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Saturated macropore flow is the dominant hydrological process in tropical and subtropical hilly
watersheds of northeast India. The process of infiltration into saturated macroporous soils is pri-
marily controlled by size, network, density, connectivity, saturation of surrounding soil matrix,
and depthwise distribution of macropores. To understand the effects of local land use, land cover
and management practices on soil macroporosity, colour dye infiltration experiments were con-
ducted with ten soil columns (25 × 25 × 50 cm) collected from different watersheds of the region
under similar soil and agro-climatic zones. The sampling sites included two undisturbed forested
hillslopes, two conventionally cultivated paddy fields, two forest lands abandoned after Jhum culti-
vation, and two paddy fields, one pineapple plot and one banana plot presently under active
cultivation stage of the Jhum cycle. Digital image analyses of the obtained dye patterns showed
that the infiltration patterns differed significantly for different sites with varying land use, land
cover, and cultivation practices. Undisturbed forest soils showed high degree of soil macroporosity
throughout the soil profile, paddy fields revealed sealing of macropores at the topsoil due to hard
pan formation, and Jhum cultivated plots showed disconnected subsoil macropores. The important
parameters related to soil macropores such as maximum and average size of macropores, number
of active macropores, and depthwise distribution of macropores were estimated to characterise
the soil macroporosity for the sites. These experimentally derived quantitative data of soil macro-
porosity can have wide range of applications in the region such as water quality monitoring and
groundwater pollution assessment due to preferential leaching of solutes and pesticides, study of
soil structural properties and infiltration behaviour of soils, investigation of flash floods in rivers,
and hydrological modelling of the watersheds.

1. Introduction

In northeast India, the landscapes are mainly
characterised by the vegetated hillslopes and flood-
plains of river Brahmaputra and its tributaries.
The hydrological modelling of these watersheds is
a challenging task because of the presence of active
macropore network in the subsoil of the vegetated

hillslopes (Sarkar et al 2008) and the occurrence
of frequent extreme rainfall events (>100mm/h)
during the rainy seasons (Soja and Starkel 2007).
The adoptions of different land uses are also known
to have significant impact on the rainfall-runoff
responses from these watersheds (Yu et al 2003;
Zhao et al 2004; Alansi et al 2009). However,
due to the lack of experimental data or reliable
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empirical models for these watersheds, little is
known about infiltration behaviour, macropore
connectivity, subsurface flow pattern through soil
macropores, and the resulting runoff response of
the watersheds subjected to different land use, land
cover, and cultivation practices (Sarkar and Dutta
2009). Therefore, as a prerequisite to develop any
rainfall-runoff model it is essential to characterise
both surface and subsurface flow behaviour with
good understanding of the dominant hydrological
processes of the region (Uchida et al 2005).

The land cover of most of the watersheds is domi-
nated by densely vegetated hillslopes with highly
interconnected network of macropores in the top-
soil (Sarkar et al 2008). These hillslopes have a
significant impact on the hydrology of the region.
Irrigated agriculture is mainly practiced in plane
lands which are typically surrounded by hillslopes.
Paddy (Oryza sativa) is the most common land use
for these agricultural lands. The dominant soil for-
mations and infiltration behaviour of paddy fields
lead to a unique hydrological regime of the water-
sheds dominated by paddy agriculture (Paulo et al
1995; Kar and Das 2000; Chen and Liu 2002).
A good understanding of the infiltration behav-
iour of the paddy fields is important to assess
their impact on the hydrology of these watersheds
(Mishra et al 2008).

In northeast India, Jhum cultivation has gained
popularity as an organic multi-crop farming system
as it is more economic than the other alternative
forms of agriculture which require more investment
and maintenance. Shifting cultivation or rotational
‘bush and fallow agriculture’ is popularly known
as Jhum cultivation in northeast India. This is
an ancient practice of ‘slash-and-burn agriculture’,
particularly in the wet tropical forests and hill-
slopes of the region. The method involves clear-
ing a patch of forest land, but retaining useful
trees and plants, cultivating the land for 2–3 years
and then abandoning it for 10–20 years to allow
the natural forest to grow back and the soil to
regain its fertility in terms of essential nutrients for
crop production. The rotational sequence of these
events is called the Jhum cycle. Ecological sus-
tainability requires a minimum fallow period of at
least 10 years (Goswami 1980; Sanchez and Hailu
1996). But, due to increasing demand of culti-
vable lands and timber the conventional Jhum
cycle has been shortened to about 5–6 years.
Consequently, this traditional form of agricul-
tural practice has resulted in serious environmental
problems such as loss of forest cover, erosion of top-
soil, desertification, and decline in soil fertility in
the region (Stracey 1967). Shifting/swidden agri-
culture and timber removal are cited commonly as
the main reason of soil and nutrient loss and other

hydrological impacts such as river/reservoir sedi-
mentation, flood, and drought (Sharma 1992; Tuan
1993). Gafur et al (2003) reported considerable
losses of soil and nutrients with runoff water from
small watersheds under shifting cultivation (Jhum)
in Chittagong hill tracts of Bangladesh. The role
of forest vegetation in watershed hydrology and
the effect of deforestation on hydrological response
have been widely reported (Edwards 1977; Bosch
and Hewlett 1982; Sastry and Narayanan 1986; Lal
1987; Bruijnzeel 1990; Calder 2000). Land manage-
ment practices have considerable effect on soil
structure and consequently on overall sustainabi-
lity of the agricultural production system (Pagliai
et al 2004). Ziegler et al (2004) reported that
human activity in even a very small fraction (less
than 1%) of the watershed area reduced infiltration
rate considerably and resulted in disproportion-
ate overland flow generation during typical rainfall
events. They also reported that the reduction in
saturated hydraulic conductivity (Ks) was maxi-
mum in the recently abandoned fields. The Ks

of the top-soil layer increased as the secondary
vegetation grew in the abandoned field. But the
recovery time of Ks for lower soil layers was consi-
derably more (15–25 years) and lingered long after
the vegetation evolved to mature forests.

The presence of macropores generally leads to
heterogeneity of flow within the soil (Ligon et al
1977; Germann 1981). The size of macropores
and their connectivity, which may change within
a few centimeters, can influence the infiltration
behaviour of soil (Beven and Germann 1982).
In forested hilly watersheds, with high intensity
rainfall events, the spatial and temporal varia-
tions of active macropore flow network primarily
governs both surface and subsurface runoff gene-
ration processes (McDonnell 1990; Smettem et al
1991; Návar et al 1995; Bronstert 1999; Sidle
et al 2000). A number of studies have been con-
ducted towards understanding the nature of flow
through soil macropores. Specific aspects of macro-
pore flow dynamics such as the effects of tillage,
pore continuity, soil surface coverage, rainfall inten-
sity, and antecedent water content were addressed
(Andreini and Steenhuis 1990; Shipitalo et al 1990;
Edwards et al 1993; Shipitalo and Edwards 1996).
To better understand the macropore flow behav-
iour practical in situ experimental investigation has
been suggested by many researchers (Hoogmoed
and Bouma 1980; Weiler 2001, 2005; Ticehurst et al
2003; Rajot et al 2004).

Dye staining and digital image processing can
be a useful technique to study the preferential
infiltration behaviour in soils with macropores
(Bouma and Dekker 1978; Bouma and Wosten
1979; Bouma et al 1979; Omoti and Wild 1979;



Soil macroporosity under different land use and land covers of NE India 657

van Stiphout et al 1987; Ghodrati and Jury 1990;
Flury et al 1994; Natsch et al 1996; Forrer et al
1999; Perillo et al 1999; Weiler 2001; Weiler and
Naef 2003; Morris and Mooney 2004; Wang et al
2006; Alaoui and Goetz 2008; Anderson et al
2008). This technique can be a reliable indicator
of active macropore flow pathways which can
easily be detected and quantified from labora-
tory experiments conducted with undisturbed soil
columns collected from the field. As these conti-
nuous macropore pathways are essentially related
to preferential flow, the degree of macroporosity
obtained can be used effectively as a descriptive
tool for comparing the effects of soil manage-
ment on soil structure (Cattle et al 1994). Sev-
eral studies have suggested that, in addition to
surface connected macropores, subsurface macrop-
ores can also play an important role in the pref-
erential flow of water and solutes (Quisenberry
and Phillips 1976; Li and Ghodrati 1997). van
Stiphout et al (1987) used dye tracer and soil
moisture measurements to study infiltration behav-
iour in macroporous soil at the plot scale with
both dry and wet initial soil moisture conditions.
Droogers et al (1998) used dye staining technique
with subsequent digital image processing to quan-
tify parameters for describing macroporosity in
soils under different management practices. They
reported that the number of pores, the average area
per pore, and the pore-shape were the most appro-
priate parameters to describe soil macroporosity.
To understand the specific processes involved in
macropore flow Ghodrati et al (1999) conducted
a dye tracer experiment with a Split Macropore
Column (SMC) in the laboratory. With a single
macropore in a cylindrical soil sample, the effect
of the physical parameters such as size, density,
and continuity of macropores were investigated and
the results suggested that the macropore flow was
mostly influenced by matrix-macropore size ratio
than by the macropore size alone. Öhrström et al
(2002) carried out a field investigation in semiarid
Tunisia to investigate spatial variability of prefer-
ential pathways in both hillslope and plot scales.
Analysis of dye distribution patterns indicated that
the preferential pathways were randomly distrib-
uted. The results also showed that the physio-
graphic features of the watersheds such as nose,
slope, and hollow significantly influenced the dye
infiltration patterns. Wahl et al (2003) conducted
dye tracer experiments on confined irrigation plots
and the stained and unstained areas at different
depths were analysed using GIS-software to study
the infiltration capacity and macroporosity of soil
under different tillage systems.

In northeast India, hydrologists often find it
difficult to develop physically based hydrological

models due to lack of detailed hydrological infor-
mation (Sarkar and Dutta 2009). Therefore, the
need of process based hydrological studies in the
region has been stressed (Negi 2001). The World
Bank (2007) has also pointed out that signifi-
cant data limitations have restricted the analy-
ses in different fields related to water resources,
environmental pollution, and forest/biodiversity of
northeast India. Saturated macropore flow is the
dominant hydrological process in the vegetated
hilly watersheds. In order to develop a better
understanding on infiltration and water movement
through soil, we need to quantify soil macroporo-
sity and trace the dominating flow paths within
continuous soil macropores to elucidate the under-
lying flow mechanism. Especially, in Jhum culti-
vated watersheds little is known about the change
in soil macroporosity due to Jhum cultivation and
the issue of hydrological recovery after the land
is abandoned. This paper aims to understand the
flow behaviour in active macropore structures of
saturated undisturbed soil columns collected from
undisturbed forests, conventional crop fields, and
Jhum cultivated lands of the region. Dye tracing
experiments and subsequent digital image process-
ing techniques were used to estimate the num-
ber of macropores, average number of macropores,
maximum size of macropores, and volume den-
sity in terms of stained path width with depth
as an explanatory variable. These parameters can
be used to compare, evaluate, and quantify the
differences in soil macroporosity under different
land use, land cover, and crop management prac-
tices. The quantitative information collected about
the macropore flow patterns may be used in differ-
ent fields of science and engineering applications
such as ground water pollution and water qual-
ity modelling due to leaching of solutes, pesticides,
and nitrates in macroporous soils (Jarvis et al
1991; Flury 1996; Jarvis 1998; Larsson and Jarvis
1999, 2000; Mooney and Morris 2008), study of
soil structural properties and infiltration behav-
iour (Olsen and Børresen 1997; Buttle and McDon-
ald 2000), identification of lateral macropore flow
responsible for flash floods (Anderson et al 2008;
Elçi and Molz 2009), and hydrological investi-
gations of rainfall-runoff processes. Weiler (2005)
developed a hydrological model based on the data
collected from similar experimental investigations.
More recently such experimental data have been
used to define the average size of soil macropores
to successfully model lateral preferential flow in
a hillslope of northeast India (Sarkar and Dutta
2009). Borah and Kalita (1999) reported that the
addition of a macropore flow component improved
the prediction capability of a solute leaching model
(LEACHM). They also suggested that the use of
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Figure 1. Locations of the soil sampling sites in the study area.

more site specific macroporosity data is likely to
further improve the model predictions.

2. Description of soil sampling sites

To quantify the effects of different land use and
cultivation practices on soil macroporosity, soil
columns were collected from different locations in

northeast India with distinct land uses (figure 1).
A total number of 10 soil columns, each having
dimension of 25 × 25 × 50 cm, were collected from
four watersheds, namely, Amingaon, Avayapur,
Rudreswar Gaon, and Waikhulok. Each column
contained a total volume of 31250 cm3 of soil, which
we considered a reasonable volume to capture the
local scale macropore distribution in natural field
condition as small diameter macropores (1–4 mm)
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Table 1. Description of the locations of undisturbed soil sample collection.

Soil Watershed name and
column no. geographic location Elevation (m) Land use type

1, 2 Name: Amingaon 55 Undisturbed natural forested hillslopes

Latitude: 26◦12′N
Longitude: 91◦42′E

3 Name: Avayapur 48 Recently harvested paddy field in plain land
without Jhum cultivationLatitude: 26◦12′N

Longitude: 90◦43′E
4 Name: Rudreswar Gaon 50 Recently harvested paddy field in plain land

without Jhum cultivationLatitude: 26◦13′N
Longitude: 90◦44′E

5, 6 Name: Waikhulok Watershed 900–1500 Forest land abandoned after Jhum cultivation

Latitude: 24◦82′N to 24◦84′N
Longitude: 93◦77′E to 93◦79′N

7, 8 -do- -do- Recently harvested paddy fields under Jhum
cultivation

9 -do- -do- Pineapple under Jhum cultivation

10 -do- -do- Banana plantation under Jhum cultivation

Table 2. Soil textural properties of the samples collected from the study area.

Soil Average Average Average Average Average bulk
columns sand (%) silt (%) clay (%) porosity density (g/cc)

1 (Natural forest) 22.03 69.50 8.47 0.56 1.21

2 (Natural forest) 28.75 62.43 8.82 0.52 1.24

3 (Conventional paddy) 1.44 90.70 7.86 0.45 1.74

4 (Conventional paddy) 0.08 78.92 21.00 0.44 1.76

5 (Jhum forest) 51.50 34.00 14.50 0.48 1.38

6 (Jhum forest) 49.54 36.23 14.23 0.51 1.33

7 (Jhum paddy) 60.50 24.10 15.40 0.47 1.46

8 (Jhum paddy) 53.00 38.90 18.10 0.52 1.51

9 (Jhum pineapple) 57.00 25.70 17.30 0.49 1.43

10 (Jhum banana) 53.00 25.50 21.50 0.44 1.39

developed by plant roots dominated the soil pro-
file (de Rooij and Stagnitti 2000; Mooney and
Morris 2008). Table 1 shows the land use types
of different soil sampling sites. The sampling sites
were required to be selected to represent the most
common land use and land covers of northeast
India. As it was difficult to have all the represen-
tative land types within a single watershed, the
sampling sites were selected from different water-
sheds of the region. However, they all belong to
the same soil and agro-climatic zones with simi-
lar subsurface geologic formations. Study of soil
maps and satellite imageries as well as infor-
mation from soil conservation departments, agri-
culture departments, and knowledge of local people
helped in proper selection of the sampling sites.
Such distant sampling also ensured that the undis-
turbed forest and paddy field soil columns were
collected from sites that were never affected by

Jhum cultivation. As the soil sampling locations
were widely distributed and they were subjected
to different land use and cultivation methods,
some spatial variations in soil textural proper-
ties and bulk densities were evident (table 2).
This is a limitation of comparing the infiltra-
tion patterns obtained from different soil samples.
However, the variations in macropore flow patterns
can be attributed mainly to the different land
treatments and management practices such as
tillage, Jhum cultivation, local vegetation, and
minor differences in soil textures. Visual observa-
tions of all the soil samples showed that there were
very few structural voids (cracks and fissures) and
the preferential pathways were mainly formed by
plant roots. Thus, macropore flow patterns could
be related to the differences in land use, land cover,
and cultivation practices between the sampling
sites.
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Two soil columns (1 and 2) were collected
from an undisturbed vegetated hillslope of the
Amingaon watershed. The hillslope has an average
slope of 20% along the main sloping direction
with little microtopographic variations. About
one meter deep coarse loam soil, classified under
the hyperthermic family of Aquic Udifluvents
(Vadivelu et al 2004) is evident in the hillslope.
Subsurface geology indicates a two-layer soil forma-
tion, with a highly permeable coarse soil layer over-
lying a fine textured soil. An impermeable layer is
present at about one meter depth from the land
surface (Sarkar et al 2008). Soil textural properties
determined from laboratory analysis of soil samples
collected from the site are shown in table 2. The
natural vegetation of the hillslopes mainly consists
of close growing grasses and shrubs (e.g., Cynadon
dactylon, Saccharum spontaneum, Mimosa pudica,
Ageratum conyzoides, Ageratum haustonianum,
Lantana camara, Mikania micrantha, Parthenium
hysterophorus). The climate of the region has
four primary seasons, namely, winter (December–
February), pre-monsoon (March–April), mon-
soon (May–September), and retreating monsoon
(October– November). The 30-year average annual
rainfall of the area is 1612 mm (Singh et al 2004).

Soil columns (3 and 4) were collected from two
paddy fields of the Avayapur and Rudreswar Gaon
watersheds within one month after crop harvest-
ing. Both the fields are located in flat land and
they have been under paddy cultivation for more
than 100 years. These fields are prepared for paddy
cultivation conventionally by thorough tilling and
puddling of the topsoil. Such practice is essen-
tial to reduce deep percolation of ponded water
as irrigation is an important aspect of cultiva-
tion. A minimum of two crops are grown annually
and with irrigation facility a maximum of three
crops per year can be cultivated. The soil textural
properties of the two sampling sites are given in
table 2. The climate and rainfall characteristics of
the two watersheds are similar to that of the undis-
turbed hillslope site, as they are located close to
each other (table 1).

For our comparative study of the effects of
Jhum cultivation on infiltration patterns undis-
turbed soil columns were collected from differ-
ent locations of the Waikhulok watershed of
Manipur. This is a predominantly hilly water-
shed with an area of about 3.9 km2. Jhum culti-
vation is currently used on about 73% of the
watershed area. Figure 2 shows different stages
of Jhum cultivation in the Waikhulok watershed.
The watershed has moderate relief and topo-
graphic features, with slopes ranging from 15 to
50%. The subsurface geology is mainly formed by
shale with intercalation of sandstone. Major soil
groups of the region are Dystrochrept, Hapludalfs,

Hapludults, and Paleudalfs (Velayutham et al
1999). The soil textural class indicates a predomi-
nantly sandy loam soil. The climate of the water-
shed is classified as sub-humid with an average
annual rainfall of about 1435 mm. The climate is
characterised by warm moist summer and cool dry
winter (Seethapathi et al 2008). There are three
distinct seasons comprising of summer (March–
May), rainy season (June–October) and winter
(November–February). The mean monthly maxi-
mum temperature ranges from 24.3◦ to 32.7◦C and
mean monthly minimum temperature ranges from
3.2◦ to 21.1◦C (Bijayalaxmi and Yadava 2006).
The native vegetation is dominated by evergreen
trees, such as Haldi (Adina cordifolia), Sundi (Acer
niveum), Toon (Cedrella toona), Jarul (Lagrosto-
mia flosregina), Bonsum (Phoebe spp.), and Muli
Bamboos (Melocanna bambusoides). Mixed forests
are composed of Teak (Tectona grandis), Khen
(Melanorhoa usitata), Semul (Bombax malabari-
cum), Pareng (Alnus nepalensis), and Pine (Pinus
khasya). The land use of the watershed is primarily
Jhum cultivated agriculture and horticultural
crops (Seethapathi et al 2008). Random samples
of soil columns were collected from an abandoned
disturbed forest area (columns 5 and 6), which
were fallow for approximately five years. Samples
were also collected from Jhum cultivated crop
fields such as paddy (columns 7 and 8), pineapple
(column 9), and banana plantation (column 10).
Under Jhum cultivation, upland paddy is grown as
a broadcasted rainfed crop. Minimum tillage is the
commonly practiced soil manipulation technique
and only one crop per year is produced due to non-
availability of irrigation water supply.

3. Methodologies

3.1 Experimental setup

Undisturbed soil columns, each having a dimension
of 25 × 25 × 50 cm, were carved from a pedestal
of soil block and then a rectangular chamber
made of 6mm thick Plexiglas sheet, was inserted
from the top of the soil column by careful
trimming of the excess soil around the sides
of the column (figure 3). The samples were
taken to the laboratory for the infiltration experi-
ments. The laboratory experimental setup con-
sisted of a soil infiltrometer chamber, a square
overhead water tank, a square tray mounted on
a stand, a hollow cylinder, and an outlet for
excess water flow (figure 4). The Plexiglas collec-
tion chamber was used as infiltrometer chamber.
The chamber containing the soil column was placed
over the tray and the tank was securely attached
above the soil column with screws. Rubber linings
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Figure 2(a–d). Jhum cultivation in the Waikhulok watershed.

Figure 3. Collection of soil column from the field.

were used between the soil column and the
Plexiglas chamber to minimize the leakage of dyed
water. A one meter long and 2.5 cm diameter six
sensor profile probe soil moisture meter (Delta T),

equipped with a hand held data logger (Delta T),
was inserted through the middle of the soil column
down to the bottom of the hollow cylinder for
monitoring the volumetric moisture content of soil.



662 Sangeeta Shougrakpam et al

Figure 4. Laboratory setup for conducting dye infiltration experiments.

The instrument has multiple sensors to capture,
display, and store the moisture contents at six
different depths. To minimize the damage to the
soil column a sharp soil auger was used to drill a
2.5 cm diameter hole.

In order to establish a wet initial condition each
soil sample was subjected to infiltration with clear
water for a period of 3 hours with a ponding depth
of 2 cm maintained at the overhead water reser-
voir. By this time the profile probe readings indi-
cated a steady state saturated condition of the soil
column. Then the column was left for 4–5 hours
to allow the soil to attain field capacity. Dye infil-
tration experiments were then conducted. Brilliant
Blue FCF (C37H34N2Na2O9S3) is commonly used
as a dye tracer and considered as one of the best
available (Flury et al 1994; German-Heins and
Flury 2000). It has low toxicity, high mobility,
and high visibility even after dilution and adsorp-
tion (Weiler 2001). In the present study, Brilliant
Blue R250 (C47H50N3O7S

+
2 ; C.I. 42660) dye, which

belongs to the same family of Brilliant dyes and has
similar staining characteristics like Brilliant Blue
FCF, was used. Brilliant Blue R250 is also known
to have better resolution of the stained objects
(Merril 1990). The dye was applied at the rate of
4 g/l which was sufficient for clear visibility of the
stained macropore flow paths in soil.

Infiltration experiments were conducted with
dye solution for each of the wet soil sample by
maintaining a ponding depth of 2 cm in the over-
head tank. This consideration is reasonable as the
frequent high intensity storm events of the region
can result in such ponded water on the soil surface.
After 3 hours supply of dye solution was stopped
and the soil was left for 4–5 hours for allowing

proper distribution of dye. Then the overhead tank
and the Plexiglas chamber were removed and the
soil column was sliced horizontally by a sharp
edged thin plate at 1 cm intervals from the top to
analyse the dye distribution patterns. The distor-
tions in dye patterns due to slicing were negligible
as the soils were not cohesive and had low water
holding capacity. A graduated frame was placed on
the soil surface to provide a reference for the image
analysis. Serial image of each horizontal slice were
taken using a digital SLR camera (Canon EOS
400D, 10 Mega Pixels resolution) for digital image
analysis of the dye patterns.

3.2 Image analyses

For accurate measurement of stained areas, the
serial images were colour corrected, digitally recti-
fied, and scaled (figure 5) to a resolution of
one square millimetre per pixel (Weiler and
Flühler 2004). These corrected images were analy-
sed to determine the characteristics of macro-
pore flow behaviour for the soils subjected to
different management practices. The stained paths
indicated flow paths with continuous macropore
connectivity. The unstained pores that are visible
on a horizontal slice are the macropores for which
the connectivity has been disturbed. Therefore, in
relation to active macropore flow, the main area
of interest was to quantify the stained path width
and their distribution in both horizontal and verti-
cal faces. Besides size of the stained paths, the
distribution of these pores along different sections
is to be described by means of spatial statistical
parameters. Following the methods presented by
Weiler (2001) and Weiler and Flühler (2004)
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Figure 5. Image correction and classification for a horizontal section.

horizontal and vertical dye pattern analyses of the
images were conducted.

3.2.1 Horizontal dye pattern analysis

Image analyses of the horizontal dye patterns
were conducted to find the percentage dye coverage
of the stained patterns for each horizontal section.
The stained flow pathways obtained from dye
tracer experiments were used to describe the pref-
erential flow behaviour in soils. Quantitative para-
meters can be subdivided into basic and morpho-
metric parameters such as the total stained area or
a geometric description of stained objects and their
spatial statistics. The objective of the horizontal
dye pattern analyses was to find out the depth
function of the percentage dye coverage area. The
maximum likelihood algorithm available in Geo-
matica 10.0 software, was used to cluster the per-
centage dye coverage area of each horizontal image.
A classification report after every image analysis
was generated as percentage coverage area of the
identified objects. Finally, classified images were
compared with the original photographs to iden-
tify potential errors. The results of the percentage
dye coverage area were summarized to indicate
the percentage of stained flow path through each
horizontal layer.

3.2.2 Vertical dye pattern analysis

The percentage dye coverage areas of horizontal
images were used to calculate the statistical para-
meters of the vertical dye patterns. The vertical dye
patterns provide a clear picture of the macropore
flow processes at different depths. The basic para-
meter called volume density has been frequently
used by the researchers for vertical dye pattern
analyses (Weiler 2001; Weiler and Flühler 2004;
Bachmair et al 2009). It is similar to the dye cover-
age area and can be derived by stereological meth-
ods. Stereology is a mathematical procedure used
for relating three-dimensional parameters defin-
ing a structure to two-dimensional measurements
obtained from the sections of the structure (Weibel
1979). The volume density (V v) can be derived
from one or two-dimensional information, as V v
can be related to the area density (AA) and length
density (LL) as (Weiler 2001):

V v = AA = LL. (1)

The depth functions of the volume density with a
vertical resolution of 1 cm were derived from the
observed dye patterns. Four transect lines were
taken at each depth to calculate volume density as
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Figure 6. Object width and stained path width (SPW) of dye patterns.

the ratio of sum of the widths of intercepted stained
objects to the total transect length (equation 2).

Volume density =
∑

SPW

TL

, (2)

where
∑

SPW = sum of the widths of intercepted
stained objects, and TL = total transect length.

The other important parameter that can be
useful to describe preferential flow from vertical
dye pattern analysis is the stained path width
(SPW), which is the width of the stained objects
for each soil depth. The one-dimensional intercept
length can estimate the area of the object in two
dimensions, if the object is isotropic (Weibel 1979).
Therefore, the object width for a given depth of
the vertical dye pattern was used as an indicator
for the size of the object at that soil depth (Weiler
2001). As it may not be feasible to calculate the
stained path widths for the entire horizontal slices
at each depth, it is done in four transect lines. The
resulting SPW was also used to derive statistical
parameters such as maximum SPW and number of
stained paths at each soil depth. Figure 6 shows the
concept of transect lines and stained path widths
taken on a horizontal surface and an arbitrary dis-
tribution of macropore pathways as may be visible
on a vertical section. Here the object widths are
referred to as stained path widths. After counting
the number of stained paths they were grouped into
five SPW classes. Then the depth distribution
of the number of stained paths in each group
was taken to calculate the volume density. For a
particular section, volume density was calculated
as the total number of stained paths divided by

the width of the section. Thus from the frequency
distribution of the SPW at each section the volume
density related to the SPW classes were deter-
mined. The depth function of stained path width
was derived by combining all vertical dye patterns.

4. Results

4.1 Horizontal dye pattern analysis

Horizontal dye pattern analysis was carried out
for all the 10 soil columns for each horizontal
section at 1 cm depth intervals. The horizontal dye
patterns provide detailed information about the
maximum depth of dye penetration and percen-
tage dye coverage of the sections. For every soil
column percentage dye coverage versus depth was
plotted.

Figure 7(a and b) shows the depthwise distri-
butions of dye coverage (%) for undisturbed hill-
slope soil columns (columns 1 and 2). Column 1
had maximum dye coverage of 9.91% at 5 cm depth
and an average of 3.71%, whereas column 2 had
maximum dye coverage of 7.42% at 9 cm depth and
an average of 2.77%. In both of the columns, the
dye penetration was visible up to the last soil layer.
This indicates the presence of continuous macro-
pores throughout the soil column. Such distribu-
tion of macropores can be expected from densely
vegetated undisturbed hillslope soils where growth
of plant roots provides preferential pathways for
water movement. The occurrence of maximum dye
coverage within 10 cm depth also represents higher
root density and activity of soil fauna in the top
soil layer. From the average dye coverage, it can
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Figure 7(a–j). Depthwise dye coverage distribution of the soil columns.
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be noted that most of the flow pathways were
concentrated to 3.71% and 2.77% of total area in
columns 1 and 2, respectively. Figure 7(c and d)
shows the dye coverage distributions for the dis-
turbed forests which were abandoned after Jhum
cultivation (columns 5 and 6). In column 5, the
maximum dye coverage was observed as 4.75% at
5 cm depth and an average of 1.64%, whereas in
column 6, the maximum dye coverage was 7.00%
at 9 cm depth with an average of 2.17%. This
indicates that the average flow path was 1.64%
in column 5 and 2.17% in column 6. A different
trend in the dye coverage pattern can be observed
from these two soil columns. In column 5, maxi-
mum depth of dye penetration was 24 cm and
for column 6, it was 25 cm. This can be mainly
attributed to the effects of Jhum cultivation. In the
process of Jhum cultivation, the natural soil struc-
ture and macroporosity of the natural forest soil
were disturbed completely. The process of clear-
ing and burning of forest cover and the earthwork
required to convert the slopes into nearly level agri-
cultural fields significantly altered the structure
of the topsoil. Therefore, the subsurface macro-
pores lost their surface connectivity. In addition,
during agricultural production any form of soil
manipulation led to breaking of the soil aggre-
gates and the finer soil particles filled the macro-
pores permanently. After abandonment the top soil
layer (up to 25 cm) regained some macroporosity
due to regrowth of vegetation, but the underly-
ing soil layers were yet to recover their natural
macroporosity. Similar behaviour was also reported
by Ziegler et al (2004). The results indicate the
long term effects of macropore sealing in lower soil
layers due to Jhum cultivation and the resulting
change in water flow patterns through soil.

Comparison of the horizontal dye patterns
obtained from soil samples collected from conven-
tional paddy fields (columns 3 and 4) and Jhum
cultivated paddy fields (columns 7 and 8) showed
some interesting results. Figure 7(e and f) depicts
the dye patterns of conventional paddy fields,
whereas figure 7(g and h) shows the dye patterns
of Jhum cultivated paddy fields. In both the cases,
a decrease of percentage dye coverage with depth
was evident. In the conventional paddy field soils
the maximum depth of dye penetration was 10 cm
and its propagation after that became negligi-
ble. The average dye coverage up to 10 cm depth
was 1.65% for column 3 and 1.63% for column 4.
The dye pattern distributions varied spatially and
quantitatively in both of the soil columns, but
average dye distribution and the maximum depth
of dye penetration were similar. The low penetra-
tion of dye was due to prolonged paddy cultivation
(>100 years) which causes the formation of a hard
pan below the puddled depth (Chen and Liu 2002;

Mishra et al 2008). Interestingly, the Jhum culti-
vated paddy field soils showed higher depth of
dye penetration than conventional paddy fields
(figure 7). Maximum depths of dye penetration
were found to be 17 cm and 19 cm for columns 7
and 8, respectively. The horizontal dye patterns
showed the average percentage dye coverage for
column 7 was 7.57% and that for column 8 was
7.49%. The results indicated no formation of hard
pan below the puddled layer as in the case of con-
ventional paddy fields. This may be attributed to
the fact that under Jhum cultivation paddy is culti-
vated as a broadcasted rainfed crop with minimum
tillage and no puddling is required as transplant-
ing of seedlings is not done. Also these paddy
fields were recently converted from natural forests
and they are in the initial 2–3 years of cultiva-
tion. Though the process of slashing and burn-
ing of forest vegetation, rigorous land preparation,
and subsequent agricultural activities imparted the
sealing of macropores beyond a certain depth, the
topsoil retained some macroporosity without any
evidence of hard pan formation.

Figure 7(i and j) shows the horizontal dye
coverage percentage at different depths for the
pineapple (column 9) and banana (column 10)
plantations. The maximum depth of dye pene-
tration was 14 cm for column 9 and 30 cm for
column 10, whereas the average dye coverage was
3.32% and 7.67% for columns 9 and 10, respec-
tively. The variation in dye penetration depth
was due to the different rooting characteristics
of pineapple and banana. The banana planta-
tion field had a more mature root network as
they were much older than the pineapple plants,
which are planted every year. Banana plants have
high demand of water and therefore, higher root
penetration depth is expected. Whereas, pineapple
plants are shallow rooted and yearly land prepa-
ration for planting destroys the macropores. It is
also worth mentioning that four years back these
two fields, under banana and pineapple planta-
tion, were put under paddy cultivation. Once the
soil became unable to meet the fertility demand of
paddy, they were converted into fruit plantations
before finally abandoning the land. Therefore, a
significant change in the number of macropores and
their connectivity was evident in these soils.

4.2 Vertical dye pattern analysis

Vertical dye pattern analysis was carried out to
derive the parameters volume density, stained path
width at different transects, depthwise distribu-
tion of SPW and maximum SPW at the transects.
These parameters were analysed to interpret the
soil macropore structure and the process of water
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Table 3. Distribution of average volume density with SPW at a particular transect.

SPW Column 1 Column 3 Column 6 Column 8 Column 9
range (natural (conventional (Jhum (Jhum (Jhum
(mm) forest) paddy) forest) paddy) pineapple)

1–2 0.027333 0.00168 0.00840 0.00568 0.00680

3–4 0.020500 0.00112 0.00288 0.00160 0.00128

5–7 0.010583 0 0.00352 0.00040 0.00048

8–10 0.004583 0 0 0 0

> 10 0.001444 0 0 0 0

movement through the soil columns. A clear indi-
cation of soil macroporosity in terms of their size
and depthwise distribution can be derived from the
analysis.

The SPWs determined at each transect were
classified into five groups based on their size.
Table 3 enumerates average volume densities of
different SPW classes at a particular transect for
soil columns representing different land use and
land cover patterns. The results show that the
undisturbed vegetated hillslope soil (column 1)
has high degree of macroporosity throughout its
soil profile. The SPW classes 1–2 mm and 3–4 mm
are dominating, which indicates that most of the
macropores present in the soil have sizes in the
range of 1–4 mm. Macropores greater than 4 mm in
diameter are comparatively much less in number.
The conventional paddy field soil (column 3)
did not show significant macroporous structures.
Under Jhum cultivated forest and plantation field
soils (columns 6, 8, and 9) no macropores having
a size greater than 7mm were evident. However,
small diameter macropores (1–2 mm) dominated
the soil profiles in all the 10 soil columns.

Figure 8(a–e) depicts the depthwise distribution
of number of stained paths encountered at a parti-
cular transect for different soil columns. Column 1
had the highest number of stained paths of 27 at
45 cm depth. This indicates good connectivity of
the macropores in the soil profile. The maximum
sizes of SPWs found at different depths were in
the range of 2–23 mm. In column 3, the nature of
dye penetration indicated less macroporosity in
the soil profile as in paddy fields; the natural
soil macropores are destroyed in the process of
puddling. For soil columns 6 and 8 no evidence of
macropores was found below 25 cm depth, whereas
column 9 showed no sign of macropores below
15 cm depth. This is due to the effect of Jhum
cultivation which has disturbed the macropore con-
nectivity in the lower horizons of soil. Column 6
had a maximum number of SPW of 7 at 10 cm,
19 cm, and 20 cm depths. Columns 8 and 9 showed
a maximum number of 11 stained paths occurring
at 5 cm and 1 cm depths, respectively. Maximum
SPW range for soil columns 6, 8, and 9 were

1–7 mm, 1–5 mm, and 1–6 mm, respectively. Macro-
pores greater than 7mm diameter were not present
as they might have been disturbed due to soil
manipulation during crop productions. Figure 9
shows that the volume density has a better corre-
lation with the number of stained paths than with
the maximum width of the stained paths. This is
because the large diameter macropores are few in
number and therefore the volume density is mostly
influenced by the smaller macropores which are
more in numbers.

5. Discussion

5.1 Influence of land use and land cover
on macroporosity

The differences in soil type, soil texture, bulk den-
sity, climate, and fauna can influence soil macro-
porosity to some extent. However, results of the
present study show that the most significant vari-
able that provides first-order control of the effec-
tive soil macroporosity is vegetation and its root
network. This finding is also consistent with find-
ings elsewhere. A particular soil can have several
numbers of structural voids, cracks or fissures.
But these may not be active flow paths for water
if they do not get the connectivity. Vegetation
roots are known to create new flow paths as
well as establish connectivity between the exist-
ing preferential pathways to make them hydrologi-
cally active (Beven and Germann 1982; Ziegler
et al 2004; Scanlan and Hinz 2007; Sarkar et al
2008b). Therefore, a strong correlation can be
found between vegetation density and preferen-
tial flow rate (Sarkar et al 2008a). In soils with
high densities of macropores, infiltration is pri-
marily controlled by preferential flow network. The
factors like clay content and bulk density affect
the soil matrix flow and matrix–macropore inter-
action process, which is much less as compared to
macropore flow rate. The inherent properties of
soil (texture, structure, bulk density, and porosity)
may be responsible for the structural voids present
in a particular soil. But the vegetation dynamics as
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Figure 8. Depthwise distribution of number of

stained paths under different conditions.

influenced by land use and land cover is the most
critical factor which imparts hydrological effective-
ness to the soil macropores.

Management practices like Jhum cultivation and
subsequent operations such as tillage and other
forms of soil manipulations can destroy the sur-
face connected macropores in the topsoil (Olsen
and Børresen 1997). The stage of Jhum cultivation

may also be an important parameter to represent
the soil macroporosity. The effects of Jhum cul-
tivation can be described as short term effects
and long term effects. Short term effects occur
immediately after a forest land is converted to agri-
cultural land by burning, cleaning, and manipulat-
ing the soil. The process completely destroys the
macropore network in the topsoil to result in less
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Figure 9. Correlation of volume density with maximum SPW and number of stained paths.

infiltration and high sediment and surface runoff
generation (Ziegler et al 2004). Disproportionate
runoff generation can lead to the occurrence of
floods during monsoon seasons. Frequent overland
flow generation on freshly exposed loose and bare
soil surface can cause accelerated soil erosion. The
eroded fine particles can seal the surface initiated
macropores resulting in loss of macropore connecti-
vity from the top. Therefore, during the cultiva-
tion stage undisturbed macropores present in the
subsoil may not be active due to lack of connecti-
vity. Such behaviour can be evident all through-
out the period of agricultural production in Jhum
cultivated fields. Once the land is abandoned, the
natural vegetation establishes to initiate the soil
macropore connectivity. However, it may take a
long time (15–25 years) to re-establish complete
connectivity throughout the soil profile (Ziegler
et al 2004). Therefore, after abandonment the infil-
tration capacity of the soil gradually increases,
overland flow rate decreases, and due to growth
of vegetation soil erosion and sediment production
are reduced. These are the long term effects of
Jhum cultivation which influences the infiltration
behaviour, solute transport, stormflow generation,
and rainfall-runoff processes of the watersheds for
a prolonged period.

Our observations can be used to show this hydro-
logical recovery of soil following field abandon-
ment. The undisturbed forested hillslope soil had
the highest degree of macroporosity and continuous
preferential pathways throughout the soil profile.
Conventionally cultivated paddy fields had very
little macroporosity as soil puddling significantly
altered the natural soil structure. The Jhum culti-
vated lands reflected its short and long term effects
on soil macroporosity. The active soil macropore
network was closely related to the factors like type
of crop and their rooting characteristics, method of
cultivation, land preparation and tillage practices,

and current stage of the Jhum cycle. Jhum culti-
vation can change the macroporosity of soils for a
long period of time and can have several adverse
effects on natural equilibrium and sustainability
(Goswami 1980; Sharma 1992; Tuan 1993; Gafur
et al 2003; Pagliai et al 2004; Ziegler et al 2004).
Therefore, limiting the amount of land under
Jhum cultivation, promoting alternate cultivation
methods (Sanchez and Hailu 1996) and allowing
for sufficient recovery time should help to reduce
possible land and water resource impacts of Jhum
cultivation.

5.2 Applications of the experimental data

Preferential infiltration through soil macropores
has been identified as the first order control of
processes related to several issues such as leach-
ing of fertilizers, chemicals, and pollutants, rapid
stormflow generation in hillslopes, flash flooding
in rivers, and hydrological response of watersheds.
Clear understanding of macropore flow process
is essential for addressing these problems. But
in macroporous soils most of the existing flow
models provide unsatisfactory results as they do
not capture the relevant processes (Weiler 2005).
The primary soil data that may be required for
defining macropore flow process are size, connecti-
vity, density, and depth distribution of macropores.
These parameters combined with soil matrix data
can be used to describe the three basic aspects of
macropore flow: infiltration of water into macro-
pores, initiation of macropore flow, and inter-
action between macropores and surrounding soil
matrix (Weiler 2005). The data collected from
dye tracer experiments provide the quantitative
information which may be required as an input
to models developed for addressing different pheno-
mena related to preferential infiltration (Jarvis
et al 1991; Borah and Kalita 1999; Weiler and Naef
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2003; Weiler 2005; Sarkar and Dutta 2009). Surface
and subsurface initiation of macropores also con-
trol water flow in macropores and transfer of water
from macropores to the surrounding soil matrix
(Weiler and Naef 2003). This affects the subsur-
face wetting patterns and solute transport in soils.
Depth distribution of macropore density obtained
from dye tracing can indicate the surface and sub-
surface initiated macropores to help in defining the
macropore drainage area (Weiler and Naef 2003).
Apart from these, the field data of dye patterns can
be compared with model simulations to evaluate
the model performance (Weiler 2005).

In agricultural watersheds diverse land use and
land cover patterns are often encountered. As land
use and land cover influences soil macroporosity,
differences in infiltration characteristic is expected
to occur in different parts of the watershed.
Therefore, runoff generation from these watersheds
are controlled by the variation of macroporosity
as influenced by the existing land use and soil
structure. Similar to Bachmair et al (2009), our
data show how vegetation and crop production
techniques can affect the macroporosity of soils.
We also suggest that land use effects on soil pro-
perties, such as those presented here, need to be
considered in hydrological models to obtain better
predictions of water quality and quantity.

The velocity of water and solute transport
through a system of soil matrix and macropores
is much faster than the hydraulic conductivity
of the soil matrix alone. Therefore, to model
flow and transport processes in macroporous soils,
a high value of effective hydraulic conductivity
is commonly adopted (Sloan et al 1983; Fan and
Bras 1998; Troch et al 2002; Rezzoug et al 2005).
Measurement of flow velocity with ion tracers can
be useful to select a reasonable value of the effec-
tive hydraulic conductivity of a matrix–macropore
system. Dye tracing methods can also be helpful in
approximately selecting a suitable range of effective
hydraulic conductivity as the dye patterns reflect
the extent of macropore connectivity and active
flow paths within the soil. Thus, the experimental
data collected from the present investigation may
have wide range of applications in several land and
water resources related issues of the region.

5.3 Scopes of improvement for future studies

For future studies, the use of ion tracers for con-
ducting infiltration tests can be more useful, as in
dye tests the soil columns are destroyed and no
information about the flow velocity through soil
macropores can be obtained. Small scale tracer
experiments can be used to explore the preferen-
tial flow velocity distribution (Weiler and Naef
2003). Use of ion tracers can also provide spatial

and temporal data on solute transport and their
travel time. Elçi and Molz (2009) used bromide
tracer to measure actual travel time of water flow
in macroporous soils. They found that the soil
matrix permeability was much less than the mea-
sured soil matrix plus macropore permeability. The
use of the measured higher value of permeability
resulted in better simulation of their numerical
subsurface flow model (MODFLOW). Buttle and
McDonald (2000) suggested that tension infiltro-
metry can be a rapid and non-destructive method
of assessing spatial variations in the relative contri-
bution of macropore flow to the infiltration process.
For monitoring and understanding the soil water
processes, geophysical methods can also be help-
ful as they are non-invasive and do not disturb
either the structure or the water dynamics of the
soil. Batlle-Aguilar et al (2009) used electrical
resistivity tomography (ERT) for imaging water
infiltration dynamics in soil with a tension infil-
trometer using Cl− and Br− solution as tracer. The
method was used to determine soil hydraulic con-
ductivity and sorptivity values. A similar method
of determining bulk density and macroporosity of
soil is computer tomography (CT). It is also a
non-destructive method of obtaining spatial den-
sity distribution of macropores and visualizing
solute infiltration in soils (Olsen and Børresen
1997). Thus, the information about size and den-
sity distribution of soil macropores, active flow net-
work, flow velocity, and distribution of pore water
pressure can be used to better describe the infiltra-
tion process, which can help in the process-based
modelling approach in hillslope hydrology (Weiler
and McDonnell 2004).

6. Conclusions

The present study compared the effects of common
land use and management practices on the macro-
porosity of soils in northeast India. Dye infil-
tration experiments combined with digital image
processing provided a clear picture of the vari-
ations in dominant flow processes through the
soils subjected to different land uses. The undis-
turbed forested hillslope soils showed the presence
of continuous macropores distributed throughout
the depth of the soil profile. Macropore density
was high in the topsoil up to a depth of 10 cm
and the overall soil macroporosity was dominated
by 1–4 mm diameter macropores. In conventional
paddy fields, due to formation of hard pan near the
soil surface, dye penetration depth was restricted
to only 10 cm. This can be attributed to the fre-
quent tilling and puddling of the topsoil of paddy
fields. On the other hand, the soil columns collected
from paddy fields of Jhum cultivated plots showed
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comparatively higher depth of dye penetration
(about 20 cm). This is mainly due to the differences
in the land use, land cover and management prac-
tices such as degree of tillage and local methods
of crop production which varied between the sites.
Jhum cultivated pineapple fields showed signs of
soil macropores up to a depth of 14 cm, whereas
that of banana plots were much higher (30 cm) due
to more established root network. It was evident
that the process of Jhum cultivation significantly
reduced the macroporosity of forest soils and after-
wards their macroporosity largely depended on the
type of the crops cultivated. It was also observed
that after abandonment of the Jhum plots the top-
soil attained some macroporosity due to re-growth
of vegetation, but there was still poor connectivity
below 25 cm depth. Jhum cultivation also destroyed
larger macropores, having diameters greater than
7 mm, completely.

These experimental results derived from the
present study revealed that the practice of Jhum
cultivation had lasting effect on soil structures.
Effect of land use and land cover on soil macro-
porosity was also prominent. These experimen-
tal data can have wide applications in different
cases of preferential flow and transport processes
in the region. To describe the process of verti-
cal infiltration into macroporous soils the data
related to the number and size distributions of
active macropores, average size of macropores, sur-
face and volume density of macropores, and depth-
wise distribution of macropores, should be useful.
Dye tracing experiments provide these quantita-
tive information which can be used to describe the
processes like macropore flow initiation, storage
capacity of the macropores, and the interaction
between soil matrix and macropore flow. Collection
of detailed data of soil macroporosity from different
parts of northeast India may be helpful for assess-
ing the impacts of different land use and land cover
and local crop management practices on soil struc-
tures. This should give a better understanding of
macropore dominated flow and transport processes
occurring in the region.
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