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Rapid land cover change in agricultural valleys of the 
Atacama Desert, Chile
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Campus Sur, Universidad de Chile, Santa Rosa, Santiago, Chile

ABSTRACT
The profound landscape modification produced by agriculture is con-
sidered one of the main threats to biodiversity worldwide. Although 
the main ecological impacts are likely due to agricultural expansion 
into natural areas, changes in crop types and production intensifica-
tion also induce significant ecological changes. We studied the land 
cover change process in four agricultural valleys (Lluta, Azapa, Vítor 
and Camarones) in the Atacama Desert of Chile between 2003 and 
2019, divided into four equal periods. Using spatial data and logistic 
regression, we assessed the driving factors of land cover change. The 
Azapa valley showed the highest rate of land cover change, reaching 
36.4% of netting and greenhouses landscape cover by the end of the 
study, and 50.4% annual rate of increase during the 2007–2011 
period. Intensification was observed as the anti-aphid netting cover 
expanded mainly in Azapa and in the last four years in Vítor and Lluta 
valleys. Most land cover change was related to low slopes and eleva-
tion or sites closer to roads or surrounded by already cultivated land, 
like agriculture expansion on barren soil or native shrubland loss. 
High population density was significantly correlated with land cover 
change (p < 0.01). If land cover change into netting continues as 
observed, it is possible that landscape homogenization occurs in the 
short term in almost all valleys. Anyway, disentangling how landscape 
change works and the involved drivers, could be useful to understand 
landscape simplification in arid lands that are under an agricultural 
intensification process.

Introduction

Land use/cover change induced by agriculture, is one of the most evident expressions 
of the Anthropocene (Harden et  al. 2014). This process is also considered a crucial 
driver of biodiversity loss worldwide (Sala et  al. 2000; Green et  al. 2005; Maxwell et  al. 
2016), commonly causing landscape complexity simplification (Gaméz-Virués et  al. 
2015). After the initial conversion of natural ecosystems into agricultural areas, further 
land use change usually takes place promoted by agricultural intensification, triggered 
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by increases in global food demand (Tilman et  al. 2011; FAO 2017a, Zabel et  al. 2019), 
and/or by changes in the types of crops, driven by market changes (Lambin et  al. 
2001). Like in other types of landscape change, agriculture implies a variety of bio-
physical and socioeconomical drivers (Geist et  al. 2006; Plieninger et  al. 2016) which 
need to be addressed in order to understand and predict the landscape transformation 
process.

In recent years, agricultural intensification has accelerated worldwide (Rudel et  al. 
2009; FAO 2017a) with important socio-economic consequences (Scarborough 2012, 
Rasmussen et  al. 2018), and potentially severe impacts to the environment (Foley et  al. 
2005; Tscharntke et  al. 2012; Phelps et  al. 2013; Caballero, Romero, and Espinosa 2015, 
Cao et  al. 2020). Landscape change through agricultural intensification is frequently 
associated to a loss of ecosystem services provision (Emmerson et  al. 2016), with a 
consequent homogenization and simplification of agricultural landscapes (Hobbs et  al. 
2006; Morteo-Montiel et  al. 2021). This simplification is induced by a decrease in 
composition and configuration complexity (Nelson and Burchfield 2021), reducing the 
variety of resources and crops in the landscape, exchanging heterogeneous landscapes 
for large monocultures or few crops. Landscape transformation and resources avail-
ability modification induced by land cover change may affect biodiversity in several 
ways (Sala et  al. 2000; Zhang et  al. 2023). In the best scenario it may provide new 
resources, and the species can adapt to the new features of the habitat (Rosalino et  al. 
2014), whereas in the worst case, landscape transformation might reduce habitat avail-
ability and alter ecological relationships, causing local species extinctions (Williams 
et  al. 2021).

An extreme example of agricultural intensification is the use of netting, greenhouses, 
and other types of covered crops. These types of land use usually require full vege-
tation clearance, severely decreasing the available habitat area and reducing landscape 
heterogeneity. The socioecological implications for landscape and biodiversity of netting 
and greenhouses have been widely addressed in the literature (Mota et  al. 1996; Pérez, 
López, and Fernández 2002; Caballero, Romero, and Espinosa 2015; FAO 2017b; 
Oliva 2017).

Landscape change is usually considered a multivariable phenomenon (Tahmasebi, 
Karami, and Keshavarz 2020; Xu et  al. 2020), oriented by multiple biophysical variables 
such as topographic features of the landscape, proximity to urban centers and roads, 
vegetation type, or local climate (Lambin et  al. 2001; Rodríguez, Armenteras-Pascual, 
and Retana 2013) and anthropogenic conditions such as human population density or 
urbanization (Hadush, Holden, and Tilahun 2019; Adjei et  al. 2023). Landscape changes 
in arid lands can be very critical, because of the scarcity and spatial concentration of 
vegetation, and the level of threat and/or endemism of biological communities (Ibarguchi 
2014; Zhang et  al. 2023). Water is also commonly limited, restricting the expansion 
of crops into new areas, likely forcing agricultural intensification to meet the increasing 
demand for food. However, the problem of landcover change in desert ecosystems has 
received relatively little attention (Zak et  al. 2008; Salazar et  al. 2015)

The Atacama Desert in northern Chile is considered one of the driest places on 
Earth, with some areas receiving no precipitation in decades (Henríquez 2013). Despite 
the latter, rainfall in the highlands (> 4,000 m a.s.l.) allows some water to reach the 
ocean through narrow “oasis-type” valleys. These valleys are surrounded by an extremely 
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arid and rugged land, leaving limited options for agricultural expansion or another 
type of land use. In addition, some valleys of the region have high levels of salinity 
and boron concentration in soil and water, reducing the variety of suitable crops to 
grow (Torres and Acevedo 2008). In order to study the evolution of land cover change 
in this desert region, we analyzed four valleys with different levels of agricultural 
development over a period of two decades. Specifically we aimed at testing the hypoth-
esis that land cover change in the agricultural valleys of Arica and Parinacota region 
has been mostly oriented to intensification rather than to the expansion of the culti-
vated areas. We also predicted that most changes are related to some common bio-
physical drivers of the landscape such as elevation and to socio-ecological factors such 
as human population density.

In addition to the scarcity of information on land cover change patterns in arid 
and semiarid areas, there is also a specific lack of research on the evolution of land 
use in already modified landscapes like agricultural systems.

We were also interested in providing more evidence about the transformation of 
traditional agroecosystems into technology-intensive crops, and to discuss the impli-
cations of this phenomenon for biodiversity conservation.

Study area

The study area is located in the Arica - Parinacota region, in the Atacama Desert of 
northern Chile. We focussed on the four northernmost valleys: Lluta, Azapa, Vítor 
and Camarones, from north to south (Figure 1). This region is dominated by an 
absolute desert, but it is crossed by narrow flat valleys that carry water from the 

Figure 1.  Map of the study area, showing the main four valleys of the Arica And Parinacota region 
in northern limit of Chile (coordinates system WGS84-UTM 19s).
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highlands, which, in turn, allow the existence of native shrubland vegetation. According 
to the International Vegetation Classification the macrogroup vegetation type for these 
valleys correspond to “Sechura Atacama Semi-Desert Riparian Scrub, (Faber-Langendoen 
et  al. 2014) and the specific zonal vegetation unit type is defined as “Tropical interior 
thorny forest of Geoffroea decorticans - Prosopis alba” (Luebert and Pliscoff 2006, 2022). 
The vegetation is accompanied with other native threatened species (IUCN Conservation 
Category) as Morella pavonis (EN), Haplorhus peruviana (VU) and Vachellia macracan-
tha (LC). These natural plant formations are very threatened and poorly represented 
in the national system of protected areas (Pliscoff and Fuentes-Castillo 2011).

There are some important differences between the biophysical, economic, and agro-
nomic features between the four valleys (Table 1). Topography is similar in all study 
sites, because the four valleys are formed by narrow strips of flat land surrounded by 
slopes of sand and rock with a West-East elevational gradient. Entisols are the most 
common soil type in these valleys (IUSS Working Group WRD, 2022) with some of 
them showing high salinity level and ions concentration. Climate is appropriate for 
the cultivation of a vast variety of crops, vegetables, and fruits (González et  al. 2013) 
as temperatures vary between 15 °C and 25 °C all year long. Agriculture is a very 
profitable activity for local farmers and represents the principal market and provider 
of vegetables for almost the whole country during the austral winter (Riquelme et  al. 
2013). Annual precipitation in the valleys is minimal (0 − 2.6 mm) but it increases with 
elevation (Meseguer-Ruiz et  al. 2019). Thus, most of the water used for agriculture 
and other human needs is supplied by rivers (e.g., San José river in Azapa) that are 
fed by the summer precipitation in the Andean highlands. Despite the water availability 
of these rivers, in Lluta and Camarones the high water and soil salinity limits the 
variety of cultivable crops (Torres and Acevedo 2008).

In 2017, human population in the region was approximately 226,000 inhabitants 
(Yañez 2018), with most people living in the city of Arica and the Azapa valley. Human 
population density varies significantly among the four valleys: Lluta (28.9 people/km2), 
Azapa (198.6 people/km2), Vítor (24.1 people/km2) and Camarones (8.2 people/km2).

Agriculture in the study area began 3,000 years before the present, with the domes-
tication of crops such as potatoes, tomatoes, pumpkins, and maize (Rivera 1983; Manzur 
and Alanoca 2012; García and Santoro 2014). Presently, the agriculture of these valleys 
is dominated by annual crops, such as tomatoes, the Lluteño corn (Zea mays, amilacea 
type), a variety adapted to salinity conditions of Lluta valley (Bastías et  al. 2011), and 

Table 1.  Biophysical characteristics, socioeconomic conditions, and agronomical traits of four valleys 
in the Atacama Desert of northern Chile.
Features Lluta Azapa Vítor Camarones

Soil salinity* High Low Low High
Water salinity* High Low Low High
Inhabitants** 2152 25727 869 440
Urban or Rural*** Rural Urban/Rural Rural Rural
River* Lluta (permanent) San José (permanent) Codpa (seasonal) Camarones 

(permanent)
Water pH*** 7.9 7.5–7.9 7.47 7.8
Property owners****, ° Large Small and large Small and Large Large

*González et  al. (2013), **www.censo2017.cl, ***Torres and Acevedo (2009), ****Tapia and Vásquez (2009), °Tapia and 
Vega (2009).

http://www.censo2017.cl


Arid Land Research and Management 35

by olive groves (Olea europaea), which are cultivated since the sixteenth century in 
Azapa (Sepúlveda and Tapia 2018).

The warm and stable climate that favors the development of agriculture, also pro-
motes the dissemination of many pests which affect most crops (Tello 2017). For this 
reason, growers have traditionally resorted to the use of significant pesticides amounts 
(Tapia and Vega 2009). However, during the last decade, anti-aphid netting has been 
introduced to reduce infection without the use chemicals (Oliva 2017), and to reduce 
the use of irrigation, due to a reduction in evapotranspiration (Riquelme et  al. 2013).

Methods

For this study we worked with the concept of land cover because it can be defined 
by direct observation of the landscape surface, in contrast to land use, which requires 
some sort of socioeconomic assessments to define the usage of the territory (Fischer, 
Comber, and Wadsworth 2005). In order to quantify land cover change, we adapted 
the method used by Uribe, Estades, and Radeloff (2020), performing a photointerpre-
tation of yearly satellite images from 2003 to 2019, using a systematic 400 × 400-m 
grid of sampling points created with QGIS 3.16.6 tool. A total of 1827 points were 
distributed over the four valleys according to their area and shape (Lluta: 468, Azapa: 
806, Vítor: 218, Camarones: 335). These systematic grids allowed us to perform esti-
mations of the point-level probability of cover change over time.

Photointerpretation was conducted using Google Earth Pro satellite imagery from 
2003 to 2019, due to its image accuracy, representativeness, and ease of visual inter-
pretation (Cha and Park 2007; Barbosa and Campos 2011; Ghorbani and Pakravan 
2013). For each year, we superimposed the grid of points over one of the available 
satellite image sets (preferably spring) with the best image quality and definition 
(cloudless and lightening enough to observe the most detailed surface cover), then 
determined the land cover for each point manually, through a detailed observation 
considering texture, color, and landscape patterns. We defined a specific land cover 
class for every point yearly in each valley. The photointerpretation was conducted 
using an eye observer elevation of 100 to 1000-m. For better accuracy and to facilitate 
the visual differentiation between land cover classes assignment, ground truthing was 
available for some sample points (≈200) and most years. Only one trained observer 
(MC) determined the class of land cover for all the points of the complete imagery 
set and sample.

For each point, in each of the images used we assigned one of ten land cover classes 
that correspond to the class observed at the specific coordinates. Land cover classes 
were defined according to Zhao et  al. (2016) and are as follow: barren soil (BS), native 
shrubland (NS), grassland or pasture (GL), water (WA), buildings (BU), anti-aphid 
netting and greenhouses (NG), low crops and vegetables (LC), fruit groves including 
olives (FG), corn (CN) and set-aside or fallow (SA). Barren soil is a type of land 
cover with no evidence of vegetation, specifically natural desert lands. On the other 
hand, set-aside is a land cover class that shows evident patterns of arable abandoned 
lands, like parallel lines over the soil without vegetation, or previous low crop cover. 
Grasslands and native shrublands are natural vegetation types dominated by grasses 
and shrubs, respectively. Low crops are a large variety of cultivated types that are not 
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trees, such as tomatoes, peppers, pumpkins, zucchinis, and lettuces or alike. Water 
land cover corresponded to natural water bodies and artificial reservoirs.

To accommodate for potential agricultural expansion over the years, and to allow 
for neighborhood analyses, we included in our sampling a 400-m buffer area around 
the vegetation limits of each valley in 2003. For this reason, our sample included a 
disproportionate amount of barren soil (40–50% of each valley).

Additionally, for each point we obtained some potential biophysical predictors of 
land cover change, such as latitude and longitude (UTM 19s), slope (0.5 − 76.6%), and 
elevation (0 − 2023.4 m), calculated from a Digital Elevation Model (DEM) downloaded 
from the USGS Earth Explorer server (https://earthexplorer.usgs.gv/). We also calculated 
the minimum distance to the nearest public road (0.1 − 7456.5 m), and the proportion 
(0–100%) of the ten land cover classes among the eight neighboring sampling points. 
The latter proportions were calculated for each of the analyzed years. For all geopro-
cessing, we used QGIS 3.16.6 (Graser 2016). For area calculations, we assumed that 
each point represents a 16-ha area (400 × 400-m).

In order to assess the land cover change and agricultural intensification, we divided 
the studied time into four periods of five years, between years 2003, 2007, 2011, 2015 
and 2019. For all the latter we performed cross-tabulation analyses and generated 
transition matrices (Nahuelhual et  al. 2012; Uribe, Estades, and Radeloff 2020) in order 
to describe the exchange percentage of every land cover class between the ten land 
cover classes in the four periods (Supplementary Table 1). We also estimated the 
annual rate of change for every land cover type and period, including the rate of 
change between the first and last study year (Supplementary Table 2).

After some exploratory analyses, we decided to focus on four types of changes as 
the dependent variables, all of them related to agricultural expansion and/or intensi-
fication: A. loss of native shrubland (i.e., NS replaced by any other class), B. agricultural 
expansion into barren soil (i.e., any agricultural use replacing BS), C. increase of open 
low annual crops (i.e., LC replacing any other land cover class) and D. increase of 
areas covered with anti-aphid netting and greenhouses (i.e., NG replacing any other 
land cover class). For changes C and D, in addition to the described predictors, we 
considered the land cover class of the point at the beginning of the period as a poten-
tial explanatory variable.

To explain the observed changes in terms of biophysical drivers, we related the 
probability of change to the landscape predictors (including “valley” as a factor) using 
logistic regressions (Zuur et  al. 2009). For each point we produced four binary vari-
ables reflecting the occurrence of the four types of change separately, with value one 
for change and value zero for no change, considering all the changes occurred in every 
period. To build the models we used each one of the four types of change as the 
dependent variable and all the biophysical covariables related to the point, year, and 
valley, as the explanatory variables. Then, we performed the logistic regressions with 
binomial family. In order to avoid multicollinearity, a correlation test was performed 
before regressions, and for each pair of variables with correlations over 0.6, one was 
excluded. The best model for each period and type of change was obtained through 
forward and backward stepwise procedures comparing the Akaike Information Criterion 
and selecting the lower value with their respective estimators (Cavanaugh 1997). Because 
we did not have access to local human population density for each of the four periods, 

https://earthexplorer.usgs.gv/
https://doi.org/10.1080/15324982.2024.2368660
https://doi.org/10.1080/15324982.2024.2368660
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in order to relate such variable with total land cover change rate we conducted an 
analysis at the valley level (n = 4) for the entire study period. We restricted the latter 
analysis to the period 2003–2017, because the latest available census data was for 2017 
(http://www.censo2017.cl/). For all statistics analyses we used RStudio 1.4.1106.

Results

In general, Azapa showed the highest rate and amount of land cover change among 
the four studied valleys in the whole study time. It was followed by Vítor and Lluta, 
and finally, Camarones, which did not show any significant change in sixteen years 
(Figure 2). The most conspicuous of such land cover changes involved the steep 
increase of anti-aphid netting in Azapa, starting around the year 2011, and reaching 
36.4% of the valley land cover (excluding hillside barren soil) by the end of the study 
period (Figure 2). This change was in detriment of other land cover classes, such as 
low annual crops, fruit groves, native shrublands and barren soil. More than 1400 ha 
of barren soil were transformed and changed to a human-induced land cover like 
netting and low crops.

The main land cover decrease occurred in Azapa as well, involving a reduction of 
more than 50% of the area covered by fruit groves from 2003 (2000 ha) to 2019 
(928 ha). Also, in Vítor an important decrease of native shrubland was observed since 
2007, resulting in an increase of low crops, netting, buildings, and water reservoirs. 
In Lluta, the main changes were the reduction of native shrublands area and an increase 
of low crops cover (Figure 2).

Figure 2.  Land cover area (ha) for four valleys in Northern Chile from 2003 to 2019. Barren soil (BS) 
is not included to highlight extensification in Azapa and Vítor. Native shrubland (NS), grasslands (GL), 
water (WA), buildings (BU), anti-aphid netting and greenhouses (NG), low crops and vegetables (LC), 
fruit and olive groves (FG), corn (CN), grassland (GL), and set-aside (SA).

http://www.censo2017.cl/
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Different types of changes had different temporal dynamics in the studied valleys 
(Figure 3), although there was a slight trend for higher change rates to concentrate 
on the second and third periods (2007–2015).

The largest loss of native shrublands occurred in Lluta in the third period followed 
by Vítor in the last period (Figure 3A). Vítor was the only valley that showed a pos-
itive and almost constant tendency for increasing annual crops and loss of native 
shrublands area along the four periods (Figure 3A and 3C).

Among the four valleys, Azapa experienced the larger expansion of agriculture over 
barren soil, reaching more than 150 ha per year in the second and third periods (Figure 
3B). Also in Azapa, annual crops cover showed the largest increased area with more 
than 150 ha per year in the third period (Figure 3C). Moreover, in Azapa agricultural 
intensification, represented by the transition from any land cover class to netting, was 
the largest change observed among all types of transition, affecting a high proportion 
of the valley throughout the years of the study, reaching approximately 400 ha per year 
during the third period. (Figure 3D).

In Azapa, anti-aphid netting showed a mean annual rate of increase of 24.7% during 
the 17 years of study, reaching a 50.4% during the second period (Figure 4). Lluta and 
Vítor had negligible netting or greenhouse cover before the third period, but in the 
last period it showed an elevated annual rate of change of 22.9% and 27.5%, respec-
tively. Low crops in Vítor showed a high annual rate of change for the first and second 
periods of 17.3% and 27.5%, respectively. Diverse land cover showed a negative rate 
of change in different periods, but the higher values were a 12.8% of fruit groves loss 
during the fourth period in Vítor, followed by a 10.6% of fruit groves loss during the 
third period in Azapa (Figure 4). Full results of annual rate of changes are shown in 
Supplementary Table 2.

Figure 3.  Annual estimated land cover area transformed in four time periods, for four valleys in 
Northern Chile. A: Native shrubland loss, B: Agricultural expansion on barren soil, C: Increase of low 
annual crops, D: Expansion of anti-aphid netting and greenhouses.

https://doi.org/10.1080/15324982.2024.2368660
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Logistic regressions showed that different land cover changes were driven by different 
biophysical variables, and that some of these relationships changed between periods 
(Table 2A). The loss of native shrubland during the first three periods was negatively 
affected by the proportion of barren soil (p < 0.001) and native shrubland (p < 0.05) in 
the surroundings. In the last two periods, change occurred more often at lower alti-
tudes (p < 0.05) and in areas closer to roads (p < 0.05). Also, during the third period 
this type of change was significantly more important in Lluta, in contrast with 
Camarones which showed the opposite behavior (p < 0.05).

During the four studied periods, agricultural expansion occurred more frequently 
in places with lower slopes and less proportion of barren soil and native shrublands 
in the surroundings (p < 0.001–0.01). Also, for the last three periods, this type of 
change was less likely to occur in Lluta and Camarones, in contrast to Azapa or Vítor, 
where it was more probably to occur (Table 2B).

Intensively managed low crops were more commonly established at places with lower 
slopes and areas identified as fallow/set aside, in all periods (p < 0.01 − 0.05). In addition, 
sites in Lluta and Camarones were less likely to change into low crops (Table 2C).

During the first period of this study, the factors influencing the expansion of 
anti-aphid netting and greenhouses could not be evaluated because of negligible change. 
For the following periods, however, low crops cover was more likely to change into 
netting (p < 0.001). During the three assessed periods, this change was more likely to 
occur in Azapa (p < 0.001) and in the last two periods this change was mostly asso-
ciated to low slope areas (p < 0.001) (Table 2D).

When relating the human population density (log-transformed) and the total 
land-cover change rate for the period 2003–2017 (Figure 5), we observed a significant 
positive relationship (p < 0.01).

Figure 4. E stimated annual rates (percentage) of land cover change per 4-years period in four valleys 
in Northern Chile. Barren soil (BS), native shrubland (NS), grasslands (GL), water (WA), buildings (BU), 
anti-aphid netting and greenhouses (NG), low crops and vegetables (LC), fruit and olive groves (FG), 
corn (CN), grassland (GL), and set-aside (SA).
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Discussion

There is a general lack of land cover change assessments for agricultural landscapes 
in arid or semi-arid lands in South America (Salazar et  al. 2015), in contrast to the 
abundance of studies on agricultural expansion and deforestation within grasslands, 
forests, and tropical dry forests (Grau, Gasparri, and Aide 2005; Zak et  al. 2008; Huang 
et  al. 2009; Caldas et  al. 2013). Our results showed significant variation in land-cover 
change rates in the studied desert valleys. Thus, while Azapa experienced a rapid 
change during the past two decades, Camarones remained mostly unchanged throughout 
the studied years. As can be expected for an oasis-type of productive systems (Guogang, 
Degang, and Xinhuan 2012), most changes occurred in areas already modified by 
people, frequently reflecting an agricultural intensification process, confirming our 
hypothesis.

In Azapa, most technification of crops followed a three-step land cover sequence, 
with barren soil changing into open low crops, which were later replaced by netting. 
Another observed sequence of land cover change starts with olive and/or fruit groves 
that are later changed into low crops, and finally into netting. Both sequences of land 

Table 2.  Best generalized linear models to explain the probability (binomial family) of four evaluated 
land cover change types (2.A, 2.B, 2.C, 2.D), in four valleys in Northern Chile, for four times periods. 
Bold fonts are used to identify variables with significant effects (‘***’ 0.001, ‘**’ 0.01, ‘*’ 0.05) on the 
dependent variable (probability of land cover change). The sign before each variable indicates the 
direction of the effect. AICc: Akaike Information Criterion, corrected for degrees of freedom. Llu: 
Lluta, vit: Vítor, cam: Camarones, valley: any of the four valleys, slp: slope, ele: elevation, dist: distance 
to nearest road, BS: barren soil, NS: native shrubland, GL: grasslands, WA: water, BU: buildings, NG: 
anti-aphid netting and greenhouses, LC: low crops and vegetables, FG: fruit and olive groves, CN: 
corn, GL: grassland, and SA: set-aside. For land cover classes, suffix “o” refers to land cover at the 
point in the first year of the period, and “n” refers to the average percentage of land cover in the 
neighborhood.
Period 2.A. Native shrubland loss (NS replaced by any other class) AICc p-value R²
2003–2007 - BSn*** - WAn - NSn* 103.89 0.74 0.16
2007–2011 - Valley + BSn* + WAn* + BUn* + LCn* + FGn* + NSn* + SAn* 98.32 0.01* 0.37
2011–2015 Valley - Ele* - Dist* + BSn* + WAn + BUn + NGn* + LCn* + FGn* 

+ CNn* + NSn*
153.11 0.02* 0.39

2015–2019 Valley - Ele** - Dist* - FGn 151.72 0.37 0.23
Period 2.B. Agriculture expansion on barren soil (BS replaced by any 

agricultural cover)
AICc p-value R²

2003–2007 - Slp** - BSn*** - WAn - BUn - FGn - NSn* - SAn 220.6 0.07. 0.16
2007–2011 - Slp*** - Dist - BSn** - WAn - BUn - CNn - NSn** 348.32 0.19 0.18
2011–2015 Valley (- Llu* - Cam*) - Slp*** + NGn + LCn + FGn + NSn 323.08 0.00024*** 0.24
2015–2019 Valley (- Llu***) - Slp*** - Ele - BSn** - BUn* - NGn* 269.68 0.01* 0.26
Period 2.C. Intensive low annual crops increase (replacing any land cover 

with LC)
AICc p-value R²

2003–2007 - Valley - Slp** - FGo** + SAo** - BSn*** - WAn - BUn - FGn -SAn 300.13 0.4 0.29
2007–2011 Valley (- Llu* - Cam*) - Slp* - Dist - FGo* + SAo** + LCn 400.4 <0.001*** 0.13
2011–2015 Valley (- Llu* - Cam*) - Slp** - Ele* - GLo* + SAo*** + BSn** + 

LCn** + FGn* + CNn* + NSn*** + SAn**
437.39 0.0001*** 0.25

2015–2019 Valley (- Cam*) - Slp** + Dist + SAo*** + BUn 356.67 <0.001*** 0.25
Period 2.D. Anti-aphid netting and/or greenhouses increase (replacing any 

land cover with NG)
AICc p-value R²

2007–2011 - Valley + LCo*** - NSn 195.42 <0.001*** 0.42
2011–2015 - Valley (Llu*** Vit*) - Slp** - Ele* + LCo*** + NGn + LCn 466.12 0.002** 0.48
2015–2019 Valley (- Llu***) - Slp* - Ele - Dist + LCo*** 387.43 <0.001*** 0.33
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cover change are oriented to intensification of production and are profit driven, because 
netting allows a noteworthy increase of mean production (Riquelme et  al. 2013; 
González et  al. 2013). Although at much lower pace, Lluta and Vítor seem to be fol-
lowing Azapás trend, showing some of the initial stages of intensification processes, 
and it is likely that Camarones may start to undergo the same change in the near 
future, possibly induced by the know-how development as the initial experience with 
the low crops and then the improvement into netting.

Our results showed that most land cover change was due to agricultural technifi-
cation, some expansion over absolute desert lands was also recorded. The latter trans-
formation from barren soil to cultivable lands requires a large input of resources, such 
as water, irrigation infrastructure and fertilizers, inducing a rapid intensification process 
due to the increase of netting over desert.

The slight reduction in the rate of agricultural expansion observed in Azapa during 
the last studied period (2015–2019), is in accordance to a deacceleration of the rate 
of land use change observed throughout South America in the same period (Winkler 
et  al. 2021). But, along to the effects of economy and market demands, in the studied 
valleys this pattern may be due to a growing scarcity of natural areas available from 
conversion to agriculture and to the development of intensive agriculture, using less 
area but with higher productivity systems.

As predicted, land cover change rate was strongly correlated with human population 
density, reflecting the importance of the population pressure as a driver of agricultural 
intensification (Geist et  al. 2006; Serra, Pons, and Saurí 2008; Rodriguez et  al. 2013; 
Hadush, Holden, and Tilahun 2019). Factors such as market size and the density of 
roads may be mechanisms that stimulate a faster land use change in agricultural regions 
with higher populations (Braimoh and Vlek 2005, Kleemann et  al. 2017).

Figure 5. R elationship between average human population density (2017) and land-cover change rate 
(2003–2017) for four agricultural valleys in northern Chile.
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One of the most striking aspects of the studied land cover change was the rapid irrup-
tion of anti-aphid netting in 2011. This production system is directly related to increases 
in productivity and income for local farmers, with significant savings in irrigation and 
agrochemical use, and a reduction of losses due to pests (Tapia and González 2014). The 
abrupt increase of anti-aphid netting usage observed in Azapa during the third and fourth 
periods could be related to the effect of a study published by Riquelme et  al. (2013), who 
conducted a field experiment on the use of this cultivation technology with tomatoes and 
sweet peppers, showing an important reduction of water and pesticides input with a 
remarkable increase of productivity. These findings spread rapidly among local farmers, 
increasing netting use. The annual growth rate of netting cover observed in Azapa (25%) 
is even higher than the world’s average of 20% annual growth rate of the use of green-
houses and netting-covered crops since 1980 (Pérez, López, and Fernández 2002).

In many temperate regions, this practice has had a controversial impact on the 
environment and landscapes (FAO 2013, 2017b; Caballero, Romero, and Espinosa 2015). 
Although direct benefits of netting include an important reduction of the use of agro-
chemicals (Berny 2007; Gupta 2019), and an improved efficiency in the use of irrigation 
water (Riquelme et  al. 2013), these structures represent an extreme transformation of 
the landscape, both esthetically and ecologically. The virtual disappearance of any type 
of vegetation and substrate remotion underneath an artificial cover eliminates the 
habitat for most wildlife adapted to open agricultural environments. The latter could 
lead to a biotic homogenization process, simplifying the structure and composition of 
the landscape (Hobbs et  al. 2006; Gaméz-Virués et  al. 2015). Particularly, in the valleys 
studied by us, the increased cover of anti-aphid netting is associated to an important 
decline in the abundance of many farmland birds (Castillo and Estades, in preparation).

Some of the biophysical drivers of agricultural intensification and land cover change 
found by us, such as, elevation and slope, are also common in other agricultural arid 
and semi-arid lands (Luo et  al. 2020). These topographic features, along with 
human-made elements of the landscape such as roads, are relevant to the accessibility 
to the land, facilitating land cover change. Also, socioeconomic factors like markets 
and local policies (e.g. state-sponsored projects to promote the development of a par-
ticular region) are important drivers of landscape change oriented to intensification 
(Lambin et  al. 2001; Ceddia et  al. 2014). Following the declaration of the Arica and 
Parinacota region as a Fruit-fly (Ceratitis capitata, Wiedemann 1824) free zone in 
2004, a diversification and expansion of crops was observed, because before that date 
only tomatoes were suitable to be commercialized outside the region (Mazuela et  al. 
2009). This policy also induced the increase of human population in some valleys, 
with an important work migration to rural areas related to agricultural technification 
and extensification, especially in Azapa.

Half a century ago, the studied valleys were dominated by traditional and extensive 
farming, mostly olive and other fruit groves (particularly in Azapa and Vítor), con-
forming a complex vertical structure which allowed the presence of a varied wildlife, 
particularly birds (Rottmann 1972). But the current land cover is dominated by few 
types of covered crop and anthropic structures such as anti-aphid netting, buildings, 
and water reservoirs, restricting the presence of native fauna, due the reduction of 
available habitat area as native shrublands. These changes in the ecosystem structure 
and composition may prove critical for some habitat specialist species (Gil-Tena et  al. 
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2015; Jeliaskov et  al. 2016). Indeed, in the last three decades, the Chilean woodstar 
(Eulidia yarrellii, Bourcier 1837), an endemic hummingbird of the Atacama Desert, 
went from being a rather common species to being considered Critically Endangered 
(BirdLife International 2020), because of its drastic population decline (Estades, 
Lazzoni, and Aguirre 2019). The latter has been particularly severe in the Azapa 
valley, in which the species has not been seen for many years, whereas the remaining 
populations are located in the less intensively managed valleys such as Vítor and 
Camarones (Estades, Lazzoni, and Aguirre 2019). This reduction has been attributed 
mostly to the loss of native shrubland and olive groves, which have been replaced 
by annual crops, mostly under netting. Indirectly, the level of intensification of the 
agriculture in some areas of the valleys has significantly raised the price of the land, 
making the acquisition of land for conservation an increasingly difficult task.

Conclusion

The four analyzed valleys, with their different degrees of human perturbation and 
socio-ecological features, represent a suitable study case to assess the land cover change 
in arid agricultural landscapes. This work provides some understanding of the patterns 
and mechanisms of land cover change in oasis-type agricultural valleys, in which the 
land available for cultivation is severely limited by aridity and topography. These 
results should be useful for landscape planners and conservation managers in arid 
regions, by providing some predictive tools regarding the areas where changes are 
most likely to occur. They also show that planning should consider scenarios of high 
dynamism in terms of land cover, particularly in areas with high population density.

Conservation of biodiversity in arid agricultural valleys such as the ones we studied, 
will likely require new policy regulations to allow for the compatibility of production 
intensification and the maintenance of minimal levels of naturalness. Our study shows 
how the unregulated shift from traditional cultivation practices to technology-intensive 
production systems, may have undesirable ecological impacts, even when the new 
technology may be more efficient in the use of water and agrochemicals.

Acknowledgments

Sandra Uribe and Jaime Hernández provided some valuable methodological suggestions. Wildlife 
Ecology Laboratory and Antumapu Campus Directive Committee provided some financial sup-
port for the development of this work. Finally, we thank the reviewers and academic editor of 
the journal, for their valuable contribution to improve our manuscript.

Disclosure statement

The authors declare having no conflict of interest.

ORCID

Matías G. Castillo  http://orcid.org/0000-0002-0734-3482
Cristián F. Estades  http://orcid.org/0000-0002-4479-7774



44 M. G. CASTILLO AND C. F. ESTADES

References

Adjei, E., W. Li, L. Narine, and Y. Zhang. 2023. What drives land use change in the Southern 
U.S.? A case study of Alabama. Forests 14 (2):171. doi: 10.3390/f14020171.

Barbosa, R., and C. Campos. 2011. Detection and geographical distribution of clearing areas in 
the savannas (‘lavrado’) of Roraima using Google Earth web tool. Journal of Geography and 
Regional Planning 4 (3):122–36. doi: 10.5897/JGRP.9000038.

Bastías, E., M. Díaz M, P. Pacheco C, R. Bustos P, and E. Hurtado C. 2011. Caracterización del 
maíz "Lluteño" (Zea mays L. tipo amylacea) proveniente del norte de Chile, tolerante a NaCl 
y exceso de boro, como una alternativa para la producción de bioenergía. Idesia (Arica) 29 
(3):7–16. doi: 10.4067/S0718-34292011000300002.

Berny, P. 2007. Pesticides and the intoxication of wild animals. Journal of Veterinary Pharmacology 
and Therapeutics 30 (2):93–100. doi: 10.1111/j.1365-2885.2007.00836.x.

BirdLife International. 2020. Eulidia yarrellii. The IUCN Red List of Threatened Species 2020: 
E.T22688244A181468935. doi: 10.2305/IUCN.UK.2020-3.RLTS.T22688244A181468935.en.

Braimoh, A. K., and P. L. G. Vlek. 2005. Land-cover change trajectories in Northern Ghana. 
Environmental Management 36 (3):356–73. doi: 10.1007/s00267-004-0283-7.

Caballero, A., A. Romero, and I. Espinosa. 2015. Landscape changes and environmental effects 
due to intensive agriculture in the Campo de Cartagena-Mar Menor (Murcia). Estudios 
Geográficos 76 (279):473–98. doi: 10.3989/estgeogr.201517.

Caldas, M. M., D. Goodin, S. Sherwood, J. M. Campos Krauer, and S. M. Wisely. 2013. Land-cover 
change in the Paraguayan Chaco: 200-2011. Journal of Land Use Science 10 (1):1–18. doi: 
10.1080/1747423X.2013.807314.

Cao, Q., Y. Liu, M. Georgescu, and J. Wu. 2020. Impacts of landscape changes on local and regional 
climate: A systematic review. Landscape Ecology 35 (6):1269–90. doi: 10.1007/s10980-020-01015-7.

Cavanaugh, J. 1997. Unifying the derivations for the Akaike and corrected Akaike information 
criteria. Statistics & Probability Letters 33 (2):201–8. doi: 10.1016/S0167-7152(96)00128-9.

Ceddia, M. G., N. O. Bardsley, S. Gomez-y-Paloma, and S. Sedlacek. 2014. Governance, agricul-
tural intensification, and land sparing in tropical South America. Proceedings of the National 
Academy of Sciences 111 (20):7242–7. doi: 10.1073/pnas.1317967111.

Cha, S., and C. Park. 2007. The utilization of Google earth images as reference data for the 
multitemporal land cover classification with MODIS data of North Korea. Korean Journal of 
Remote Sensing 23 (5):483–91.

Cofie, O., and T. Amede. 2015. Water management for sustainable agricultural intensification and 
smallholder resilience in sub-Saharan Africa. Water Resources and Rural Development 6:3–11. 
doi: 10.1016/j.wrr.2015.10.001.

Emmerson, M., M. Morales, J. Oñate, et  al. 2016. How agricultural intensification affects biodi-
versity and ecosystem services. Chapter 2. Advances in Ecological Research 55:43–97.

Estrada-Carmona, N., A. Sánchez, R. Remans, and S. Jones. 2022. Complex agricultural land-
scapes host more biodiversity than simple ones: A global meta-analysis. Proceedings of the 
National Academy of Sciences 119 (38):1–10. doi: 10.1073/pnas.2203385119.

Estades, C., I. Lazzoni, and J. Aguirre. 2019. Nesting ecology of the endangered chilean woodstar 
(Eulidia yarrellii). Ornitología Neotropical 30:11–8. doi: 10.58843/ornneo.v30i0.279.

FAO. 2013. Good agricultural practices for greenhouse vegetable crops. Principles for Mediterranean 
climate areas. Rome, Italy: FAO.

FAO. 2017a. The state of food and agriculture. Rome, Italy: FAO.
FAO. 2017b. Good agricultural practices for greenhouse vegetable production in the Southeast 

European countries. Rome, Italy: FAO.
Fischer, P., A. Comber, and R. Wadsworth. 2005. Land use and land cover: Contradiction or 

complement. In Re-presenting GIS, ed. P. Fischer and D. Unwin. Southern Gate, Chichester, 
West Sussex, UK: John Wiley & Sons Ltd, The Atrium.

Foley, J. A., R. Defries, G. P. Asner, C. Barford, G. Bonan, S. R. Carpenter, F. S. Chapin, M. T. 
Coe, G. C. Daily, H. K. Gibbs, et  al. 2005. Global Consequences of Land Use. Science (New 
York, N.Y.) 309 (5734):570–4. doi: 10.1126/science.1111772.

https://doi.org/10.3390/f14020171
https://doi.org/10.5897/JGRP.9000038
https://doi.org/10.4067/S0718-34292011000300002
https://doi.org/10.1111/j.1365-2885.2007.00836.x
https://doi.org/10.2305/IUCN.UK.2020-3.RLTS.T22688244A181468935.en
https://doi.org/10.1007/s00267-004-0283-7
https://doi.org/10.3989/estgeogr.201517
https://doi.org/10.1080/1747423X.2013.807314
https://doi.org/10.1007/s10980-020-01015-7
https://doi.org/10.1016/S0167-7152(96)00128-9
https://doi.org/10.1073/pnas.1317967111
https://doi.org/10.1016/j.wrr.2015.10.001
https://doi.org/10.1073/pnas.2203385119
https://doi.org/10.58843/ornneo.v30i0.279
https://doi.org/10.1126/science.1111772


Arid Land Research and Management 45

Gámez-Virués, S., D. J. Perović, M. M. Gossner, C. Börschig, N. Blüthgen, H. de Jong, N. K. Simons, 
A.-M. Klein, J. Krauss, G. Maier, et  al. 2015. Landscape simplification filters species traits and drives 
biotic homogenization. Nature Communications 6 (1):8568. doi: 10.1038/ncomms9568.

García, M., and C. Santoro. 2014. El maíz arqueológico como patrimonio genético y cultural del 
valle de Lluta. In Lluta: Historia De Los Cultivos Del Maíz En Un Valle Salado Norte De Chile, 
ed. A. Diaz and E. Bastías, 1st ed. Arica, Chile: Editorial Universidad de Tarapacá.

Geist, H., W. Mc Connell, E. Lambin, E. Moran, D. Alves, and T. Rudel. 2006. Causes and tra-
jectories of land-use/cover change. In Land-use and land-cover change. Global Change - The 
IGBP Series, ed. E. F. Lambin and H. Geist, Chapter 3. Berlin, Heidelberg: Springer. doi: 
10.1007/3-540-32202-7_3.

Ghorbani, A., and M. Pakravan. 2013. Land use mapping using visual vs. digital image interpre-
tation of TM and Google earth derived imagery in Shrivan-Darasi watershed (Northwest of 
Iran). European Journal of Experimental Biology 3 (1):576–82.

Gil-Tena, A., M. De Cáceres, A. Ernoult, A. Butet, L. Brotons, and F. Burel. 2015. Agricultural 
landscape composition as a driver of farmland bird diversity in Britanny (NW France). 
Agriculture, Ecosystem and Environment 205:79–89. doi: 10.1016/j.agee.2015.03.013.

González, F., A. Riquelme, P. Contreras-Luque, and P. Mazuela. 2013. General data for sustain-
ability of horticultural production in Azapa’s Valley, Arica, Chile. Idesia 31 (4):119–23. doi: 
10.4067/S0718-34292013000400016.

Graser, A. 2016. Learning QGis: Create great maps and perform geoprocessing tasks with ease. 3rd 
ed. Packt Publishing Ltd.

Grau, R., I. Gasparri, and M. Aide. 2005. Agriculture expansion and deforestation in seasonally 
dry forests of north-west Argentina. Environmental Conservation 32 (2):140–8. doi: 10.1017/
S0376892905002092.

Green, R. E., S. J. Cornell, J. P. W. Scharlemann, and A. Balmford. 2005. Farming and the fate 
of wild nature. Science (New York, N.Y.) 307 (5709):550–5. doi: 10.1126/science.1106049.

Guogang, W., Y. Degang, and Z. Xinhuan. 2012. Emergy evaluation of agriculture system in 
Oasis-Desert Region: Tarim River Basin case study. Third International Conference on Digital 
Manufacturing & Automation, 384–387. doi: 10.1109/ICDMA.2012.92.

Gupta, P. 2019. Toxic effects of pesticides and agrochemicals. In Concepts and applications in 
veterinary toxicology. Cham: Springer. doi: 10.1007/978-3-030-22250-5_4.

Hadush, M., S. T. Holden, and M. Tilahun. 2019. Does population pressure induce farm intensi-
fication? Empirical evidence from Tigrai Region, Ethiopia. Agricultural Economics 50 (3):259–
77. doi: 10.1111/agec.12482.

Harden, C. P., A. Chin, M. R. English, R. Fu, K. A. Galvin, A. K. Gerlak, P. F. McDowell, D. E. 
McNamara, J. M. Peterson, N. L. Poff, et  al. 2014. Understanding human-landscape interactions in 
the “Anthropocene”. Environmental Management 53 (1):4–13. doi: 10.1007/s00267-013-0082-0.

Henríquez, G. 2013. Caracterización de humedales altoandinos para una gestión sustentable de 
las actividades productivas del norte del país: Antecedentes Climáticos XV región de Arica 
y Parinacota. CIREN. 12 pp. http://bibliotecadigital.ciren.cl/bitstream/handle/123456789/6800/
CIREN-HUMED035.pdf

Herrmann, S., M. Brandt, K. Rasmussen, and R. Fensholt. 2020. Accelerating land cover change 
in West Africa over four decades as population pressure increased. Communications Earth & 
Environment 1 (1):53. doi: 10.1038/s43247-020-00053-y.

Hobbs, R. J., S. Arico, J. Aronson, J. S. Baron, P. Bridgewater, V. A. Cramer, P. R. Epstein, J. J. 
Ewel, C. A. Klink, A. E. Lugo, et  al. 2006. Novel ecosystems: Theoretical and management 
aspects of the new ecological world order. Global Ecology and Biogeography 15 (1):1–7. doi: 
10.1111/j.1466-822X.2006.00212.x.

Huang, C., S. Kim, K. Song, J. R. G. Townshend, P. Davis, A. Altstatt, O. Rodas, A. Yanosky, R. 
Clay, C. J. Tucker, et  al. 2009. Assessment of Paraguay’s forest cover change using Landsat 
observations. Global and Planetary Change 67 (1-2):1–12. doi: 10.1016/j.gloplacha.2008.12.009.

Ibarguchi, G. 2014. From Southern Cone arid lands, across Atacama, to the Altiplano: Biodiversity and 
conservation at the ends of the world. Biodiversity 15 (4):255–64. doi: 10.1080/14888386.2014.973446.

https://doi.org/10.1038/ncomms9568
https://doi.org/10.1007/3-540-32202-7_3
https://doi.org/10.1016/j.agee.2015.03.013
https://doi.org/10.4067/S0718-34292013000400016
https://doi.org/10.1017/S0376892905002092
https://doi.org/10.1017/S0376892905002092
https://doi.org/10.1126/science.1106049
https://doi.org/10.1109/ICDMA.2012.92
https://doi.org/10.1007/978-3-030-22250-5_4
https://doi.org/10.1111/agec.12482
https://doi.org/10.1007/s00267-013-0082-0
http://bibliotecadigital.ciren.cl/bitstream/handle/123456789/6800/CIREN-HUMED035.pdf
http://bibliotecadigital.ciren.cl/bitstream/handle/123456789/6800/CIREN-HUMED035.pdf
https://doi.org/10.1038/s43247-020-00053-y
https://doi.org/10.1111/j.1466-822X.2006.00212.x
https://doi.org/10.1016/j.gloplacha.2008.12.009
https://doi.org/10.1080/14888386.2014.973446


46 M. G. CASTILLO AND C. F. ESTADES

IUSS Working Group WRB. 2022. World reference base for soil resources. International soil classi-
fication system for naming soils and creating legends for soil maps. 4th ed. Vienna, Austria: 
International Union of Soil Sciences (IUSS).

Jeliazkov, A., A. Mimet, R. Chargé, F. Jiguet, V. Devictor, and F. Chiron. 2016. Impacts of agri-
cultural intensification on bird communities: New insights from a multi-level and multi-facet 
approach of biodiversity. Agriculture, Ecosystems and Environment 216:9–22. doi: 10.1016/j.
agee.2015.09.017.

Karp, D. S., A. J. Rominger, J. Zook, J. Ranganathan, P. R. Ehrlich, and G. C. Daily. 2012. 
Intensive agriculture erodes B-diversity at large scales. Ecology Letters 15 (9):963–70. doi: 
10.1111/j.1461-0248.2012.01815.x.

Kleemann, J., G. Baysal, H. N. N. Bulley, and C. Fürst. 2017. Assessing driving forces of land use 
and land cover change by a mixed-method approach in north-eastern Ghana, West Africa. 
Journal of Environmental Management 196:411–42. doi: 10.1016/j.jenvman.2017.01.053.

Lambin, E. F., B. L. Turner, H. J. Geist, S. B. Agbola, A. Angelsen, J. W. Bruce, O. T. Coomes, 
R. Dirzo, G. Fischer, C. Folke, et  al. 2001. The causes of land-use and land-cover change: 
Moving beyond the myths. Global Environmental Change 11 (4):261–9. doi: 10.1016/
S0959-3780(01)00007-3.

Łabędzki, L. 2016. Actions and measures for mitigation drought and water scarcity in agriculture. 
Journal of Water and Land Development 29 (1):3–10. doi: 10.1515/jwld-2016-0007.

Luebert, F., and P. Pliscoff. 2006. Sinopsis bioclimática y vegetacional de Chile. Editorial Universitaria. 
Santiago, Chile.

Luo, Y., Y. Lü, L. Liu, H. Liang, T. Li, and Y. Ren. 2020. Spatiotemporal scale and integrative 
methods matter for quantifying the driving forces of land cover change. The Science of the 
Total Environment 739:139622. doi: 10.1016/j.scitotenv.2020.139622.

Manzur, M., and N. Alanoca. 2012. Patrimonio Alimentario de Chile. Productos y preparaciones 
de la región de Arica y Parinacota. Fundación Sociedades Sustentables. FIA.

Maxwell, S. L., R. A. Fuller, T. M. Brooks, and J. E. M. Watson. 2016. Biodiversity: The ravages 
of guns, nets and bulldozers. Nature 536 (7615):143–5. doi: 10.1038/536143a.

Mazuela, P., E. Bastías, G. Sepúlveda, et al. 2009. El impacto de la industria semillera. Horticultura 
Global 286:46–9.

Mc Neely, J. 2003. Biodiversity in arid regions: Values and perceptions. Journal of Arid Environments 
54 (1):61–70. doi: 10.1006/jare.2001.0890.

Morteo-Montiel, S., S. R. Simms, L. Porter-Bolland, and M. Bonilla-Moheno. 2021. Does the 
simplification of activity systems produce landscape homogenization? Environment, Development 
and Sustainability 23 (4):5695–714. doi: 10.1007/s10668-020-00839-2.

Nahuelhual, L., A. Carmona, A. Lara, C. Echeverría, and M. E. González. 2012. Land-cover change to 
forest plantations: Proximate causes and implications for the landscape in south-central Chile. 
Landscape and Urban Planning 107 (1):12–20. doi: 10.1016/j.landurbplan.2012.04.006.

Nelson, K., and E. Burchfield. 2021. Landscape complexity and US crop production. Nature Food 
2 (5):330–8. doi: 10.1038/s43016-021-00281-1.

Oliva, R. 2017. Eficacia de los agro-textiles como método de protección de cultivos. Tesis 
Doctoral, Universidad de Almería. 371 pp.

Pérez, J., J. López, and M. Fernández. 2002. La Agricultura del Sureste: Situación actual y ten-
dencias de las estructuras de producción en la horticultura Almeriense. In Mediterráneo 
Económico 2: La Agricultura mediterránea en el siglo XXI, ed. J. M. García Álvarez-Coque, 
262–82. Instituto de Estudios Socioeconómicos de Cajamar.

Phelps, J., L. R. Carrasco, E. L. Webb, L. P. Koh, and U. Pascual. 2013. Agricultural intensification 
escalates future conservation costs. Proceedings of the National Academy of Sciences of the 
United States of America 110 (19):7601–6. doi: 10.1073/pnas.1220070110.

Plieninger, T., H. Draux, N. Fagerholm, C. Bieling, M. Bürgi, T. Kizos, T. Kuemmerle, J. Primdahl, and 
P. H. Verburg. 2016. The driving forces of landscape change in Europe: A systematic review of the 
evidence. Land Use Policy 57:204–14. doi: 10.1016/j.landusepol.2016.04.040.

Pliscoff, P., and T. Fuentes-Castillo. 2011. Representativeness of terrestrial ecosystems in Chile’s protect-
ed area system. Environmental Conservation 38 (3):303–11. doi: 10.1017/S0376892911000208.

https://doi.org/10.1016/j.agee.2015.09.017
https://doi.org/10.1016/j.agee.2015.09.017
https://doi.org/10.1111/j.1461-0248.2012.01815.x
https://doi.org/10.1016/j.jenvman.2017.01.053
https://doi.org/10.1016/S0959-3780(01)00007-3
https://doi.org/10.1016/S0959-3780(01)00007-3
https://doi.org/10.1515/jwld-2016-0007
https://doi.org/10.1016/j.scitotenv.2020.139622
https://doi.org/10.1038/536143a
https://doi.org/10.1006/jare.2001.0890
https://doi.org/10.1007/s10668-020-00839-2
https://doi.org/10.1016/j.landurbplan.2012.04.006
https://doi.org/10.1038/s43016-021-00281-1
https://doi.org/10.1073/pnas.1220070110
https://doi.org/10.1016/j.landusepol.2016.04.040
https://doi.org/10.1017/S0376892911000208


Arid Land Research and Management 47

Potapov, P., S. Turubanova, M. C. Hansen, A. Tyukavina, V. Zalles, A. Khan, X.-P. Song, A. 
Pickens, Q. Shen, J. Cortez, et  al. 2022. Global maps of cropland extent and change show 
accelerated cropland expansion in the twenty-first century. Nature Food 3 (1):19–28. doi: 
10.1038/s43016-021-00429-z.

Rasmussen, L. V., B. Coolsaet, A. Martin, O. Mertz, U. Pascual, E. Corbera, N. Dawson, J. A. 
Fisher, P. Franks, C. M. Ryan, et  al. 2018. Social-ecological outcomes of agricultural intensifi-
cation. Nature Sustainability 1 (6):275–82. doi: 10.1038/s41893-018-0070-8.

Riquelme-Garcés, A., F. González-Vallejos, P. Contreras-Luque, and P. Mazuela. 2013. Manejo del 
cultivo de hortalizas y su efecto en la sustentabilidad de un valle costero del desierto de 
Atacama, Chile. Idesia (Arica) 31 (3):113–7. doi: 10.4067/S0718-34292013000300016.

Rivera, M. 1983. Patrones prehistóricos y contemporáneos del uso de la tierra en el valle de 
Azapa, norte de Chile. Diálogo Andino 2:10–25.

Rodríguez, N., D. Armenteras-Pascual, and J. Retana. 2013. Land use and land cover change in 
the Colombian Andes: Dynamics and future scenarios. Journal of Land Use Science 8 (2):154–
74. doi: 10.1080/1747423X.2011.650228.

Rosalino, L., L. Verdade, M. Lyra-Jorge, et  al. 2014. Chapter 4: Adpatation and evolution in cha-
ging environments. In Applied ecology and human dimensions in biological conservation, ed. L. 
M. Verdade, 228. Heidelberg: Springer. doi: 10.1007/978-3-642-54751-5_4.

Rottmann, J. 1972. Algunas aves silvestres de los valles agrícolas inferiores a 1000m de altitud en 
el Departamento de Arica. Idesia 2:59–73.

Rudel, T. K., L. Schneider, M. Uriarte, B. L. Turner, II, R. DeFries, D. Lawrence, J. Geoghegan, 
S. Hecht, A. Ickowitz, E. F. Lambin, et  al. 2009. Agricultural intensification and changes in 
cultivated areas, 1970–2005. Proceedings of the National Academy of Sciences 106 (49):20675–80. 
doi: 10.1073/pnas.0812540106.

Sala, O. E., F. S. Chapin, J. J. Armesto, E. Berlow, J. Bloomfield, R. Dirzo, E. Huber-Sanwald, L. 
F. Huenneke, R. B. Jackson, A. Kinzig, et  al. 2000. Global biodiversity scenarios for the year 
2100. Science (New York, N.Y.) 287 (5459):1770–4. doi: 10.1126/science.287.5459.1770.

Salazar, A., G. Baldi, M. Hirota, J. Syktus, and C. McAlpine. 2015. Land use and land cover 
change impacts on the regional climate of non-Amazonian South America: A review. Global 
and Planetary Change 128:103–19. doi: 10.1016/j.gloplacha.2015.02.009.

Scarborough, V. 2012. Agricultural land use and intensification. In The Oxford handbook of mesoamer-
ican archaeology, ed. D. L. Nichols and C. A. Pool, 541. New York: Oxford University Press.

Sepúlveda, G., and F. Tapia. 2018. Aceituna de Azapa. 1st ed. Arica, Chile: Ediciones Universidad 
de Tarapacá.

Serra, P., X. Pons, and D. Saurí. 2008. Land-cover and land-use change in a Mediterranean land-
scape: A spatial analysis of driving forces integrating biophysical and human factors. Applied 
Geography 28 (3):189–209. doi: 10.1016/j.apgeog.2008.02.001.

Tapia, F., and M. González. 2014. Programa Integrado Territorial de Hortalizas para la Región de 
Arica y Parinacota. Proyecto Fondo para la Innovación y Competitividad de la Región de 
Arica y Parinacota. FIC y Fundación Para la Innovación Agraria, FIA, Chile, Instituto de 
Investigaciones Agropecuarias. Boletín INIA N° 304:139.

Tapia, F., and D. Vásquez. 2009. Tipologías de productores en el Valle de Azapa. Boletín N°197, 
37–51. Santiago, Chile: INIA.

Tapia, F., and B. Vega. 2009. Tipologías de productores en el Valle de Lluta. Boletín N°197, 52–63. 
Santiago, Chile: INIA.

Tahmasebi, T., E. Karami, and M. Keshavarz. 2020. Agricultural land use change under climate 
variability and change: Drivers and impacts. Journal of Arid Environments 180:104202. doi: 
10.1016/j.jaridenv.2020.104202.

Tello, V. 2017. Management of agricultural pests in the context of Arid Desert Zones. Idesia 35 (1):3–5.
Tilman, D., C. Balzer, J. Hill, and B. Befort. 2011. Global food demand and the sustainable in-

tensification of agriculture. Proceedings of the National Academy of Sciences 108 (50):20260–4. 
doi: 10.1073/pnas.1116437108.

Torres, A., and E. Acevedo. 2008. The salinity problem of the water and soil resources in Lluta 
and Azapa valleys in northern Chile. Idesia 26 (3):31–44.

https://doi.org/10.1038/s43016-021-00429-z
https://doi.org/10.1038/s41893-018-0070-8
https://doi.org/10.4067/S0718-34292013000300016
https://doi.org/10.1080/1747423X.2011.650228
https://doi.org/10.1007/978-3-642-54751-5_4
https://doi.org/10.1073/pnas.0812540106
https://doi.org/10.1126/science.287.5459.1770
https://doi.org/10.1016/j.gloplacha.2015.02.009
https://doi.org/10.1016/j.apgeog.2008.02.001
https://doi.org/10.1016/j.jaridenv.2020.104202
https://doi.org/10.1073/pnas.1116437108


48 M. G. CASTILLO AND C. F. ESTADES

Tscharntke, T., Y. Clough, T. C. Wanger, L. Jackson, I. Motzke, I. Perfecto, J. Vandermeer, and A. 
Whitbread. 2012. Global food security, biodiversity conservation and the future of agricultural 
intensification. Biological Conservation 151 (1):53–9. doi: 10.1016/j.biocon.2012.01.068.

Uribe, S., Estades, C. F, and Radeloff, V. 2020. Pine plantations and five decades of land use 
change in central Chile. PloS One 15 (3):e0230193. doi: 10.1371/journal.pone.0230193.

Williams, D. R., M. Clark, G. M. Buchanan, G. F. Ficetola, C. Rondinini, and D. Tilman. 2021. 
Proactive conservation to prevent habitat losses to agricultural expansion. Nature Sustainability 
4 (4):314–22. doi: 10.1038/s41893-020-00656-5.

Winkler, K., R. Fuchs, M. Rounsevell, and M. Herold. 2021. Global land use changes are four 
times greater than previously estimated. Nature Communications 12 (1):2501. doi: 10.1038/
s41467-021-22702-2.

Xu, X., S. Shrestha, H. Gilani, M. K. Gumma, B. N. Siddiqui, and A. K. Jain. 2020. Dynamics 
and drivers of land use and land cover changes in Bangladesh. Regional Environmental Change 
20 (2):54. doi: 10.1007/s10113-020-01650-5.

Yañez, L. 2018. Información regional 2018 región de Arica y Parinacota. Santiago, Chile: ODEPA, 
Ministerio de Agricultura, Gobierno de Chile.

Zabel, F., R. Delzeit, J. M. Schneider, R. Seppelt, W. Mauser, and T. Václavík. 2019. Global im-
pacts of future cropland expansion and intensification on agricultural markets and biodiversity. 
Nature Communications 10 (1):2844. doi: 10.1038/s41467-019-10775-z.

Zak, M., M. Cabido, D. Cáceres, and S. Díaz. 2008. What drives accelerated land cover change 
in Central Argentina? Synergistic consequences of climatic, socioeconomic, and technological 
factors. Environmental Management 42 (2):181–9. doi: 10.1007/s00267-008-9101-y.

Zhang, Y., A. Tariq, A. C. Hughes, D. Hong, F. Wei, H. Sun, J. Sardans, J. Peñuelas, G. Perry, J. 
Qiao, et  al. 2023. Challenges and solutions to biodiversity conservation in arid lands. The 
Science of the Total Environment 857 (Pt 3):159695. doi: 10.1016/j.scitotenv.2022.159695.

Zhao, Y., D. Feng, L. Yu, X. Wang, Y. Chen, Y. Bai, H. J. Hernández, M. Galleguillos, C. Estades, G. S. 
Biging, et  al. 2016. Detailed dynamic land cover mapping of Chile: Accuracy improvement by inte-
grating multi-temporal data. Remote Sensing of Environment. 183:170–85. doi: 10.1016/j.rse.2016.05.016.

Zuur, A., E. Ieno, N. Walker, et  al. 2009. Mixed effect models and extensions in ecology with R. Statistics 
for biology and health. New York. Springer Science + Business Media. doi: 10.1007/978-0-387-87458-6.

https://doi.org/10.1016/j.biocon.2012.01.068
https://doi.org/10.1371/journal.pone.0230193
https://doi.org/10.1038/s41893-020-00656-5
https://doi.org/10.1038/s41467-021-22702-2
https://doi.org/10.1038/s41467-021-22702-2
https://doi.org/10.1007/s10113-020-01650-5
https://doi.org/10.1038/s41467-019-10775-z
https://doi.org/10.1007/s00267-008-9101-y
https://doi.org/10.1016/j.scitotenv.2022.159695
https://doi.org/10.1016/j.rse.2016.05.016
https://doi.org/10.1007/978-0-387-87458-6

	Rapid land cover change in agricultural valleys of the Atacama Desert, Chile
	ABSTRACT
	Introduction
	Study area
	Methods
	Results
	Discussion
	Conclusion
	Acknowledgments
	Disclosure statement
	ORCID
	References


