha and 0.9±0.1 ha in Nazaré and Pat
rimônio, respectively (Table 1). In Nazaré farmers also grow other 
(perennial) crops, such as chili peppers (Capsicum spp.), açaí palm 
(Euterpe oleasea Mart.), cashew tree (Anacardium occidentale L.) or 
cupuaçu (Theobroma grandiflorum (Willd.ex. Spreng.) Schum.). 

3.2. Cultivation frequency and land preparation type 

All fields of the study had either been cultivated or left fallow over 
the last 10 years; there were thus no recently converted fields from 
forest. The cultivation frequency of the selected fields during this period 
varied widely, i.e. from one to seven years out of 10 years, averaging 2.2, 
6.0 and 2.1 in Paragonorte, Patrimônio and Nazaré, respectively (Fig. 2). 
Twenty-eight of the 36 monitored cassava fields were prepared for 
cultivation through traditional slash-and-burn practices (Table 2). In 
eight cases, i.e. the fields established after 0–2 years of fallow, the re
generated vegetation was not slash-and-burned but cleared by me
chanical plowing or herbicide application. 

3.3. Soil fertility 

The carbon stocks of the 0–30 cm soil layer were on average higher 
at Nazaré (34.5±6.4 Mg C ha− 1) than at the two other sites, Paragonorte 
and Patrimônio, situated in the Luiz Inácio Lula da Silva settlement 
(27.3±6.0 and 25.7±6.3 Mg C ha− 1, respectively) (Table 1). The total 
nitrogen stocks of the 0–30 cm soil layer showed a similar trend. The 
average higher soil carbon and nitrogen contents at Nazaré can be 
related to the higher clay plus silt content of the soils at Nazaré (48.6 
±12.1%) than at the two other sites (37.9±4.12% and 24.4±3.5%). 
Exchangeable potassium concentration in the 0–30 cm soil layer was on 
average lowest in the fields of Patrimônio (13±7 mg K kg− 1 soil), i.e. 
half of the values observed in Nazaré and Paragonorte. All three sites 
had acidic soils with average pH values between 4.7 and 5.4 (Table 1). 
Average soil bulk density values did not differ between the sites. 

3.4. Weed pressure and weeding 

The lowest weed growth rate and weed cover at harvest were 
recorded in the fields in Paragonorte. Additionally, the average weed 
growth rate during the cassava cropping cycling in Paragonorte was at 
least half the observed growth rates in Patrimônio and Nazaré (Table 2). 
Similarly, weed cover at harvest in the slash-and-burn fields was almost 
50% lower in Paragonorte than in the two other sites. Besides, in Pat
rimônio a lower weed growth rate was observed in the slash-and-burn 
fields than in the fields cleared with herbicides (17±8 versus 28±14 g 
dry weight ha− 1 day− 1). Yet, the weed cover at harvest was higher in the 
slash-and-burn fields than in the cleared fields with herbicides (47±17 
versus 38 ±7%). The average monocotyledonous-to-dicotyledonous 
weed biomass ratio varied from 0.36 (herbicide clearing at Pat
rimônio) to 0.42 and 0.49 (slash-and-burn systems at the three sites), 
suggesting that dicotyledonous weeds were more dominant in systems 
cleared with herbicides. 

Labor time for weeding was highest in Patrimônio, namely in the 
fields prepared with slash-and-burn or with herbicides (on average 108 
±54 and 89±31 worker days ha− 1, Table 2). In Patrimônio, farmers 
weeded their fields on average 2.8±0.7 times during the entire cassava 
cropping cycle, about twice as much as in Nazaré (1.4±0.6) and Para
gonorte (1.5±0.5). Weeding activities also spanned over a longer part of 

Fig. 2. Box plots of numbers of years of cultivation during the 10 years pre
ceding the first year of observations (2016 or 2017) on the selected farmers’ 
cassava fields at the three study sites, Paragonorte, Patrimônio and Nazaré in 
Eastern Amazon. The crosses indicate the mean values. n (number of fields) = 5 
for Paragonorte, n = 13 for Patrimônio, n = 18 for Nazaré. 
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the cropping cycle in Patrimônio as compared to Nazaré and Para
gonorte. For instance, the first weeding of the slash-and-burn fields in 
Patrimônio occurred on average at 46±51 days after planting (DAP) and 
the last weeding at 185±102 DAP. In comparison, in Nazaré and Para
gonorte the last weeding in the slash-and-burn fields took on average 
place at 129±32 and 57±30 DAP, respectively. Finally, total labor time 
for weeding was much lower in the fields prepared with mechanical 
plowing than in the ones prepared with slash-and-burn, both in Para
gonorte and Patrimônio (Table 2). 

3.5. Effect of cultivation frequency on soil fertility and weed pressure 

Soil organic carbon and total nitrogen stocks, exchangeable potas
sium concentration and pH were significantly negatively associated with 
the frequency of cultivation of the fields in the past 10 years (Fig. 3,  
Table 3). For each additional year of cultivation, soil organic carbon and 
total nitrogen decreased by 1.38±0.42 Mg C ha− 1 and 0.11±0.04 Mg N 
ha− 1, respectively. Exchangeable potassium declined with 1.6±0.6 mg 
100 g− 1 soil and pH with 0.07± 0.03. In contrast, there was no signifi
cant association between the frequency of cultivation and soil bulk 
density. Besides, the above soil fertility indicators were not significantly 
associated with the clay plus silt content of the soils (Table 3). 

Labor time dedicated to weeding and number of weedings during the 
cropping cycle were positively associated with the frequency of culti
vation of the fields (Fig. 4, Table 3). For each additional year of culti
vation, the number of weedings and the labor time dedicated to weeding 
increased by 0.21±0.04 and 5.6±2.2 worker days ha− 1, respectively. 
Besides, the number of weedings was negatively associated with the clay 
plus silt content of the soils, but there was no significant relationship 
between the clay plus silt content and total weeding labor time 
(Table 3). The average weed cover development and weed biomass 
growth rate during the cassava cropping cycle were not significantly 
associated with the frequency of cultivation of the fields, but the weed 
cover growth rate was significantly associated with the clay plus silt 
content of the soils (Table 3). 

3.6. Field size effects 

Fields with a high frequency of cultivation, mostly corresponding to 
the site of Patrimônio, were generally smaller in size than fields with 
relatively low frequency of cultivation (Fig. 5A). The negative associa
tion between weeding labor and clay plus silt content of the soils 
(Fig. 5B) was mostly driven by the fields of Patrimônio that had a high 
weeding labor input and were relatively sandy. While there was no 
significant relationship between the size of the field and the clay plus silt 
content of its soil (Fig. 5C), weeding labor was negatively associated 
with field size as the fields with the most intensive weeding also tended 
to be the smallest (Fig. 5D). 

3.7. Cassava root yields 

Average cassava fresh root yield across fields and sites was 7.2±0.4.6 
Mg ha− 1 and ranged from 0 to 15.5 Mg ha− 1. The average yields in 
Paragonorte, Patrimônio and Nazaré were, respectively, 10.6±3.4, 7.6 
±5.2 and 5.1±3.4 Mg ha− 1 (Fig. 6). Consequently, average root growth 
rate was noticeably smaller in Nazaré and Patrimônio than in Para
gonorte (13±9 and 11±15 g fresh weight ha− 1 day− 1 vs. 24±5 g fresh 
weight ha− 1 day− 1 in the slash-and-burn fields) (Table 2). 

Cassava yield was strongly associated with the plant density at har
vest. At a given plant density level, differences in cassava root yields 
were largely explained by weed pressure and soil texture (see for details, 
Abrell et al., 2022). 

4. Discussion 
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conservation and the need for increased local food production associ
ated with population growth have led to an intensification of small-scale 
family farming in the Amazon region of Brazil, which is reflected in a 
high frequency of cultivation in the shifting cultivation systems, along 
with short fallow periods (Fig. 2, Table 1). This type of agricultural 
intensification, although with limited use of external inputs, threatens 
the sustainability of the crop production systems. This study showed that 
the more frequently cultivated fields are less fertile and undergo higher 
weed pressure, the latter resulting in a higher labor demand for weed 
control (Figs. 4 and 5, Table 3). 

4.1. Soil fertility decline 

A consistent pattern of lower soil organic carbon, total nitrogen, 
exchangeable potassium and pH was observed in fields with higher 
cultivation frequency, indicating the negative impact of intensified crop 
cultivation on soil fertility in cassava-based low-input shifting cultiva
tion systems of the Amazon (Fig. 4, Table 3). These results are in line 
with a global review of studies that found that the negative effects of 
slash-and-burn on soil chemical, physical and biological properties are 
to a great extent related to the frequency of cultivation cycles (Ribeiro 

Filho et al., 2013). Although a surge of nutrients to the soil from burning 
fallow vegetation along with an increase in pH initially occurs, there
after a decline in soil organic matter is typically observed (Ewel et al., 
1991; Hepp et al., 2018; Kleinman et al., 1995; Sanchez et al., 1983). 
This decline in soil organic matter generally leads to lower soil nutrient 
levels and increased acidity (Ahn, 1974; Hattori et al., 2019). Nutrients 
released from burning the fallow vegetation become available for crop 
uptake but can also be lost via volatilization, leaching or surface runoff 
(Uhl and Jordan, 1984; N’Dri et al., 2019). For example, negative 
nutrient balances during the cultivation period were reported in shifting 
cultivation systems in the Amazon region, especially after short fallow 
periods of three to five years (Sommer et al., 2004). Nutrient losses are 
accelerated during the cultivation period, because of increased soil 
surface temperatures causing higher rates of organic matter decompo
sition and nitrogen volatilization (Agbeshie et al., 2002). Besides, as the 
soil becomes also more exposed to rain and wind erosion during the 
cultivation period, soil surface sealing or crusting can take place pro
voking losses of nutrients through surface runoff (Da Silva Neto et al., 
2019). 

In contrast to the above findings, some studies from other regions of 
the world did not find a relationship between the cultivation frequency 

Fig. 3. Relationships between the frequency of cultivation of the fields in the past 10 years and organic carbon (A), total nitrogen (B) and exchangeable potassium 
(C) of the 0–30 cm soil layer, and the pH of the 0–5 cm soil layer (D). The type/color of the symbols indicates the study site and the size of the symbols indicates the 
clay plus silt content of the 0–30 cm soil layer. 

Table 3 
Linear-mixed model estimates of fixed effects (and standard errors) of the frequency of cultivation in the past 10 years and the clay plus silt content (0–30 cm soil layer) 
on soil fertility and weed pressure indicators for selected cassava fields on farms in Paragonorte, Nazaré, and Patrimônio. Sites and Farms within Sites were random 
factors.  

Response variable Explanatory variables 
Frequency 
of cultivation of the field 

Clay plus silt 
content of soil 

Soil fertility   
Carbon stock (Mg C ha− 1) -1.38 ± 0.42 ** 0.014 ± 0.062 
Nitrogen stock (Mg N ha− 1) -0.11 ± 0.036 ** 0.0013 ± 0.0052 
Exchangeable potassium concentration (mg K100 g− 1 of dry soil) -1.60 ± 0.65 ** 0.050 ± 0.093 
pH -0.073 ± 0.035* -0.0093 ± 0.0054 ̇
Bulk density (g dm− 3) 0.0015 ± 0.0046 0.0011 ± 0.00071 
Weed pressure   
Number of weedings 0.21 ± 0.04 *** -0.019 ± 0.006 ** 
Total weeding labor (worker day ha− 1) 5.60 ± 2.20* -0.54 ± 0.30 ̇
Average weed biomass growth rate during the cropping cycle (g day− 1) 0.000098 ± 0.0030 -0.00063 ± 0.00035 ̇
Average weed cover development rate during the cropping cycle (% day− 1) -0.020 ± 0.019 -0.0053 ± 0.0023* 

*indicates a p-value<0.05, ** p-value<0.01 and *** p-value<0.001. 
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and soil organic carbon content (e.g. Bruun et al., 2017, 2021 in 
Southeast Asia; Kukla et al., 2019 in New Guinea). This can to a certain 
extent be explained by differences in pedo-climatic conditions between 

study sites. However, cropping practices vary widely between regions, 
and may be equally or even more important for maintaining soil fertility 
in shifting cultivation systems than the cultivation frequency or duration 

Fig. 4. Relationships between the frequency of cultivation of the fields in the past 10 years and the number of weedings (A) and the total weeding labor time (B) 
during the cassava cropping cycle. The type/color of the symbols indicates the site and the size of the symbols indicates the clay plus silt content of the 0–30 cm 
soil layer. 

Fig. 5. Relationships between mean-centered variables: size of the field and frequency of cultivation of the fields in the past 10 years (A), total weeding labor time 
during the cassava cropping cycle and silt plus clay content of soils (B), size of the field and silt plus clay content of soils (C), and size of the field and total weeding 
labor time during the cassava cropping cycle (D). The type/color of the symbols indicates the site. 
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of the fallow period (Mertz et al., 2008). 
The short fallow periods and associated decline in soil fertility in this 

study are certainly contributing to the decline in cassava productivity 
claimed by the farmers over the last decade (see Abrell et al., 2022). In 
particular, the observed decrease in exchangeable soil potassium con
centrations is expected to have an important effect on cassava root 
productivity (Howeler, 1991), because potassium regulates the synthesis 
of starch and its accumulation in the storage roots. 

4.2. Increased weed pressure 

Whilst observed weed cover and biomass were not significantly 
associated with the frequency of cultivation of the fields, both labor 
input for weeding and weeding frequency exhibited a significant asso
ciation with the frequency of cultivation (Table 3), indicating that weed 
pressure increased with intensified crop cultivation and shorter fallow 
periods in this study. Increased weed infestation is one of the main 
causes of increased labor demand on small-scale family farms, and a 
strong reason for farmers to abandon their fields for fallow. Weeding 
labor was higher in Patrimônio than in the other two study sites, which 
could be explained by the high cultivation frequency of the fields and the 
associated higher weed pressure (Table 2, Fig. 2). On the other hand, in 
Nazaré weeding was commonly delayed at the start of the cropping cycle 
(Table 2), resulting in more challenging weed management later in the 
cropping season. We observed that in some cases farmers in Nazaré 
failed to properly weed their cassava fields because of labor commit
ments to other perennial crops on their farm. This may have led to lower 
cassava yields (Fig. 6) despite the longer fallow periods and overall 
better soil fertility in Nazaré. 

Other studies have also reported increased weed pressure with 
shorter fallow periods (e.g. Jakovac et al., 2016; Uhl et al., 2009 for the 
Amazon region, De Rouw, 1995 for sub-Saharan Africa and Roder et al., 
1997 for Southeast Asia). In this study no relationship was found be
tween the frequency of cultivation of the fields and the 
monocotyledonous-to-dicotyledonous weed biomass ratio. Some studies 
have, however, shown that the reduction of the fallow period generally 
leads to an increase of graminoids (e. g. Jakovac et al., 2016; Uhl et al., 
2009) and invasive species with self-propagating root systems, such as 
Imperata brasiliensis (Lojka et al., 2011). Furthermore, declining soil 
fertility conditions under more frequently cultivated fields may favor the 
growth of particular weed species that are characteristic of the study 
region, such as Rottboellia cochinchinensis (Lour.) Clayton or Imperata 
brasiliensis Trin. (Fujisaka et al., 2000). 

In small-scale family farms in the Amazon, where weeding is done 
manually and herbicides are often unaffordable, weed infestation is a 
key factor for the cultivation of cassava and other crops, and is a rising 
challenge with the increased frequency of cultivation. Except for 
planting, labor availability during the cropping cycle is limited to family 
labor, the main activity being weeding. Therefore, weed pressure, and 
the required labor to control it, can to a large extent determine the size of 
the cropped fields, as suggested by a tendency of frequently cultivated 
fields (in Patrimônio) being the smallest fields (Fig. 5A). In fact, farmers 
experienced the need to reduce the size of their cassava fields due to the 
limited family labor available for weeding, which is necessary to cope 
with the increased weed pressure in the intensively cultivated fields. 
Some farmers are now in a downward spiral of reduced fallow periods, 
soil fertility depletion and increased weed pressure, leading to a 
decrease in field size, and loss of cassava production, which can 
compromise the farmers’ livelihoods. 

4.3. The limits of the current slash-and-burn practices 

Observed cassava root yields in this study (Fig. 6) were comparable 
to those reported in other shifting cultivation studies in the Amazon 
region (e.g. Jakovac et al., 2016), but are relatively low, with an average 
yield of 7.2 ± 4.6 Mg ha− 1 (compared to the average yield of about 14 
Mg ha− 1 in the Pará state, Embrapa Mandioca e Fruticultura, 2021). The 
low yields can thus to a large extent be explained by the high weed 
pressure and poor soil fertility conditions in the shifting cultivation 
systems with short fallows and without external inputs (Abrell et al., 
2022; Jakovac et al., 2016). Farmers have however not the available 
land to support long fallows nor do they have the resources to practice 
permanent crop cultivation based on external inputs. Labor and cost 
considerations may also exert a dominant influence on the fallow length 
that farmers practice: the younger the fallow vegetation, the easier it is 
to clear it manually, and clearing costs can be excessive with the woody 
vegetation of long fallows. In fact, the reduction in land clearing costs 
over several short fallow cycles can compensate for the lower crop 
productivity caused by practicing short instead of long fallows (Metzger, 
2002). Therefore, in a context where farmers resource endowment is low 
and productivity is constrained by labor availability, there is a need to 
find alternative cropping systems that are specifically more weed sup
pressive than the current slash-and-burn based shifting cultivation 
systems. 

From this study, it is clear that the current practice of shifting 
cultivation in Eastern Amazon is not sustainable in terms of productiv
ity. Besides, slash-and-burn practices can be a threat to secondary for
ests, by increasing risks of wild fires (Alencar et al., 2015; Barber et al., 
2014; Cardoso et al., 2003), and by contributing to carbon loss (Lapola 
et al., 2023) and biodiversity loss (Coelho et al., 2012; Mamede and 
Araújo, 2008). In this context, the need for changing the local 
slash-and-burn practices towards fire-free production systems has been 
proclaimed (Kato et al., 1999; Lojka et al., 2008). At the sites of Para
gonorte and Patrimônio, some farmers have started to use herbicides or 
plowing for clearing fallows, which can be relatively easily implemented 
on young herbaceous fallows. The results of this study indicated that 
land preparation with mechanical plowing or herbicides can contribute 
to higher cassava yields (Table 2), whilst requiring limited adjustments 
to the cropping system, with an investment of about 200 R$ (Brazilian 
Real) per hectare for the mechanical plowing, or with increased weeding 
costs of about 300–400 R$ per hectare (prices in 2018) in the case of 
clearing with herbicides. These practices are however only possible with 
herbaceous short-term fallows and do not fully resolve the problem of 
declining soil fertility caused by the shortened fallows. 

One way of improving the current shifting cultivation systems would 
be through ‘enriched fallows’ or ‘improved fallows’ (Sanchez, 1999). In 
these fallows, selected tree species are planted into natural fallows to 
improve biomass and nutrient accumulation, such as with fast-growing 
nitrogen-fixing leguminous trees (Lojka et al., 2008), and/or to deliver 

Fig. 6. Box plots of the cassava fresh root yields on the selected farmers’ fields 
at the three study sites, Paragonorte, Patrimônio and Nazaré in Eastern 
Amazon. The crosses indicate the mean values. n (number of fields) = 5 for 
Paragonorte, n = 13 for Patrimônio, n = 18 for Nazaré. 
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economically valuable byproducts, such as with rattan palms (Calamus 
spp.), cacao or fruit trees (Tremblay et al., 2015). The feasibility of 
natural versus improved fallows is influenced by the benefit-cost ratio. It 
may take several years before farmers can make a profit from these 
systems above that from the traditional slash-and-burn shifting culti
vation systems (Lojka et al., 2008; Mburu et al., 2007). Besides, the 
implementation of improved fallow systems requires substantial initial 
capital that small-scale family farmers in the Eastern Amazon region 
usually do not possess. Therefore, and to reduce the contribution of 
family farmers to deforestation and forest degradation, local and na
tional public policies should be put in place to support this type of 
transformation of crop production systems (Tremblay et al., 2015). 

5. Conclusions 

This study indicates that short-fallow cropping systems are less 
fertile than the traditional shifting cultivation systems with long fallows 
and they experience important weed pressure, making them unsus
tainable. In the context of low access to external inputs, the productivity 
of the fields is largely determined by the quality of the fallow (nutrient 
stocks) and the amount of labor needed for weeding. Therefore, prime 
consideration of these two factors is required when developing viable 
alternatives to slash-and-burn shifting cultivation in the Amazon. There 
is a need for local and national public policies with incentives to moti
vate farmers to invest in improved fallows. These should be part of the 
wider efforts to combat forest degradation in the Amazon. 
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