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Abstract

C. Youlton, P. Espejo, J. Biggs, M. Norambuena, M. Cisternas, A. Neaman, and E. Salgado,
2010. Quantification and control of runoff and soil erosion on avocado orchards on ridges
along steep-hillslopes. Cien. Inv. Agr. 37(3): 113-123. Soil erosion increases after building
downward ridges along steep hillslopes, in particular during the first winter. This erosion
decreases when trees grow, but runoff increases. This study presents results of erosion under
five different treatments: (i) soil cover with native vegetation, (ii) bare downward ridges, (iii)
downward ridges with six year-old avocado orchard, (iv) downward ridges with plant cover
and (v) downward ridges covered with agroindustrial waste sludge. The results revealed 20 t
ha'! of soil erosion during the first year after ridges were built, while mitigation measures can
reduce erosion in 90%. Adult orchard showed the largest runoff, which probably is due to the
effect of a high and about constant soil moisture during irrigation period and smaller infiltration
capacity of eroded soil.

Key words: Soil erosion, runoff, agroindustrial waste sludge, plant cover, ridges along slope,
steep hillslope, avocado orchards, Chile.

hectares cultivated with fruit trees in hillslopes
steeper than 8%, mainly with avocados, followed
by vineyards and citrus fruits (CIREN, 2007).

Introduction

The Region of Valparaiso (Chile) concentrates
the largest national surface of avocados (Persea

americana Mill.), where an important fraction
is cultivated in hillslopes. According to the last
Fruit Register, the region has 22.000 hectares of
avocados, which is equivalent to 65% of the to-
tal national avocado surface (CIREN-ODEPA,
2008). The expansion of this crop in recent de-
cades was on hillslopes, considered marginal for
agriculture in the past (Universidad de Chile,
2005). In the region, there are currently 14,000
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A common practice for avocados cultivation in
hillslopes is the use of downward ridges. They
are built with heavy machinery scraping the soil
and accruing longitudinally over the hillside
(Figure la). Therefore, a deeper stand for plants
and more soil aeration is provided together with
rapid water drainage through the middle depres-
sion between the ridges (Hofshi, 2002). Ridges
are normally built 6 meters apart each other, 1
meter high, 2 meter wide at the base, and 0.6
meters on top (Hofshi, 2002). Ridges are seg-
mented every 50 meters with roads in the con-
tour curve (Gardiazabal, 1998).
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Cultivation of fruit trees on downward ridges
increases the soil vulnerability to erosion. The
soil movement necessary for ridge construction
is an erosion process itself, as it provokes a sig-
nificant movement and alteration of the cropping
soil layer (Van Oost et al., 2006). Subsequently,
the bare and disaggregated soil (Figure 1b) is ex-
posed to water and eolic erosion, which occurs in
three stages: (i) disaggregation and suspension of
the individual particles, (ii) particles transport by
runoff, and (iii) particles deposition in low zones
(Morgan, 1997; Toy et al., 2002). Thus, the disag-
gregated soil after ridge construction is the first
stage of the erosive process.

The loss of soil depends on multiple factors,
whose main variables are identified and used in
empirical models like USLE (Hudson, 1997).
According to Wischmeier and Smith (1978),
they are: (i) rainfall (amount, intensity, duration
and energy), (ii) soil type (texture, organic mat-
ter, structure and permeability), (iii) crop (cover
according to the phenological stage and agri-
cultural management like irrigation and prun-
ing), (iv) slope (angle and longitude of the steep
angle) and (v) soil conservation practices (use of
covers, contour curves, etc.).

The effect of all the variables influencing soil
loss is strengthened with downward ridges.
The rainfall in the region is concentrated in
a few events and it is strongly influenced by
the phenomenon of El Nifio (Rutllant, 2004;
Falvey and Garreaud, 2007). The hillsides
used are concentrated in the range of 15 to

5314 -10 YOULTON 37-3.indd 114

Figure 1. A) Building ridges along slope with excavator machine. B) VICW“Of hills with ridge-s.along slope ji;.'st bullts ‘

e

30% of slope, although there are some or-
chards planted in steeper slopes higher than
60% (CIREN, 2007). These soils, mostly clay
and clay-loam textured with slow permeability,
present a slightly cohesive substrate of meteor-
ized rock which promotes the runoff (Univer-
sidad de Chile, 2005). Tree pruning and weed
control are carried out in the orchards exposing
the bare soil of the middle depressions between
ridges. Measures of soil conservation are not
normally implemented; on the contrary, as the
runoff takes place in the middle of depressions
between ridges, the erosive process is promoted.

Erosion causes adverse effects on the orchard (in-
situ), as well as in faraway sectors (ex-situ). In the
first case, there are: a reduction of the effective
soil depth for the plant stand, loss of nutrients
and organic matter, reduction infiltration veloc-
ity and the available soil humidity as well (Lal,
1998, 2001; Toy et al., 2002). Additionally, agri-
cultural practices like more frequent irrigations
and fertilizations must be applied to overcome
the degradative process which increases the pro-
duction costs (Ellies, 2000; Toy et al., 2002). Ex-
situ damage can be produced by a reduction of
water quality in the natural courses and irriga-
tion channels, deposition of sediments, diffuse
contamination by agrochemicals, soil crusting
by deposition of fine sediments and damage to
the infrastructure (Peralta, 1976; Morgan, 1997;
Lal, 1998; Ellies, 2000).

Erosion in downward ridges would be maxi-
mum on bare soil that, nevertheless, might be
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reduced by vegetal cover or soil amendments.
A previous research has shown that, in general,
the condition of higher loss of soils corresponds
to bare soil, while erosion is mitigated through
the use of vegetal covers protecting the soil
from the impact of rain drops, decreasing the
runoff (Albaladejo et al., 2000; Faucette et al.,
2006; Francia et al., 2006; Martinez et al., 2006;
Zuazo et al., 2008). In regard to the tree soil
protection effect, Duran and Rodriguez (2008)
indicated that it depends on the percentage of
the soil coverage, the modification caused by
the foliage in the distribution pattern of drops
falling on the soil surface, and the soil coverage
by leaf litter under the trees. Experiments made
in olive trees in Southern Spain have shown de-
creased erosion after the fruit trees were grown;
however, that reduction is lower when soil is
bare without leaf litter under the trees (Gomez
et al., 2009). Another strategy used for dimin-
ishing erosion is to increase soil aggregation,
adding organic matter (Ramos and Martinez-
Casanovas, 2006; Tejada and Gonzalez, 2008;
Tejada et al., 2009), polyacrylamide (Flanagan
et al.,, 2003) or calcarcous salts (Andry et al.,
2007; Norton, 2008). Therefore, it is expected
that the bare ridges present the higher sediment
yield and runoff rate, but reduced along the
trees growth and subsequent soil surface cov-
erage. Besides, this process might be mitigated
using vegetal coverage and organic or mineral
amendments.

Therefore, in this research we evaluated the effect
of built ridges with different soil surface coverage
or soil amendments compared to native vegeta-
tion, on their sediment yield and runoff rates.

Materials and methods

Area of study

The study was carried out in the area of Quillota
city, Region of Valparaiso, Chile. The experimen-
tal units were located in the sectors of San Pe-
dro (33°57°S; 71°14°W) and La Palma (32°53’S;
71°12°W) (Figure 2), 10 km apart each other.
Both hillsides are northward oriented, 30% of
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slope and excluded from grazing. The soils are
Alfisols (USDA, 1999), sandy clay loam in the
surface and clay in the subsoil (CIREN, 1997).
Climate is Mediterranean type, with winter
rainfall of torrential type from May to August
(Gastd et al., 1987). The mean annual rain is
450 mm, with an annual water deficit of 950 mm
(Santibafiez and Uribe, 1990).

Field test

To evaluate soils loss, 28 x 6 meter runoff plots
were installed (Figure 3). The storage system
allows collecting after each rainfall event a
known fraction of sediments and runoff (Da
Veiga and Do Prado, 1993). Subsequently, the
dry weight of sediments and the total volume of
runoff were determined. A rainfall gauge with
data logger was installed in each experimental
area, programmed to take readings every 0.2
mm of rain. The maximum intensity and the
kinetic energy in 30 minutes (I,)) were deter-
mined for each rainfall (Almorox et al., 1994).

Treatments

San Pedro experimental site. Two runoff plots
were installed on the same hillside in the exper-
imental site of San Pedro during the fall of 2004
and a third plot, in 2006. The measurement of
the erosion and runoff allowed comparing two
and then three types of soil cover. A control
plot corresponded to native vegetation with
54% of acacia bushes (Acacia caven Moll.),
tebo (Trevoa trinerva Miers.) and 100% of cov-
er with annual plant type. The second plot had
bare ridges recently built along the hillslope. A
third ridge plot was added (2006) on the same
hillside, covered with avocados cv. Hass. The
avocado trees were planted in 2001, ina6 mx 3
m frame, maintained through pruning between
3 to 4 m high and wide approximately, and ir-
rigated with 24 L H' microsprinklers. Weeds
were controlled with post-emergency herbicide
in both ridge types, bare and avocado covered.
Data corresponding to 5 years measurements
are available for this experimental site.
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Figure 2. A) Localization of Chile in South America. B) Localization of Quillota Township in Region of Valparaiso, Chile.
C) Localization of experimental areas (San Pedro and La Palma) in County of Quillota. Distance between experimental

areas is 10 km.

La Palma experimental site. Three runoff plots
were installed in 2006. Soil was prepared by
scraping between the ridges built the previous
year. Three treatments were applied: (i) applica-
tion of 60 t ha' of agroindustrial sludge from
tomato paste production, including surface in
the middle depression between the ridges, free
of weeds with post-emergency herbicide, (ii) a
vegetal cover was established in the middle de-
pression between the ridges, sowing a mixture
of Lolium multiflorum Lam., var. Wimera (23
kg ha'), Medicago polymorpha L. (24 kg ha™),
Falaris sp. (17 kg ha™"), Trifolium subterraneum
L., var. Campeda (10 kg ha') and var. Gosse (10
kg ha'). This plot was initially fertilized with
urea in the middle depression between the ridg-
es during fall (238 kg ha), triple superphos-
phate (238 kg ha'), elemental sulphur (60 kg
ha') and Borax (23 kg ha™), (iii) ridge with bare
soil, maintained free of weeds by applications of
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post-emergency herbicides. Data corresponding
to 3 years measurements are available for this
experimental site.

Experimental analysis

Due to the interannual variability of rainfall re-
gime in the area, a two way design was used,
considering the years as treatments replications.
To determine significant differences for runoff
and erosion among treatments, analysis of vari-
ances and Tukey multiple comparison tests (p <
0.05) were performed.

To evaluate the incidence of rainfall from each
erosive rain event (rain higher than 13 mm, ac-
cording to Wischmeier and Smith, 1978) an anal-
ysis of correlation between runoff rate and sedi-
ment yield was done for each treatment (Minitab
15, Minitab Inc., Pennsylvania, U.S.A., 2008).

20-12-2010

16:15:11



VOLUME 37 N°3 SEPTEMBER - DECEMBER 2010 117

Figure 3. A) Bounded plot used for collet soil erosion and runoff. In its lower limit has a channel that carries water and
sediment into the tank system (B).

Results

Annual rainfall regime

Total annual rainfall presented high interannual
variability (Figures 4a and 4b). Comparing total
annual rainfall against annual erosive rain, it is ob-
served that most of the rain events are potentially
erosive. The highest rain event of each year repre-
sents between 20 and 30% of the annual rain and
also between 30 to 70% of the erosive rain events.

Comparing the rainfall regimes between the ex-
perimental sites, it was found that San Pedro pres-
ents a more extreme behaviour than La Palma.
In years of high rainfall, San Pedro shows higher
amounts, while in years with scarce rain, La Pal-
ma gets the most. The average maximum intensity
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in 30 minutes (I,,) from both sectors are very simi-
lar (7.6 mm H), although the maximum observed
value in San Pedro is slightly higher than in La
Palma (22 and 19 mm H, respectively). In regard
to the kinetic energy, it is observed that San Pedro
presents an average value slightly higher than La
Palma (9 and 7 MJ ha’, respectively), a relation
that is maintained when the maximum values are
compared (27 and 17 MJ ha™, respectively).

Runoff

In the area of San Pedro, with three soil cover
conditions, the higher runoff was found in the
ridges with avocado trees, followed by ridges
with bare soil. The minimum occurred in the
condition with native vegetation (Figure 5a).
Significant differences (p < 0.05) were found

b) La Palma
600
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400
E 300
s 200
=
g 100
0
2006 2007 2008
Year
H Total >13mm B Max

Figure 4. Anual rainfall in experimental areas. (Total: sum of anual rainfall; >13mm: sum of anual erosive rainfall events;

Max: highest rainfall event on the year).
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Table 1. Anual mean runoff by treatment and experimental area. Results are not
comparables between experimental areas. (p<0.05. *n=5; **n=3).

a) San Pedro b) La Palma
Treatment Mean Runoff (mm) Treatment Mean Runoff (mm)
Natural vegetation 2.5%a Bare soil 41%* a
Bare soil 14* ab Plant cover 33** g
Avocado orchard 52*%* b Sludge 27** a
a) San Pedro b) La Palma
1000 1000
’g 100 = 100
E E
e 1 = 1
E:ES SD. sD. é
0.1 0.1
2004 2005 2006 2007 2008 2006 2007 2008
Year Year
[ Natural vegetation  mBare soil 1 Avocado orchard mBare soil mPlant cover =Sludge

Figure 5. Anual runoff in experimental areas, data in mm. Vertical axis in logarithmic scale. W.D.: without data for bare

soil in years 2004 and 2005.

only between native vegetation and ridges with
avocado trees (Table 1a).

Regardless of the apparent runoff reduction
caused by the soil amendment in La Palma,
there was not a significant difference in com-
parison with the other treatments (Figure 5b
and Table 1b). This fact is more visible in 2007,
a year of low rainfall. The apparent effect cor-
responds to the logarithmic scale used, as the
values recorded are extremely low and similar

between each other (0.9, 0.14, and 0.14 mm),
with respect to the years of high rainfall.

In general terms, the annual runoff is highly
dependent of the rainfall regime. Years of high
rainfall (2004, 2006 and 2008) produced higher
runoff in all treatments, in particular in sector La
Palma (Figure 5a and 5b). This relation is signifi-
cant (p<0.05) during the whole period of study
(Table 2a and 2b), but highly determinant for the

Table 2. Correlation between rainfall and runoff/soil erosion;
and between runoff and soil erosion. (p=0.05; n: erosive rain
events; RF: rainfall; RN: runoff; ER: erosion; ns: not significant).

a) San Pedro

Treatment n RF-RN  RF-ER  RN-ER
Natural vegetation 25 0.44 ns ns
Bare soil 25 0.51 ns 0.92
Avocado orchard 16 0.81 0.66 ns

b) La Palma

Treatment n RF-RN  RF-ER  RN-ER
Bare soil 18 0.53 ns 0.75
Plant cover 18 0.52 ns 0.57
Sludge 18 0.48 0.52 0.66
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treatment of ridges with avocado (r = 0.81) in San
Pedro.

Erosion

Soil erosion presents an interannual variability
depending on the rainfall regime. In years of
heavy rain (2004, 2006 and 2008), the values
of erosion are higher in both sectors (Figure 6a
and 6b). This determines the erosion (p<0.05;
Table 2a and 2b) in all treatments with ridg-
es, but the highest relationship occurs in bare
ridges (r = 0.92 and 0.75) in San Pedro and La
Palma, respectively. The exception is represent-
ed by ridges with avocado and native vegetation
in San Pedro.

In San Pedro, the highest erosion was recorded
in bare ridge (Figure 6a). This was in particular
intense during the first year (20 t ha!), while in
further years the effect decreases drastically (<
2 t ha!). This may be due to the higher vulner-
ability of the ridge just built, as it presents a

highly disaggregated soil, and coincidentally,
it corresponds to a year of high rainfall. The
opposite situation is present in the treatment
with native vegetation, which annual values are
extremely low (<0.04 t ha') and homogenous.
A similar situation occurs in the condition of
avocado orchard, with low levels of erosion
(<0.8 t ha'') and small variation. Regardless of
the high erosion of the bare ridge during the
first year (Figure 6a and 6b), it is not possible
to determine statistical differences with the
other treatments (Table 3a).

In La Palma, the treatment presenting higher
erosion is bare ridge (Figure 6b) as well. Like
in San Pedro the highest loss of soil occurred
during the first year (22 t ha'). This situation
decreased (< 9 t ha!) in further years, following
the same tendency observed in San Pedro. Fi-
nally, soil amendments (vegetal cover and agro-
industrial waste sludge) significantly decreased
(p <0.05) the sediment yield, approximately by
90% with respect to the bare ridge condition
(Table 3b).

Table 3. Anual mean soil erosion by treatment and experimental area. Results are not comparables between experimental

areas. (p<0.05. *n=5; **n=3).

a) San Pedro b) La Palma
Treatment Mean soil erosion Treatment Mean soil erosion
(tha' year') (tha' year')
Natural vegetation 0.03* a Bare soil 10** a
Bare soil 4.5*% a Plant cover 0.7%* b
Avocado orchard ~ 0.5%* a Sludge 0.2*%* b
a) San Pedro b) La Paima
10
10
i s 1.0
= =
g o 5 01
8 8
fiv} 1 0.01
0.0
2004 2005 2006 2007 2008 2006 2007 2008
Year Year
mNatural venetatinn MRare anil W Avnradn archard M Rare snil M Plant cover mShidne

Figure 6. Anual soil erosion in experimental areas, data in t ha™. Vertical axis in logarithmic scale. W.D.: without data for

bare soil in years 2004 and 2005.
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Discussion

The rainfall showed high variability during the
study, with years of high and low rainfall an-
nual totals. This behaviour is normal in Central
Chile due to the strong influence of the South
Oscillation, causing El Nifio and La Nifia events
(CONAMA, 2006). Because of this, and in par-
ticular during years of El Nifio, a large amount
of rainfall is concentrated in a few torrential
events (Rutllant, 2004). The differences re-
corded between San Pedro and La Palma may
be attributed exclusively to the relief of the land.
San Pedro is a narrow sub basin with boxing-in
borders that prevent the entrance of weak me-
teorological fronts. La Palma, on the other hand,
is located in the middle of an open valley. This
difference was observed in some events where
rainfall occurred only in La Palma.

The increment of runoff is equivalent to a re-
duction of water infiltrated into the soil, which
modifies the natural water balance in the mi-
crobasin. This varies according to the different
conditions and stages of the soil coverage, with
maximum values in ridges with avocado (in
average 20 times higher than the native vegeta-
tion). A possible cause could be the effect from
irrigation keeping the ridge soils with high hu-
midity. This might promote their early satura-
tion and subsequent runoff in each rain event
(Hino et al., 1988). Other possible causes of this
high runoff are: (1) the old age of the ridges with
avocado trees, which after 5 years of erosion
process have exposed deep soil horizons with
less infiltration rates (Peralta, 1976; Lal, 1998);
(2) the surface crusting due to the pore sealing
with fine eroded sediments (Durdn and Rodri-
guez, 2008) and, (3) the compaction provoked
by the workers stepping the humid soil. Due to
the aforementioned, this is the only treatment
presenting a clear statistical relation between
the rainfall and the runoff.

The minimum runoff occurs in the condition of
native vegetation. It corresponds to an undisturbed
soil, maintaining the natural structure and poros-
ity, protected by the bush-like plant cover and with
an organic litter layer on the surface. These fac-
tors enable the water infiltration and decrease the
runoff (Rodriguez et al., 2000; Duran and Rodri-
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guez, 2008). An intermediate situation occurs in
bare ridge, where the results are not statistically
different from the other treatments as they pres-
ent intermediate values with high variability. This
behaviour is maintained even with the exclusion of
the high values from the first year of study.

The first winter after the ridge construction is
the most vulnerable moment to erosion, losing
approximately 20 t ha!. This situation is com-
mon for San Pedro and La Palma, due to the ex-
position of disaggregated surface soil, which is
rapidly drifted by the runoff. This is supported
by correlation analysis, which shows that this is
the only treatment where the erosion is strongly
conditioned by the runoff. In subsequent years,
these values decrease, possibly by the soil reag-
gregation or the lesser availability of erodible
particles on soil surface (Ollesch and Vacca,
2002). This reduction is higher in San Pedro,
possibly due to slight differences of soils, age of
ridges or variation of rainfall between the two
places.

The high runoff recorded in ridges with avocado
trees does not represent large erosion. This may
be due to the questionable protecting effect from
the trees covering the soil. Durdn and Rodriguez
(2008) indicate that the tree protection depends
on the cover percentage, on the modification of
the size of the drops falling from the foliage, and
on the litter cover under the trees. In young avo-
cado orchards, it is possible to observe a small
litter cover, which accumulates in the lower part
of the middle depression between the ridges, by
effect of runoff and gravity. This effect is more
noticeable because the absence of a herbaceous
layer under the trees due to constant applications
of herbicides. Finally, the lower erosion may be
due to a lower availability of erodible particles.
Likewise, Ollesch and Vacca (2002) report di-
minished erosion after 5 years by a reduction of
available particles for transport.

The soil amendment strategies reduce erosion,
but not runoff. This might be due to the down-
ward design of ridges for rapid evacuation of the
rain waters. Due to the form of the ridge, the
runoff is concentrated in the depression between
them. However, regardless of the high runoff, the
plant cover and the agroindustrial waste sludge
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succeed on retaining the soil, reducing the ero-
sion by 90%. The grass provides a protection to
the soil against the impact from rain drops, while
the roots provide a filamentous matrix retaining
the soil and providing organic matter and there-
fore improving the stability of soil aggregates
(Casermeiro et al., 2004; Duran and Rodriguez,
2008). In the case of the application of agroin-
dustrial waste sludge, the organic matter would
agglomerate and agglutinate the soil particles,
conferring resistance to the soil against the im-
pact of the rain drops (Ojeda et al., 2003; Ros et
al., 2003; Henriquez, 2005). Another possible
secondary effect might be the reduction of the
erodible area after the inclusion of the agroindus-
trial waste sludge in the first centimetres of soil,
leaving a non-quantified fraction of organic mat-
ter exposed on the surface.

To measure the level of erosion, it is possible to
use the concept of soil erosion tolerance, which
is a theoretical value equivalent to its forma-
tion rate. In fragile conditions, as in the cases
of surface soils or highly erodible ridges, it is
recommendable that the annual erosion does not
exceed 2 t ha'! year! (Morgan, 1997; Toy et al.,
2002). Therefore, it is possible to state that the
loss of soils in ridges is high and critical during
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the first rainy period (20 t ha'), which may be
reduced to a tolerable level by either the estab-
lishment of plant coverage or applying agroin-
dustrial waste sludge.

Finally, the results presented in this work were
collected in plots which were half'the size of com-
mercial orchards (50 m) and without replications.
Therefore, they do not represent necessarily what
occurs in orchards under commercial manage-
ment neither they have statistical precision. Joel
et al. (2002) determined experimentally in Cen-
tral Chile that the relative runoff depended in a
large extent on the length evaluated. Thus, runoff
plots of 10 m of length showed 40% of the ero-
sion registered in 0.5 m runoff plots.
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Resumen

C. Youlton, P. Espejo, J. Biggs, M. Norambuena, M. Cisternas, A. Neaman y E. Salgado.
2010. Cuantificacion y control de la escorrentia y erosion en huertos de paltos, cultivados
en camellones a favor de pendientes escarpadas. Cien. Inv. Agr. 37(3): 113-123. La erosion
de suelos en un huerto de paltos cultivados en camellones a favor de pendiente es alta en la
condicion de camellon desnudo, especialmente durante el primer invierno. Luego, la pérdida
de suelo disminuye con el desarrollo de los arboles, ocurriendo lo contrario con la escorrentia.
Esta practica, masificada en Chile central durante las ltimas décadas, deja el suelo descubierto
y disgregado, favoreciendo la erosion y escorrentia. En el presente trabajo se cuantifica el
transporte de sedimentos durante al menos tres afios bajo tres cubiertas diferentes: 1) antes de
la preparacion de suelo, con vegetacion nativa, ii) camellén desnudo y iii) camellon con paltos
adultos. De igual forma, se evaluan medidas de mitigaciéon como i) camellén con cobertura
herbacea y ii) camellon con lodos de agroindustria. Los resultados muestran una pérdida de mas
de 20 t ha'! de suelo durante el primer invierno tras el establecimiento de camellones, en tanto
que las medidas de mitigacion reducen la erosion un 90%. La mayor escorrentia registrada
en el huerto se debe, probablemente, al efecto del riego y la menor infiltracion de un suelo ya
erosionado.

Palabras clave: Erosion, escorrentia, camellones, lodos, cobertura herbécea, paltos en laderas,
Chile.
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