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1. Introduction

For at least 5000 years, humankind has been developing irrigated agri-
cultural systems to mitigate droughts and to increase crop production
(Gulhati and Smith, 1967). Currently 306 million ha (Mha) of land is
under irrigation worldwide, with 240 Mha of this land being converted
from rainfed agriculture during the last century (1900-2005) (Siebert
et al., 2015). The need for increased agricultural production and to deal
with climate change are likely to further increase irrigated areas, alongside
with efforts to save water and maximise irrigation efficiency (Puy et al.,
2020; Rosa, 2022; Wang et al., 2021).

One approach to improving irrigation efficiency is to adopt centre-pivot
irrigation systems. These systems are characterised by a moving lateral line
with several emitters, supported above ground by towers that rotate around
a central-pivot mechanism, thus irrigating a circular area (Phocaides,
2000). They gained popularity during the second half of the 20th century,
arguably due to their high efficiency, application uniformity, and low la-
bour requirements (King, 2016). Currently, centre-pivot irrigation is
found in some of the main cereal-producing countries of the world and is
the preferred irrigation method in the USA (King, 2016) and Brazil (ANA,
2021). Centre-pivot systems are also being increasingly employed for irri-
gation in Argentina, China, Portugal, Saudi Arabia, and Spain (Aimar
et al., 2022; Johansen et al., 2021; Lian et al., 2022; Silva, 2017).

Centre pivots are often run at low pressure in order to reduce energy de-
mands and decrease operational costs (Baptista et al., 2019). However, low-
ering the pressure of centre-pivot systems leads to a decrease in sprinkler
wetted areas and an increase in droplet sizes, both of which increase
water application rates (Gilley, 1984; Hasheminia, 1994). These can be par-
ticularly high at the outer spans of large centre pivots, as the discharge per
unit length of the lateral line increases proportionally to the distance to the
pivot point (Lehrsch et al., 2014).

It follows that peak application rates under the outer span of low-
pressure centre-pivot systems can reach 200 mm h~' (King and
Bjorneberg, 2011), which exceeds the intensity of most natural rainfall
events. Application of water at high intensity leads to infiltration-excess
runoff generation, even in highly permeable soils (Hasheminia, 1994;
Kincaid, 2002), and it is recognised that runoff and soil erosion can be a sig-
nificant problem under centre pivots (Kincaid, 2005, 2002; King, 2016;
King and Bjorneberg, 2011; Silva, 2006, 2017). Soil erosion in irrigated ar-
able land is particularly problematic because soil degradation resulting
from erosional processes can reduce water holding capacity (Batista et al.,
2023b) and therefore exacerbate crop vulnerability to droughts (Quinton
et al., 2022), which in turn might increase irrigation demands through a
positive feedback loop. Despite the recognition that erosion is a problem
under centre pivots, research to date has been based on individual field
studies where (i) soil and water losses were measured from experimental
plots during irrigation (King, 2016; King and Bjorneberg, 2011), and (ii)
different management techniques to minimise runoff and soil erosion
were tested at the plot scale (Kincaid et al., 1990; Silva, 2017). This
means that there is a lack of systematic information regarding the extent
and severity of soil erosion in centre-pivot-irrigated land worldwide.

Erosion mapping, where erosion and depositional features are identi-
fied from aerial and/or satellite images, offer the best option for assessing
the frequency and severity of erosion under centre pivots; and has previ-
ously been used in agricultural land over time and across large areas
(Fischer et al., 2018; Zweifel et al., 2019). Nevertheless, timing of the im-
ages compared to the occurrence of erosion events can be a problem as till-
age and crop growth can mask erosion features (Boardman, 2016).
Modelling offers an alternative approach and erosion models can be suit-
able for identifying eroding fields at regional scale, provided that models
are fit for purpose and that adequate data is available for parameterisation
(Batista et al., 2019). However, to our knowledge there is no model able to
reliably simulate soil erosion under centre-pivot systems (see Kincaid,
2002), which ruled out this approach.

Here we investigate the presence and severity of soil erosion under-
neath centre-pivot irrigation systems using Google Earth™ (GE) imagery.

The intensity and frequency of erosion features in 738 centre-pivot fields
in the municipality of Cristalina (6154 km?), state of Goiés, Brazil were
mapped. The study area was chosen due to its importance for irrigated ce-
real production in Brazil and due to the availability of multiple GE images
over time. Moreover, the centre-pivot fields in Cristalina represent the
cropping systems, soil types, and slope gradients typically found in the
Brazilian Cerrado, one of the most important grain-producing regions of
the world and the main centre-pivot irrigated zone in Brazil. Importantly,
the climate in the region is characterised by a pronouncedly dry winter,
which helps to differentiate erosion features associated with either rainfall
or irrigation. To the best of our knowledge, this study presents the first sys-
tematic, broad assessment of soil erosion severity under centre-pivot irriga-
tion systems.

2. Methods
2.1. Study area

The municipality of Cristalina, state of Goias, covers an area of
6154 km? in the Brazilian Central Highlands (Fig. 1). The region is part of
the Cerrado biome, which is characterised by a savannah-like vegetation
and a markedly seasonal tropical climate, with rainy summers and dry win-
ters (Aw climate type in Koppen's climatic classification). The average
monthly temperature in Cristalina is 21 °C and the average annual precipi-
tation is 1524 mm, which is almost entirely concentrated in the rainy sea-
son (September-April) (Alvares et al., 2013) (Fig. 2).

Elevation in Cristalina ranges from 732 to 1255 m a.s.l. (median =
910 m a.s.l.) (Fig. 1). Slopes are mostly gentle (median = 6 %; interquartile
range = 3-9 %), coinciding with the occurrence of deeply weathered,
leached Ferralsols, on the highest positions of the landscape, and
Plinthosols, on hillsides and tableland edges (EMATER, 2016, Marques
etal., 2004). Cambisols are found on steeper terrain at the edge of Tertiary
erosional surfaces (Marques et al., 2004). The eastern area of the municipal-
ity is drained by the Sdo Marcos River, whilst the western area is drained by
the Corumba River, both of which are part of the Parana basin.

Land use in Cristalina is characterised by an intensive agriculture, which
expanded into the Brazilian Cerrado in the second half of the 20th century.
This resulted in the conversion of low fertility soils to crop production by
liming and high fertiliser input (Lopes and Guilherme, 2016). Currently,
the Cerrado region is one of most important grain-producing areas in the
world and arguably Brazil's most threatened biome (Garrett et al., 2018;
Hunke et al., 2015). In Cristalina, permanent and annual cropland occupy
about 34 % of the municipality area (IBGE, 2017). As in most of the
Cerrado, the main harvested crops are soyabeans (Glycine max), maize
(Zea mays), and common beans (Phaseolus vulgaris) (IBGE, 2017). Impor-
tantly, Cristalina is in the main centre-pivot irrigation zone of Brazil and
is the municipality with the third largest centre-pivot irrigated area in the
country, with 783 pivots that irrigate an area of approximately 60,000 ha
(mean irrigated area per centre pivot is 76 ha) (ANA, 2021).

Year-round use of centre-pivot systems means that soils are not only ex-
posed to erosive water drops in the rainy season, but throughout the year.
Centre-pivot irrigation in Cristalina (and throughout the Brazilian Cerrado)
allows for 4-5 crops for every two crop years, with a typical crop rotation of
soyabeans (1st crop, sowed in Sep/Oct) followed by maize (2nd crop,
sowed in Jan/Feb/Mar), potentially followed by common beans (3rd
crop, sowed in Apr/May) (ANA, 2021). Irrigation is used to supplement
water deficits for the 1st crop in the case of dry spells during summer; to in-
crease productivity for the 2nd crop, which is partially grown during the
dry season; and to irrigate the third crop, which relies almost entirely on ir-
rigation water (ANA, 2021).

2.2. Classification of erosion features
To assess the severity and extent of soil erosion underneath centre

pivots in Cristalina, we examined satellite images available from Google
Earth™ (GE). These images are free to access and allow for the identification



Fig. 1. Digital elevation model (DEM), hydrography, and centre-pivot-irrigated fields in the municipality of Cristalina, Brazil. Circle sizes represent the area of the centre-pivot

fields, which range from 9 to 172 ha (mean = 76 ha).

of erosion features, such as rills and ephemeral gullies, with comparable re-
sults to field-mapped data (Boardman, 2016). The location of each centre
pivot in the study area was taken from the Brazilian Irrigation Atlas
(ANA, 2021), which used multiple satellite images to identify centre-pivot
fields in Brazil for the year of 2019.

Fig. 2. Long-term average monthly temperature and rainfall (1950-1990) for the
municipality of Cristalina, Brazil. Data from Alvares et al. (2013).

Our approach consisted of ranking erosion severity classes based on a
visual interpretation of erosion features (Fischer et al., 2018). Since the
timing of GE images is somewhat arbitrary and spatially heterogeneous,
we decided to analyse the last five images available for the location of
each centre-pivot field. Hence, the image dates and the number of available
images may vary between individual fields. To reduce the potential for mis-
classifications, we did not consider depositional features, interrill erosion,
or signs of soil truncation. Instead, we focused on identifying linear erosion
features, which are more easily distinguishable in the images. For simplic-
ity, hereon these linear features will be referred as erosion rills, although
some might be considered ephemeral gullies.

As such, we predefined four erosion classes:

+ Class 0: no visible erosion rills underneath the centre-pivot area (Fig. 3a).

» Class 1: legacy rills still visible after tillage, harvest, or crop growth; not
actively eroding at the time of the image (Fig. 3b).

+ Class 2: visible, active rills with a maximum length shorter than V4 of the
pivot diameter; rill-affected area <25 % of the field area (Fig. 3c).

« Class 3: visible, active rills with a maximum length longer than Y% of the
pivot diameter; or rill-affected area >25 % of the field area (Fig. 3d).

In August 2022, one classifier (Classifier #1, trained researcher in soil
erosion) performed an initial classification of all centre-pivot fields, using



Fig. 3. Classification example: a) Centre-pivot field (Jun 2021) with no signs of rill erosion (Class 0); b) Centre-pivot field (May 2020) with legacy signs of rill erosion (Class
1); ¢) Centre-pivot field (May 2019) with longest rill < ¥4 of the pivot diameter (Class 2); d) Centre-pivot image (July 2019) with longest rill > V4 of the pivot diameter (Class

3). Imagery from Google Earth™.

the latest available images in GE, as described above. This same classifier
then reanalysed all the centre-pivot-field images with the presence of ero-
sion features (Classes >0), this time measuring the length of the longest
rill per centre-pivot image and correcting for false positives. From October
to December 2022, two additional classifiers (Classifier #2 and Classifier
#3, trained researchers in soil erosion) accomplished another classification
of all centre-pivot fields (25 % of the pivots by Classifier #2, 75 % of the
pivots by Classifier #3). This was performed to evaluate the agreement be-
tween the classifiers and to provide an assessment of classification error,
which was quantified by a confusion matrix, Cohen's kappa coefficient,
and the root mean square deviation (RSMD) of the categorisations (Classes
0 to 3). The kappa coefficient ranges from —1 to 1, with values close to zero
indicating the majority of the agreement may be random and values above
0.4 indicating a satisfactory agreement, while below — 0.4 indicating a sys-
tematic disagreement. The RMSD takes the same unit as the target variable
and ranges from 0 to infinity, with lower values indicating a higher agree-
ment between the classifications (see Bennett et al., 2013 for formulae and
interpretation of the metrics). Of note is that the additional classifiers were
also responsible for identifying the presence of soil conservation structures
(e.g., broad-based terraces and grassed waterways), offsite pollution-
control structures (e.g., along-road and in-field retention basins), and po-
tential triggers for rill incision (e.g., compacted tramlines, Saggau et al.,
2022, Silgram et al., 2010) in the centre-pivot fields. Moreover, to interpret
the classification outputs we used terrain attributes (slope gradient and

flow distance to the nearest stream channel) derived from a
30 m x 30 m resolution digital elevation model (DEM) from the Shuttle
Radar Topography Mission (SRTM) and the areas of the centre-pivot fields
available from the Brazilian Irrigation Atlas (ANA, 2021). The differences
in terrain attributes and field sizes between eroding and non-eroding pivots
was evaluated with the Kruskal-Wallis H test and all statistical/data analy-
ses were performed in R (R Core Team, 2023).

3. Results and discussion

3.1. Classification of erosion features in centre-pivot fields and its accuracy as-
sessment

We classified 738 from the 783 centre-pivot fields mapped in Cristalina
by the Brazilian Irrigation Atlas (ANA, 2021) (total area = 56,462 ha). The
remaining fields (45) could not be identified by at least one of the classifiers
during the image analysis, e.g., the pivots were not present when the GE im-
ages were taken.

Approximately four images per centre-pivot field were analysed. Thus, a
total of 2950 centre-pivot-field images were analysed by Classifier #1 and
2966 by Classifiers #2 and #3, combined. The slightly larger number of
centre-pivot-field images analysed by the Classifiers #2 and #3 was ex-
plained by the availability of more recent GE images when they performed
their classification, which led to a difference in the dates of the images



analysed by the classifiers. For instance, Classifiers #2 and #3 analysed 62
centre-pivot-field images from 2022, while only one field-image from this
year was evaluated by Classifier #1. Accordingly, the median period cov-
ered by the GE images per centre-pivot field was three years, for Classifier
#1, and four years for Classifiers #2 and #3. In both cases the median
year of the images per centre-pivot field was 2019.

To estimate the agreement between classifiers, 2188 centre-pivot-field
images were classified twice. Classifiers #2 and #3 identified signs of ero-
sion in 331 centre-pivot fields (Class >0 for at least one of the available GE
images). Classifier #1 was more conservative identifying 238 eroding
fields, possibly due to the additional classification performed during the
measurement of rill lengths (see Section 2.2). The identification of centre-
pivot fields with the presence of erosion features had an overall agreement
between classifiers of 80 % (76 % for non-eroding fields and 87 % for erod-
ing fields) (Cohen's kappa = 0.59). The differences between the classifiers
stemmed from missing small signs of rill erosion, mistaking cattle trails for
rills, and potential typing errors when tabulating the data. The longer

Fig. 4. Location of eroding and non-eroding centre-pivot fields in Cristalina, Brazil.
Only those fields where both classifiers identified erosion features were considered
to be eroding. Circle sizes represent the area of the centre-pivot fields, which range
from 9 to 172 ha (mean = 76 ha).

period covered by the GE images per centre-pivot field available for Classi-
fiers #2 and #3 might have also increased their identification of centre-
pivot-field images with erosion features.

According to the matching classifications, 211 centre-pivot fields
displayed signs of rill erosion, which corresponded to 29 % of 738 analysed
fields (Fig. 4). The eroding centre-pivot fields were more likely to be iden-
tified when a larger number of images from different timepoints were avail-
able (Fig. 5). This highlights the importance of the timing of the image
corresponding with the period of erosion events when identifying erosion
features (Boardman, 2016; Fischer et al., 2018). It also points out that our
approach underestimates the number of eroding fields for the areas with
fewer images.

If we considered only the 2188 centre-pivot-field images with matching
image dates, it was clear that the disagreements between classifiers were
mostly associated to the assignment of neighbouring categories (Cohen's
kappa = 0.53; RMSD = 0.24) (Fig. 6). This pattern was particularly evi-
dent for erosion classes 1 and 2, which displayed the lowest classification
agreement (74 % and 72 %, respectively). The discrepancies in these classes
were expected, as the identification of smaller rills is error prone. Moreover,
distinguishing what constitutes a legacy rill, compared to an actively erod-
ing one, is partially subjective. Nevertheless, Classifier #1 assigned a
greater proportion of eroding centre-pivot images to Class 3 (29 %) and a
lesser proportion to Classes 1 and 2 (38 % and 33 %, respectively), com-
pared to Classifiers #2 and #3 (Class 1 = 44 %, Class 2 = 37 %, Class
3 = 19 %) (Fig. 6).

To increase the confidence in our soil erosion assessment, we focused
the remainder of our results and discussion on the centre-pivot fields and
centre-pivot-field images where classifications agreed. A shapefile contain-
ing the location of the centre-pivot fields, their erosion classification, and
the date of the analysed GE images has been uploaded to an open-access
data repository (Batista et al., 2023a). Moreover, in the following sections
we provide a centre pivot identification number (Pivot ID) for all figures
which display GE images of centre-pivot fields. This number is taken from
the Brazilian Irrigation Atlas (ANA, 2021) and can be used to identify the
centre-pivot fields in the above-mentioned shapefile.

3.2. Temporal patterns of soil erosion in centre-pivot irrigated fields

Most erosion features were identified during the dry season of the
Brazilian Cerrado, using images from May, June, and July (Fig. 7). This
was related to the greater availability of GE images with low cloud cover
during this period of the year. Erosion features were identified in more
than one image for 52 % of the eroding centre-pivot fields. This frequent
identification of active, severe signs of rill erosion during periods with
very low rainfall indicates that centre-pivot irrigation might be either ag-
gravating or initiating soil erosion. As argued by Boardman and Evans
(2020), the timing of erosion monitoring is critical, as erosion signs are eas-
ily be masked by vegetation — particularly in the humid tropics.

Fig. 5. Relative frequency (0-1) of the number of GE images per centre-pivot field
for eroding and non-eroding fields.



Fig. 6. Confusion matrix for the erosion-feature classes assigned by Classifier #1
and Classifiers #2 and #3 for the centre-pivot-field images. Each column
represents the classes assigned by Classifier #1. The rows represent the classes
assigned by Classifiers #2 and #3. Numbers in the boxes refer to the frequency of
erosion classes assigned by the classifiers.

As rills incised during the rainy season would have been at least par-
tially filled up during tillage, harvesting, and sowing of the subsequent
crops (Fig. 8a), the erosion features identified in the months of May to
July are likely to be associated with the second or third crop in the rotation.
Active erosion features (Classes 2 and 3) associated with the third crop (typ-
ical sowing dates from April to May), provide evidence that irrigation is the
driver of soil erosion underneath the centre-pivots (Fig. 8b). In cases where
active rills were found in the second crop, we cannot disregard the hypoth-
esis that the channels were already established by rainfall erosion at the end
of the rainy season, which coincides with the sowing dates (Fig. 7) and the
early development stages of the second crop. Erosion can also be linked to
climatic anomalies leading to rare erosive rainfall events in the beginning of

the dry season, e.g., above-average rainfall was reported within the study
area in April and May 2019. However, the severity, extent, and persistence
of the soil erosion features identified during the height of the dry season in-
dicate that, at the very least, irrigation is partially responsible for the activ-
ity of rills (Fig. 8d). There is also evidence that centre-pivot irrigation
promoted soil erosion in previously established rill channels (Fig. 8c).

The occurrence of erosion under centre pivots can be attributed to the
water application rates, which typically reach 60 to 200 mm hr~! (King
and Bjorneberg, 2011). Such application rates are likely to exceed many
of the soil infiltration capacities in the region (around 50 mm hr ~* for
Ferralsols in the Cerrado, Panachuki et al., 2011) and may initiate overland
flow and soil erosion. Moreover, rill incision can be triggered due to the
breaching of compacted centre-pivot wheel tracks (for example, Fig. 8b,d).

3.3. Extent and drivers of soil erosion in centre-pivot-irrigated fields

The median length of the longest rill per centre-pivot image was 260 m
(interquartile range = 151-440 m), with a maximum value over 1200 m
(Fig. 9). These rill lengths are some of the longest described in the scientific
literature and exceed those found in Boardman (2016), Fischer et al.
(2018), Prasuhn (2020), and Van Oost et al. (2005). Rills underneath centre
pivots in Cristalina appear commensurate to gully networks, such as those
developed in olive orchards in Spain (Castillo et al., 2012). In some cases,
the centre-pivot images illustrate widespread signs of soil erosion over a
large proportion of the field, significantly impacting on crop production
(Fig. 10).

The large field sizes found under the centre pivots is likely to be respon-
sible for the length of the Cristalina rills exceeding those of Central Europe
and the UK, where field sizes are much smaller and land use is much patch-
ier. For example, a single centre pivot in Cristalina can cover an area larger
than the 94 ha experimental catchment where Cerdan et al. (2002) moni-
tored rill erosion in multiple fields with areas of 1-10 ha.

The analysed images also indicate off-site erosion impacts. Runoff from
the centre pivots flows downslope into adjacent fields, even during the dry
season (Fig. 11a). Moreover, the concentrated flow from within the centre-
pivot irrigated areas sometimes crosses adjacent roads and field bound-
aries, creating rill channels across downslope fields (Fig. 11b). Additionally,
we observed soil erosion off-site effects associated to the runoff connectiv-
ity to surface waters (Fig. 11c,d). Since runoff from agricultural land is often
linked to the transport of particulate and dissolved pollutants (Didoné et al.,

Fig. 7. Number of analysed centre-pivot fields according to the month of the year of the GE images. Rainfall data from Alvares et al. (2013).



Fig. 8. a) Freshly tilled soil in a centre-pivot field in April 2020 (Pivot ID 17149, diameter = 620 m). b) Soil erosion for the same field (Pivot ID 17149) in May 2020: rills
initiated from the centre-pivot circular wheel tracks, as seen on the top-left centre-pivot quadrant, and from a linear feature leading to the pivot. ¢) Soil erosion during centre-
pivot irrigation in April 2018: darker-red (wet) soil can be seen moving along the rills and being deposited on adjacent dirt roads while the irrigation tower moves counter
clockwise (Pivot ID 16629, diameter = 1370 m). d) Extensive rill network across the centre-pivot-field diameter in July 2019 (Pivot ID 11705, diameter = 1115 m);
breached circular centre-pivot-wheel tracks lead to rill incision, parallel tracks supply sediment and runoff to the incised rill network. Imagery from Google Earth™.

2021; Quinton and Catt, 2007), the overland flow originating from under-
neath centre pivots and moving into surface waters poses a threat to
water quality and supply in Cristalina.

Regarding the causes of soil erosion in the centre-pivot-irrigated fields,
we found that rill incision was often linked to centre-pivot-wheel tracks
(e.g., Figs. 11c, 8b,d), which were identified as the direct cause for rill de-
velopment in at least 51 centre-pivot-field images. These tracks can

Fig. 9. Stacked histogram of the longest rill lengths per centre-pivot field observed
in the GE images for irrigated areas in Cristalina, Brazil.

undergo severe compaction if the lateral tower is moving over ponded or
saturated soil, creating deep circular channels that intercept runoff within
the irrigated fields (Kincaid, 2002) (Fig. 12). We identified that rill incision
occurred as these circular channels collected runoff and sediment along the
flow path, until reaching a point in which the topographical flow direction
becomes roughly perpendicular to the tangent of circular wheel track. At
this stage, the concentrated flow breaks through the compacted wheel-
channel banks (Fig. 11c). The rill may also cross parallel tracks, where it
might receive runoff and sediment from that track, creating a highly con-
nected rill network (Fig. 8d).

The DEM-extracted terrain attributes from the centre-pivot fields fur-
ther allow us to draw conclusions about the locations of the eroding centre
pivots: (i) eroding centre-pivot fields were located in areas with signifi-
cantly higher slopes (p < 0.01) than the fields without erosion features (me-
dian slope for eroding fields = 4.7 %, median for non-eroding fields =
3.8 %, Fig. 13); (ii) the eroding fields had significant shorter distances
along the flow path to the nearest stream channels (p < 0.01) (median =
263 m, Fig. 13) compared to the non-eroding (median = 452 m, Fig. 13),
indicating the incision of erosion rills in flow-accumulating, concave posi-
tions of the landscape. There was no significant difference between eroding
and non-eroding centre-pivot-field sizes (p = 0.60).

The main soil conservation and offsite pollution control structures cur-
rently employed in the centre-pivot fields were retention basins and
broad-based terraces (Fig. 14). Of note is that soil conservation practices,
particularly terracing, were more frequently identified in the eroding



Fig. 10. Severe signs of soil erosion over a large proportion of the centre-pivot field (Pivot ID 11508, diameter = 800 m), compromising crop yields in the affected area (about
30 % of the field) (May 2020). Adjacent rainfed, terraced cropland on the right side of the image does not show similar erosional features. Imagery from Google Earth™.

centre-pivot fields, compared to the non-eroding (Fig. 14). This is possibly
the result of terraces being established as a means to counteract soil erosion,
rather than preventing it. However, improvised terraces (i.e., not properly
designed along contour lines), seemed to be ineffective in stopping soil ero-
sion once rill channels were already incised (Fig. 8c).

3.4. Perspectives for managing soil erosion in centre-pivot-irrigated fields in the
Bragilian Cerrado

The extent and severity of soil erosion features under centre-pivot irri-
gation systems in Cristalina are leading to significant land degradation.
Based on the analysis of potential causes of soil erosion in the area, we
can recommend a number of management practices to control soil erosion
and surface runoff in centre-pivot-irrigated fields in the Brazilian Cerrado.

To address management challenges associated with centre-pivot irriga-
tion, such as high water-application rates and the potential for wheel-track
compaction, soil conservation practices that promote soil cover and soil-
water infiltration and prevent harmful runoff concentration during both ir-
rigation and the summer-concentrated rainfall are required. These include
zero tillage, reservoir tillage, broad-based terracing, retention basins, and
grassed waterways (Fiener and Auerswald, 2003; Horbe et al., 2021;
Silva, 2017). Although zero-tillage is widely employed in the Brazilian
Cerrado, this technique alone is not always sufficient to prevent soil erosion
and combining it with other soil conservation practices, such as broad-
based terracing, has been shown to be more effective (e.g., Didoné et al.,
2017; Londero et al., 2021).

Adequate design and operation of centre-pivot systems are as important
as soil management for preventing runoff and erosion during irrigation
(Lehrsch et al., 2014). If properly managed, centre-pivot systems can be
highly effective and have been shown to improve soil and surface water
quality in areas where furrow irrigation was used previously (Bjorneberg
et al., 2020; Ippolito et al., 2017). Appropriate management entails apply-
ing an optimum water depth and at the right time (based on crop demands,
at smaller depths with higher frequency), at intensities that allow for soil-
water infiltration. To this end, booms (or offset booms or boom backs) on
alternate sides of the centre-pivot lateral line are an effective approach for
reducing water application rates by increasing the sprinkler wetted area
(Nakawuka et al., 2014). Moreover, boom backs designed to extend the
sprinklers behind centre-pivot wheels can keep wheel tracks dry until the
lateral passage, which reduces the potential for tyre-rut formation (Martin
et al., 2017). This is critical, as our results indicate that avoiding soil

compaction on the centre-pivot-wheel tracks should be a priority.
Variable-rate sprinklers can also help preventing runoff by use of a variable
discharge rate depending on field characteristics (Martin et al., 2017). On
top of management practices, it is important to highlight that the design
of centre pivots can be improved to minimise the risk of overland flow
and soil erosion by (i) avoiding long lateral lines with excessive discharge
at their outer spans, and (ii) choosing appropriate wheels/tyres to avoid
soil compaction.

Ultimately, controlling soil erosion and surface runoff in centre-pivot-
irrigated fields in the Brazilian Cerrado is crucial to avoid the erosional ef-
fects that exacerbate crop vulnerability to droughts (Quinton et al., 2022).
For instance, soil erosion by water selectively removes finer soil particles
and soil organic carbon, reducing soil water holding capacity and increas-
ing runoff propensity (Batista et al., 2023b). Hence, erosion is likely to in-
crease irrigation demands, as a lesser proportion of the precipitation
becomes eventually available to plants, creating a highly undesirable posi-
tive feedback loop between irrigation and soil erosion.

4. Conclusions

Here we have used Google Earth™ (GE) images to map erosion features
for 738 centre-pivot fields (total area = 56,462 ha) in the municipality of
Cristalina, in the Brazilian Cerrado. We found that:

i) at least 29 % of centre-pivot fields in the study area displayed signs of
rill erosion over the latest five available GE images at the time of the
analysis (median image year per centre-pivot = 2019, median image
range per centre-pivot = 3 years),

ii) rills were mostly identified during the dry season, which coincided
with time of the year of greater image availability, and

iii) the median length of the longest rill per centre-pivot field was 260 m,
with maximum values over 1200 m.

The consistent identification of widespread, severe erosion features un-
derneath the centre-pivots during the dry season of the Brazilian Cerrado
strongly suggests that irrigation causes or aggravates erosion in the study
area. Our analysis further demonstrated how centre-pivot irrigation can di-
rectly cause soil erosion, due to excessive application rates in periods of
very low rainfall; or indirectly, due to the creation of circular pivot-
wheel-track channels that are breached in flow-accumulating concavities
and promote rill incision. Furthermore, we found that eroding centre-



Fig. 11. a) Extensive erosion in a fallow field downslope from a centre pivot (Pivot ID 12214, diameter = 930 m) during the dry season (July 2018): rills initiate along the
flow paths from the irrigated upslope field. b) Erosion rills starting from the outflow of a grassed waterway of a centre-pivot field (Pivot ID 11816, diameter = 1100 m) and
cutting through a downslope rainfed field until reaching a woodland (May 2020). c¢) Eroding centre-pivot field (Pivot ID 11697, diameter = 1230 m) close to surface water:
rills initiate from breached centre-pivot-wheel tracks and flow downslope towards the stream network (June 2021). d) Runoff path downstream from an eroding centre-pivot
field (Pivot ID 11685, diameter = 1240 m) connecting with surface water (April 2018). Imagery from Google Earth™.

pivot fields in Cristalina were more likely to be found in the proximity of
surface waters, which increases the risk of sediment and pollutant delivery
to water courses.

To the best of our knowledge, this is the first systematic report of wide-
spread and severe soil erosion under centre-pivot-irrigated fields world-
wide. As centre pivots are already the preferred irrigation method for
many important crop-growing regions in the world and their use currently
expanding to many other areas, our contribution raises a timely concern
about the sustainability of centre-pivot irrigation systems. However, the
risk of runoff and soil erosion can be attenuated by management practices
(e.g., avoiding centre-pivot-wheel track compaction, adopting combined
soil-conservation practices) and improved pivot design (e.g., reducing
pivot sizes).

Although the potential for soil erosion underneath centre pivots has
been recognised for some time, our results demonstrate how this can indeed
be a serious, systematic issue in areas without appropriate soil and irriga-
tion management. Hence, it is crucial to further develop technologies that
allow for the assessment of irrigation-induced soil erosion across large

areas. As such, adapting soil erosion models and developing machine learn-
ing approaches for automated feature identification might assist in the de-
tection and quantification of erosion under centre-pivot irrigation
systems, as they expand worldwide.
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Data availability

The Google Earth™ images used in this research are free to access and avail-
able from Google Earth Pro on Desktop (https://www.google.com/earth/
versions/#earth-pro). The digital elevation model used for the terrain
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Fig. 12. A centre-pivot wheel creating a compacted track as it moves over wet soil
with surface ponding in Macaia, Minas Gerais, Brazil. Photo from Victor B. S.
Baptista.

analysis can be downloaded freely from the USGS Earth Explorer (https://
earthexplorer.usgs.gov/). The centre-pivot shapefile from the Brazilian Irri-
gation Atlas is available at: https://metadados.snirh.gov.br/geonetwork/
srv/api/records/e2d38e3f-5e62-41ad-87ab-990490841073. The results
from the erosion classification per centre-pivot field were uploaded to a
data repository and are available at: doi:https://doi.org/10.5281/zenodo.
7680625 (Batista et al., 2023a).
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Fig. 13. Scaled probability density function of the mean slope (%) per centre-pivot
field (a) and minimum flow distance to the nearest stream channel (m) per centre-
pivot field (b) in Cristalina, Brazil. Dashed lines represent group medians (eroding,
non-eroding).

Fig. 14. Relative frequency (0 — 1) of soil conservation and offsite pollution-control
structures observed in centre-pivot fields in Cristalina, Brazil.
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