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Abstract

Aims Assess the influence of different groundcover
management systems on erosion and runoff processes
associated with extremely steep hillside avocado
(Persea americana Mill) orchards, in a Mediterranean
climate with high rainfall variability.

Methods We compared several groundcover manage-
ment systems at a steep hillside avocado planting in a
three-year study: 1) Bare soil (BS), pre- and post-
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emergence herbicides; 2) Vegetation strip (VS), post-
emergence herbicide applied in a 1-m wide strip on the
tree row plus groundcover seeded between tree rows;
3) Groundcover (GC), over the entire plot surface.
Results Trees in the BS plots were 44 and 53 % big-
ger, and had 150 and 250 % higher yields than trees in
VS and GC, respectively. Runoff volumes, soil losses,
dissolved organic carbon, PO4-P and total N losses
were significantly higher in BS than VS and CG treat-
ments. Total soil nitrogen (N) and carbon (C) content,
C-to-N ratios, and essential plant nutrient availability
were greater in the GC soil than in other treatments.
Soil macroporosity and aggregate stability were 8—
27 % and 25 % lower, and soil bulk density signifi-
cantly higher in the BS than the VS and GC systems at
the end of the study. Terbuthylazine herbicide concen-
trations in runoff water from BS plots ranged from
55.4 to 79.9 pgL™', exceeding maximum allowed
levels for drinking water (0.1 ugL™).

Conclusion Soil erosion and runoff rates from newly
planted hillside orchards are not environmentally sus-
tainable under current growing practices where
groundcover vegetation is completely suppressed.
High sediment losses and herbicide residues in runoff
water present serious risk of water source pollution,
but these impacts can be reduced by alternative soil
management systems.

Keywords Erosion control - Runoff - Nutrient loss -
Water quality - Groundcover management system
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Introduction

Increasing land prices and urban expansion into agri-
cultural valley regions in central Chile have con-
strained avocado (Persea americana Mill) orchards
to marginal soil and steep hills, where other crops
have been impractical (Geo-Chile 2005). Potential
environmental problems associated with hillside avo-
cado production include increased erosion and runoff
when native vegetation is removed from hillsides, and
herbicide applications eliminate groundcover vege-
tation. Herbicides and fertilizers in hillside runoff
water may also impact the quality of water con-
sumed by humans and livestock in downslope
areas (Pimentel et al. 1995). There are no previous
studies evaluating the environmental impacts of
extremely steep hillside orchards.

Site preparation for establishing hillside avocado
plantations in Chile begins with removal of all native
vegetation in the area to be planted, and excavating the
underlying soil into raised berms where avocado trees
will be planted parallel to the slope. The bermed soil
remains loose and vulnerable to wind or water erosion.
The ditched channels between berms concentrate run-
off and provide few obstacles to rapid outflows down
the hillsides on occasions when there are intense rain-
falls (Youlton et al. 2010). The climate in avocado
growing regions of Central Chile is Mediterranean
type, strongly influenced by the Southern Oscillation,
causing El Nifo and La Nina events with alternate
multiyear cycles of torrential and low rainfall events
(CONAMA 2006; Gasto et al. 1987). After avocado
trees are established, the conventional soil ground-
cover management consists of residual pre- and post-
emergence herbicide applications to eliminate weeds
and avoid competition for water and nutrients. In the
short-term these hillside plantings have been produc-
tive and profitable, but the potential long-term soil
losses and runoff volumes generated from these
orchards are unknown, and there are no data on po-
tential water contamination from nutrient losses and
herbicide residues in exported sediments and runoff
water from such plantings.

Several studies in hillside Mediterranean orchards
and vineyards have reported impacts of vegetation-
free groundcover management systems on soil loss
and runoff (Cerda et al. 2009; Gomez et al. 2004,
Francia Martinez et al. 2000; Tropeano 1983; Uson
et al. 1998; Francia Martinez et al. 2006), as well as
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the benefits of groundcover vegetation for reducing
soil erosion and runoff from these orchards (Toscano
et al. 2004; Novara et al. 2011; Martinez Raya et al.
2006; Kosmas et al. 1996; Francia Martinez et al.
2000). However, the risk of competition for water
and nutrients between groundcovers and fruit trees
and decreased yields has made fruit growers reluctant
to change their weed-free soil management systems
(Gomez et al. 2004). This paper contributes to the
knowledge of how to control soil losses and runoff
from very steep hillside orchards, and the impacts
these management practices have on tree growth
and yield.

Off-site movement of nutrients and pesticide residues
in runoff is a well-documented source for pollution of
surface and groundwater (Sims et al. 1998; Glotfelty et
al. 1984; Leonard 1990; Braun and Hawkins 1991;
Simmons and Leyva 1994). Nonetheless, there are few
reports on the effects that groundcover management
systems have on the load of nutrient and herbicide
residues exiting high input perennial cropping systems
established on steep hillsides. The removal of all native
vegetation from very steep hillsides, construction
of downslope berms, and high inputs of fertilizers
and herbicides to successfully establish these avo-
cado orchards have potential impacts that require
further study.

The present study was conducted to compare the
effects of different groundcover management systems
on runoff and erosion at a representative hillside avo-
cado plantation, to quantify nutrient losses and herbi-
cide residues in runoff water, and to evaluate the
effects of different groundcover management systems
on tree growth, nutrition and production, and soil
physical properties.

Materials and methods
Experimental site

The experimental site is a 0.75 ha plot with 47 % slope
located at the edge of a 300 ha hillside avocado or-
chard in Panquehue, Central Chile (Latitude 32°.49’
25.94" S, Longitude 70°55'56.04” W). The soil type at
this site is dominated by Andisols, based upon textural
ratios determined by fractional sedimentation
(Table 1). The site was prepared for planting in
2007, by removing all native vegetation from the
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Table 1 Characteristics of the soil in each replicate block prior to the establishment of treatments. Soil particle size distribution was based on

the USDA system. OM = soil organic matter content; total N and total C based on Dumas combustion analysis; slope (%)

Block Clay (gkg") Silt(gkg") Sand(gkg') OM(gkg') TotalN(mgg ') TotalC(mgg') Slope (%)
Bl 142.9 349.9 507.2 3.1 0.5 6.9 52
B2 132.6 334.1 5333 24 0.5 5.0 49
B3 134.9 269.5 595.6 2.6 0.6 5.7 32
B4 189.6 270.1 540.3 32 0.8 9.6 54
B5 201.5 330.4 468.0 3.1 0.7 8.9 48

hillside with an excavator. Berms approximately 50 m
long and 1 m high were constructed in Dec. 2007,
gathering the soil from the inter-rows into raised
berms for the planting rows (Fig. 1). Avocado trees
(‘Hass’ on ‘Mexicola’ seedling rootstocks) were
planted on the berm-rows in Aug. 2008, at 2x5 m
spacing. The irrigation system consisted of one line of
drippers for each berm row, with each orifice emitting

Fig. 1 a Hillside after the removal of native vegetation; b
Raised berms parallel to the slope, prior to planting avocados

4 Lhr ! through two drippers about 0.2 m above and
below each tree. A supplemental line of micro-
sprinklers provided 34 Lhr ' irrigation in the ditches
between berms for the establishment of the ground-
covers in two of the treatments; this line was shutdown
in Dec. 2008, after the groundcovers were fully estab-
lished. Three groundcover management systems were
assigned randomly to 15 plots, with five blocks con-
taining one replicate of each treatment per block. The
experimental units were 10-m wide across the slope
and 50-m long down the slope; each plot included two
parallel tree berm-rows with 20 to 25 trees, separated
by a 5-m wide ditch between the berm-rows.

Groundcover management systems

Three treatments were established in Aug. 2008, and
maintained as follows: 1) Bare soil (BS)—a combina-
tion of two herbicides (glyphosate and terbuthylazine)
was applied over the entire plot surface (berms and
ditches), at 1.44 and 3.0 kg active ingredient (a.i.)
ha™', respectively. Terbuthylazine was applied in
Aug. 2008, June 2009 and May 2010. Glyphosate
was applied in Aug. 2008 and 2009, and in June
2010; 2) Vegetation strip (VS)—post-emergence
glyphosate applied in a 1-m wide strip centered on
the tree berm-row at a rate of 1.44 kg a.i. ha ', but not
to the inter-row ditches, during Aug. 2008 and 2009,
and May 2010, to suppress weeds during the growing
season. In Aug. 2008 a mixture of ryegrass (Lolium
rigidum vat. wimmera) and the naturalized burr-clover
Hualputra (Medicago polymorpha sp.) was seeded in
the ditches between the VS berm-rows at a rate of 75
and 30 kgha ', respectively. During Aug. 2009 this
groundcover mixture was suppressed with a contact
herbicide (paraquat) applied at a rate of 0.9 L a.i. ha '.
During Feb. 2010 this groundcover was mowed to 0.1-
m height using a weed trimmer, to prevent possible
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brush fires during the summer; 3) Complete ground-
cover (GC)—the same mixture of ryegrass (Lolium
rigidum var. wimmera) and Hualputra (Medicago pol-
ymorpha sp.) as in the VS treatment, established in
Aug. 2008, covering the entire surface of plots (berm-
rows and ditches) and mowed to 0.1-m height during
Feb. 2009 and 2010, with residues left on site.

Orchard management

The avocado trees were managed as is typically done
for hillside commercial orchards in central Chile
(Gardiazabal 1998). Trees were fertigated each year,
applying 120-250 Kg ha ' of N, 50 Kg ha ' of K, and
50-80 Kg ha ' of P.

Erosion measurement plots

Fifteen runoff/erosion catchment plots (25 m long by
5 m wide), consisting of two berm-rows and one ditch
between the berm-rows, were established during Fall of
2008, just before trees were planted. At the lower end of
each catchment a plywood weir was constructed to
channelize sediments and runoff through a polyvinyl
chloride (PVC) pipe, into a 120-L high density polyeth-
ylene (HDPE) barrel secured by four metal posts driven
1 m into the ground. Outflows from the barrels were
measured with tipping buckets attached to a HOBO
Data Logger model UA-003-64 (Onset Technologies,
Bourne, Mass.) to record the number of calibrated tips
and measure overflows when the barrels were full. This
system enabled us to measure continuous outflows of
water from each plot during each rain event, over
3 years. To estimate soil losses, a water sample was
taken from each barrel following precipitation events,
after stirring the water in barrels to bring sediments into
suspension. Samples were filtered through Whatman
Glass Microfibre Filter paper (Fisher Scientific, N.H.),
sediments were oven-dried at 40 °C for several days to
constant weight, and sediment dry weights were
recorded for each sample.

Data-logging soil moisture and temperature

Soil moisture monitoring probes were installed in each
plot for continuous datalogging. Volumetric soil water
content and temperature at 0.05-m depth in soil were
recorded using EC-TM (moisture-temperature) sen-
sors (Decagon Devices, Wash.) logged with Em50
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five-port data-logger (Decagon Devices, Wash.). This
enabled us to record data at bi-hourly intervals contin-
uously year-round from all 15 plots. Volumetric soil
water content data were averaged biweekly for each
plot to facilitate trends interpretation and presentation.
When soil-monitoring data were lost due to transient
technical problems, missing values were estimated by
extrapolating from averages of comparable time inter-
vals for other plots at the site.

Tree growth and fruit yield

Tree-trunk cross-sectional area (TCSA) was recorded
annually during the winter season (July-August) at a
permanently marked height (0.3 m above ground) to
estimate annual and cumulative increases in tree size.
Fruit yield was recorded in 2011, as harvested fruit
weight (kg) per tree, number of fruit per tree and
average fruit size. During 2008, TCSA was recorded
for all trees in each plot. However, during 2009 several
trees had to be replaced in the GC plots due to hare
(Lepus europaeus) damage to the lower tree trunks.
TCSA and yield data were collected from the center-
most 15 healthy trees in each plot (to minimize edge
effects) and averaged to represent a treatment mean for
respective treatments. During 2011, subsamples of ten
fruits per tree were individually weighed to estimate
fruit size distribution. Yield efficiency of the trees in
each treatment was calculated by dividing fruit yield
(kg tree ') by TCSA (cm?).

Leaf nutrient content

Recently matured leaves were sampled in July from the
centermost 15 trees in each plot (Lahav and Whiley
2002). Leaves were rinsed with distilled water and
oven-dried at 40 °C for several days to constant weight.
Samples were digested with hydrogen peroxide and
dried ash for 2 h at 450 °C and analyzed for macro-
and micro-nutrient concentrations by inductively cou-
pled Argon plasma spectroscopy (ICP AES model
Spectro CIROS vision, Kleve, Germany); leaf C and N
content was determined by Dumas combustion methods.

Water analysis for nutrient concentrations and herbicide
residues

After each precipitation event, water samples were
collected in HDPE bottles from each barrel by stirring
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the water and sediments to obtain a homogeneous sam-
ple. Samples were filtered through Whatman Glass
Microfibre Filter paper (Fisher Scientific, N.H.) and
frozen at =5 °C for subsequent analyses of N and P
concentrations, using an automated cadmium reduction
method and ascorbic acid method, respectively (Clesceri
et al. 1998) followed by continuous-flow colorimetry
(Perstorp Analytical, Alpkem, Ore.). Each runoff sam-
ple was analyzed for herbicide residues. Terbuthylazine
analyses were carried out using enzyme-linked immu-
nosorbent assay (ELISA) kits (Strategic Diagnostics
Inc., Newark, DE) with minimum detection limits of
0.31 pgL™' for terbuthylazine. Concentrations were
determined spectrophotometrically (at 450 pum) in a
dedicated RPA-1 spectrophotometer.

Soil nutrient availability

Soil samples were collected during mid-winter from
2009 to 2011 with a 0.02-m-diam metal core, from 0
to 0.1-m depth beneath tree canopies along the berm-
rows. Samples were sent to the Cornell Nutrient
Analysis Lab (CNAL) and analyzed for plant available
nutrients as follows. Macro- and micronutrients were
extracted in Morgan’s solution (0.72 N NaOAc+0.52 N
CH;COOH, buffered at pH4.8), using a soil-to-
solution ratio of 1:5 (v/v). The extracted mixture was
filtered and passed through an automated rapid flow
analyzer to detect plant-available PO4-P, while the rest
of the bases and micronutrients were quantified by
inductively coupled argon plasma (ICP) spectropho-
tometry. Soil pH was determined using 1:1 (v/v) soil to
0.01 M CacCl, solution, and total C and N by Dumas
combustion. Soil organic matter was determined by
loss on ignition at 550 °C.

Physical soil properties

Intact core samples were collected using two stainless
steel cores taped vertically together, for a 0.07-m
internal diameter and a 0.12-m depth. Cores were
driven into the soil and lifted out with a hand-shovel
to minimize changes to field soil conditions during
extraction. The cores were evaluated for soil bulk
density, porosity and available water capacity, using
procedures described by Moebius et al. (2007),
Moebius-Clune et al. (2008) and Karunatilake and
van Es (2002). Undisturbed samples were prepared
for analysis by carefully separating the taped cores

into upper and lower profiles, which represented 0—
0.06 m and 0.06-0.12 m soil depth, respectively.
Nylon gauze was attached to the bottom of each ring
with a rubber band to prevent soil loss. Soil sample
cores were saturated (U=0 kPa) in their rings by
raising the water table slowly during 48 h to prevent
trapping air in soil pores. Macroporosity (pores of
diameter >1,000 um) was determined gravimetrically
by allowing the saturated cores to drain for 3 h, to
reach an assumed equilibrium water potential at W=
—0.3 kPa. A pressure-cell apparatus was used to de-
termine soil water retention at —1.0, —3.0, —10.0 and
—30.0 kPa matric potentials. Soil cores were then
oven-dried at 105 °C and weighed to determine bulk
density. Available water capacity (m*m ) was calcu-
lated as the difference in water loss between ¥=-10.0
and U=-1,500 kPa. Wet aggregate stability of small
aggregates (0.25-2 mm) was measured from disturbed
samples using a rainfall simulator (Ogden et al. 1997).
Samples were oven-dried at 40 °C and shaken over
stacked 2 mm and 0.25 mm mesh sieves and a catch
plate. A single layer of 0.25 to 2 mm aggregates was
spread on a 0.25 mm mesh sieve and placed 0.5 m
below a rain simulator, calibrated to delivered
12.5 mm of water in 5 min. Soil and other particles
retained on the sieve and disaggregated soil that fell
through the sieve onto a filter were collected, dried,
and weighed to determine wet aggregate stability.

Precipitation record

During 2008, rainfall amounts were recorded by a stan-
dard tubular rain gauge located at the bottom of the
hillside. During 2009 and 2010, precipitation amounts
and rates were recorded by a RAINEW-111 rain gauge
(Premiere Products, Columbus, NE), logged with HOBO
data-loggers. There were two rain gauges at the site, one
in the upper and another in the lower rows of plots; data
presented are the averages of both rain gauges.

Data analysis

A repeated measurement model (JMP, Version 7. SAS
Institute Inc., Cary, N.C., U.S.) was used to analyze
data within years. When there were significant inter-
actions between treatments and years, data were ana-
lyzed as a one-way analysis of variance model for
each year. When significant effects were indicated
means were compared using Tukey’s HSD at P<
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0.05, unless otherwise noted in text and tables. During
2008, groundcover treatments were not fully estab-
lished during the recorded rain events, and the data
collected from all plots were pooled and presented as a
baseline record for runoff and erosion rates at the site.
For the year 2010, data were analyzed using a logistic
regression model to determine if treatments had an
effect on the presence or absence of surface runoff,
and a one-sample 7-test was used to determine wheth-
er runoff observed in the BS treatment was significant-
ly different from zero.

Results
Tree growth and fruit yield

During the first 3 years after planting, trees in BS plots
were larger than in GC plots (Fig. 2) and also signifi-
cantly bigger than VS trees in 2010 and 2011. No
significant differences were observed between VS and
GC in 2010 or 2011. The first avocados were harvested
in 2011, 3 years after tree establishment. Trees in the BS
plots produced 5 Kg of fruit per tree compared to 2 and
1.3 Kg of fruit per tree in the VS and GC plots, respec-
tively. The numbers of fruit per tree was significantly
higher in the BS plots, with and average of 27 fruit per
tree, compared to 11 and 7 fruits per tree in the VS and
GC plots, respectively. No significant differences were
observed for fruit size among the treatments.

Leaf nutrient content

Although there were significant differences in leaf
nutrient content among the treatments in 2009, 2010

and 2011, there were no consistent treatment trends
that spanned all 3 years of evaluation. No significant
differences were observed in total N or C content in
avocado leaf tissue among treatments for any of the
3 years, and visible symptoms of nutrient deficiencies
were not observed in trees under any treatment.

Runoff, erosion and nutrient losses

During the first year of this study (2008), the cumula-
tive runoff volume across all plots was 4 mm, 3 % of
the total precipitation (Table 2). The largest runoff
event was recorded during the last rainfall of 2008
(70 mm), with an average runoff volume across all
treatments of 3 mm. Total soil loss averaged across all
plots was 3,141 Kg ha™', and the biggest soil loss was
recorded at the first rainfall event of that year (17 mm),
with an average loss across plots of 1.9 Mgha '. The
NH,"-N and PO, -P concentrations in runoff water
were similar for all precipitation events, averaging
0.1 and 0.2 mgL ™', respectively. Total nutrient losses
were 22.3, 13.1, 55.4 and 59.3 gha71 of inorganic-N,
PO4-P, TN, and DOC, respectively (Table 2).

During 2009, runoff volumes, sediment losses, and
PO4-P, TN and DOC losses were significantly greater
from the BS plots than the VS and CG treatments,
with no significant differences between the latter two
treatments (Table 2). During the most intense rainfall
event on 28 June (58.9 mm), the BS plots generated
1.3 mm of runoff and 758.8 Kg ha ' of soil loss.
During five rainfall events observed in 2009, the GC
plots only produced detectable runoff in the first three
rains.

In the winter of 2010, three precipitation events
occurred. The two treatments with groundcover

“BS
avs
»GC

Fig. 2 Cumulative mean of 30
avocado (Persea americana
Mill) tree Trunk Cross Sec- o o5
tional Area (TCSA) (cm?) E
from 2008 through 2011. &
Letters of mean separation 4 20
were generated from :
Tukey’s HSD test at P<0.05 Z 15
3
g
< 10
5
a
0
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Table 2 Precipitation (Prcp), runoff, soil losses, and
ammonium-N (NHy4-N), nitrate-N (NO3-N), phosphate-P (PO,-
P), total N (TN), and dissolved organic carbon (DOC) losses in

runoff water collected annually in each groundcover manage-
ment system. There was no recorded runoff in the GC and VS
plots during 2010

Date Treatments Prcp (mm) Runoff (mm) Soil loss (Kg haﬁl)

Nutrient losses by runoff

Inorganic-N (g ha') P (g ha') TN (g ha') DOC (g ha ")

2008 118.5 3.64 3140.5

2009

6/19 BS 36.3 0.05+0.03 2.7+1.5
VS 0.02+0.00 0.3£0.1
GC 0.01£0.00 0.1+£0.0

6/28 BS 58.9 1.30+0.71 758.8+463.5
VS 0.16+0.09 3.1£1.9
GC 0.02+0.00 0.3+0.1

7123 BS 16.1 0.05+0.02 3.7£2.6
A 0.01£0.00 0.2+0.1
GC 0.00+0.00 -

8/15 BS 36 0.80+0.52 238.4+154.0
VS 0.03+0.02 0.7£0.2
GC 0.00+0.00 -

8/19 BS 34.7 1.04+0.60 30.5+18.1
VS 0.04+0.02 0.9+0.6
GC 0.00+0.00 -

Total BS 182 3.24 1034.1
VS 0.26 4.5
GC 0.03 0.4

2010

6/18 BS 53.5 1.00+0.07 214.1+13.0

6/24 BS 108.7 1.30+0.08 1769.7+98.4

7/6  BS 32.1 2.03+0.28 1459.4+895.8

Total 194.3 433 3443.2

22.3 13.1 55.4 59.3
7.4+3.7 0.5+£0.2 10.0+4.0 3.1+£1.9
1.4+0.6 0.3£0.1 2.2+0.7 1.8£0.6
24+1.1 0.1+0.0 33+1.1 1.1+£0.5
4.6+£2.9 6.9+3.8 15.6+84 53.1£27.2
1.9+0.5 1.2+0.7 33+1.3 21.1£11.9
1.5+0.4 0.2+0.0 2.0+0.3 2.3+0.7
0.7+0.2 2.5+0.2 3.5+0.1 52.7+6.4
0.1£0.0 0.4+0.1 1.0£0.3 1.5+£0.9
25+13 49+29 7.7+4.5 304.1+£277.5
0.1+£0.0 0.2+0.0 0.8+0.2 28.9+0.4
4.0£1.9 5.1+£1.5 5.5£2.9 224.0£114.3
0.5+0.1 0.2£0.0 0.4+0.1 30.3+£15.2

19.2 19.9 423 637.0
4.0 2.3 7.7 83.6
39 0.3 53 34
4.0+2.6 5.3+34 12.5+6.1 48.6+5.6

15.3+4.9 6.7£0.8 26.5+7.9 208.8+£29.6

16.2+7.8 12.3+£52  28.5+£13.5 87.2+55.99

355 243 67.5 344.6

vegetation (GC and VS) did not generate detectable
runoff in any of these three rainfall events. Even
though there were fewer rainfall events than in 2009,
the BS plots generated higher volumes of runoff and
soil losses in 2010 than in the previous years (Table 2).
Runoff volumes in the BS plots increased throughout
the rainy season in 2010, and the largest runoff oc-
curred in the last rainfall event of that year, with an
average across all BS plots of 2 mm. The most soil
loss was observed in the second rainfall of 2010 after
109 mm of precipitation, with an average soil loss
from BS plots of 1769.7 kgha™'. Nutrient concentra-
tions and losses in runoff also increased throughout
the rainy season that year. The greatest nutrient losses
in runoff occurred during the last rainfall event of

2010, with total losses of 16.2, 12.3 and 28.5 ghaf1
of inorganic-N, PO4-P, and TN, respectively—the
highest nutrient losses observed for an individual
storm during this entire study (Table 2).

Herbicide residues

The average concentrations of terbuthylazine in the
runoff water from the BS plots were 55.4, 79.9, and
64.2 ugL™" in 2008, 2009 and 2010, respectively. The
herbicide concentrations were highest in the runoff
event following the annual herbicide application, with
concentrations as high as 487.2, 260.4 and 388.3 nug
L' in 2008, 2009 and 2010, respectively. Even
though terbuthylazine was applied only in the BS
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trary, Zn concentrations were significantly higher in <g . A % g %
the BS plots than in the GC treatment. The GC plots %% s 3 g S
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reductions and yield losses, in comparison with weed-
free groundcover management systems. As previously
reported by others (Robinson and O’Kennedy 1978;
Shribbs and Skorch 1986; Welker and Glenn 1989),
we also observed reduced tree growth and fruit yield
in the GC compared with BS plots. However, in our
study soil water contents in GC plots were actually
greater than those in the BS plots, suggesting that trees
in the GC and VS treatments were not experiencing
more water stress than BS trees. Moreover, leaf nutri-
ent contents were not significantly different among
treatments, which suggests that trees in the VS or
GC plots were not more stressed than BS trees by
nutrient deficiencies. In addition, total soil N and C
contents were greater in the GC than in the BS treat-
ments, probably due to C input from groundcover
residues and N, fixation by the Hualputra legume
groundcover (Ovalle et al. 2006; Nyborg et al.
1995b; Janzen et al. 1998; Solberg et al. 1998;
Kumar and Goh 1999). However, during decomposi-
tion of cover crop residues there may be an initial
period of soil N-immobilization, followed by a period
of net N re-mineralization (Kumar and Goh 1999;
Recous et al. 1999). The duration of this period
depends on the C-to-N ratios of the crop residue
(Reinertsen et al. 1984), lignin and polyphenol con-
tents (Kumar and Goh 1999), and initial soil N con-
centrations (Reinertsen et al. 1984; Recous et al.
1995), among other factors. In the present study, up-
take of N by groundcovers, retention of N during
initial groundcover residue decomposition, and the
low initial soil organic matter content at this site, could
have interacted to reduce soil N availability transiently
in the GC and VS plots compared with the BS treat-
ment (Nyborg et al. 1995a). This temporary restriction
in soil N availability may explain the decreased
growth and fruit yield of trees in the VS and GC
treatments compared to BS.

Additionally, even though groundcovers are rela-
tively more efficient than fruit trees in recycling N
mineralized by decomposing groundcover residues
(Haynes and Goh 1980; Sanchez et al. 2003; Yao et
al. 2005), during the first years of our study there were
minimal groundcover residues to be recycled, and the
groundcover vegetation was directly competing for
nutrients and water with the newly planted avocado
trees. This initial competition, at a vulnerable stage for
the newly planted avocado trees, might have been
masked in the overall effects of groundcover
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management on soil moisture and leaf nutrient con-
tents, but it could have been enough to affect tree
growth. Although we did not directly measure
above-ground biomass of the avocado trees, those in
the BS plots were bigger than those in the groundcover
treatments, but they had similar foliar N concentra-
tions. This suggests a greater total N uptake by trees in
the BS plots, probably because N was less available in
GC and VS than in BS plots. Other factors such as
tree-groundcover root competition could have also
resulted in tree growth reductions and yields losses
in the groundcover plots (McMurtrie and Wolf 1983).

Welker and Glenn (1989) observed that growth of
young peach (Prunus persica) trees was proportional
to the surrounding vegetation-free area, suggesting
that restriction in soil volume due to sod competition
resulted in smaller peach root systems and consequen-
tially smaller trees. However, in our study the growth
of trees in both the GS and the VS plots was equiva-
lently reduced, despite the closer groundcover prox-
imity to avocado trees in the GC than in VS
treatments. In this context it is also noteworthy that
the winters where evergreen fruit trees are cultivated
are generally warmer than those where deciduous fruit
trees are grown. The warmer temperatures during hu-
mid winter months, and irrigation during the drier
summer months (November through March) at our
site in Chile, allowed for continuous growth of weeds
and groundcovers throughout the year in our study.
These conditions presumably increased competition
between groundcover vegetation and newly estab-
lished avocado trees, and yearly post-emergence her-
bicide application in the VS treatment may have not
been sufficient to eliminate weed competition. Similar
effects on tree growth and fruit yield were observed by
Castro and Pastor (1994) and Wright et al. (2003) in a
groundcover management systems studies in an olive
grove and citrus orchard, respectively.

The use of groundcovers as an alternative ground-
cover management system for hillside avocado
orchards had negative effects on tree growth and pro-
ductivity during the first 3 years after orchard estab-
lishment. These economic downsides partly explain
the reluctance of avocado growers to change their soil
management practices. However, long-term studies of
alternative groundcover management systems in other
orchard crops have shown that continued interactions
of fruit trees with competing groundcover vegetation
enables trees to adapt and compensate or avoid
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groundcover competition for water and nutrients
(Atucha et al. 2011a, b). Furthermore, the long-term
deterioration of soil physical conditions and biological
activity in weed-free orchard soils (Oliveira and
Merwin 2001; Yao et al. 2005) may eventually be
more detrimental for orchard productivity than the
short-term groundcover competition during initial or-
chard establishment.

Mitigation of nutrient losses

Previous studies have shown that groundcovers can
provide runoff and soil erosion control in perennial
fruit plantings on hillsides (Francia Martinez et al.
2006; Garcia-Orenes et al. 2009; Gomez et al. 2003;
Martinez Raya et al. 2006; Youlton et al. 2010). The
interception of rainfall by groundcovers dissipates the
impact of raindrops on the soil surface, ultimately
reducing runoff and erosion (Francia Martinez et al.
2006). We observed a significant reduction in runoff
and erosion in both groundcover treatments compared
to the bare soil treatment, and similar observations
were reported by Youlton et al. (2010) and Francia
Martinez et al. (2006), in avocado and olive orchards
under different groundcover treatments.

During 2008, before the establishment of treat-
ments in our study, runoff volumes increased and
erosion rates decreased throughout the wet season.
The high erosion rates observed at the beginning of
the rainy season in 2008 suggest a high vulnerability
of the newly constructed berms to rainfall, as a conse-
quence of the disturbance of the soil during excavation
in the swales and mounding up the berms. On the
other hand, the increased runoff toward the end of
the wet season in 2008 probably resulted from soil
compaction and surface crusting due to preceding rain
events that year, leading to soil-surface sealing that
reduced infiltration and increased runoff (Lindstrom
and Onstad 1984; Gomez et al. 1999, 2004).
Saturated soil conditions at the end of winter in
2008 might also have reduced infiltration and in-
creased runoff compared to the initial rainfall
events that year (Bissonnais et al. 1995). These
results highlight the importance of protecting soil
from erosive forces after the construction of berms
and during hillside orchard establishment, the pe-
riod when soil is most vulnerable to erosion due to
its recent disturbance, and lack of surface vegeta-
tion and crop residues.

Soil compaction in the BS plots was greater than in
the GC treatment, as reflected by the higher soil bulk
density and lower macro-porosity in the BS compared
to the GC plots (Table 3). Soil management effects on
aggregate stability influence susceptibility to soil deg-
radation, and are fundamental for promoting soil con-
servation (Boix-Fayos et al. 2001; Ramos et al. 2010).
In our study, aggregate stability increased in soil be-
neath groundcovers. Organic substances supplied by
roots are a source of energy for microorganisms in the
rhizosphere, and materials produced by these micro-
organisms (e.g. mucilaginous polysaccharides) play an
important role in the stabilization of soil aggregates
(Gale et al. 2000; Six et al. 2004; Ramos et al. 2010).
In addition, soil organic matter content, which has
been extensively correlated with aggregate stability
(Oades 1984; Caravaca et al. 2002; Ramos et al.
2010), probably contributed to the greater aggregate
stability observed in the GC plots, which likely reduced
runoff volumes and soil erosion in that treatment.

The increased soil organic matter content in GC and
VS plots, attributed to groundcover residues and rhi-
zosphere decomposition (Manns et al. 2007), im-
proved soil fertility and soil physico-chemical
conditions, facilitating soil-water storage during the
summer months. The assimilation of N and P from
fertilizers and N, fixation by the groundcover into
microbial biomass and stable forms of soil organic
matter probably reduced losses through surface runoff
in the GC and VS in comparison to the BS plots.

Mitigation of water quality impacts using groundcovers

Total nutrient losses in our study were lower than
those reported in other studies for perennial fruit crops
(Ramos and Martinez-Casasnovas 2004, 2006;
Francia Martinez et al. 2006; Duran Zuazo et al.
2004). However, NH4-N concentrations exceeded
both the 0.5 mgL ™", threshold concentration for public
water supplies (Hiitter 1994), and the 5 mgL ™" limit
for irrigation sources (Ayers et al. 1985) during the first
rainfall events of 2009.

Average POy4-P concentrations in most runoff
events in all our treatments exceeded established limits
of 0.05 mgL™" (US-EPA 1976) that may lead to eu-
trophication of surface waters. The P concentrations in
runoff remained below the critical threshold level of
2 mgL™" for agricultural water use (Ayers et al. 1985).
However, since total nutrient losses were estimated
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based on dissolved nutrients in runoff water, our results
probably underestimated the total amounts of nutrients
lost, because we did not account for nutrients bound
to soil in particulate forms. Particulate P can account
for 75-95 % of the P losses in runoff water from
agricultural land, according to reports that P losses in
sediment transport were 2.8 fold higher than those
dissolved in runoff water (Sharpley et al. 1994; Duran
Zuazo et al. 2004).

Considering water quality, the average terbuthylazine
concentrations in surface BS treatment runoff water
during this study (55.4 to 79.9 ugLfl) were substantial-
ly higher than the guideline values for pesticide residues
in drinking water, set at 7 pgL ™" for terbuthylazine
(Younes and Galal-Gorchev 2000), and the European
Union maximum level of 0.1 ugL™" in water intended
for human consumption (Hamilton et al. 2003).
Terbuthylazine can also be transported through sedi-
ments, due to its moderate sorption and a relatively long
persistence in soils (Blanchoud et al. 2007), increasing
the risk of water contamination and bioaccumulation in
aquatic organisms (FCS 2007). The concentrations of
this herbicide in runoff from our site are therefore a real
concern for this region of Chile.

Conclusion

Our study demonstrated substantial impacts of
groundcover management systems on soil erosion
and runoff in newly planted hillside avocado orchards
under natural rainfall conditions, and suggests the
potential for protecting these hillsides by managing
groundcovers to reduce erosion and associated envi-
ronmental problems. One year after the establishment
of the orchards, soil erosion, runoff, and nutrient los-
ses were reduced with groundcover, in comparison
with the bare soil. Deterioration of soil physical
properties- higher soil bulk density and lower macro-
porosity and soil aggregate stability- were observed
without groundcover, which in the long-term might be
more detrimental and unsustainable for orchard pro-
ductivity than the initial short-term groundcover com-
petition. The high concentration of triazine-type
herbicide residues detected in the runoff water from
bare soil plots presents a significant risk of contami-
nation of drinking water sources. Future research
should focus on the impact these steep hillside
orchards have at the watershed scale.
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