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In the hills of south-east Asia shifting cultivation is developing towards more permanent cropping
systems. In association with short fallow periods, fields suffer from weed pressure and this, in turn, leads
to more frequent and deeper manual tillage. Due to steep slopes these operations induce tillage erosion.
Measurements of such soil losses under on-farm conditions are still scarce. In this study tillage erosion
was assessed and a predictive model of tillage erosion was established based on slope angle and contact
cover, i.e. basal crop area and weed cover. The experiments were conducted in the Houay Pano, Northern
Laos. The farmers cultivate annual crops in rotation with 1-3 year fallow periods without external inputs
and using only hand tools. Tillage erosion was assessed using the tracer method across nine slope classes
(0.30-1.10 m m ") for two crops, upland rice and Job’s tears (Coix lacryma-jobi L.). Soil movement due to
land preparation and weeding were assessed separately because different tools are used, a medium size
hoe and a small curved hoe. A multivariate regression showed a highly significant relation (R? = 0.83)
between soil losses due to land preparation, slope gradient and contact cover. Predicting models of soil
losses due to weeding were also highly significant (R*> = 0.79 for upland rice, R? = 0.88 for Job’s tears),
confirming the importance of tillage erosion on steep slopes (4, 6 and 11 t ha—' year™' on slopes with
gradients of 0.30, 0.60 and 0.90 m m ™!, respectively). Tillage erosion has increased exponentially over the
last 40 years because of weed invasion associated with short fallow periods; the initially no-till system
has changed into a system heavily dependent on tillage to control weeds and this greatly contributes to
soil degradation.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

weeds. This has resulted in a drastic decline in land and labour
productivity (Fujisaka, 1991; Roder et al., 1995; de Rouw, 2001;

In most tropical areas, the increasing weed pressure resulting
from the intensification of upland farming requires farmers to
dedicate more labour to weeding (Nye and Greenland, 1960; Roder
et al,, 1995). In the highlands of Thailand, Laos and Vietnam,
shifting cultivation is still a dominant feature of subsistence
farming but the system has become increasingly distorted in
response to population pressure, inappropriate techniques, but
also peculiarly in Laos, to resettlement (Lestrelin et al., 2005). In
many areas the fallow period has been shortened locally to 1-3
years whereas ecological sustainability may require a minimum
fallow period of at least 8 years to restore soil fertility and control
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Lestrelin and Giordano, 2006; Saito et al., 2006a). Shortening of
fallow periods leads to a gradual replacement of a forest-like
vegetation by a bush fallow including the dominance of forbs and
vines such as Chromolaena odorata (L.) R.M. King & H. Rob., Mimosa
diplotricha C. Wright ex Sauv. var. diplotricha and sometimes
coarse grasses such as Imperata cylindrica (L.) P. Beauv. var. major
(Nees) C.E. Hubb. ex Hubb. & Vaugh. (de Rouw et al., 2005a). In this
process, not only the number of weeds in the field increases but the
species composition also changes because more aggressive species
could adapt to frequent clearing. While shifting cultivation was
originally a no-till farming system because weeds were few and
could be controlled by hand pulling and cutting with a knife,
nowadays tillage is part of the system. In northern Laos, between
40 and 77% of the total labour inputs is lost in weeding (Roder et al.,
1997; de Rouw et al., 2002; Saito et al., 2006b) (Table 1).

On steep slopes, tillage operations induce erosion which is the
process of downhill soil translocation caused by the force applied
by agricultural tools and gravity. This mechanical erosion has been
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Table 1
Labour inputs for slash-and-burn upland rice and Job’s tears cultivation, Houay Pano, Laos.
Operation Month Upland rice Job’s tears Tools

Days ha™! % Days ha™! %
Slashing fallow vegetation March 41 15 27 14 Machete
Burning April 1 0.4 1 0.5
Land preparation May 26 9 25 13 Medium size hoe
Hill sowing June 43 15 8 4 Bamboo stick
1st weeding June 36 13 53 28 Small curved hoe
2nd weeding July 38 13 22 11 Small curved hoe
3rd weeding August 38 13 32 17 Small curved hoe/machete
4th weeding August 35 12 Machete
Harvest and transport September-November 25 9 25 13
Total 283 193

studied for tractor-plough tillage (Lindstrom et al., 1992; Govers
etal., 1996; Lobb et al., 1999; Marques da Silva et al., 2004); yet this
process occurs also when farmers use manual tools to prepare and
weed their fields (Lewis and Nyamulinda, 1996; Turkelboom et al.,
1997, 1999; Thapa et al., 1999a; Nyssen et al., 2000; Zhang et al.,
2004; Kimaro et al., 2005; Dercon et al., 2006). Soil clods detached
by tillage operations accumulate in the depressions or at the field
limit. In the convexities, erosion due to soil tillage is more
important because soil losses exceed inputs (Govers et al., 1994).
Several authors have reported that tillage erosion from small fields
can cause soil losses of the same order of magnitude than those
reported for water erosion (Quine et al., 1999; Turkelboom et al.,
1999; Van Muysen et al., 1999; Nyssen et al., 2000). In south-east
Asia most erosion research has concentrated on water erosion
(Hurni, 1982; Hill and Peart, 1998; Chaplot et al., 2003; Valentin
et al., 2005). Unlike water erosion, tillage erosion increases with
shorter slopes (Turkelboom et al., 1997). Tillage erosion affects the
top layer, therefore it has a major effect on soil fertility because
typically, nutrients contained in organic matter and ash concen-
trate in the top centimetres of the soil. The repetition of manual
tillage operations induces spatial variability of soil fertility along
the slope and possibly soil profile modifications (Thapa et al.,
1999b; Kimaro et al., 2005; Dercon et al., 2006). Tillage can also
decrease soil resistance to breakdown under splash effects and
runoff erosion (Govers et al., 1994).

On the cultivated slopes of south-east Asia only few studies
have quantified soil losses due to manual tillage on-farm. Manual
tillage, i.e. hoeing on slopes, includes two soil movement
processes: one is the translocation of soil by the hoeing action;
the other is the “ravel” which is the rolling, bouncing, and sliding of
soil clods down slope. One study focussing on deep tillage carried
out by farmers in order to free the land from perennial grasses
(Turkelboom et al., 1997) quantified chiefly the translocation of the
soil since the rough surface in combination with uprooted grasses
prevented the ravel. A second study on superficial tillage for
weeding purpose (Ziegler et al., 2007) measured mainly the ravel
because the surface remains rather smooth. In previous studies,
experimental conditions were sometimes unnatural. Fields were
near bare because tillage was performed after removing all the
weeds from the plots (Turkelboom et al., 1997), or very few weeds
were present (Ziegler et al., 2007); the period of experimentation
was too early in the season, in December instead of February for
land clearing (Turkelboom et al., 1997) and in May for weeding
(Ziegler et al., 2007); tillage experiments were space-continuous
(Turkelboom et al., 1997; Ziegler et al., 2007), though in those
farming systems the aim of tillage is to remove weeds and farmers
generally will not till sites without weed cover. Apart from their
originality, the merit of these studies lies in the fact that different
methods were compared to measure and describe soil losses in the

field. In this study the methodology developed by Turkelboom
et al. (1999) was adopted: the tracer method for field measure-
ments, and linear functions for different slope gradient classes for
predictive models.

The present study investigates manual tillage erosion on steep
slopes in situations resembling more closely the typical farm
conditions: separate experiments for different types of tillage tools
and for different crops, experiments conducted in their proper
period according to the cropping calendar, and accounting for the
natural weedy vegetation and crop cover in situ, for instance no
tillage applied on patches of the field that are weed free.
Subsequently, we investigated whether the variables: tool, crop,
cover by weed and basal area of crop, could improve the predicting
model of tillage erosion used by Turkelboom et al. (1999). Finally,
this study aims to assess the historic accumulative tillage erosion
of the study site starting in a period in which tillage was not
required up to the present where cultivation heavily depends of
tillage to control weeds.

2. Materials and methods
2.1. The study area Houay Pano catchment

The catchment, located near the village Lak Sip, in Luang
Prabang District, northern Laos covers about 0.60 km? and
discharges to the Mekong River. UTM 1983 coordinates (zone
48) comprise between 203245.14 to 204679.65 m and 2197318.4
to 2198825.04 m, or 102°10’17” longitude and 19°51/23” latitude.
The climate is sub-tropical with an annual precipitation over the
last 30 years of 1403 mm and a mean annual temperature of
25.3 °C. Almost 90% of the annual precipitation occurs during the
monsoon season from April to October. Altitude ranges from 425 to
718 m with a mean slope of 0.56 mm~!. Parent material is
composed of schist. From downslope to upslope positions, soils
vary from Dystrochrepts, Alfisols to Inceptisols (Soil Survey Staff,
1999). At downslope positions, where slopes range from 0.05 to
0.30 mm™!, deeper soils are formed with rather fertile alluvio-
colluvial sediments eroded from the hill slopes. These Dystro-
chrepts are truncated and show some redoximorphic features
(Chaplot et al., 2005). Alfisols cover almost half of the total area and
occur on the steeper slopes. They are deep, 2.5-4.5 m, clayey soils,
marked by a typical argillic B subsurface horizon with clay films of
1 mm or more. Due to erosion rates, this argillic horizon is
frequently exposed at the soil surface (Chaplot et al., 2005). On hill
tops and on the steepest slopes, Inceptisols occur. These soils are
characterized by a degraded thin soil layer, 0.5-1 m thick. All
Dystrochrepts and Alfisols and some Inceptisols are cultivated.

The hill slopes are covered by a mosaic of fallow vegetation and
crop land with a predominance of upland rice (Oryza sativa L.) and
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Job’s tears (Coix lachryma-jobi L.). In the valley bottom, vegetables
and banana are often grown. Only the very steep slopes and the
crests are not cultivated, these sites are covered by remnants of dry
Dipterocarp forest. The catchment is representative of the no-input
rotational shifting cultivation system of south-east Asia, and
underwent a reduction of the fallow period from 10 to 15 years
about 40 years ago, to 1-3 years currently (de Rouw, 2005;
Lestrelin et al., 2005).

2.2. The farming system

The dominant ethnic group of the area are the Khamu. Table 1
shows the cropping calendar, tools and labour inputs for upland
rice and Job’s tears cultivation. After burning, weeds emerge
massively and the farmers clear the land working up the slope.
These weeds tend to cover the entire field so the tillage work is
space continuous. After sowing farmers start weeding going
upslope. Firstly, the larger weeds are eliminated by slashing or
hand pulling, and then the small weeds are controlled by tillage.
The fields of Job’s tears are usually weeded less frequently because
this crop is more competitive. In the last weeding round no tillage
is used, instead, hand pulling and slashing with a machete allow an
easy access to the field for harvesting. The productivity of this
farming system is low as farmers obtain a mean yield of 1.2 t ha!
for upland rice and 1.4 t ha~! for Job’s tears (de Rouw et al., 2002;
Lestrelin and Giordano, 2006).

2.3. Increased use of tillage during the last 40 years

Farmers with fields in the catchment (36 households) were
asked to recall how their cropping practices had evolved from a no-
till system in which the soil was not otherwise disturbed but by
sowing, into a system requiring more and deeper tillage to control
weeds. Thus, the farmers identified a first stage in which upland
rice was cultivated requiring no land preparation prior to sowing
other than burning and no soil disturbance during weeding. The
few weeds present were allowed to grow to a certain size they
could be hand pulled. A second stage followed comprising no
tillage required for land preparation but one weeding round using
the small curved hoe for superficial tillage (Fig. 1). Weeds appeared
so numerous after sowing that they would cause severe yield
reduction if left undisturbed. As these seedlings were too small to
be eliminated by hand pulling, they were controlled using
superficial tillage. A third stage was identified comprising no
tillage required for land preparation but two weeding rounds in the

Fig. 1. The small curved hand hoe (oewek) used by Khamu farmers for weeding.

crop using the same small curved hoe. A fourth and last stage was
identified as a situation requiring deep tillage with a medium size
hoe in order to prepare the land for sowing. Three weeding rounds
with tillage using the small curved hoe would follow. From stages 1
to 3, the same group of weed species was encountered in rice fields,
only occurring in increasingly greater numbers. Stage 4 is
characterized by the invasion of a new group of weeds capable
of germinating within 1 or 2 weeks after burning. Their rapid
elimination, a necessity for timely sowing, resulted in the adoption
of a new tillage tool, the medium size hoe.

This information was checked by direct observations in the
field, between 2001 and 2004. In the catchment, fields were in
stages 3 and 4, outside the catchment at several hours walking
distance from the village; examples of stages 1 and 2 were found.
Referring to exceptional events such as 1995, the year of the
application of the Land reform, 1973, when the road was built, and
events between 1960 and 1975 related to the civil war, we could
date approximately these changes in the farming system.

2.4. Experimental set-up

The experiments were conducted during the cropping seasons
of 2001 and 2002 in Houay Pano catchment. Additional informa-
tion on weed control, growth, cover and weed type was gathered in
the cropping seasons 2001-2004 by direct observations in the field
and interviews with farmers.

Plots were laid out in farmer’s fields on linear slopes over 10 m
length including the steepest slopes cultivated. Tillage erosion due to
land preparation using the medium size hoe was assessed on nine
slope classes (0.20-1.10 m m~!) with six replications. Tillage erosion
after sowing due to weeding using the small curved hoe, was
assessed on seven slope classes: in upland rice (0.20-0.90 mm™!)
with four replications and in Job’s tears (0.40-1.10% m m~!) with
three replications. In total 103 measurements were made, 54 on land
preparation, 49 on weeding operations of which 21 were in Job’s
tears and 28 in upland rice. All tillage work was performed by the
farmers with their own tools following local practice.

Initially, small stones were used for tracers, but these were
suspected to behave differently from soil clods because of their
superior weight and rounded form. After some trials, they were
replaced by aggregates collected from the soil surface of the
various fields, size 1-2 cm; the latter were oven-dried and painted.
For each measurement, 100 such aggregates were used. They were
placed along a contour line marked by a string. Slope gradient was
measured with a clinometer. Contact cover (%, C.) was visually
assessed in the fields using figure charts (Casenave and Valentin,
1989). This cover represents the percentage of obstacles directly in
contact with the ground; it includes the basal area of the crop (%,
Cpac) and the weed cover (%, C,). Weed cover included both the
cover by green weeds just before their elimination by the tillage
operation, and the cover by heaps dead weeds, slashed or pulled
out prior to the tillage operation. Rock and gravel that are
commonly part of contact cover (e.g. Sidle et al., 2006) were absent
in our study. After these measurements, hoeing was then
performed by farmers working uphill until the line of tracers
was passed. The distance between each displaced aggregate and
the benchmark line was measured.

2.5. Calculation of tillage erosion
The soil mass that passes a unit contour length for one tillage
pass, or soil flux Q; (Turkelboom et al., 1999), can be calculated

using Eq. (1):

Qt = DmDp (1)
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where Q; is the soil flux caused by tillage (in kg m~! tillage
pass™1); Dy, is the mean downslope displacement distance of the
tracers (m); D is the mean tillage depth; p is the bulk density of
the soil (t m~3). Bulk density was measured at the onset of every
experiment, three replicates, using the cylinder method. Mean
soil losses per hectare for one tillage pass can be derived from
the soil flux Eq. (1) and from the downslope field length using
Eq. (2):

Q10
TE = T

(2)

where TE is the tillage erosion rate (t ha~! tillage pass '), Q; is the
soil flux caused by tillage (kgm~!tillage pass™!); L is the
downslope field length (m). To enable comparisons, a fixed value
of L was used (50 m).

Contrary to land preparation, weeding in the crop is not space
continuous: only areas covered by weeds are tilled. This manual
practice consists of a very shallow scraping of the soil surface with
a curved hoe to cut or uproot the weeds. Tillage erosion due to
weeding is given by Eq. (3):

TEw = SwTE 3)

where TE,, is the tillage erosion rate (t ha~! tillage pass~') due to a
weeding operation; TE is the tillage erosion rate derived from
Eq. (2); Sw is the area effectively tilled during weeding. In practice,
we used C,, the weed cover area, as a surrogate to S,,. C,, was
assessed on the plot just before each tillage experiment.

Knowing the number of hoeing operations for land preparation
(nn) and for weeding (n,), the annual tillage erosion ATE can be
calculated using Eq. (4):

ATE = n, TE, + nwTEy (4)

where ATE is the annual tillage erosion rate (t ha~! year™!); TE,
and TE,, (t m! tillage pass™!) are the tillage erosion rate due to
land preparation and weeding, respectively; ny and n,, are the
annual number of hoeing operations for land preparation and for
weeding with tillage tools, respectively. We used n, =1 for both
crops and n,, = 2 for Job’s tears and n,, = 3 for rice.

2.6. Building a predictive model of tillage erosion

Linear regression analyses were performed with a personal
computer version of the SPSS® package using stepwise linear
regression. With this procedure independent variables can be
added individually to the model at each step of the regression,
and therefore changes in the R? value can be evaluated. These
stepwise regressions were used to identify the best predictors for
tillage erosion. In the linear regressions, only parameters
statistically significant at the 0.01 level were retained. To enable
comparison, field area and slope length has been fixed to 1 ha and
50 m.

The annual soil losses for the different stages of tillage intensity
since 1964 could be assessed using Eq. (5):

ATE (stagery = M (stagea) TEn (stage@) + Mw (stager) [Ew (stage ) (5)

where ATE(srage o) is the annual soil erosion (t ha~! year™!) due
to tillage erosion during the stage o; TEy, (stage o) aNd TEw (stage o)
are the tillage erosion rates due to land preparation and
weeding calculated with predictive models built with the results
from the field measurements; Ny (stage o) aNd Nw (stage o) are the
annual number of land preparation and weeding operations,
respectively.

3. Results
3.1. Soil flux due to land preparation

Seriously infested fields are colonized by weed species whose
germination is stimulated by fire such as the vine Mimosa
diplotricha. After burning, tiny seedlings emerge disseminated
all over the field and, if left undisturbed, quickly form a thick, more
or less continuous mat. These weeds are controlled by hoeing prior
to sowing. Because of the rather uniform distribution of these
weeds in the field, the entire surface has to be worked. Hoeing with
the medium size hoe remains most often shallow with a mean
depth of 2 cm. Consequently, the soil surface stays rather smooth
and this enables aggregates to roll and slide down along the slope.
However, the cut and uprooted weeds form a mulch together with
detached aggregates and this mass prevents aggregates from
rolling down. The extent of the mulch-mass varies with the size of
the individual plants in the mulch. In cases where Mimosa plants
were rather big, these seedlings could cover 50% of the field,
whereas tiny plants would represent a cover as low as 5%. The
effectiveness of this mulch to stop aggregates and prevent soil
losses is shown in Fig. 2. A weed cover, also called contact cover, of
50% reduced soil losses by 40% on a 0.60 m m~' slope gradient as
compared to cases with a cover of only 5%.

On average, fields of all slope ranges were to a similar degree,
about 20%, covered by Mimosa at the moment the farmer decided
to clear the land using tillage (Table 2). Therefore, tillage erosion
due to land clearing largely depended on the slope gradient and to
a lesser extent on contact cover. For instance, on a 0.60 m m™!
slope gradient, mean aggregates displacement exceeded 1 m
leading to soil losses of 3.8 tha~! (Table 2).

A regression based on the experiments (R? = 0.83, n = 54) was
established relating soil losses (TEy, t ha=! year™!), slope gradient
(S, %) and contact cover (C., %) using Eq. (6):

TE;, — e(0:247+0028.5-0017C;) (6)
Tillage erosion due to land preparation can thus be estimated.
3.2. Soil flux due to weeding
In contrast to the uniform weed emergence immediately after
burning, emergence later in the rainy season is patchier. The

subsequent tillage operations are not space-continuous because
farmers work the soil where weeds are growing, thus limiting soil
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Fig. 2. Tillage erosion during land preparation due to hoeing as influenced by slope
gradient and the fraction of the soil surface directly covered by weeds and the basal
area of the crop (contact cover).



B. Dupin et al./Soil & Tillage Research 103 (2009) 119-126 123

Table 2

Mean and standard deviation for tillage erosion caused by land preparation using a medium size hoe, tillage depth 2 cm, soil bulk density 0.9 t m~3, n = 54, S.D. = standard

deviation.

Slope class (mm™") Soil contact cover (%)

Translocation distance (m)

Soil flux (kg pass™!) Soil losses (t ha™1)

Mean S.D.

S.D. Mean S.D.

Mean Mean S.D.
0.2-0.3 22 21.9 0.6 0.30 11 5.5 24 0.82
0.3-04 22 19.1 0.7 0.25 13 44 2.2 1.38
0.4-0.5 18 19.1 1.0 0.61 18 11.0 2.6 0.89
0.5-0.6 18 14.4 1.1 0.52 19 9.3 3.6 2.20
0.6-0.7 15 144 1.8 0.61 33 11.0 3.8 1.86
0.7-0.8 18 154 23 0.56 42 102 6.5 2.20
0.8-0.9 22 154 2.7 0.69 49 124 8.4 2.68
0.9-1.0 22 17.6 5.0 2.69 91 48.5 9.8 2.59
1.0-1.1 22 17.6 5.9 2.97 106 53.5 19.6 9.28

The italics values represent standard deviation.

Table 3

Mean and standard deviation for tillage erosion caused by weeding using a small curved hoe, tillage depth 1 cm, soil density rice field 0.95 t m~

field 0.90 tm3, n=21.

3 n =28, soil density Job’s tears

Slope class Weed cover (%) Crop basal area (%) Soil contact cover (%) Translocation distance (m) Soil flux (kg pass~?) Soil losses (tha™1)
(mm™) .
(weeding 1) (year™1!)
Mean S.D Mean S.D Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean
Upland rice
0.2-0.3 30 14.1 23 6.4 38 9.6 0.4 0.03 1.1 043 0.2 0.09 0.6
0.3-0.4 43 9.6 26 85 48 5.0 0.4 0.05 1.7 0.53 0.3 0.11 1.0
0.4-0.5 25 58 35 10.8 50 14.1 0.7 0.10 1.6 0.34 0.3 0.07 1.0
0.5-0.6 25 58 19 25 31 25 1.0 0.07 24 0.66 0.5 0.13 1.4
0.6-0.7 23 13.9 22 5.9 32 9.6 1.3 0.52 2.2 042 0.4 0.08 1.3
0.8-0.9 15 58 23 6.4 30 82 2.5 0.59 3.4 1.08 0.7 0.22 2.0
Job’s tears
0.3-04 17 58 38 20.2 47 23.1 0.5 0.22 0.6 0.28 0.1 0.06 0.2
0.4-0.5 17 58 38 20.2 47 23.1 0.8 0.59 1.1 047 0.2 0.09 0.4
0.5-0.6 17 58 40 13.2 43 15.3 1.0 0.64 1.2 0.29 0.2 0.06 0.5
0.6-0.7 10 2.0 37 189 42 18.9 1.0 0.38 0.9 0.34 0.2 0.07 0.3
0.8-0.9 13 58 32 189 38 20.2 1.7 142 1.9 1.23 0.4 0.25 0.8
0.9-1.0 13 58 32 18.9 38 20.2 2.2 1.16 2.5 1.09 0.5 0.22 1.0
1.0-1.1 13 58 32 189 38 20.2 34 1.60 3.9 1.67 0.8 0.33 1.6

The italics values represent standard deviation.

disturbance to about 20-30% of the soil surface in upland rice, and
10-20% in Job’s tears (Table 3).

Weeding consisted of a very shallow scraping of the soil surface
not exceeding 1 cm of depth with a small curved hoe. In contrast to
the land preparation where seedlings are left on the soil surface
forming a mulch, farmers during weeding did not leave the uprooted
seedlings on the soil surface where there is a risk that they may
regrow, but handsfull of weeds were disposed off in places of the
ground or outside the field. Thus, because of the rather smooth
surface, the dislocated aggregates could roll further down the slope
compared to the clearing operation prior to sowing. On the other
hand, contact cover of the crop constituted important obstacles for
soil displacement. In rice, contact cover was high because farmers
planted at high densities, 10-12 hills m~2; but contact cover was
also high in Job’s tears, not because of dense sowing, limited to 1-
2 hills m~2, but because of the stout growth form and strong tillering
of the local Job’s tears varieties (Table 3). Job’s tears being a more
robust and more competitive plant compared to upland rice,
reduced weed growth. Tillage erosion due to weeding was primarily
influenced by slope gradient and this effect was stronger for rice
(Fig. 3) than for Job’s tears (Fig. 4). The difference between the crops
was due to the areas effectively tilled, less so in Job’s tears, and to
basal area, superior in Job’s tears, both impede aggregate displace-
ment. However, the repetitiveness of this operation resulted in soil
losses equivalent to 1t ha~! in both crops.

Stepwise regressions analyses were performed to identify the
best predictors for tillage erosion due to weeding operations.

Linear regressions selected statistically three characteristics: slope
gradient, crop basal area and weed cover, to predict tillage erosion
by weeding in Job’s tears, Eq. (7):

TE\y (ob's tear) = @(~3.154+0.0255—0.030 Ciyc+0.080 Cuy)

withn = 21andR?> = 0.91

where TE,, (job's tear) i the tillage erosion rate due to weeding
in Job’s tears (t ha~! weeding pass~!); S is the slope gradient

225¢
200k y :10 440" a 1st weeding
R° =078 o 2nd weeding
™ 175} © 3rd weeding
‘s 1.50
=
;" 125}
(]
@ 1.001 § =014
o R?=063
3075 y=0.11e""
w R?=071
0.50} y=021e"™
0251 R =025
000 1 1 1 1 1 J
0.0 0.2 0.4 06 0.8 1.0 1.2

Slope gradient (m m'1)

Fig. 3. Tillage erosion due to weeding in upland rice as influenced by slope gradient.
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Fig. 4. Tillage erosion due to weeding in Job’s tears as influenced by slope gradient.

(%); Cpac is the basal area of the crop (%); Cu is the cover of
weeds (%).

By contrast, only two characteristics: slope gradient and weed
cover were major predicting factors for tillage erosion by weeding
in upland rice fields, Eq. (8).

TEw(rice) _ e(—3.347+0.0295+0.029CW) withn = 28 and RZ

=0.79 (8)

where TE,y (rice) IS the tillage erosion rate due to weeding in upland
rice (t ha—! weeding pass™'); S is the slope gradient (%); Cy is the
cover of weeds (%).

Tillage erosion due to weeding operations can therefore be
assessed as a function of the slope gradient, the area occupied by
weeds and the basal area of the crop.

3.3. Evolution of tillage erosion rates over the last forty years

Fig. 5 shows the level of annual tillage erosion for those fields
requiring land preparation prior to sowing. Soil losses are high in
both crops. It is slightly higher for the fields cultivated with upland
rice than Job’s tears due to more weeding passes in the former and
less weed infestation in the latter.

The majority of fields in the catchment were in stage 1 up to
1974 (Table 4), in stage 2 up to 1985, in stage 3 up to 2002. Fields in
stage 4 started to appear from 1996 onwards and their number
increased every year. At the time of the tillage experiments, a
quarter of the cultivated fields were in stage 4, the remainder in
stage 3.
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Fig. 5. Annual tillage erosion in upland rice and Job’s tears as influenced by slope
gradient.

Table 4
Evolution of number and type of tillage operations in shifting cultivation, Houay
Pano, Laos.

Period Fallow duration (year)Clearing prior to sowingWeeding in rice
PassesTool PassesTool
Before 197415-25 Not needed 1-2  Hand pulling
1975-1985 8 Not needed 1 Small curved hoe
1986-1995 3-4 Not needed 2 Small curved hoe
1996-2004 1-3 1 Medium size hoe 3 Small curved hoe
60 r
~.—t 50
@
g
- 40
@
=
> 30
Q
(7]
7]
o 20t
‘'
W)
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0.0 I l

before 1974 1975-1985 1986-1995 1996-2002

Fig. 6. Evolution of tillage erosion rates during the last forty years on a field with a
60% slope.

In Houay Pano, the intensification of the shifting cultivation
system has lead to an exponential increase of tillage erosion
(Fig. 6). Shifting cultivation before 1974 did not provoke noticeable
tillage erosion rates. After 1974, annual soil losses due to tillage on
a 0.60 m m~! slope increased to about 0.4 t ha~'. In 1986, tillage
erosion increased to values of 1tha~'. After 1996, soil losses
increased exponentially to about 6tha !year ! due to the
combined action of space continuous tillage and a new tool
working the soil at a greater depth.

4. Discussion

Our data confirm the importance of tillage erosion on very steep
slopes and the non-linear nature of the relationship between
tillage and slope gradient. Manual tillage by farmers working steep
slopes in south-east Asia can be remarkably varied; hence it is
difficult to compare erosion rates. In the Sichuan study area (Zhang
etal., 2004), tillage includes a 20 cm deep digging and local turning
of the soil in order to improve its structure rather than control
weeds. The operation is space-continuous and produces such a
roughness of the soil surface that the ravel of clods is limited. By
contrast, the soil is only superficially worked in the shifting
cultivation systems of Laos (this study) and in the mountains of
north Vietnam (Ziegler et al., 2007), however not with the same
type of hand tool. The weeding tool (ngheo) of the Vietnamese Tay
farmers is in fact a hooked knife hitting the soil surface over a
width of 5 cm maximally. It is hard to imagine a space-continuous
weeding operation with such a tiny tool. In Laos, the weeding tool
(ouwek) is curved sideways, almost like a sickle, the blade making a
90° angle with the handle. The blade makes soil contact over a
length of 12-15 ¢cm and this is the maximum width for a tool to
move easily in between rice hills that are planted about 20 cm
apart. Exactly the same weeding tool is used by the Karen in
northern Thailand (Klaus Prinz, pers. comm.). Soil losses due to
weeding with an ngheo averaged 1.7 tha~! pass~! (Ziegler et al.,
2007), much higher than those observed by weeding with the
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ouweék (this study), amaximum of 1.0 t ha~! pass~! on the steepest
slopes. Part of the difference could be due to the practice of farmers
of restricting tillage to areas covered by weeds. Farmers in the
study area limit soil disturbance to a minimum not because they
consider the negative effect of tillage erosion, and only partly to the
work being particularly tedious, but mainly because all soil
disturbance triggers additional germination of weeds (de Rouw
et al., 2005b). Erosion rates by the ngheo are, however, comparable
with those measured in Laos under a space continuous tillage on a
soil surface with only 5% weed cover and a mean soil depth of 2 cm
(land preparation, this study).

The tillage erosion rates in this study, 5.7 tha !year ! for
0.60 m m~! slope under upland rice, field of 50 m length, were also
lower than in Thailand, 14.8 t ha~! year~! under upland rice, field
of 50 m long, for a single tillage pass before sowing with a hoe
(Turkelboom et al., 1999). This difference is due to a deeper tillage
depth in northern Thailand (10-20 cm) which is performed to
control perennial grasses and simultaneously retard the emer-
gence of annual broad-leaved weeds (Van Keer, 2003). In fact, the
shifting cultivation system in Thailand underwent similar
changes in weed control but it had moved beyond the fourth
stage of weed infestation described above. In the Thai study, the
bush fallow had been replaced by tall perennial grasses and land
clearing prior to sowing required their physical removal, i.e.
uprooting of rhizomes of notably Imperata cylindrica (Van Keer,
2003). The beginning of a similar invasion was observed in the Lao
study (de Rouw et al.,2005a). In that case a continuing agricultural
exploitation will only be possible with deeper tillage and larger
hoes, as described by Turkelboom et al. (1999) and soil losses due
to tillage will probably attain similar, much higher levels. In the
case the land remains rather free of perennial grasses, farmers
could opt for the cultivation of a wider range of crops, now limited
to upland rice and Job’s tears. However, the introduction of cash
crops, e.g. Maize and cassava into the farming system is
significantly associated with higher erosion rates (Valentin
et al., 2008) partly due to higher tillage erosion rates (Ziegler
et al., 2007).

In this study, soil mean displacement for a 0.50 m m~" slope
was 0.99 m which is approximately twice that of 0.53 m recorded
by Turkelboom et al. (1999). Compared with other tillage systems,
the Lao values are considerable, e.g. a displacement of 0.30 m for
ploughing the soil to 8 cm depth by a draught animal (Nyssen et al.,
2000) and 0.40 m for manual tillage to 20 cm depth with a hoe
(Zhang et al., 2004). Moreover, the function to predict soil
translocation from the slope gradient is steeper in our study. All
these differences can be explained by the very shallow depth of
tillage operation in Laos. Because the soil surface stays smoother,
aggregates can roll further down than for a deep tillage, hence the
process of ravel is more important. The angle of repose, defined as
the slope value under which aggregates start to roll down, should
be lower in the Lao system than the values of 0.68-0.78 m m™'
reported by (Turkelboom et al., 1999).

Soil losses due to tillage erosion on a 0.60 m m~! slope gradient
(5-6 t ha! year™!, this study) are of the same order of magnitude
than those due to runoff as measured at the plot scale under similar
farmer practices, 5.7 tha~! year™!, mean over 5 years, northern
Laos (Phommasack et al., 2000). At the catchment scale, sediments
yields, which are primarily due to linear and gully erosion
(Valentin et al., 2005) clearly increase with increasing surface
cultivated with annual crops (Sengtaheuanghoung et al., 2006). A
total linear erosion rate of 9.3 tha~! year~! was observed at the
catchment scale (Chaplot et al., 2005). This last observation could
be explained by the practice of tillage erosion in annual crops that
increase aggregate detachment rates by the splash effect. The
exposed layers resulting from cultivation with annual crops, are

1

more sensitive to crusting, which favour runoff and hence rill and
gully erosion downhill (Valentin et al., 2005).

5. Conclusions

Subsistence farming on very steep slopes using hand tools
exclusively can cause serious tillage erosion each time farmers
cultivate a plot. Though slope gradient has a great influence on soil
translocation and the relation is exponential, tillage erosion is not
solely a function of slope. Crop choice and local weed pressure, as
farmers till only those areas covered by weeds and only in a period
when these weeds potentially harm the crop, become important
considerations. Soil contact cover is also an important factor as it
can trap the rolling and sliding aggregates detached by tillage.
Tillage erosion decreases with increasing soil contact cover. Its
effect is more important on steeper slopes on which an aggregates
potential energy is greater.

Regression models based on current cultivation practices
showed that tillage erosion has increased over time. Using the
regression models based on current cultivation practices, soil
losses have augmented since 1964 following an increase in the
number and intensity of tillage operations. The very low labour
productivity due to both increasing of weeding operations and soil
fertility depletion strongly threatens the farming system. Although
the factor slope gradient is paramount in the assessment of soil
losses, tillage erosion has increased over time, not so much due to
steeper slopes now being cultivated more frequently than they
were in the past, but rather, but because the system has changed.
On a field level farmers are willing to cultivate very steep slopes if
they can avoid the heavy chore of tillage prior to sowing. Minimum
tillage on the steepest slopes still results in little erosion as the field
area effectively tilled greatly influence soil erosion rates. On the
other hand, tillage erosion increases exponentially on any slope
once the new practice becomes necessary consisting of a space-
continuous tillage prior to sowing. On a catchment scale, tillage
erosion is bound to increase in the near future for two reasons.
Firstly, a larger part of the catchment will be cultivated each year
because the pressure on fallow land increases so land is re-
cultivated after an ever shorter period of rest. Secondly, not all
fields are yet infested with Mimosa or perennial grasses. Due to the
on-going progressive invasion of these troublesome weeds, with
each rotation, a greater number of steep sloped fields will arrive at
a point in which land preparation was imperative. In these cases,
the farmers have to change the system: hoeing to a greater depth
with a new type of tool in a period of the cropping season that the
land used to be weed free.
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