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Abstract 18 

In the Amazon rainforest, land use following deforestation is diverse and dynamic. Mounting 19 

evidence indicate that the climatic impacts of forest loss can also vary considerably, depending on 20 

specific features of the affected areas. The size of the deforested patches, for instance, was shown 21 

to modulate the characteristics of local climatic impacts. Nonetheless, the influence of different 22 

types of land use and management strategies on the magnitude of local climatic changes remains 23 

uncertain. Here, we evaluated the impacts of large-scale commodity farming and rural settlements 24 

on surface temperature, rainfall patterns, and energy fluxes. Our results reveal that changes in 25 

land-atmosphere coupling are induced not only by deforestation size, but also by land use type and 26 

management patterns inside the deforested areas. We provide evidence that, in comparison with 27 

rural settlements, deforestation caused by large-scale commodity agriculture is more likely to 28 

reduce convective rainfall and increase land surface temperature. We demonstrate that these 29 

differences are mainly caused by a more intensive management of the land, resulting in 30 

significantly lower vegetation cover throughout the year, reducing latent heat flux. Our findings 31 

indicate an urgent need for alternative agricultural practices, as well as forest restoration, for 32 

maintaining ecosystem processes and mitigating change in the local climates across the Amazon 33 

basin. 34 

 35 
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Significance Statement 36 

The southern Amazon is one of the fastest changing places on Earth. Deforestation is giving place 37 

to a dynamic and diverse landscape, comprising small-scale farmers and large-scale commercial 38 

agriculture with differing land uses. Understanding how these different land uses affect ecosystems 39 

and local climates is essential for promoting strategies to mitigate environmental changes. Here, 40 

we show that large-scale commercial agriculture leads to a higher increase in surface temperature, 41 

in comparison with small scale farms. We also found evidence that changes in land surface 42 

attributes over large commercial farms lead to a more prominent reduction in rainfall volumes. Our 43 

results provide compelling arguments indicating that changes in farming practices are needed to 44 

guaranty a sustainable future in the Amazon region. 45 

 46 

1. Introduction 47 

During the past 50 years, approximately 20% of the Amazon forest has been lost to deforestation 48 

(1, 2). These changes in the land surface have affected the functioning of ecosystems and the 49 

climate in ways we are only starting to understand. Deforestation size, for instance, is a potential 50 

factor defining the magnitude and characteristics of changes in local climate associated with forest 51 

loss (3, 4). There is also evidence that the different land uses that follow deforestation can regulate 52 

the magnitude of changes in surface energy balance and water cycle (5). Historically, there has 53 

been large variation in the characteristics and causes of deforestation (1, 6–9). In the area known 54 

as the “arc of deforestation”, two major processes have contributed to forest loss: government 55 

supported rural settlements and expansion of market-focused large-scale agriculture (hereinafter 56 

referred to as “commodity agriculture”) (10, 11). Deforestation caused by these two types of 57 

farming systems have distinct characteristics and each can have several variants. 58 

Rural settlements are generally associated with government colonization projects, migratory flow 59 

incentives, and the construction of new roads (7). In areas dominated by rural settlements, small 60 

properties with plots ranging from 25 ha to 100 ha are predominant (8, 9, 12). However, medium-61 

sized properties ranging from 250 ha to 1000 ha, and farms larger than 1000 ha may also occur. 62 

Activities inside these areas are characterized by livestock production (extensive pastures), small 63 

scale crop production and family farming (13). The establishment of small farms along main 64 

highways and secondary roads results in the well-known “fishbone” deforestation pattern. 65 

Forest areas taken by large-scale commodity agriculture represent a more recent stage of 66 

occupation, usually associated with spontaneous and economical migration but also to changes in 67 

land use policies and market conditions (14). Agricultural activities aimed at commodity crop 68 

plantation are in general productive and often technologically advanced. The most common 69 
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commodity crops in the Amazon region are soybean, maize, sorghum, and cotton. Nonetheless, 70 

forests are typically not converted directly into croplands, with pastures often used as a transitory 71 

land use. Permanent mid- to large-scale cattle-ranching also occur, although many of these areas 72 

are being rapidly converted into croplands (6, 14–16). Farm sizes can reach several thousand 73 

hectares. Properties are, therefore, bigger and more isolated, in comparison with rural settlements 74 

(13). 75 

Given the different characteristics of commodity agriculture and rural settlements, the spatio-76 

temporal patterns of land cover biophysical properties can also differ considerably. In general, 77 

commodity crops cultivation involves an intensive use of the land, sometimes with two or more 78 

harvests per year (17). Hence, rapid changes in the vegetation cover, albedo, and 79 

evapotranspiration can occur (5, 18). On the other hand, in areas where small-scale pastures and 80 

agriculture are prevalent, the biophysical properties of the land surface are expected to vary less, 81 

given the less intensive use of the land (e.g. associated with family farming and agroforestry). 82 

Furthermore, modelling studies suggest that the type of vegetation involved in land cover 83 

conversions is important in determining the sign of the land change impacts (19). However, 84 

empirical studies are crucially needed to better understand how different land uses across the 85 

Amazon region affect the local and regional climate. 86 

Tropical deforestation was shown to have deep impacts on environmental processes (1, 20–22), to 87 

amplify diurnal temperature variations (1.95 ± 0.08°C) and increase air temperature (~1°C) (23). 88 

The causes of increase in temperature are dominated by non-radiative mechanisms, in particular a 89 

decrease in latent heat flux (24). The cooling effects of albedo increase due to deforestation are in 90 

most cases outweighed by the warming effects of decreasing evapotranspiration, leading to net 91 

warming (23–25). 92 

The impacts of Amazon deforestation on rainfall patterns are not yet fully understood (4). In the 93 

initial phases of deforestation, vegetation loss was shown to increase regional cloudiness and 94 

precipitation (3). In comparison with deforested areas, the greater humidity over forests leads to 95 

more convective available potential energy, which makes the atmospheric boundary layer more 96 

unstable (26). Conversely, small deforestation patches showed more active shallow convection, 97 

explaining the higher frequency of shallow clouds over deforested areas (26). However, it is 98 

unclear how these mechanisms change as deforested areas increase and land cover becomes 99 

more uniform. One hypothesis is that convective lifting mechanisms will lose force, and shallow 100 

clouds over deforested areas will no longer be favored. Modelling studies indicate that this shift is 101 

already happening in some parts of the Amazon, where deforestation has reached a point in which 102 

thermally dominated regime has declined, leading to a more dynamically driven hydroclimatic 103 

regime (27). A dynamically driven regime becomes dominant when differences in surface 104 
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roughness between forest and forest clearings start to play a larger role in the atmospheric 105 

response, in comparison to the differences in the surface energy partitioning (28). 106 

As observational and modeling studies indicate that land use and management can play an 107 

important role in the climate system, overlooking these landscape heterogeneities can hinder an 108 

adequate response to the threats posed by human activities (29). Clarifying the climatic impacts of 109 

different land uses in the Amazon is crucial to foster informed plans for sustainable land 110 

management, in particular those aiming at strategies for climate change mitigation, maintenance of 111 

ecological functioning and guarantying provision of essential ecosystem services. Here, we 112 

hypothesize that forest conversion to large-scale commodity agriculture is more detrimental to local 113 

climate than conversion to rural settlements. To test this hypothesis, we first evaluated whether or 114 

not land uses associated with commodity agriculture and rural settlements lead to quantitatively 115 

distinguishable land cover spatio-temporal patterns in regions with similar deforestation rates 116 

(1985–2018) and total deforested area in 2018. Next, we collected empirical evidence on how 117 

forest clearing associated with these two causes have affected local rainfall, surface temperature, 118 

and latent heat flux (LE). 119 

 120 

2. Results 121 

2.1. Landscape patterns across rural settlements and commodity agriculture 122 

areas 123 

Our analysis focused on four areas (~110 km × 110 km each) in the Amazon basin (Figure 1). The 124 

criteria and procedures used to select the study areas are described in section 4.1. Two areas 125 

were located in the “arc of deforestation” (marked as A and C in Figure 1). Cell A was located in 126 

the State of Rondônia, over an area dominated by a fishbone deforestation pattern, formed by 127 

small farms distributed along main highways and secondary roads. Cell C was located in the north 128 

of Mato Grosso State, over an area where large-scale commodity farms are prevalent. The mean 129 

size of consolidated area per property in Cell A was 52 ha, while in Cell C, the mean size of 130 

consolidated area per property was 374 ha (See SI Appendix Fig. S2). In addition, two areas with 131 

similar size but not affected by deforestation were used as reference sites (marked as B and D in 132 

Figure 1).  133 

In both areas affected by land changes (Cells A and C), deforested area in the beginning of the 134 

1980’s accounted for less than 10% of the total area (Figure 1a). A step increase in forest loss 135 

occurred between 1990 and 2005, after which the total area deforested stabilized at approximately 136 

40%. Despite similar amount of total area deforested, the spatial patterns of the two regions could 137 

be distinguished visually and quantitatively (Figure 1). Until the late 1990’s, landscape in both 138 
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regions displayed similar core area (i.e. the total area of patches that have only neighboring 139 

patches from the same class). After the year 2000, the core area of forests in the area dominated 140 

by fishbone deforestation (“rural settlements”) increased at a higher rate in comparison with areas 141 

allocated for commodity agriculture. The shape complexity, expressed by the shape index (i.e. the 142 

ratio between the perimeter of the patch and the hypothetical minimum perimeter of the patch), 143 

was consistently higher (~10%) in the commodity agriculture areas in comparison to the rural 144 

settlements. 145 

Land use in rural settlement areas (Cell A) was largely dominated by pastures throughout the 146 

entire study period, with only small areas designated to croplands (<1%) (Figure 1 and SI 147 

Appendix Fig. S3). Other activities such as family farming and agroforestry, although present, are 148 

likely masked due to the small scale of these activities. Given that these land use types are not 149 

specifically accounted for in the dataset used for this analysis, they are often misclassified as 150 

pastures. In the commodity agriculture area (Cell C), a shift in land use patterns took place after 151 

the year 2000, with a steady increase in areas designated to croplands, reaching approximately 152 

25% of the entire area in 2018. The increase in croplands was accompanied by a decrease in 153 

areas destined to pastures, which decrease from 22%, in 2005, to 13%, in 2018 (Figure 1 and SI 154 

Appendix Fig. S3). 155 

 156 
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Figure 1. Geographical location of the study areas, each consisting of 1o×1o cells, where: A is 157 

dominated by rural settlements and C large scale commodity agriculture. Cell B and D were used 158 

as reference, as there has been no substantial forest loss in these areas during the study period. 159 

(a) Total forest loss, (b) mean core area of deforested areas and (c) the mean shape index of 160 

deforested areas. 161 

 162 

We further demonstrate that land cover temporal patterns differ between the two sites. Vegetation 163 

cover over deforested areas was assessed using satellite derived enhanced vegetation index 164 

(EVI). Areas of commodity agriculture had consistently and significantly (unpaired Welsch t-test, 165 

p<0.01) lower vegetation cover between May (DOY=120) and November (DOY=305) (Figure 2a). 166 

Between December and February, both areas had similar EVI values, indicating a comparable 167 

vegetation cover during this period. We also analyzed differences in the vegetation cover of 168 

dominant land use types in our study areas. In September, when vegetation cover was shown to 169 

be the lowest, croplands had approximately 20% lower EVI than pastures inside the same region 170 

(i.e. Cell C, mid- to large-scale cattle-ranching), and 30% lower than pastures located in the rural 171 

settlement area (Cell A). 172 

 173 

Figure 2. (a) Seasonal variability in vegetation cover inside deforested areas (solid lines) and in 174 

adjacent forests (dashed lines) measured using the Enhanced Vegetation Index (EVI). The 175 

adjacent forests represent intact forests located inside the same 1o×1o cell. Average values 176 

calculated using data from 2001–2018. DOY=Day of Year. Shaded areas represent mean ± 177 

standard deviation. (b) August average EVI values for dominant land use classes inside each cell. 178 

 179 

2.2. Changes in rainfall patterns 180 
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Changes in the seasonal patterns of rainfall were evaluated based on the average of two periods: 181 

from 1998 to 2005, and from 2005 to 2014 (Figure 3), thus comprising the entire time-series of the 182 

TRMM (Tropical Rainfall Measuring Mission) precipitation radar. These time intervals allowed the 183 

assessment of rainfall patterns from a period when deforestation process was only beginning, to a 184 

period when forest loss was relatively stable. The average forest cover percentage in Cells A and 185 

C, was at 83% from 1998 to 2005, and declined to 57% from 2005 to 2014. 186 

We observed decreasing rainfall rates in the commodity agriculture site (Figure 3 and Figure 4). 187 

The reduction occurred mostly during months with average monthly rainfall above 200 mm month-1 188 

(i.e. the period between October and March, hereinafter referred to as “wet season”), being 189 

particularly evident in February, March, October and November. The decrease was shown to be 190 

mainly caused by a reduction in convective rainfall, while changes in stratiform rain were less 191 

evident (Figure 3). When considering the annual mean, we observed significant differences in the 192 

mean total and convective rain (p=0.016 and 0.009, respectively, based on a Welsch t-test), while 193 

differences in the mean annual stratiform rain were not significant (p=0.279). A Mann-Kendall (M-194 

K) trend test indicated a strong and consistent decreasing trend in convective rainfall (p=0.006) 195 

during the wet season between 1998 and 2014, while the stratiform rainfall trend during the same 196 

period had a lower magnitude (p=0.012) (Figure 4). There were no significant trends in rainfall 197 

during the dry season (Apr–Sep) in the commodity agriculture site (Figure 4). 198 

In the rural settlements site, there were no clear changes in the seasonal patterns of rainfall 199 

between the two periods (Figure 3). Annual mean values were also not statistically different (based 200 

on a paired Welsch t-test). This result was confirmed by the M-K test, which did not indicate 201 

significant trends in convective or stratiform rainfall, independently of the season (Figure 4).  202 

To discard the influence of large-scale climatic signals in these results, we conducted the same 203 

analysis in two reference areas (i.e. Cell B, located between cells A and C in the northwest part of 204 

Mato Grosso State, and Cell D, located inside the Xingu National Park - both areas showed no 205 

forest loss during the same period of time) (Figure 1; Supplementary figures S1, S4 and S5). The 206 

results confirmed that significant trends were not observed in the regions unaffected by 207 

deforestation. 208 
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 209 

Figure 3. Mean seasonal patterns of rainfall between 1998–2005 (blue lines – average forest 210 

cover = 83%) and 2005-2014 (red lines – average forest cover = 57%).  211 
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 212 

Figure 4. Rainfall time-series trends from 1998 to 2014. The wet period (blue) is represented by 213 

average rainfall values from October to March, while the dry period (red) is represented by the 214 

period between April and September. We define wet period as the period when average monthly 215 

rainfall in our study areas were above 200 mm month-1. 216 

 217 

2.3. Changes in land surface temperature and latent heat flux 218 

Changes in land surface temperature (LST), latent heat flux (LE) and evapotranspiration (ET) 219 

caused by forest loss were assessed using a space-for-time substitution approach (30, 31). The 220 
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basic assumption in the space-for-time substitution is that spatial and temporal variation are 221 

equivalent (30). Hence, observations over deforested areas were compared with those obtained 222 

over adjacent forests. We observed that both sites showed significant differences in LST between 223 

forested and deforested areas (p<0.01) (Figure 5). These changes were present during all seasons 224 

of the year, although differences in the dry season had higher magnitude. Forest loss associated 225 

with rural settlements caused an average LST increase of 1.05 oC during the wet seasons and 226 

1.25 oC during the dry seasons (Figure 5a). The maximum average warming in rural settlement 227 

areas was observed in August (1.85 oC). In areas of commodity agriculture, warmings of 1.57 oC 228 

and 2.11 oC were observed in the wet and dry seasons, respectively. The maximum difference was 229 

also observed in August (3.06 oC). When untangling these results by land use type, we observed 230 

that, in August, croplands were on average approximately 1 oC warmer than pastures (Figure 5). 231 

Both pastures in Cell A and Cell C showed similar mean temperature for the same period (33.8  oC 232 

and 33.2 oC, respectively). 233 

 234 

 235 

Figure 5. Mean seasonal patterns of land surface temperature in (a) rural settlements and (b) 236 

commodity agriculture areas, with boxplots showing results for dominant land use classes within 237 

the region. Average values calculated using data from 2001–2018. Shaded areas represent mean 238 

± standard deviation.   239 

 240 

Changes in LE caused by forest loss were evident in both sites (Figure 6). The magnitude and 241 

seasonal patterns of the changes were, however, more pronounced in deforested areas caused by 242 

commodity agriculture. In rural settlement areas, the decline of LE (in relation to adjacent forests) 243 

was observed from June (DOY≈150) to the end of October (DOY≈300). In commodity agriculture 244 
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