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AGROFORESTRY AND GRASS BUFFERS FOR IMPROVING SOIL
HYDRAULIC PROPERTIES AND REDUCING RUNOFF AND SEDIMENT
LOSSES FROM GRAZED PASTURES

SANDEEP KUMAR

Drs. S.H. Anderson and R.P. Udawatta, Dissertation Supervisors

ABSTRACT

Agroforestry buffers, a system of land use in which harvestable trees or shrubs are
grown among or around crops or on pastureland, have been proposed for improving water
quality in watersheds. The objectives of this study were (i) to evaluate saturated hydraulic
conductivity (K,,) and water retention for soils managed under rotationally-grazed
pasture (RG), continuously grazed pasture (CG), grass buffers (GB), and agroforestry
buffers (AgB); (ii) to compare differences in computed tomography (CT)-measured
macropore (>1000-pm diam.) and coarse mesopore (200- to 1000-um diam.) parameters
for AgB, GB, RG and CG treatments, and to examine relationships between CT-
measured pore parameters and K, ; (iii) to compare the influence of AgB and GB
systems under rotationally stocked (RG) and continuously stocked (CG) pasture systems
on water infiltration measured using ponded infiltration and tension infiltration methods;
(iv) to evaluate differences in root length density (RLD) and root and soil carbon content
within GB, AgB, RG and CG treatments; and (v) to model runoff and sediment losses for
grazed pasture watersheds with and without AgB buffers. Pasture and GB areas included

red clover (Trifolium pretense L.) and lespedeza (Kummerowia stipulacea Maxim.)
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planted into fescue (Festuca arundinacea Schreb.) while AgB included Eastern
cottonwood trees (Populus deltoids Bortr. ex Marsh.) planted into fescue. Soil bulk
density was 12.6% higher for the pasture treatments compared to buffer treatments. Soil
water content at high soil water potentials (0 and -0.4 kPa) was greater in the buffer
treatments relative to pasture treatments for the 0-10 cm soil depth. Soil macroporosity
(>1000 um diam.) was 5.7, 4.5, and 3.9 times higher, respectively, for the AgB, GB, and
RG treatments compared to the CG treatment for the 0-10 cm soil depth. Buffer
treatments had greater macroporosity (>1000-um diam.), coarse (60- to 1000-pm diam.)
and fine mesoporosity (10 to 60 um diam.) but lower microporosity (< 10 um diam.)
compared to pasture treatments. The K, for the buffer treatments was 16.7 times higher
compared with pasture treatments. The CT-measured soil macroporosity was 13 times
higher (0.053 m’m™) for the buffer treatments compared to the pasture treatments (0.004
m’m™) for the surface 0-10 cm soil depth. Buffer treatments had greater CT-measured
macroporosity (0.019 m’m™) compared to pasture (0.0045 m’m™) treatments. The CT-
measured pore parameters (except macropore circularity) were positively correlated with
K. Quasi-steady state infiltration rates (¢,) and field-saturated hydraulic conductivity
(Ky) for buffers were about 30 and 40 times higher compared to pasture treatments,
respectively. Green-Ampt and Parlange models appeared to fit measured data with
values ranging from 0.91 to 0.98. The infiltration rate in 2007 for the GB treatment was
the highest (221 mm h™) and for the CG treatment was the lowest (3.7 mm h™).
Estimated sorptivity (S) and saturated hydraulic conductivity (K;) parameters were higher
for buffer areas compared to the stocked pasture areas. Grazing reduced the infiltration

rate for the pasture treatments. Buffer treatments had 4.5 times higher RLD as compared
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to pasture treatments. The AgB treatment had the highest (173.5 cm/100 cm’) and CG
had the lowest (10.8 cm/100 cm®) RLD. Root carbon was about 3% higher for the buffers
compared to RG treatment. Soil carbon was about 115% higher for the buffers compared
to pasture treatments. This study illustrates that agroforestry and grass buffers maintained
higher values for soil hydraulic properties compared to grazed pasture systems. The CT-
study illustrates the benefits of agroforestry and grass buffers for maintaining soil pore
parameters critical for soil water transport. Results from the infiltration study conclude
that the buffer areas have higher infiltration rates which imply lower runoff compared to
pasture areas. The root study implies that establishment of agroforestry and grass buffers
on grazed pasture watersheds improves soil carbon accumulation and root parameters
which enhance soil physical and chemical properties, thus improving the environmental
quality of the landscape. The Agricultural Policy Extender (APEX) model was used to
simulate runoff and sediment losses from the AgB watersheds and control (CW)
watersheds. The model was calibrated from 2002 to 2005 and was validated from 2005 to
2008. The »* and NSE values for the calibration and validation period of the runoff varied
from 0.52 to 0.78 and 0.51 to 0.74, respectively. The model did not predict sediment loss
very well (NSE values were less than 0.19) because of insufficient measured events. The
measured runoff was 36% lower for AgB watersheds compared to CW watersheds. The
measured sediment loss for the AgB watersheds was about 49% lower compared to CW
watersheds. The model was run for long-term scenario analyses from 1999 to 2008. The
runoff decreased 24% when the buffer width was doubled. The runoff from the AgB
watersheds was 9.8% lower with double stocking densities compared to CW watersheds

with double stocking densities. Results of these studies indicate that establishment of
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agroforestry and grass buffers on grazed pasture watersheds improve soil hydraulic
properties, pore parameters, soil carbon sequestration and water quality indices and thus

contribute to enhance overall environmental quality.
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CHAPTER 1
INTRODUCTION

Agroforestry, a conservation land management practice where trees and
agricultural crops or grasses are grown simultaneously on the same landscape or managed
with cattle (e.g. silvopastoral practice, the practice of combining forestry and grazing of
domesticated animals in a mutually beneficial way), is being promoted as an alternative
management system that can diversify income and improve environmental quality and
environmental benefits (Gold and Hanover, 1987; Garrity, 2004). These practices provide
diversified productivity and better maintenance of soil fertility and carbon sequestration
compared to more conventional annual cropping systems (Schroth et al., 2001).
Additionally, these practices, containing both tree and grass components, may sequester
more carbon than grass only systems and affect nutrient cycling, root distribution patterns
and depths, and alter litter quality and deposition (van Noordwijk et al., 1996; Cadisch
and Giller, 1997; Berg and McClaugherty, 2003; Sharrow and Ismail, 2004).

Agroforestry and grass buffers help in reducing nonpoint source pollution (NPSP)
from row crop areas by improving soil hydraulic properties and decreasing surface
runoff, and utilizing nutrients (Gilliam, 1994; Udawatta et al., 2002; Abu-Zreig et al.,
2003; Blanco et al., 2004; Seobi et al., 2005; Lovell and Sullivan, 2006). Microbial
diversity and enzymatic activity are higher in conservation buffer areas, thus improving
mineralization of nutrients, nutrient cycling, and degradation of chemicals (Mungai et al.,
2005; Udawatta et al., 2008a).

Extensive deep root systems of the trees effectively participate in trapping runoff,

sediments and the nutrients from the watersheds (Udawatta et al., 2002). Growth and



distribution of deep root systems of the plants/trees depend on various factors such as the
plant or tree species, amount of available water, soil type, and soil properties. The growth
and decay of large and deep tree roots create channels and subsequently result in a greater
proportion of larger pores (macropores) that enhance soil hydraulic properties compared
to a cropping system (Meek et al., 1992; Cadisch et al. 2004).

The soil macropores created by decayed roots of the buffers (such as agroforestry
and grass buffers) will allow surface water to enter easily into the soil and hence increase
the water infiltration compared to soils which are without buffers (Rachman et al., 2005).
Other researchers Obi (1999) and Mishra et al. (2003) have also reported that root
penetration and root decay of the tree roots in the soil profile create many large and small
pores; these roots add organic matter and improve soil hydraulic properties. Increased
soil porosity under buffers was also reported by various other researchers, such as,
Udawatta et al. (2008b), Seobi et al. (2005), and Rachman et al. (2005).

Soil porosity, which can be influenced by buffer management, is an important
parameter which is related to transport and storage of water and nutrients in the soil.
Hence, it is essential to understand and quantify the soil pore characteristics. Porosity can
be measured by traditional water retention methods (Anderson et al., 1990) but these
methods do not provide information about the spatial distribution of pores (Gantzer and
Anderson, 2002).

In contrast, X-ray CT scanning has been shown by various researchers to be
useful for measuring soil microstructure (Phillips and Lannutti, 1997; Alshibli et al.,
2000). These techniques have provided promising results for measuring the shape,

distribution, and arrangement of soil pores within the soil (Udawatta et al., 2008b).



Research also shows that CT-measured pore parameters are highly correlated with soil
water movement and management practices (Udawatta et al., 2008c).

In addition to use within row crop production systems to improve soil properties,
agroforestry buffers can also be established on the edge of pastures with fencing around
the buffer area to prevent disturbance of the buffer by grazing animals. In these buffer
systems where the tree and grass buffer areas are left undisturbed by grazing animals, soil
properties may be different compared to pasture areas which are disturbed by animal
traffic.

Rotational grazing, in which the pasture area is subdivided into equally sized
smaller paddocks, encourages uniform forage consumption and manure distribution, and
decreases compacted and eroded areas (Warren et al., 1986; Turner et al., 1997). This
type of grazing has also been shown to improve the productivity of cattle compared to
conventional grazing (Warren et al., 1986) as well as soil properties.

To assess long-term benefits of soil conservation practices, simulation models
have often been used in the past. Models can provide long-term simulations on the effects
of best management practices to assist in selection of appropriate conservation
approaches. Models calibrated and validated with measured runoff, sediment and
nutrient losses from watersheds have been used to assist policy makers in selecting
conservation practices and allocating resources. In a study comparing paired watersheds
with and without agroforestry buffers, the Agricultural Policy Environmental Extender
(APEX) model was calibrated and used to simulate runoff and sediment loss by Farrand
et al. (2002). The APEX model is useful to assess effectiveness of filter strips or buffers

in controlling sediment and runoff and other pollutants from an area (Arnold et al., 1998).



Objectives
The purpose of this study was to evaluate soil hydraulic properties, root growth,
runoff, sediment, and nutrient losses for soils managed under rotationally-grazed pasture

(RG), continuously grazed pasture (CG), grass buffers (GB), and agroforestry buffers

(AgB). The objectives of this study were evaluated in five sub-studies as outlined below.

Objectives were developed separately for each study.

Study 1. This study was entitled “soil hydraulic properties as influenced by agroforestry
and grass buffers under grazed pasture systems” with the specific objectives
being measurement and comparison of bulk density, saturated hydraulic
conductivity, soil water retention, and pore size distributions among agroforestry
buffer, grass buffer, rotationally grazed pasture and continuously grazed pasture
treatments.

Study 2. This study was entitled “agroforestry and grass buffer influences on CT-
measured macropores under grazed pasture systems” with specific objectives
being (i) comparison of the effects of agroforestry (AgB) and grass buffer (GB)
systems associated with rotationally grazed pasture (RG) and continuously
grazed pasture (CQG) systems on CT-measured macropore (>1000-um diam.) and
coarse mesopore (200- to 1000-um diam.) parameters and (ii) examination of
relationships between CT-measured pore parameters and saturated hydraulic
conductivity (Ksu).

Study 3. The study was entitled “water infiltration influenced by agroforestry and grass

buffers for a grazed pasture system” with the specific objective being



comparison of water infiltration parameters among agroforestry and grass buffers
in relation to rotationally and continuously stocked pastures.

Study 4. The study was entitled “root length density and carbon content influenced by
agroforestry and grass buffers under grazed pasture systems in a Hapludalf” with
the specific objective being evaluation of differences in root length density, root
and soil carbon content within grass buffer (GB), agroforestry buffer (AgB),
rotationally grazed pasture (RG) and continuously grazed pasture (CG)
treatments.

Study 5. The last study was entitled “APEX model simulation of runoff and sediment
losses from agroforestry buffers for watersheds under pasture management” with
the specific objective being to simulate runoff and sediment losses from
watersheds with agroforestry buffers compared to watersheds without buffers

(control).

All the five studies were written independently in the format of journal
manuscripts for publication purposes. Study 1 is published in Journal of Soil and Water
Conservation, Study 2 is accepted for publication in Soil Science Society of America
Journal, Study 3 had been submitted to Journal of Soil and Water Conservation for peer

review, and Study 4 had been submitted to Agroforestry Systems for peer review.
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CHAPTER 2
LITERATURE REVIEW

Agroforestry Systems

Agroforestry is a land management practice where tree species and agriculture
crops are grown simultaneously in the same area for economical and environmental
benefits (Gold and Hanover, 1987). Agroforestry buffers include trees which are grown
either on the edges of fields or along streambanks in riparian zones. Agricultural crops or
pastures are often grown together with these tree buffers. These buffers improve soil and
water quality and generate additional income when nut bearing trees or ornamental
shrubs are incorporated (Kang et al., 1984; Alavalapati et al., 2004; Udawatta et al.,
2005). Buffers can enhance flora and fauna in an area by providing a better environment
for wildlife habitat (Lovell and Sullivan, 2006). Additionally, agroforestry practices
improve the socioeconomic and environmental sustainability both in tropical and
temperate regions (Garrett et al., 2000; Alavalapati and Nair, 2001; Nair, 2001). They can
provide products that serve household needs or that can be sold. These include
construction materials, fuel wood, fruit and medicinal products (Oldfield, 1988; Kappelle
and Juarez, 1994). These land management practices can improve soil quality, and air
quality, and increase aesthetic value of land, in addition to providing food, wood
products, and fodder for cattle (Alavalapati et al., 2004). In addition, trees sequester
carbon by absorbing carbon dioxide from the atmosphere (Montagnini and Nair, 2004).

In agroforestry systems, trees intercept solar radiation, and reduce soil

temperature, thus enhancing favorable conditions for microbial decomposition and



nutrient cycling (Crawford, 1998). These systems, by intercepting solar radiation, help in
reducing high temperatures which can help reduce heat stress for crops and/or animals
(Jose et al., 2004). According to Stamps and Linit (1998), agroforestry is a potentially
useful technology for reducing pest problems because tree and crop combinations provide

greater diversity and complexity than row crop systems.

Influence of Buffers on Nonpoint Source Pollution

Nonpoint source pollution (NPSP) is mainly caused by sediment, nutrient and
pesticide runoff and snowmelt over and through the ground. Nonpoint source pollution
occurs due to soil and nutrient losses from the landscape with water runoff; these
sediments and nutrients can be deposited in streams and lakes. This NPSP is a major
challenge in the United States that affects water quality and negatively impacts aquatic
ecosystems (Dosskey, 2001). Rainfall and snowmelt can transport sediments, nutrients,
and pesticides; these pollutants are affected by land disturbance that can occur naturally,
by animals or by human activities. This polluted runoff water mixes with streams and
lakes as well as groundwater that decreases water quality. The major nutrients lost in
runoff are nitrogen and phosphorus. These nutrients affect algal growth in lakes and
rivers and may lead to eutrophication that reduces water quality and destroys aquatic
habitat. Excessive runoff water caused by some management systems becomes a major
cause of erosion and nonpoint source pollution (Seobi et al., 2005). Researchers have
worked on trying to control nonpoint source pollution using buffers and other
conservation practices. The purpose of buffers is to reduce sediments and nutrients in

runoff water that can end up in lakes and streams.
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Agroforestry buffer practices can help in the reduction of NPSP, surface runoff,
and sediment losses from row crop areas by improving soil hydraulic properties and
reducing surface runoff (Gilliam, 1994; Udawatta et al., 2002; Abu-Zreig et al., 2003;
Lovell and Sullivan, 2006). Increasing amounts of nutrients or chemical fertilizers in the
soil may enhance the potential for their loss, leading to groundwater contamination and
NPSP from the agricultural areas (Nair and Graetz, 2004).

Several practices have been recommended to reduce NPSP such as contour strip
cropping which may reduce runoff velocity and soil loss (Martin et al., 1976; Schwab et
al., 1993), and grass and agroforestry buffer practices which also reduce surface runoff,
sediment and nutrient losses (Udawatta et al., 2002). Filter strips of permanent vegetation
reduce runoff and trap sediment which decrease NPSP (Lowrance and Sheridan 2005).
These vegetative buffers have been widely studied in agricultural settings and have
reduced nutrient losses from agricultural lands (Baker et al., 2000). The ‘nutrient-capture’
functions of agroforestry buffers are being exploited in phytoremediation of contaminated
sites (Rockwood et al., 2004) and explored in the rehabilitation of heavily fertilized

agricultural systems in North America (Nair and Graetz, 2004).

Runoff

A good understanding on mechanisms that affect and enhance runoff is needed to
develop runoff control measures. Researchers showed that knowing factors that affect
runoff can assist selection of the best conservation practices such as agroforestry buffers,

grass buffers, vegetative filter strips that might help reduce runoff from a land area

(Dabney et al., 1995; Gao et al., 2002).
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Agroforestry practices provide many environmental benefits, such as increased
soil fertility, reduced soil erosion, and reduced surface runoff (De la Cruz and Vergara
1987; Muschler and Bonnemann 1997). A study conducted by Udawatta et al. (2002) to
evaluate the effects of buffer strips on sediment, runoff and nutrient losses showed that
buffers reduced surface water runoff, sediments and nutrients (total P, total N) two years
after grass and tree buffers were established as compared to a control watershed with no
buffer strips. These researchers also found that grass and agroforestry buffer strips
reduced water runoff by about 9%.

Vegetative buffers provide a natural filter for reducing surface runoff, sediment,
and nutrient losses from an area. With greater slopes, a larger amount of loss of these
pollutants may occur because of increased water velocity. When the soil is left bare with
no residue, soil erosion is increased and water infiltration is lowered which enhances
runoff. Vegetative buffers assist in maintaining soil cover which helps retain soil particles
with their extensive root systems; these may increase water infiltration and reduce runoff.

The runoff loss from the watersheds contains various pollutants such as total N
and P, HPO42' and H,PO4", NO5™ and NH, " which affect the soil and water quality.
Nitrogen (primarily NO3™ and NH, ") lost in water runoff may lead to eutrophication in
bodies of water at concentrations as low as 1 mg L' (Walker and Branham, 1992).
Excessive nutrient levels cause an abundance of algae and aquatic plant blooms which
deplete oxygen from the water and may cause the death of plants and fish (Moss et al.,
2006). Dissolved reactive phosphorus (DRP), a term that refers to HPO42' and H,POy4 , is
believed to contribute to the eutrophication of water bodies of water at concentrations as

low as 25 mg L™ (Walker and Branham, 1992). Hence, it is indeed important to reduce
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the runoff from areas to protect the soil and water quality. Agroforestry practices have
proven to be effective in reducing runoff. Additionally, uptake of nutrients by trees can
reduce fertilizer and pesticide runoff into nearby streams (Zinkhan and Mercer, 1997),

which improves the water quality of streams.

Sediment Losses

The effectiveness of buffers depends on various factors, such as type of soil, type
of vegetation, slope, soil permeability, climatic conditions, and buffer vegetation as well
as buffer parameters. The width of the buffers plays a major role in reducing runoff and
sediment losses; the greater the width, the more the runoff velocity is reduced and the
more sediment can be trapped. Desbonnet et al. (1994) reported that, on the average, 50
percent or more of sediments and attached pollutants are trapped by a 4.6-m vegetative
buffer system. Moss et al. (2006) reported that vegetative buffers in which grass
vegetation was the primary material used, also referred to as vegetative filter strips
(USDA-NRCS, 1997), may help to reduce the movement of sediments (Barfield et al.,
1979; Hayes et al., 1979), nutrients (Gross et al., 1990) and pesticides (Baird et al., 2000;
Baker et al., 2000).

Buffers which are planted on the down slope edges of watersheds trap sediments
with their extensive stem and root systems and also by reducing the runoff water velocity
(Udawatta et al., 2002). Lee et al. (2003) and Lowrance et al. (2002) reported that buffers
can remove up to 97% of sediments in runoff before entering into a stream if these
buffers are properly maintained. In another study conducted by Lowrance and Sheridan
(2005), they found that permanent vegetative filter strips of the riparian zones reduce

runoff and sediment losses and improve the water quality of the streams.
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In a recent study of a riparian buffer strip in central Iowa, Lee et al. (2003)
reported that switch grass (Panicum virgatum) buffers removed 95% of sediments, 80%
of total N, 62% of nitrate-N, 78% of total P, and 58% of phosphate-P compared to no
buffer. This switch grass buffer was effective in removing sediment and sediment-bound

nutrients.

Influence of Buffers and Grazing on Soil Properties

Agroforestry buffers can also be used in combination with pastures with fencing
to prevent disturbance of the buffers by grazing animals. In these types of buffer systems
where tree and grass buffer areas are left undisturbed by grazing animals, soil properties
might be different compared to grazed pasture areas which are disturbed by cattle.
Donkor et al. (2001) reported that soil physical properties under frequent short duration
grazing by wapiti (Cervus elaphus canadensis) were significantly different compared to
moderate grazing in pasture areas. Other researchers have also reported that soil bulk
density, pore size distribution and resistance to root penetration are some of the physical
properties altered by compaction (Da Silva et al., 2003).

Daniel et al. (2002) observed that livestock grazing for 10-years increased soil
compaction in the surface 0- to 10-cm soil depth. Soil compaction significantly increased
with increased stocking densities from 12.5 to 50 cows ha™ as compared to ungrazed
plots. These ungrazed plots or buffers may have lower soil bulk density, higher soil
porosity and increased infiltration compared to grazed pasture areas. Moreover, data
show that uneven grazing in pasture areas enhances soil erosion by increased surface
runoff from areas with lower infiltration due to compaction from continuous cattle traffic

(Radke and Berry, 1993; Daniel et al., 2002; Wheeler et al., 2002). Soil organic matter
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and bulk density are greatly influenced by grazing, and other soil properties are directly
or indirectly affected by these properties (Donkor et al., 2001; Daniel et al., 2002).

Soil compaction, whether due to machinery traffic (Raghavan et al., 1990; Soane
and van Ouwerkerk, 1994; Hamza and Anderson, 2005) or by cattle grazing, is a well
recognized problem in many parts of the world. The extent of the soil compaction
problem is a function of soil type and water content (Chan et al., 2006). Soil compaction
affects water, heat, and gas exchange (Linn and Doran, 1984), root penetration (Taylor et
al., 1966), and consequently crop production (Hakansson et al., 1988). Compaction
induced by vehicle traffic has adverse effects on a number of key soil properties such as
bulk density, mechanical impedance, porosity and hydraulic conductivity (Radford et al.,
2000; Hamza and Anderson, 2005). All of these factors can potentially reduce root
penetration, water extraction and plant growth (Kirkegaard et al., 1992; Passioura, 2002).
From a management point of view, it is useful to identify the processes responsible for
changes in soil physical properties so that farming systems and practices can be adopted
to either ameliorate, avoid or minimize soil compaction and reduce the subsequent risk of
poor agronomic performance (Chan et al., 2006). Soil compaction can be reduced by
using rotational grazing practices, where cattle are allowed to graze in an area for a

specific period of time and then rested for a certain period (Turner et al., 1997).

Soil Organic Matter

Soil organic matter (SOM) is one of the important ecosystem components in both
natural ecosystems and in intensively-managed agricultural systems (Paul, 1984). The
SOM is also considered to be an important soil quality indicator variable because it acts

as an environmental buffer by absorbing or transforming potential pollutants (Sikora and
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Stott, 1996). Addition of soil organic carbon due to grass planted in tree buffer areas can
reduce compaction and increase the infiltration rate of the soil. Radke and Berry (1993)
reported that crop residues which cover the ground increased the infiltration rate by
reducing compaction from rainfall impact and reducing soil sealing; the soil evaporation
rate also decreased. Plant (alfalfa, Medicago sativa L.) roots and shoots contribute to
fresh organic matter inputs into the soil profile, which promote soil aggregation (Angers
and Caron, 1998).

Soil organic matter promotes aggregation of soil particles which increases
porosity and reduces bulk density. Soil pores and organic matter are often considered
together while different forms of organic matter play an important role in the formation
of pores and soil structure stabilization (Kay and Van den Bygaart, 2002). In these
aggregated soils, water movement is controlled by the presence of inter-aggregate pores
where water flows faster than in intra-aggregate pores (Horn, 1990). Soil organic matter
includes different organic compounds from easily-mineralizable plant residues to more
complex products from biotic and abiotic transformation processes or microbial biomass
(Stevenson, 1994; Rethemeyer, 2004). Buffers may change organic matter distribution

and its accessibility.

Soil Bulk Density

Soil compaction is often measured in terms of soil density, water infiltration, or
air-filled porosity. Various researchers have reported in previous studies that soil bulk
density affects water, heat, and gas exchange (Grable and Siemer, 1968; Warkentin,
1971; Willis and Raney, 1971; Linn and Doran, 1984), root penetration (Taylor et al.,

1966; Kirkegaard et al., 1992; Passioura, 2002), and consequently crop production
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(Hakansson et al., 1988; Kirkegaard et al., 1992; Passioura, 2002). One of the most
frequently used measures of compaction is soil bulk density (BD; Abu-Hamdeh, 2003).
Hence it is very important to know the BD of an area. Jones (1983) found a bulk density
value above 1.54 Mg m™ limits plant (Gossypium spp., Zea mays., Pisum sativum, and
Sorghum X drummondii) root growth for clay soils. The BD of undisturbed buffers
(without grazing) and grazed pasture areas is significantly different as the grazed areas
receive compaction by cattle (Abdel-Magid et al., 1987).

Rotational grazing, in which the pasture is subdivided into smaller paddocks with
animals allowed to graze areas in sequence, encourages uniform consumption and
decreases compacted and eroded areas (Warren et al., 1986; Turner et al., 1997). This
grazing management system improves cattle productivity compared to conventional
grazing (Henning et al., 2000) and also creates less compaction to the soil. Grazed
pasture areas become compacted by the continual traffic of large domestic animals.
Radke and Berry (1993) reported that farm implements and animals cause compaction of
the soil and increase soil bulk density and reduce the infiltration rate.

One of the main impacts of grazing on soil hydraulic properties in some areas is
due to increased BD which increases surface runoff (Daniels et al., 2002; Wheeler et al.,
2002) and nutrient losses. Soil compaction due to cattle traffic has been noticed as a
major cause for reduced infiltration rates (Alados et al., 2004; Tate et al., 2004). Various
researchers have reported that cultivated fields and grazed pastures have generally higher
soil bulk density than those of native grassland or forest soils (Meek et al., 1992; Taboada
and Lavado, 1993; Jaiyeoba, 1995). Bulk density is required to estimate, evaluate, and

calculate many other physical soil properties, such as porosity, water retention, heat
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capacity, and compressibility (Ruehlmann and Koérschens, 2009). The SOM is one of the
most dominating factors affecting soil bulk density (Heuscher et al., 2005).

Soil bulk density is highly affected by the water content under grazed pasture
systems. Under intensively grazed pasture systems, with water content above field
capacity, soil bulk density increases. Larger pores fill with water as the soil water content
increases, and the air-water interface and the capillary suction both decrease which
drastically reduces forces holding aggregates together in an open structure (Akram and
Kemper, 1979). Subsequently, wetter aggregates tend to disintegrate under gravitational
forces and the particles settle into more dense formations (Akram and Kemper, 1979).
This is one of the reasons why soil bulk density is higher under continuously grazed and

rotationally grazed areas compared with undisturbed buffer areas.

Influence of Buffers and Grazing on Soil Hydraulic Properties

Soil hydraulic properties primarily refer to hydraulic conductivity and water
retention characteristics, where hydraulic conductivity includes both saturated and
unsaturated processes (Jiang, 2007). Various researchers have studied buffers and their
beneficial effects on soil hydraulic properties (Seobi et al., 2005; Udawatta et al., 2008a).
These soil properties exhibit high spatial and temporal variability (Jiang, 2007).

Agroforestry buffers establish deep root systems which increase the proportion of
macropores and improve the soil hydraulic properties as compared to a row crop system
(van Noordwijk et al., 1991; Allaire-Leung et al., 2000; Rasse et al., 2000; Cadisch et al.,
2004; Udawatta et al., 2006). Water can easily move through these macropores and
increase water infiltration (Rachman et al., 2005) as compared to soils with fewer

macropores. These soil hydraulic properties may be different between buffers (with no
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cattle grazing) and grazed pasture systems. Cattle grazing in these grazed pasture areas
can cause compaction of soil and thereby increase soil bulk density and reduce soil

hydraulic properties such as water infiltration (Radke and Berry, 1993).

Saturated Hydraulic Conductivity (Ksat)

Hydraulic conductivity is a critical parameter for the evaluation of subsurface
water flow which affects surface sediment and nutrient transport; this parameter also
describes how easily a geologic medium can transmit groundwater (Xiang et al., 1997;
Qian et al., 2007). Saturated hydraulic conductivity (K, ) is influenced by macropores
created by decayed roots. These macropores enhance K,; and subsequently enhance
water and chemical infiltration into soils (Logsdon and Jaynes, 1996; Mohanty et al.,
1997; Mohanty et al., 1998; Shouse and Mohanty, 1998). The spatial variation, size, and
interconnectedness of biological and structural macropores play a key role in determining
the rate of influx (hydraulic conductivity) through soils (Gupta et al., 2006).

Land management practices (e.g agroforestry, grass buffer and grazed pasture
systems) greatly influence soil hydraulic properties such as K, (Jiang et al., 2007).
Undisturbed buffers such as agroforestry and grass buffers may have higher K, values as
compared to grazed pasture systems due to the deep, perennial root systems of trees.
Cattle grazing decreases macropores which affect K, especially within the surface 0-10
cm soil depth with less damage to these macropore structures below the 10 cm soil depth,
as grazing mainly impacts the surface 0-10 cm soil depth (Singleton and Addison, 1999;
Drewry, 2003).

In a research study, conducted on northeast Missouri claypan soils, Seobi et al.

(2005) reported 14 and three times increased K, values with agroforestry and grass
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buffers, respectively, compared to row-crop areas. These researchers also reported that
grass buffers and agroforestry buffers after six years can store more water in the upper 30
cm soil layer as compared to a row crop treatment. Vegetative covers have been found to
increase soil organic carbon content which increases the K, of the soil.
Pore Size Distribution

The pore size distribution (PSD) of a soil greatly affects the movement of fluids
and dissolved substances, and hence impacts the thermal and mechanical properties of
soils (Leij et al., 2002). The PSD also influences K, and soil water retention. Very often
four classes of pore sizes are used which include: macropores (>1000 um effective
diam.), coarse mesopores (60- to 1000-pum effective diam.), fine mesopores (10- to 60-
um effective diam.) and micropores (< 10 um effective diam.; Anderson et al., 1990).
Macropores are responsible for rapid flow in old root or worm channels, whereas,
mesopores conduct soil matrix flow (Luxmoore, 1981). Matrix flow in mesopores can
contribute to relatively rapid water flow within the soil profile without macropores being
filled up (Wilson and Luxmoore, 1988). Micropores correspond to the part of soil matrix
flow that is driven by changes in matric pressure.

The PSD can be calculated using the capillary rise equation to estimate effective
pore size classes (Jury et al., 1991) from water retention data. In the laboratory, pore size
distribution can be determined by measuring water outflow at selected pressures and then

using the following relationship:

r=—2 geasl_/(pgh]
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where # is the equivalent pore radius (L), o is the surface tension of water (M T?), 6. is
the contact angle between water and connected pore walls, p is the density of water (M
L), g is gravitational acceleration (L T™%), and 4 is the soil water pressure head (L).

Management practices which increase soil macropores usually increase the
infiltration rate since these pores are mainly responsible for higher infiltration rates.
Rasiah and Aylmore (1998) reported that macropore characteristics such as shape, size
and orientation, and size distribution affect the rate, flow and retention of water in the
soil. Soil macroporosity (or air-filled macroporosity) is a sensitive indicator of soil
compaction (Ball et al., 2007) and soil quality. These large pores are important for
general soil health, gas and water movement and crop and pasture growth. Drainage
following rainfall occurs primarily within the macropores, which are only able to remain
filled under low matric tension (Azooz et al., 1996). In contrast, under dry soil
conditions, transmission of water only occurs across a matric gradient through small
pores (Azooz et al., 1996). Hence PSD of the soil of an area gives an idea about soil
water storage and water transmission. Higher concentrations of macropores allow more
water to infiltrate into the ground. Although macropores constitute only a small
percentage of total porosity, they have a major influence on saturated flow (Luxmoore et
al., 1990); hence, it is important to characterize these pores within soils. Pore continuity
in macropores induces preferential flow especially near saturation compared to the more
tortuous pore system within aggregates (Beven and Germann, 1982).

Soil pore size distribution and structure are affected by land management
practices such as buffers and tillage management which influence water storage and

transmission (Azooz et al., 1996). Grazing management influences the PSD especially
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within the surface 0-10 cm soil depth (Singleton and Addison, 1999; Drewry, 2003).
Installing buffers at the downslope of the watersheds helps in reducing runoff from these

grazed areas.

Soil Water Retention

Water retained in soils at a particular tension is highly dependent upon the pore
size distribution. Crop residues left on the soil surface may improve the PSD and hence
improve soil water retention (Azooz et al., 1996). Agroforestry and grass buffers increase
water retention in soils compared to gazed pasture systems by leaving more crop and root
residues within the soil surface layer; these residues also reduce soil water evaporation
and runoff (Blevins, 1971; Azooz et al., 1996). These buffers create better soil structure
through well-preserved pore networks enhanced by their extensive root channels. They
also provide a favorable environment for the formation of better soil structure. It is well
documented by various researchers (e.g. Hill et al., 1985; Mapa et al., 1986; Hill, 1990;
Soebi et al., 2005) that management effects on soil water retention are mainly at higher
(less negative) matric potentials ranging from 0 to -100 kPa (Hillel, 1998). However,
Seobi et al. (2005) reported statistical differences among row crop, grass buffer, and tree
buffer treatments only from O to -1.0 kPa.

The soil water retention curve is affected by soil compaction. Most of the change
in the shape of water retention curves and pore size distributions occurs at water
potentials higher than field capacity (Startsev and McNabb, 2001). Higher soil water
content at saturation due to increased soil porosity for grass hedges was reported by
Rachman et al. (2004) for a Monona silt loam soil. Smaller slopes for soil water retention

curves for row crop and deposition zones treatments were found compared to the grass
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hedge treatment (Rachman et al., 2004). These smaller slopes of water retention curves

were attributed to higher soil bulk density (Rachman et al., 2004).

Influence of Buffers and Grazing on Water Infiltration

Soil water infiltration and flow dynamics are significant factors for crop growth,
nutrient cycling, and contaminant transport (Anderson et al., 2009). Infiltration is
influenced by various factors such as antecedent soil wetness (van Es, 1993; Azooz and
Arshad, 1996), canopy cover (Pluhar et al., 1987), and pore structure and continuity
(Ankeny et al., 1990; Vepraskas et al., 1991). The aboveground stems and roots of
perennial plants can reduce the runoff velocity and enhance sedimentation and water
infiltration (Dillaha et al., 1989; Schmitt et al., 1999; Seobi et al., 2005). Watersheds
containing agroforestry and grass buffer strips increased soil macroporosity and enhanced
water infiltration which contributes to reductions in NPSP from these watershed areas
(Schmitt et al., 1999; Seobi et al., 2005).

It has been well documented in the literature that the growth and decay of large
and deep roots of agroforestry and grass buffers increase the proportion of macropores
and improve soil hydraulic properties compared to row crop systems (van Noordwijk and
Brouwer, 1991; Allaire-Leung et al., 2000; Rasse et al., 2000; Cadisch et al., 2004).
Buffers improve water infiltration and control N removal from surface runoff in some
soils (Lowrance and Sheridan 2005). In a study performed by Bharati et al. (2002), it was
shown that a multispecies riparian buffer had five times higher soil infiltration rates
compared to grazed and cultivated fields. For example, the pores (especially macropores)
formed by perennial alfalfa (Medicago sativa L.) roots are the major cause of increasing

water infiltration in compacted no-till soils (Meek et al., 1990).
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Grazing has been shown to have adverse affects on infiltration (Radke and Berry,
1993; Daniel et al., 2002; Wheeler et al., 2002). Even in soils with permanent vegetation
(pastures), compaction from grazing cattle can damage soil pores and affect water
infiltration. In continuously grazed areas with high stocking densities, cattle can damage
soils and vegetation if cattle are allowed to graze an area for too long (Sheath and Boom,
1997; Betteridge et al., 1999). Subsequently, these grazed areas enhance runoff because
of higher BD values and lower infiltration rates compared to ungrazed (such as
undisturbed buffers) areas (Radke and Berry, 1993; Daniel et al., 2002; Wheeler et al.,
2002). However, rotationally stocked pastures have been shown to minimize the effects

of livestock grazing on water infiltration (Warren et al., 1986b).

Computed Tomography Analysis of Soil Properties

Soil porosity is essential for water, gas and nutrient transport in soils, all of which
are necessary for plant growth. Water transmission and storage depend on the geometry
and size distribution of soil pores as these pores provide room for gas transport and space
for plant root growth (Eynard et al., 2004). Agricultural management practices alter the
soil pore volume and size distribution in space and time and ultimately modify the
hydraulic properties of the soil (Eynard et al., 2004). Hence, the evaluation of soil
porosity is very important to examine how management changes these parameters and to
determine best management practices to improve water and soil quality.

The literature shows various methods to estimate porosity in soils; a few of those
are (i) water retention methods (Anderson et al., 1990) (i1) thin section analysis (Van
Golf-Recht, 1982), and (iii) Boyle’s law porosimetry (American Petroleum Institute,

1960). These methods are time consuming and some are destructive. Additionally, these

24



procedures do not provide information about the spatial distribution of pores (Gantzer
and Anderson, 2002). Furthermore, porosity determined by traditional methods lacks
information on geometrical pore characteristics (Udawatta et al., 2006). In contrast to
traditional pore characterization methods, X-ray computed tomography (CT) methods are
rapid, non-destructive and provide information on the spatial distribution of soil pores
and their characteristics.

X-ray CT analysis was first introduced in early 1970°s by Hounsfield (1972;
1973) for medical imaging and has received increased attention since that time. This
method is now used frequently in the field of soil science for examining solute movement
(Anderson et al., 2003), porosity (Anderson et al., 1988; Rachman et al., 2005), pore
continuity (Grevers and de Jong, 1994; Udawatta et al., 2008a), fractal dimension of
porosity (Rasiah and Alymore, 1998; Gantzer and Anderson, 2002), and plant root
development (Tollner et al., 1994); in addition, this method can obtain non-destructive
measurements of water content and dry bulk density (Petrovic et al., 1982; Crestana et al.,
1985; Hopmans et al., 1992). X-ray CT scanning has given promising results for
measuring the shape, distribution, and arrangement of soil particles within the soil.

Various workers have shown that CT is a better procedure compared to traditional
methods and also provides a finer resolution on a millimeter- to micrometer-scale
(Gantzer and Anderson, 2002; Akin and Kovscek, 2003; Carlson et al., 2003). Carlson et
al. (2003) reported that the best advantage of CT is its ability to quickly and
nondestructively image the interior of a three-dimensional object. The CT techniques also
can provide three-dimensional structure of soil pores which is not possible with

traditional methods (Udawatta et al., 2008a).
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CT-measured pore parameters have been related to saturated hydraulic
conductivity by Udawatta et al. (2008b). In these studies, porosity, number of
macropores, fractal dimension of macropores and K, have been shown to hold strong
relationships. In another study, Udawatta et al (2008a) showed that pore continuity, pore
path length and pore tortuosity can be used to discriminate agroforestry buffer, grass

buffer and crop soils.

Root Growth and Its Distribution

Plant root growth and its distribution depend on various factors such as soil type
and soil properties (Sudmeyer et al., 2004), plant species (Jama et al., 1998), amount of
nutrients and available water. Roots reduce soil erosion by binding soil particles with
their extensive root network, and reduce rainfall energy with their associated above
ground plant canopy. Root exudates may also increase soil cohesion through biochemical
reactions and bind soil particles together (Thorne et al., 1997) which minimize the effects
of water velocity and reduce soil erosion. Larger root lengths per unit volume can bind
soil particles more tightly and prevent soil erosion. In a study conducted by Kamyab
(1991), it was concluded that soil erosion rates are inversely related to root length density
and root volume. Additionally, soil erodibility was significantly influenced by the root
length density of fine roots. Other researchers found that soil erosion decreased linearly
with soil biomass (Wynn et al., 2004). Roots also stabilize streambanks by increasing the
strength of streambank soils, allowing them to be more resistant to soil erosion and bank
failure (Abernethy and Rutherfurd, 2001; Mamo and Bubenzer, 2001). It is believed that
root systems of woody and herbaceous plants physically bind streambank soils in place,

and increase soil shear strength (Coppin and Richards, 1990; Thorne et al., 1997).
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Large applications of nitrogen fertilizers in row crop areas may contaminate
surface and subsurface water through nitrate runoff and leaching (Bonilla et al., 1999; Ng
et al., 2000). Growing trees in these agricultural crop areas (called agroforestry systems)
helps in nutrient uptake and reduces nutrient losses. In agroforestry systems, tree roots
help capture nutrients before and after a crop is planted and harvested which would
increase the total resource use efficiency of the system (van Noordwijk et al., 1996).
These systems, where tree and crop roots occupy different soil depths, enhance the level
of nutrient (specifically nitrogen) uptake and reduce losses from soils, compared to only
row crop roots which are more localized and have shallow rooting depths (Buresh and
Tian, 1997; Nair et al., 1999; Jose et al., 2004). Various other researchers have also
reported that the tree root system intercepts percolating nutrients, which is due to the
rapid mineralization and leaching from high precipitation and temperature (Lehman,
2003). These processes reduce excessive nutrient losses by leaching in wet tropical
climates (van Noordwijk et al., 1996). This deep tree root system extracts pollutants from
storm water (Szabo et al., 2001) and directs the precipitation into the soil through trunk
flow (Johnson and Lehmann, 2006).

For different climates (temperate zone, humid tropics, and semiarid tropics), it has
been well documented in the literature that the tree-root density is higher within the top
0-30 cm soil depth as compared to subsurface (below 30 cm) soil depths (Itimu, 1997;
Lehmannn et al., 1998; Imo and Timmer, 2000; Jose et al., 2000). In temperate alley
cropping systems of maize (Zea mays L.) and black walnut (Juglans nigra) or red oak
(Juglans nigra), Jose et al. (2000) found that the root density for all the plant species was

higher at the surface 0-30 cm of soil depth and thereafter root density decreased. Higher
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root length densities (or surface area) are an indicator of the potential for exploitation of
water and most nutrients from the soil zone (van Noordwijk et al., 1994).

Tree roots generally have extensive deep root systems which can extract nutrients
and water from deeper soil horizons while shallow roots of row crops or grasses are
unable to reach such depths and hence do not compete with crop or grass roots for
nutrient and water uptake (Jonsson et al., 1988). Schenk and Jackson (2002) compared
more than 3000 records of root systems and reported that annual plants had minimum
root length, grasses had intermediate root length and trees had the highest root length. In
a Coland soil (fine-loamy, mixed, mesic Cumulic Haplaquoll), Tufekcioglu et al. (1999)
observed higher number of fine roots, larger number of roots penetrating into subsoil
horizons, and higher soil respiration rates in a multi-species riparian buffer (Populus
euroamericana Eugenei) system compared to a row crop (corn, Zea mays L., and
soybean, Glycine max L.) area. They also reported in a similar study that these buffer
systems added more organic matter to the soil profile and provided better conditions for

nutrient sequestration within these buffer systems.

Model Simulation of Runoff, Sediment and Nutrient Losses
To assess long-term benefits of soil conservation practices, simulation models are
often used. Models can provide long-term simulations of the effects of best management
practices and assist in selecting appropriate conservation approaches (Wang et al., 2008).
Watershed studies typically take relatively long time periods to detect differences
due to changes in annual weather patterns, and time for establishment of plants,
especially where trees are involved. Due to monitoring costs and variable weather

patterns, it is often difficult to assess management effects on environmental quality. This
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difficulty can be overcome by using simulation models which have been calibrated with
measured data. For example, model calibration and validation with measured runoff,
sediment and nutrient losses from watersheds have been used to assist policy makers in
selecting conservation practices and allocating resources.

There are several models that are currently being used to simulate management
effects: SWAT (Soil and Water Assessment Tool), WEPP (Water Erosion Prediction
Project), EPIC (originally the Erosion Productivity Impact Calculator; now the
Environmental Policy Integrated Climate), and APEX (Agricultural Policy Extender)
(Singh and Frevert, 2006). All these models require significant inputs such as weather,
precipitation, soil properties, land management, vegetation and landscape data to run the
model effectively.

Wang et al. (2006) reported that watershed models such as CREAMS (a field-
scale model for Chemicals, Runoff, and Erosion from Agricultural Management Systems;
Knisel, 1980), ALMANAC (Agricultural Land Management Alternatives with Numerical
Assessment Criteria; Kiniry et al., 1992), APEX (Williams and Izaurralde, 2005), and
SWAT (Soil and Water Assessment Tool; Arnold et al., 1998) have been developed to
assess effects of changes in land use, land cover, different management practices and
weather conditions on soil and water erosion on small and large watershed scales. These
researchers also reported that these models generally use a daily time step.

The Agricultural Policy Extender (APEX) is one of the models which are suitable
for small watersheds or field-scale simulations and is an extension of the EPIC model
(Williams, 1990; Williams and Sharpley, 1989). This model was developed in the 1990°s

to address environmental problems associated with livestock and other agricultural
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production systems on a small scale, on the whole farm or on small watershed areas
(Gassman et al., 2005). The APEX model has components for routing water, sediments,
nutrients, and pesticides across landscapes and channel systems to a watershed outlet
(Wang et al., 2008). Because of its strength in simulating agricultural management
systems, the APEX model is used for cultivated cropland (Wang et al., 2006).

The APEX model was developed from several earlier mature and well tested
models (Wang et al., 2008). A few examples of components of the APEX model as
reported by Wang et al (2008) include: (i) the soil carbon cycling submodel taken from
the Century model (Parton et al., 1993; 1994) as developed by Izaurralde et al. (2006),
(i1) the pesticide component was derived from the Groundwater Loading Effects of
Agricultural Management Systems (GLEAMS) model (Leonard et al., 1987), and (iii) the
plant competition component was derived from Agricultural Land Management
Alternatives with Numerical Assessment Criteria (ALMANAC) model (Kiniry et al.,
1992).

The APEX model uses different management practices, cropping systems, soil
properties, and climate data and contains a database of more than 60 crops including
vegetables, a few grass and tree species for simulation of runoff, sediment and nutrient
losses (Wang et al., 2006). Harman et al. (2004) reported that the APEX model simulates
different cropping and management practices and their environmental effects on a whole
farm scale, which is a larger scale of simulation compared to the EPIC model. In central
Texas, Harman et al. (2004) evaluated atrazine use in corn and sorghum (Sorghum
bicolor) production on 66,000 ha for the Aquilla watershed using the APEX model to

compare effects of conservation practices on runoff. In Missouri, Farrand et al. (2002)
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used the APEX model to calibrate the paired watershed study at the Greenley Research
Center to predict environmental benefits of tree and grass buffer practices.

The APEX model has been used to simulate agroforestry practices such as
riparian buffers (buffers placed near the stream), shelterbelts, and farm analysis
throughout Missouri and nearby states (FAPRI, 2002). This model simulates runoff and
sediment loss from small farms (up to 2500 km? area), feeding areas, crop fields, or
buffer strips or parts of larger watersheds with a variety of soil, climate, landscape, crop
rotation and management combinations (Gassman et al., 2005). The APEX model has
also been used to evaluate government policy effects on soil erosion in the USA and
simulate soil erosion (sheet and rill) caused by wind and water (Wang et al., 2006).

Grazing on pastures is an important agricultural practice in the USA (Line et al.,
2000). Pollutants from these grazed pasture areas can be washed away to nearby streams
(Line et al., 2000) and affect the water quality of the streams. Introduction of rotational
grazing has become an important practice to assist in reducing contaminants into streams.
The APEX model also has the grazing component and the effect of practices such as
rotational grazing or continuously grazing can be observed with this model.

Installation of undisturbed buffers such as agroforestry buffers, and grass buffers,
vegetative filter strips on the downslope end of grazed pasture areas of watersheds can be
effective in improving soil hydraulic properties and help in reducing surface runoff and
nutrients (Daniels and Gilliam, 1996). The APEX model simulates runoff and nutrient
losses from grazed pasture areas. This model may simulate the effects of buffers, filter
strips, grassed waterways, intensive grazing management and also land application of

manure removed from feedlots (Wang et al., 2008).
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CHAPTER 3
SOIL HYDRAULIC PROPERTIES INFLUENCED BY AGROFORESTRY AND
GRASS BUFFERS FOR GRAZED PASTURE SYSTEMS
ABSTRACT

Agroforestry buffers have been introduced in temperate areas to improve water quality
and diversify farm income. The objective of this study was to evaluate saturated
hydraulic conductivity and water retention for soils managed under rotationally-grazed
pasture (RG), continuously grazed pasture (CG), grass buffers (GB), and agroforestry
buffers (AgB). Pasture and GB areas included red clover (Trifolium pretense L.) and
lespedeza (Kummerowia stipulacea Maxim.) planted into fescue (Festuca arundinacea
Schreb.) while AgB included Eastern cottonwood trees (Populus deltoids Bortr. ex
Marsh.) planted into fescue. Water retention data were measured at -0.4, -1.0, -2.5, -5.0,
-10, -20, and -30 kPa soil water pressures using 76 mm diam. by 76 mm long cores from
the 0-10, 10-20, 20-30, and 30-40 cm depths. Soil bulk density was 12.6% higher for the
RG and CG treatments (1.41 and 1.45 g cm™) than the GB and AgB treatments (1.25 and
1.29 g cm™). Soil water content at high soil water potentials (0 and -0.4 kPa) was greater
in the buffer treatments relative to the other treatments for the 0-10 cm soil depth. Soil
macroporosity (>1000 pm diam.) was 5.7, 4.5, and 3.9 times higher, respectively, for the
AgB, GB, and RG treatments compared to the CG treatment for the 0-10 cm soil depth.
Buffer treatments had greater macroporosity (>1000-pm diam.), coarse (60- to 1000-pm
diam.) and fine mesoporosity (10 to 60 um diam.) but lower microporosity (< 10 um
diam.) compared to RG and CG treatments. Saturated hydraulic conductivity values for

GB and AgB treatments were 16.7 times higher (56.95 vs.61.33 mm hr™') compared with
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RG and CG (3.98 vs. 3.11 mm hr''). This study illustrates that agroforestry and grass
buffers maintained higher values for soil hydraulic properties compared to grazed pasture

systems.

Keywords: agroforestry buffer, grass buffer, pore size distribution, saturated hydraulic

conductivity, soil water retention.

Introduction

Agroforestry buffers are being adopted to improve environmental quality and diversify
income. Agroforestry is a land management where trees and agriculture crops are grown
simultaneously on the same landscape for economic and environmental benefits (Gold
and Hanover, 1987). Agroforestry practices are now receiving more attention in
temperate climatic regions due to their environmental benefits (Lovell and Sullivan,
2006). Buffers have been shown to improve carbon sequestration, soil quality, and soil
health (Kang et al., 1984). These buffers include trees which are grown either on the
edges of fields, along streambanks in riparian zones, or upland cropping areas.

Agricultural crops or pastures are grown in alleys between tree buffers or in upland areas.

Agroforestry and grass buffers help in reducing nonpoint source pollution (NPSP)
from the row crop areas by improving soil hydraulic properties and decreasing surface
runoff (Gilliam, 1994; Udawatta et al., 2002; Abu-Zreig et al., 2003; Seobi et al., 2005;
Lovell and Sullivan, 2006). A study conducted by Udawatta et al. (2002) in northeast
Missouri found that established agroforestry buffer practices with row crop production

reduced surface runoff and total phosphorus losses during a three-year study. Research
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also shows that microbial diversity and enzymatic activity are higher in conservation
buffer areas thus improving mineralization, nutrient cycling, and degradation of
chemicals (Mungai et al., 2005). Root penetration and root decay in the soil profile create

many small and larger pores and add organic matter which improves soil structure under

agroforestry buffers (Obi, 1999; Mishra et al., 2003).

Agroforestry buffers can also be established on the edge of pastures with fencing
around the buffer area to prevent disturbance of the buffer by grazing animals. In these
buffer systems where the tree and grass buffer areas are left undisturbed by grazing
animals, soil properties may be different compared to pasture areas which are disturbed
by animal traffic. Undisturbed buffers may have lower soil bulk density, increased soil
porosity and increased soil infiltration than grazed buffers, and trap sediment thus
reducing stream sediment loads (Blanco et al., 2004). Cultivated fields and grazed
pastures have generally greater soil bulk density than those of native grassland or forest
soils (Jaiyeoba, 1995; Meek et al., 1992; Taboada and Lavado, 1993). These buffers can
also reduce concentrations of some pathogenic microorganisms like Cryptosporidium
parvum, which cause waterborne diseases transmitted between domestic animals and
humans in grassland watersheds with extensive cattle grazing (Tate et al., 2004b).
Vegetative buffers remove these waterborne microbial pathogens through overland flow
infiltration, subsurface filtration and adsorption (Harter et al., 2000; Atwill et al., 2002;

Trask et al., 2004).

Uneven grazing in pastures enhances soil erosion by increased surface runoff
from areas with lower infiltration due to compaction from high animal traffic (Radke and

Berry, 1993; Daniel et al., 2002; Wheeler et al., 2002). In a study conducted by Radke
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and Berry (1993), it was found that farm implements and animals cause soil compaction

which results in an increase in the bulk density and a decrease in infiltration.

With rotational grazing, in which the pasture area is subdivided, animals are
briefly concentrated on smaller paddocks which encourages uniform forage consumption
and manure distribution, and decreases compacted and eroded areas (Warren et al., 1986;
Turner et al., 1997). Rotational grazing has also been shown to improve the productivity
of cattle compared to conventional grazing (Warren et al., 1986).

Few studies have evaluated changes in soil hydraulic properties due to
establishment of agroforestry and grass buffers in grazed pasture management systems.
The purpose of this study was to compare the effects of agroforestry and grass buffers on
soil hydraulic properties compared to grazed pastures. The objective of the study was to
measure and compare bulk density, saturated hydraulic conductivity, soil water retention,
and pore size distributions among agroforestry buffer, grass buffer, rotationally grazed

pasture and continuously grazed pasture treatments.

Materials and Methods

Experimental Site and Management. The experimental site is located at the Horticulture
and Agroforestry Research Center (HARC) in New Franklin, Missouri (39°02°N,
92°46°W, 195 m amsl). The study site was established in 2000 to compare the influence
of grass and agroforestry buffers on runoff water quality. Prior to establishment, most of
the area was in tall fescue grass (Festuca arundinacea Schreb.) for three years. The

pasture areas and buffers were reseeded with tall fescue (Festuca arundinacea Schreb;
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Kentucky 31) in 2000. The pastures were seeded into the fescue with red clover
(Trifolium pretense L.) and lespedeza (Kummerowia stipulacea Maxim.) in 2003.
Eastern cottonwood trees (Populus deltoids Bortr. ex Marsh.) were planted into the
fescue to create the agroforestry buffers in 2001. Trees were planted 3 m (9.8 ft) apart
within four rows which were also 3 m apart. At sampling, trees were an average 7.6 m

(25 feet) high with 15 cm (6 inch) diameter at breast height.

Soils at the site are Menfro silt loam (fine-silty, mixed, superactive, mesic Typic
Hapludalfs). The annual precipitation of the experimental site for the last 50 years (1956-
2006 year) is 967 mm; mean temperature in July is 25.6°C (77.9°F) and mean
temperature in January is -2.1°C (35.78°F). The selected soil physical and chemical

properties of the study area are shown in Table 3.1.

Before introducing cattle for grazing, the bulk density in the pasture and buffer
areas was measured in November 2002 for the 0-10 and 10-20 cm soil depths with 9
replicate samples. Values for pasture areas were 1.23+0.083 and 1.34+0.11 g cm™ for
the 0-10 and 10-20 cm depths, respectively, while values for the buffer areas were

1.17£0.10 and 1.3340.12 g cm™, respectively.

Four-wire fences were installed around the watershed when the study was
established. Fences were also installed between the pasture area and the agroforestry and
grass buffer areas when the study was established to prevent cattle access to the buffers.
Grazing was initiated at the site on April 6 and stopped on November 9, 2005; grazing
was reinitiated on March 27 and stopped on October 24, 2006. Each year, beef cows

were introduced in the watershed area with weights between 450 kg (992.08 1b) to 590 kg

51



(1102.31 Ib). The number of cattle for the small watershed (0.8 ha, 2.0 ac) was three.
Eighty-five percent of the grazing area (0.64 ha, 1.6 ac) of the watershed was divided into
six smaller rotationally grazed paddocks which contained single wire electric fences for
cattle management. The other 15% of the grazing area was continuously grazed. The
stocking rate was 5.26 AU/ha (2.13 AU/ac) and stocking density was 31.6 AU/ha (12.8
AU ac) with a site production capacity of 31.6 AUM/ha (12.8 AUM/ac). The cows were
moved between paddocks on each Monday and Thursday with each paddock being
grazed for 3.5 days and rested for 17.5 days. In 2005 and 2006, cows were removed on

July 19 to August 25 and August 15 to September 21, respectively.

Treatments and Sampling Procedures. Study treatments were agroforestry buffer
(AgB), grass buffer (GB), rotationally grazed pasture (RG), and continuously grazed
pasture (CG) with six replications per treatment. The GB and AgB buffer treatments
were fenced from the pasture area and did not receive any cattle grazing. The RG
treatment was rotationally grazed with six fenced areas (paddocks) within the small

watershed. The CG pasture treatment was continuously grazed by cattle with no rest.

Intact soil samples were collected using a core sampler (76 mm diam. and 76 mm
length) on 18 to 22 May 2006 from the four treatments. Continuously grazed pasture
(CG) samples were taken from six replicate continuously grazed areas and rotationally
grazed pasture (RG) samples were taken from six replicate rotationally grazed areas.
Agroforestry buffer (AgB) samples were taken from soil under six replicate trees, three
each from two tree rows in the agroforestry buffer area. These samples were taken a
distance of 20 cm from the base of tree trunks in the agroforestry buffer. Grass buffer

(GB) samples were taken from six replicate grass buffer areas. Four sampling depths
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were used for all treatments which included 0-10, 10-20, 20-30 and 30-40 cm. Soil cores
were labeled, trimmed, sealed in plastic bags, transported to the laboratory and stored at

4°C (39.2°F) until measurements were taken.

Laboratory Analyses. Laboratory analyses included saturated hydraulic conductivity,
soil water retention and bulk density. Saturated hydraulic conductivity was measured
using the constant head or falling head methods (Klute and Dirksen, 1986). Water
retention was measured at 0, -0.4, -1.0, -2.5, -5.0, -10.0, -20.0, and -30.0 kPa soil water

pressures (Klute and Dirksen, 1986).

Pore size distributions were calculated using the capillary rise equation to
estimate effective pore size classes (Jury et al., 1991) from the water retention data. Four
classes of pore sizes were used: macropores (>1000 um effective diam.), coarse
mesopores (60- to 1000-pum effective diam.), fine mesopores (10- to 60-um effective
diam.) and micropores (< 10 um effective diam.; Anderson et al., 1990). Total porosity

was determined using the soil water content value at 0 kPa soil water pressure.

Soil cores were saturated with a dilute salt solution (CaCl,; 6.24 g L' and MgCl,;
1.49 g L") to retain soil structure and the constant head or falling head methods were
used to measure saturated hydraulic conductivity. Saturated hydraulic conductivity was
collected after eliminating visible pores and the space between soil and the core wall by
applying bentonite slurry with a syringe (Blanco-Canqui et al., 2002). The purpose of
applying the bentonite slurry was to block bypass flow in the core. The same soil cores

were used for determining bulk density. Bulk density was determined by the core
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method given by Blake and Hartge (1986). Soil cores were dried at 105°C (221°F) until

constant weight was obtained (about 48 hours).

Statistical Analysis. A test for homogeneity of variance was conducted to evaluate
the variability within the different treatments for each soil hydraulic property due to the
systematic arrangement of treatments. Analysis of variance (ANOVA) was further
conducted with SAS using the GLM procedure when variances within treatments were
homogeneous (SAS Institute, 1999). Single degree-of-freedom contrasts were also
determined and were conducted as follows: buffers vs. pastures, grass buffer vs.
agroforestry buffer, and continuously grazed pasture vs. rotationally grazed pasture. An
estimate for the least significant difference (Duncan’s LSD) between treatments at the
same depth or different depths was obtained using the Mixed procedure in SAS.

Statistical differences were declared significant at the o = 0.05 level.

Results and Discussion

Bulk Density. Soil bulk density was different (P<0.01) among the treatments (Table 3.2).
Significant differences were found for two contrasts: ‘buffers vs. pastures’ and ‘grass
buffer vs. agroforestry buffer’ (Table 3.2). Buffer treatments (1.27 g cm™) had 11.2%
lower soil bulk density than pasture treatments (1.43 g cm™). The GB treatment had
slightly lower bulk density compared to the AgB treatment (Table 3.2). The GB treatment

had 13.8 and 11.3% lower bulk density compared to the CG and RG treatments.

The bulk density in the pasture and buffer areas was measured during November

2002 prior to initiation of the grazing treatments for the 0-10 and 10-20 cm soil depths.
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Initial values for pasture areas were 1.23+0.083 and 1.34+0.11 g cm™ for the 0-10 and
10-20 cm depths, respectively, while values for the buffer areas were 1.17+ 0.10 and
1.33+0.12 g cm™, respectively. It is apparent that no significant differences occurred
among the pasture and buffer areas prior to grazing initiation. After grazing was initiated,
the pasture treatments showed significant increase in soil bulk density for upper two
depths. Thus, the buffer treatments were able to maintain the initial bulk density values at

these two depths.

Soil bulk density changed with soil depth (P<0.01; Table 3.2). Bulk density
generally increased with soil depth for the buffer treatments and was relatively unaffected
by soil depth for the CG treatment (Fig. 3.1A). The pasture treatments had higher bulk
density as compared to the buffer treatments for the first two depths (Fig. 3.1A). Similar to
our results, Greenwood and McKenzie (2001) also reported higher compaction of the
upper 5 to 15 cm soil layer under pasture areas. The lowest bulk density for the 0-10 cm
depth was found under the AgB (1.04 g cm™) treatment while the highest bulk density for
this depth was found under the CG (1.45 g cm™) treatment. Interactions between treatment

and soil depth were also found (P<0.01; Table 3.2).

The higher soil bulk density value in the CG treatment was due to the fact that the
area was continuously grazed by cattle during the grazing season. Similar to our results,
Radke and Berry (1993) observed that cattle traffic caused compaction of the soil and
increased the soil bulk density and reduced the infiltration rate. Daniel et al. (2002)
studied grazing effects on soil compaction under rangeland management in the tall-grass
prairie region of Oklahoma. They assessed soil compaction 10 years after grazing

treatments were initiated and reported that long—term livestock grazing increased soil bulk
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density, but only in the upper 10 cm. While Daniel et al. (2002) showed that long-term
grazing impacts occurred near the soil surface; our study also showed that compaction can

increase soil bulk density near the surface after two years of cattle grazing.

Comparing bulk density under trees and grass areas for the surface 15 cm, Messing
et al. (1997) in low and high clay content soils and Seobi et al. (2005) in a high clay
subsoil Putnam silt loam soil showed that soil bulk density was lower under trees than
grass areas. The lower soil bulk density values under agroforestry and grass buffer
treatments is due to root penetration and root decay in the soil profile which creates many
pores and adds organic matter which improves the soil structure (Obi, 1999; Mishra et al.,
2003). Literature shows that cultivated fields and grazed pastures have generally greater
soil bulk density than those of native grassland or forest soils (Jaiyeoba, 1995; Meek et al.,
1992; Taboada and Lavado, 1993). For a Typic Tropohumults soil, Fisher (1995) reported
that deep rooted and heavy litter tree species lowered soil bulk density as compared with a

grazed pasture treatment.

Soil Water Retention. Soil water retention was significantly affected by treatment
(P<0.05) for six of the eight soil water pressures measured: 0.0, -0.4, -1.0, -10.0, -20.0,
and -30.0 kPa pressures (Table 3.3). Soil water content was higher for the buffer vs.
pasture treatments at the first three pressures measured, but lower at the last three
pressures. The different slopes as a function of pressure were attributed to compaction
for pasture treatments relative to buffer treatments. Additionally, water retained was
lower (P<0.05) for the CG vs.RG treatments (P<0.05) and the AgB vs. GB treatments

(P<0.01) at the 0.0, -0.4, and -1.0 kPa pressures (Table 3.3, Fig. 3.2). The soil water
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content was 10, 8.8, and 5.7% higher under buffer treatments compared to pasture

treatments at 0.0, -0.4 and -1.0 kPa pressures, respectively.

At lower pressures (-10.0, -20.0 and -30.0 kPa), buffer treatments released more
soil water compared to the pasture treatments which was attributed to compaction
differences. Results show that the CG treatment retained less water at high pressures and
more water at low pressures which resulted in flatter slopes for the water retention curves
for this treatment relative to the others (Fig. 3.2A-D). This was probably due to changes
in the pore size distribution for the CG treatment which affects air-filled porosity (Bruand

and Cousin, 1995).

Volumetric water content at 0.0, -0.4 and -1.0 kPa water pressures under the GB
treatment was found to be 0.56, 0.51 and 0.48 m’ m™, respectively, with the AgB
treatment having values of 0.53, 0.48, 0.45 m’ m>. No differences were observed for
other pressures between these two treatments. Higher soil water content was attributed to
higher macroporosity in the GB treatment which was about 1.9, 26, 104% higher than

AgB,RG and CG treatments, respectively.

Soil water retention also changed with soil depth (P<0.010, Table 3.3), generally
decreasing slightly with soil depth. Interactions between treatment and soil depth were

also significant (P<0.05) at all soil water pressures.

da Silva et al.(2004) reported that plant growth increased with increased air-filled
porosity with a value of 10% air-filled porosity (saturation value minus -10 kPa value)
being critical for root growth. In our study, we found that the continuously grazed pasture

has 8% air-filled porosity which was below the critical limit for root growth; while the
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air-filled porosity for the GB and AgB treatments was on an average of 17 and 15%. The
lower air-filled porosity was due to the higher bulk density for the continuously grazed

pasture treatment.

Soil water retained at high soil water pressures for the buffer treatments was
higher due to increased soil macroporosity. Higher soil water content at saturation due to
increased soil porosity for grass hedges was reported by Rachman et al. (2004) for a
Monona silt loam soil. They also reported smaller slopes for the soil water retention
curve for the row crop and deposition zones which were attributed to higher soil bulk
density; similar findings were observed in this study with the CG treatment which had a

higher soil bulk density (Fig. 3.2A-D).

Pore Size Distributions. Pore size classes were affected by treatment (P<0.05) for all
size classes (Table 3.4). Contrasting buffer vs. pasture treatments was significant
(P<0.01) for all pore size classes. Buffer treatments had higher macroporosity and
mesoporosity but lower microporosity compared to the pasture treatments. Additionally,
differences (P<0.05) in total porosity and fine mesoporosity were found between the CG
and RG treatments and in total porosity and coarse mesoporosity between the GB and
AgB treatments. Buffers had 11, 54, 89 and 62% higher total porosity, macroporosity,
coarse mesoporosity and fine mesoporosity compared with pasture treatments but 5%
lower microporosity for all depths. Microporosity was nearly the same for all treatments.
The values for macroporosity and coarse mesoporosity in the 0 to 10 cm depth were
0.035 and 0.067 m’/m’ higher, respectively, for the combined buffer treatments relative
to the combined pasture treatments. These increases will have a strong influence on

water transport in these systems.
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Total porosity, fine mesoporosity and microporosity changed with soil depth
(Table 3.4, Fig. 3.3). The treatment by depth interaction was also found to be significant
(P<0.05) for total porosity, coarse mesoporosity, fine mesoporosity and microporosity

(Fig. 3.3).

An 8.4% decrease in total porosity, a 28% increase in fine mesoporosity, and a
10% decrease in microporosity occurred between the first two depths averaged across
treatments (Table 3.4). The total porosity, fine mesoporosity, and microporosity values
slightly increased between the second and third depths probably due to the slight decrease
in soil bulk density between these two layers. The decreased value of total porosity from
the first to the second depth is due to the increase in the soil bulk density from the first to
the second depth; whereas increased fine mesoporosity was probably due to the fact that
increased bulk density did not affect this size class. Differences in pore classes were not

much different at lower depths because differences in bulk density were smaller.

Agroforestry buffers establish deep root systems which increase the proportion of
macropores and improve the soil hydraulic properties as compared to a row crop system
(van Noordwijk et al., 1991; Rasse et al., 2000; Allaire-Leung et al., 2000; Cadisch et al.,
2004). Water can easily enter in these macropores and hence increase infiltration
(Rachman et al., 2005). This study showed increased macroporosity for the agroforestry
buffer area relative to pasture areas and slightly higher values for the grass buffer area
compared to the agroforestry area. For clay soils studies by Seobi et al. (2005), the
situation is slightly different. Seobi et al. (2005) reported that clay content increased with
soil depth which increased soil microporosity and decreased macroporosity. These

claypan soils generally have fewer macropores and hence a much lower infiltration rate
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which can create higher runoff. Higher values for macroporosity were observed in the

current study compared to those observed by Seobi et al. (2005).

Saturated Hydraulic Conductivity. The K, values were found to be different among
the treatments (Table 3.2). The K, for both buffer treatments (59.2 mm h'l) was 16.7
times higher as compared to the pasture treatments (3.54 mm h™'; Table 3.2). Saturated
conductivity for the AgB treatment was 15.4 and 19.7 times higher as compared to the RG
and CG treatments, respectively. Significant differences were found between buffers vs.
pastures but not for the other two contrasts. Higher K, values were found for the tree
buffer treatment compared to grass buffer and row crop treatments by Udawatta et al.
(2006) for a Putnam silt loam soil. Higher K, values in the buffer treatments were

probably due to lower soil bulk density and higher macroporosity values.

The K, values significantly decreased with increasing soil depth (Table 3.2; Fig.
3.1B). The K, values generally decreased with increasing soil depth with the highest
values occurring in the surface 0-10 cm layer (79.2 mm h™). The buffers had higher K
values as compared to the pasture treatments at all soil depths; however, significant
differences occurred only for the 0-10 cm soil depth. The highest K, (182 mm h™) value
for the study was found at the 0-10 cm soil depth under AgB management which was 4.7,
12.2, and 19.7 times higher as compared to the 10-20, 20-30, and 30-40 cm depths for this
treatment. In contrast, the lowest K, (0.097 mm h'l; Fig. 3.1B) value for the study was
also found at the 0-10 cm depth under the CG treatment which was more than three orders
of magnitude lower than the value for the AgB treatment at this same depth. The
interactions between the treatment and soil depth factors were also significant (P<0.01;

Table 3.2).
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These differences in treatment K, values would significantly change the time to
ponding during rainfall. For example with an 80 mm/hr rainfall rate, the time to ponding
estimated using mean K, values predicted time to ponding of 0.03 hr for the pasture areas

in contrast with 1.8 hr for the buffer areas.

Saturated hydraulic conductivity depends on the pore size distribution and
continuity of the pore system. Higher macroporosity was attributed to higher K, values
for buffer treatments (Rachman et. al., 2004). Seobi et al. (2005) also reported increased
saturated hydraulic conductivity with agroforestry and grass buffers for claypan soils in
northeastern Missouri. The differences were attributed to lower values of bulk density and
increased levels of macroporosity and coarse mesoporosity. They also reported that grass
buffers and agroforestry buffers after six years can store more water in the upper 30 cm

soil layer as compared to a row crop treatment.

Summary and Conclusions

This study was conducted to evaluate the effects of agroforestry and grass buffers
on soil hydraulic properties relative to pasture management. Results showed the effects
of different grazing systems (RG and CG) on soil bulk density, soil water retention
curves, pore size distributions and soil saturated hydraulic conductivity compared to
selected buffer systems (GB and AgB). Soil bulk density was lower for the buffer
treatments as compared to pasture treatments. Bulk density values averaged across soil
depth were higher for the RG and CG treatments, 1.41 and 1.45 g cm™, compared to the

GB and AgB treatments, 1.25 and 1.29 g cm™. Buffers had significantly higher water
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retained for the 0.0, -0.4, and -1.0 kPa pressures compared to pasture treatments, but
lower water retained at -10.0, -20.0, and -30.0 kPa pressures. Soil water content at high
soil water potentials (0, -0.4, and -1.0 kPa) was greater in the RG area compared to the

CG area.

Soil macroporosity (>1000 pm diam.) was 2.1 times higher for the buffer
treatments compared to the pasture treatments for the 0-10 cm soil depth. Results
showed that the GB and AgB treatments had greater total porosity, macroporosity, coarse
mesoporosity (60 to 1000 pm diam.) and fine mesoporosity (10 to 60 um diam.) but
lower microporosity (< 10 um diam.) compared to the RG and CG treatments. Soil
saturated hydraulic conductivity values averaged across soil depth for the GB and AgB
treatments were 57.0 and 61.3 mm hr'l, while the values for the RG and CG treatments
were 3.98 and 3.11 mm hr''. Higher K, values were probably related to the significantly

higher total porosity and soil macroporosity found for the buffer treatments.

This study illustrates the benefits of agroforestry and grass buffers for maintaining
soil hydraulic properties compared to grazed pasture systems. Results from this study
showed that non-grazed buffers had somewhat higher values for soil hydraulic properties
compared to grazed pastures. In the buffer treatments, soil water retention at high
pressures, total porosity, macroporosity, mesoporosity, and saturated hydraulic
conductivity were higher compared to pasture management but had lower soil bulk
density. This study shows that soil hydraulic properties which are related to infiltration
were higher with buffer treatments and lower with grazed pasture areas; this implies that
buffers will probably have higher infiltration and subsequently lower surface runoff

compared to grazed pastures systems.
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Table 3.1. Selected physical and chemical properties for the Menfro silt loam soil of the

study area.
Soil Soil . ¥ i §
Horizon  Depth Sand  Silt Clay CEC oC ECP - pH-----
cm g kg’ cmol kg g kg’ dSm~ CaCl, H)O
A 0-10 37 638 325 22.7 21.0 0.23 6.4 5.1
AB 10-20 38 639 322 21.9 9.0 0.18 6.4 5.1
Bt; 20-45 40 641 319 21.2 6.1 0.13 6.4 5.1

fCEC, Cation exchange capacity

o, Organic carbon

YEC, Electric conductivity
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Table 3.2. Geometric means of saturated hydraulic conductivity (Kg,¢) and arithmetic
means of bulk density for the continuously grazed pasture (CG), rotationally grazed
pasture (RG), grass buffer (GB), and agroforestry buffer (AgB) treatments and soil
depths, and the analysis of variance.

Treatment Kt Bulk density

-1 3
mm h gcm

Treatment mean

Continuously grazed pasture (CG) 3.11 1.45
Rotationally grazed pasture (RG) 3.98 1.41
Grass buffer (GB) 57.0 1.25
Agroforestry buffer (AgB) 61.3 1.29
Depth mean
0- to 10-cm 79.2 1.25
10- to 20-cm 21.2 1.39
20- to 30-cm 10.9 1.37
30- to 40-cm 14.1 1.38
Analysis of variance P > F
Treatment <0.010 <0.010
Buffers vs. Pastures <0.010 <0.010
GB vs. AgB 0.753 0.047
CG vs.RG 0.951 0.059
Depth <0.010 <0.010
Treatment by Depth <0.010 <0.010

"Means with different level for a soil property are significantly different at the 0.05 probability level.
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Table 3.4. Total pores, macropores, coarse mesopores, fine mesopores, and micropores
for the continuously (cont.) grazed pasture, rotationally (rot.) grazed pasture, grass
buffer and agroforestry buffer treatments and soil depths, and the analysis of variance.

Total Coarse Fine
Treatment Pores  Macropores Mesopores Mesopores  Micropores
(>1000 pm) (60-to 1000-  (10-to 60- (<10 pum)
wm) pm)
m’ m
Treatment mean
Cont. grazed pasture (CQG) 0.477 0.026 0.042 0.018 0.392
Rot. grazed pasture (RG) 0.505 0.042 0.052 0.029 0.382
Grass buffer (GB) 0.562 0.053 0.100 0.039 0.370
Agroforestry buffer (AgB) 0.529 0.052 0.078 0.037 0.363
Depth mean
0- to 10-cm 0.550 0.049 0.071 0.025 0.404
10- to 20-cm 0.504 0.046 0.063 0.032 0.363
20- to 30-cm 0.511 0.042 0.068 0.034 0.368
30- to 40-cm 0.509 0.035 0.070 0.032 0.371
Analysis of variance P > F
Treatment <0.010 0.028 <0.010 <0.010 <0.010
Buffers vs. Pastures <0.010 <0.010 <0.010 <0.010 <0.010
GB vs. AgB <0.010 0.950 <0.010 0.287 0.224
CG vs.RG <0.010 0.092 0.053 <0.010 0.150
Depth <0.010 0.133 0.193 <0.010 <0.010
Treatment by Depth <0.010 0.128 <0.010 0.014 <0.010

"Means with different level for a soil property are significantly different at the 0.05 probability level.
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Fig. 3.1.Bulk density (A) and saturated hydraulic conductivity (B) for continuously
grazed pasture (CQG), rotationally grazed pasture (RG), grass buffer (GB), and
agroforestry buffer (AgB) treatments influenced by soil depth. The bar indicates
the LSD (0.05) value for bulk density (A). The LSD (0.05) value for K, is listed
on the graph due to log scale (B).
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Fig. 3.2. Soil water retention curves for continuously grazed pasture (CG), rotationally
grazed pasture (RG), grass buffer (GB), and agroforestry buffer (AgB) treatments
for 0-10 cm (A), 10-20 cm (B), 20-30 cm (C), and 30-40 cm (D) depths. Bars
indicate LSD (0.05) values and are presented at pressures when significant

differences occurred among the treatments.
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Fig. 3.3. Porosity values for continuously grazed pasture (CG), rotationally grazed
pasture (RG), grass buffer (GB), and agroforestry buffer (AgB) treatments
influenced by soil depth. Pore size classes include macropores (> 1000-pm diam;
A), coarse mesopores (60- to 1000-um diam.; B), fine mesopores (10- to 60-um
diam.; C), and micropores (< 10-um diam.; D). Bars indicate LSD (0.05) values
and are presented for pore-size classes with significant differences among
treatments.
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CHAPTER 4
AGROFORESTRY AND GRASS BUFFER INFLUENCES ON
CT-MEASURED MACROPORES UNDER GRAZED PASTURE SYSTEMS

ABSTRACT

Agroforestry buffers, which include trees, grass, and shrubs, have been proposed for
improving water quality in watersheds. The objectives of the study were to compare
differences in macropore (>1000-um diam.) and coarse mesopore (200—1000-um diam.)
parameters measured by computed tomography (CT) within agroforestry buffer (AgB)
and grass buffer (GB) systems associated with rotationally grazed pasture (RG) and
continuously grazed pasture (CG) systems, and to examine relationships between CT-
measured pore parameters and saturated hydraulic conductivity (K,). Pasture and GB
areas included red clover (Trifolium pratense L.) and Korean lespedeza [ Kummerowia
stipulacea (Maxim.) Makino] planted into fescue (Festuca arundinacea Schreb.), while
AgB included eastern cottonwood trees (Populus deltoides W. Bartram ex Marshall ssp.
deltoides) planted into fescue. Soils at the site were Menfro silt loam (fine-silty, mixed,
superactive, mesic Typic Hapludalf). Intact soil cores were collected from the four
treatments at five soil depths. Five equally spaced images were acquired from each core
and were analyzed with Image-J software. The CT-measured soil macroporosity was 13
times higher (0.053 m’ m ) for the buffer treatments than the pasture treatments (0.004
m’ m"°) for the surface 0- to 10-cm soil depth. Buffer treatments had greater
macroporosity (0.02 m’ m ) than RG (0.005 m® m ) or CG (0.004 m® m) treatments.
The K, values for buffer treatments were five times higher than pasture treatments. Soil

bulk density was 5.6% lower for the buffer treatments than the pasture treatments. The
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CT-measured pore parameters (except macropore circularity) were positively correlated

with K. This study illustrates the benefits of agroforestry and grass buffers for

maintaining soil pore parameters critical for soil water transport.

Abbreviations: AgB, agroforestry buffer; CG, continuously grazed pasture; CT,
computed tomography; GB, grass buffer; K, saturated hydraulic conductivity;

NPSP, nonpoint source pollution; RG, rotationally grazed pasture

INTRODUCTION

Agroforestry buffers have been recently introduced to improve environmental quality and
diversify farm income. Agroforestry is a land management practice where trees and
agricultural crops are grown simultaneously on the same landscape for economical and
environmental benefits (Gold and Hanover, 1987). Agroforestry and grass buffers help in
reducing nonpoint-source pollution from the row crop areas by improving soil hydraulic
properties and reducing surface runoff (Udawatta et al., 2002; Abu-Zreig et al., 2003;
Seobi et al., 2005). These buffers increase the soil porosity relative to row crop land
management under tilled or no-till practices (Bharati et al., 2002; Seobi et al., 2005). The
establishment of buffers in pasture areas has been shown to decrease soil bulk density and
increase soil porosity (Kumar et al., 2008). Grass roots and tree roots persist longer than
row crop roots, which may result in larger, longer, and more continuous pores spreading

into subsurface horizons (Udawatta et al., 2008a).

Soil porosity is a very important parameter that is related to transport and storage of
water and nutrients in the soil. Hence, it is essential to understand soil pore

characteristics. Water transmission and storage depend on the geometry and size
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distribution of soil pores (Eynard et al., 2004). This pore network, especially the pore size
distribution and connectivity of the pores, is believed to control soil hydraulic properties
(Vogel, 2000; Perret et al., 2000; Pierret et al., 2002). Different management practices
alter the soil pore volume and size distribution in space and time and ultimately modify

the hydraulic properties of the soil (Eynard et al., 2004).

Porosity can be estimated by traditional water retention methods (Anderson et al.,
1990), thin-section analysis (van Golf-Recht, 1982), and Boyle’s law porosimetry
(American Petroleum Institute, 1960). Gantzer and Anderson (2002) reported that these
procedures do not provide information about the spatial distribution of pores.
Additionally, although macropores constitute only a small percentage of the total
porosity, they have a major influence on saturated flow (Luxmoore et al., 1990). These
traditional methods are time consuming and some are destructive. Moreover, porosity
determined by traditional methods lacks information on pore characteristics (Udawatta et
al., 2006). In contrast, x-ray CT methods are faster, nondestructive, and provide

information on spatial distributions of soil pores and their characteristics.

An x-ray image is a picture of the x-ray linear attenuation coefficients of an object,
which is related to the density of the object (Phillips and Lannutti, 1997). In recent years,
x-ray CT analysis methods, first introduced in the early 1970s by Hounsfield (1973,
1977) for medical imaging, have received increased attention in soil and earth sciences. It
is now being used more frequently in the field of soil science for examining solute
movement (Anderson et al., 2003), porosity (Anderson et al., 1988; Rachman et al.,
2005), pore continuity (Grevers and de Jong, 1994), the fractal dimension of porosity

(Rasiah and Alymore, 1998; Gantzer and Anderson, 2002), and plant root development
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(Tollner et al., 1994) and to obtain nondestructive measurement of water content and dry
bulk density (Petrovic et al., 1982; Crestana et al., 1985; Hopmans et al., 1992). This
technique can also be used for studying soil structure (Rogasik et al., 1999), measuring
soil microstructure (Phillips and Lannutti, 1997; Alshibli et al., 2000), and determining
the shape, distribution, and arrangement of soil pores within the soil (Udawatta et al.,
2008b). This technique also has been applied to characterize pore continuity and
tortuosity (Udawatta et al., 2008b). According to Tollner et al. (1994), x-ray CT scanning

can provide aggregate size data consistent with traditional testing.

Computed tomography procedures have advantages compared with traditional
methods since these procedures provide a finer resolution on a millimeter to micrometer
scale (Gantzer and Anderson, 2002). The nondestructive nature of CT scanning allows
the same soil sample to be scanned at different times. Carlson et al. (2003) reported that
the best advantage of CT is its ability to quickly and nondestructively image the interior
of a three-dimensional object. Computed tomography techniques can provide the three-
dimensional structure of soil pores. Another advantage of x-ray CT scanning is its ability
to quantitatively measure soil bulk density and water content distributions in undisturbed

soil samples (Heijs et al., 1995).

The objectives of this study were to compare the effects of AgB and GB systems
associated with RG and CG systems on CT-measured macropore (>1000-pm diam.) and
coarse mesopore (200—-1000-um diam.) parameters, and to examine the relationships

between CT-measured pore parameters and K.
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MATERIALS AND METHODS

Study Area and Management

The experimental site is located at the Horticulture and Agroforestry Research Center
in New Franklin, MO (39°02' N, 92°46’ W, 195 m above mean sea level). The study site
was established in 2000 to compare the effects of grass and agroforestry buffers on runoff
water quality (Kumar et al., 2008). The pasture areas and buffers were reseeded with tall
fescue in 2000. The pastures were also seeded with red clover and Korean lespedeza into
the fescue in 2003. Four rows of eastern cottonwood trees were planted into the fescue to
create the agroforestry buffers in 2001. Trees were planted at 3 m within and between
rows. At sampling, the average height of the trees was 7.6 m, with 0.15 m diameter at
breast height. Additional information about the study site can be found in Kumar et al.

(2008).

Soils at the site are Menfro silt loam. The average annual precipitation of the
experimental site for the last 50 yr (1956-2006) is 967 mm; the mean temperature in July
is 25.6°C and the mean temperature in January is —2.1°C. The GB and AgB treatments
were fenced from the pasture areas, preventing access by the cattle (Bos taurus). The RG
treatment was rotationally grazed with six fenced areas (paddocks) within the small

watershed. The CG treatment was continuously grazed by cattle.

Grazing was initiated at the site in late March or early April and discontinued in late
October or early November each year. During late July or early August, the cattle were
removed for about 1 mo due to poor grass growth. The pasture treatment sites had been

grazed for 3 yr before sampling. Each year, beef cows with weights between 450 kg and
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590 kg were introduced into the pasture area. The number of cattle for the small
watershed (0.8 ha) was three. Eighty-five percent of the grazing area (0.64 ha) of the
watershed was divided into six smaller rotationally grazed paddocks with a single-wire
electric fence for cattle management. The other 15% of the grazing area was continuously
grazed. The stocking rate was 5.26 animal units ha' and the stocking density was 31.6
animal units ha”', with a site production capacity of 31.6 animal unit mo ha'. The cows
were moved between paddocks on each Monday and Thursday, with each paddock being

grazed for 3.5 d and rested for 17.5 d.

Sample Collection

Soil cores were removed from the AgB, GB, RG, and CG treatment areas to
determine management effects on CT-measured macropore properties. The dimensions of
sampling Plexiglas rings were 76.2 mm long and 76.2 mm in diameter, with a 3.2-mm-
thick wall. Intact 120 soil cores were collected from five soil depths (0—50 cm in 10-cm
increments) per treatment with six replications per treatment on 6 and 7 June 2007. The
CG treatment samples were taken from six replicate, continuously grazed areas and RG
samples were taken from six replicate, rotationally grazed areas. The AgB samples were
taken from soil under six replicate trees, three each from two tree rows in the agroforestry
buffer area. These samples were taken at a distance of 20 cm from the base of the tree
trunks in the agroforestry buffer. The GB samples were taken from six replicate grass
buffer areas. Soil cores were labeled, trimmed, sealed in plastic bags, transported to the

laboratory, and stored at 4°C until measurements were taken.

79



Scanning and Image Analysis

Soil cores were saturated with a dilute salt solution (6.24 g CaCl, L™ and 1.49 g
MgCl, L™) to retain soil structure. After 24 h, weights were recorded and samples were
then drained at 35-cm tension for 24 h using a glass-bead tension table, which removed
water from pores >85-um equivalent cylindrical diameter to enhance the image contrast
between air-filled pores and soil solids. These cores were scanned using a Siemens
Somaton Plus 4 Volume Zoom x-ray CT scanner (Siemens Corp., New York) to acquire
CT scan images. The scanner used in the current study is basically for medical purposes.
The scan system parameters were set to 125 kV, 400 mA, and 1.5 s scan time. Soil cores
were positioned horizontally on the scanner stage so that the x-ray beam was
perpendicular to the longitudinal axis. Five images were acquired from each core at the
following scan depths from the core surface: 1.7, 2.8, 3.9, 5.0, and 6.1 cm. The pixel
resolution was 0.19 by 0.19 mm. The width or “slice” thickness was 0.5 mm, producing a
volume element (voxel) size of 0.018 mm’. A total of 600 images were analyzed in this

study.

The images were analyzed using the Image J version 1.27 software (Rasband, 2002)
to examine the treatment effects on pore size distributions and pore characteristics. The
software is a public domain image-processing program that can calculate the area and
voxel value statistics of selected areas defined by the user (Gantzer and Anderson, 2002).
Note that CT estimates of porosity near the lower resolution of the scanner will have a

partial volume effect and have less precision.

The macropore and mesopore characteristics analyzed included the total number of

pores, number of macropores, number of coarse mesopores, total porosity (macroporosity
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plus coarse mesoporosity), macroporosity (>1000-um diam.), and coarse mesoporosity
(200-1000-pum diam.). In addition, the circularity and fractal dimensions of macropores
were analyzed. The circularity of macropores is estimated by dividing the product of the
area of the pore and 4 by the pore perimeter squared (Tuller et al., 1999). The
macroporosity and mesoporosity at each scan depth were calculated from the total area of
all macropores and mesopores isolated in the image at a given depth divided by the cross-

sectional area (2500 mm?) of the selected region on the soil core image.

The Region of Interest tool was used to select a rectangular region of 50- by 50-mm
area to exclude voids near the core walls and minimize the effects of beam hardening.
The Threshold tool was used to partition pores from solids after converting the image into
an eight-bit gray-scale image. The threshold value selected to analyze all images was 40
(range 0-255). The values lower than the threshold value were identified as the air-filled
pores and the values greater than the threshold value were identified as non-pore (Fig.
4.1). The Analyze Particles tool was used to measure the statistics of individual pores.
The fractal dimension of macropores was determined with 0 to 100 threshold values to
better populate the low-porosity samples with pores (Gantzer and Anderson, 2002). For
all images, the fractal dimension was obtained as the slope of the log—log plot of

measured box counts as a function of box size.

Saturated Hydraulic Conductivity and Bulk Density

After scanning, the saturated hydraulic conductivity and dry bulk density were
determined on all 120 soil cores. Saturated hydraulic conductivity was measured using
the constant-head method (Klute and Dirksen, 1986) after eliminating visible pores and

the space between the soil and the core wall by applying a bentonite slurry with a syringe
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to block bypass flow in the core (Blanco-Canqui et al., 2002). The same soil cores were
used for determining bulk density as described by Blake and Hartge (1986). The soil

cores were dried at 105°C until a constant weight was obtained (about 48 h).

Statistical Analysis

A test for homogeneity of variance was conducted to evaluate the variability within
the different treatments due to the systematic arrangement of treatments. Analysis of
variance was further conducted with SAS using the GLM procedure when variances
within treatments were homogeneous (SAS Institute, 1999). Single degree of freedom
contrasts were also determined and were conducted as follows: buffers vs. pastures, GB
vs. AgB, and RG vs. CG. The differences in pore characteristics among scans along the
soil core were statistically compared to evaluate depth and management influences using
PROC MIXED (SAS Institute, 1999). An estimate for the least significant difference
(Duncan’s LSD) between treatments at the same depth or different depths was obtained
using the MIXED procedure in SAS. Statistical differences were declared significant at

the a = 0.05 level.

RESULTS AND DISCUSSION

Number of Pores, Macropores, and Coarse Mesopores Measured by

Computed Tomography

The number of CT-measured pores, macropores, and coarse mesopores were
significantly greater in buffer areas than grazed pastures (P < 0.01; Table 4.1). Significant

differences were found for two contrasts: buffers vs. pastures and GB vs. AgB (Fig. 4.2;
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Table 4.1). The buffer treatments had a greater total number of pores (140% higher at
69), macropores (245% higher at 19), and coarse mesopores (100% higher at 51),
averaged across all 25 scan depths on a 2500-mm? scan area, compared with the average
of the pasture treatments. In contrast, the CG treatment had the lowest values of all these

parameters.

Two terms for depth were used to explain the CT-measured pore characteristics—
depth zone and scan depth—and to distinguish between the five depth zones or soil core
depths (0-10, 10-20, 20-30, 30—40, and 40—50 cm) and the 25 scan depths (five scans
per soil depth zone at 1.7, 2.8, 3.9, 5.0, and 6.1 cm from the top of the core), respectively.
The soil depth zone significantly affected the CT-measured total number of pores,
macropores, and coarse mesopores (P < 0.01; Table 4.1). For all three parameters, the
total number of pores decreased with increasing soil depth zone (Fig. 4.2). The total
number of pores and macropores significantly decreased between the first and second
depth zones. A 33, 43, and 29% decrease in the total number of pores, macropores, and
coarse mesopores, respectively, occurred from the first to the second soil depth zone.
Similar trends were also observed between the second and third depth zones but the
percentage decrease was smaller, and beyond the third depth zone differences were not
significant (Table 4.1; Fig. 4.2). Significant interactions between treatment and soil depth
zone were also found (P < 0.01; Fig. 4.2; Table 4.1) due to the decreasing number of
pores with depth zone for the buffer treatments, while the values in the pasture treatments

had small changes with depth zone.

Buffers had about 71% of the total pores for the profile within the 0- to 10-cm soil

surface depth and the remaining 29% within the 10- to 50-cm depth zones. In contrast,
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pastures had only 39% of the total pores for the profile within the 0- to 10-cm depth and
the remaining 61% in the subsurface layers. The GB treatment area had the highest total
number of pores (159, 96, 61, 64, and 78) and number of macropores (44, 26, 15, 16, and
21) for the five depth zones, respectively, while the CG treatment had the lowest total
number of pores (17, 32, 27, 28, and 25, respectively) and number of macropores (4, 7, 4,
6, and 3, respectively). Similar trends were found for the coarse mesopores for these
treatments. It should be noted that soil core sampling for the AgB treatment resulted in
collecting only the fine (diameter <2 mm) roots, which resulted in slightly smaller pore
characteristics. An increase in the pore parameters between the first and second depth

zones for the CG treatment was attributed to surface compaction in this treatment.

Generally, the total number of pores and macropores decreased with soil depth zone.
Pachepsky et al. (1996) reported that management practices mostly affect the number and
area of large elongated pores. The greater total number of pores and macropores under
the buffer areas can be attributed to greater root development and the addition of the
organic matter, which improved the soil physical properties in the buffer areas compared

with the grazed pasture treatment areas.

Porosity, Macroporosity, and Coarse Mesoporosity Measured by

Computed Tomography

The CT-measured porosity (macroporosity plus coarse mesoporosity), macroporosity,
and coarse mesoporosity were significantly influenced by the AgB, GB, RG, and CG
treatments (P < 0.01; Table 4.1; Fig. 4.3). Significant differences were found for two

contrasts: buffers vs. pastures and GB vs. AgB (P <0.01; Table 4.1). The buffers had

84



higher porosity (0.026 m’m >, 271% higher), macroporosity (0.019 m’ m >, 322%
higher), and coarse mesoporosity (0.006 m> m >, 140% higher) than the pasture
treatments (0.007, 0.0045, and 0.0025 m® m ™, respectively). All three parameters were
found to be the highest for the GB treatment. The porosity for the GB treatment was
about 1.9, 4.2, and 5.7 times higher than the AgB, RG, and CG treatments, respectively.
In addition, macroporosity for the GB treatment was about 2, 5.2, and 6.5 times higher
while coarse mesoporosity was 2, 2.7, and 4 times higher than the AgB, RG, and CG

treatments, respectively.

Soil depth zones also influenced porosity, macroporosity, and coarse macroporosity
(Table 4.1). Averaged across all the treatments, all three parameters decreased from the
first to fourth depth zones (Table 4.1). Porosity decreased linearly with soil depth (r =
—0.82). Similar trends were found for macroporosity (» = —0.82) and coarse mesoporosity
(r =—0.83). The greatest differences among depth zones for porosity, macroporosity, and

coarse mesoporosity were observed between the 0- to 10- and 10- to 20-cm depth zones.

A decrease in the values of porosity, macroporosity, and coarse mesoporosity was
observed from the first to second depth zones for the AgB (77, 79, 82%, respectively) and
GB (57, 63, 25%, respectively) treatments, whereas an increase in the values of these
parameters was observed in the RG (86, 150, 50%) and CG (100, 75, and 200%)
treatments for similar depth zones (Fig. 4.3). This was probably caused by cattle grazing
on the pasture treatments. Interactions between treatment and soil depth zone were also

found (P < 0.010; Table 4.1; Fig. 4.3).

Previous studies in lowa and Missouri showed that grass, tree, and native prairie

improved CT-measured porosity and macroporosity (Rachman et al., 2005; Udawatta et
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al., 2006, 2008a). The porosity values determined in Kumar et al. (2008) were different
than those of the current study but the trend was similar. The porosity values determined
in Kumar et al. (2008) were used to calculate the porosity resolved with the CT method.
On average, the fraction of total porosity resolved with the CT technique varied from 2 to

5%.

The data from the current study showed that the CG treatment had the lowest porosity
and macroporosity, which will probably contribute to more surface runoff from this area.
In contrast, the buffer treatments had higher porosity and macroporosity values, which

will allow better infiltration of water and hence less runoff.

Fractal Dimension of Macropores Measured by Computed Tomography

Fractal theory has been applied to characterize particle and aggregate distributions in
soils. The fractal dimension of macropores was significantly affected among the four
treatments (P < 0.01; Table 4.1). The fractal dimension of macropores ranged from 1.08
(CG treatment) to 1.41 (GB treatment). Significant differences were found for two
contrasts: buffers vs. pastures and GB vs. AgB (Table 4.1). The higher fractal dimension
values for the surface 0- to 10-cm depth observed in the AgB (1.53) and GB (1.62)
treatments may suggest more macroporosity and hence a higher probability of
preferential water flow due to large and more elongated pores compared with the RG and
CG treatments. Similar results were also reported by Udawatta et al. (2008b) for native
prairie areas. The fractal dimension is related to the number of macropores and their size
distribution since it measures the space-filling nature of the macropores (Rachman et al.,
2005). The fractal dimension of macropores increased from the first to the second depth

zone (1.08 to 1.21 and 1.06 to 1.08 for the RG and CG treatments, respectively); with
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further depth, values decreased. The CG treatment lowered the fractal dimension for the

first depth zone; hence, values for this treatment increased from the first to second depth.

The soil depth zone also influenced the fractal dimension of the macropores (P <
0.01). The fractal dimension decreased with soil depth (Table 4.1), as did macroporosity.
Significant interactions between treatment and soil depth were also found (P < 0.010;
Fig. 4.4). The fractal dimension and macroporosity for each scan depth averaged across
the six replicates were found to be positively correlated, with coefficients of
determination ranging from 0.51 for CG, 0.54 for RG, 0.72 for GB, and 0.81 for AgB
treatments (Fig. 4.5). The relationships between fractal dimension and macroporosity
were similar to the results of Rachman et al. (2005), who found that the relationships
between the fractal dimension and macroporosity were positively related and the 7* was
highest for the buffer (grass hedge). Similar trends were found in the current study, where
#* was highest for the buffers compared with grazed pasture areas and the relationship

was positive.
Largest Pore Area and Macropore Circularity Measured by

Computed Tomography

Solute and water transport in soils are significantly affected by pore size, shape, and
distribution. The largest pore from each scan image within each treatment was evaluated.
The area of the CT-measured largest pore was significantly different among all
treatments (P < 0.01; Table 4.1). Significant differences were found only for the buffers

vs. pastures contrast (P < 0.02; Table 4.1). The GB treatment had the largest (9.07 mm?®)
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pore, followed by the AgB treatment (7.33 mm?). The GB treatment had about 1.2, 1.6,

and 2.5 times higher largest pores than the AgB, RG and CG treatments, respectively.

The CT-measured circularity was significantly different among all the treatments (P <
0.01; Table 4.1). Significant differences were found only for the buffers vs. pastures
contrast (P < 0.02; Table 4.1). Circularity for the GB treatment was significantly lower
(4.86%) than the pasture treatments. The lower circularity value in the GB treatment
indicates more elongated and larger pores. This implies that the GB treatment had more
irregular pores. The average profile values of circularity for the AgB, GB, RG, and CG

treatments were 0.90, 0.88, 0.92, and 0.93, respectively.

The CT-measured macropore circularity was affected by the soil depth zone (P <
0.01; Table 4.1). Circularity increased with soil depth but values were not significantly
different after the second depth zone (Table 4.1). Our findings support previous research
by Rachman et al. (2005) and Udawatta et al. (2006, 2008a). These studies reported that
circularity was lower in agroforestry and grass buffer treatments than row crop areas in
Iowa and Missouri. The results of these studies and the current study indicate that
continuous disturbance affects pore size and shape compared with undisturbed permanent
vegetative areas. The circularity value differences in these three studies and the current

study can be attributed to soil type, management, and sampling depth.

Correlation of Pore Parameters and Saturated Hydraulic Conductivity

An evaluation of soil bulk density and saturated hydraulic conductivity is presented
before correlation analysis of properties. Soil bulk density was different among the

treatments (P < 0.01; Table 4.2). Buffer treatments (1.35 g cm ) had 5.6% lower soil
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bulk density than pasture treatments (1.43 g cm ). Soil bulk density changed with soil
depth zone (P < 0.01; Table 4.2). Bulk density generally increased with soil depth for the
buffer treatments, whereas for the CG treatment bulk density was unaffected after the
second soil depth zone (Fig. 4.6). Interactions between treatment and soil depth were also
found (P < 0.01; Fig. 4.6). The current study supports findings reported in previous

research (Kumar et al., 2008).

The K, values were found to be different among the treatments (Fig. 4.6; Table 4.2).
The buffer treatments had the highest (75.8 mm h_l) K, averaged across depths, while
the two grazed pasture treatments had the lowest K, (15 mm h_l; Table 4.2). Studying
soil physical properties on the same study area, Kumar et al. (2008) attributed these
differences to the roots of the vegetation and the absence of cattle. The K, was about 31
times higher in the buffers than the grazed pasture systems for the 0- to 10-cm soil depth
zone. The K, values significantly decreased with increasing soil depth zone (Table 4.2;

Fig. 4.6).

The K, values generally decreased with increasing soil depth zone. The K, values
for the AgB and GB treatments decreased from the first to second depth zone (85.7 and
73.0%, respectively), whereas for the RG and CG treatments, the K, increased for these
depth zones (142.6 and 295.1%, respectively). The highest percentage decrease was for
the CG treatment, which experienced continuous cattle traffic. Interactions between the
treatment and soil depth factors were also significant (P < 0.01; Table 4.2; Fig. 4.6).
These differences were attributed to differences in soil macroporosity and bulk density

(Kumar et al., 2008).
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For correlation analysis, averages of the five scan depths per core were used as core
parameters for each property. Nine CT-measured pore parameters (total number of pores,
number of macropores, number of coarse mesopores, porosity, macroporosity, coarse
mesoporosity, area of the largest pore, circularity of macroporosity, and fractal dimension
of the macropores) along with bulk density were regressed with K, (Table 4.3). All CT-
measured pore parameters except circularity were positively correlated with K.
Circularity was negatively correlated due to more circular pores being present among the
pasture treatments, which had lower K, values. The correlation for all the parameters

was found to be statistically significant (P < 0.001).

Among the nine CT-measured pore parameters, macroporosity explained 58% of the
variation in saturated hydraulic conductivity (Table 4.3). The porosity (57.9%) and total
number of pores (51.7%) ranked second and third, respectively, after macroporosity. The
number of macropores plus porosity was the best two-parameter combination and
accounted for 63% of the variation in K. The number of macropores plus macroporosity
was the second best two-parameter combination (Table 4.3). Regression analysis showed
that macroporosity and porosity ranked the best when evaluating single parameters.
Dosskey et al. (2007) reported that increased macroporosity should increase infiltration
and reduce the sediment transport capacity of the runoff water. Our findings imply that
the buffers, which had higher porosity and macroporosity, will infiltrate more water and

allow less runoff.

In the current study, macroporosity was the best single parameter to predict K.
Udawatta et al. (2008a) reported that the CT-measured number of macropores was the

best single variable explaining 43% of the variation in K (7 = 96). Udawatta and
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Anderson (2008) reported that the fractal dimension of macropores was the best
parameter explaining 75% of the variation in logK, (n = 120). In another study,
Rachman et al. (2005) reported a correlation between K, and CT-measured
macroporosity of 0.95 (n = 6). These studies illustrate a good correlation between CT-
measured pore parameters and K. Differences among the studies are attributed to

differences in soils and treatments.

In summary, one of the purposes for using buffers at the study site was to reduce
surface runoff by increasing the soil porosity within the buffers, which indeed enhance
infiltration and reduce runoff. In some settings, enhanced soil porosity is not a desired
outcome with buffers, since this effect will enhance water flow through the soil system,
which can negatively impact shallow groundwater quality. These issues should be kept in

mind when using buffers similar to those investigated in this study.

CONCLUSIONS

This study evaluated the hypothesis that buffers would influence the CT-measured
soil pore parameters in pasture systems. Agroforestry and grass buffer treatments had a
greater total number of pores, number of macropores, number of coarse mesopores,
porosity, macroporosity, coarse mesoporosity, area of largest pore, and fractal dimension
of macropores compared with grazed pasture treatments. The circularity of macropores,
however, was found to be lower in the buffer treatments than pasture treatments. The
buffer treatments also had lower soil bulk density values (5.6%) and higher K values
(five times higher) than the pasture treatments. Preventing cattle grazing in the buffer

areas lowered the soil bulk density and increased the K.
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Most CT-measured pore parameters within the buffer treatments decreased
significantly between the first and second depth zones (0—10 and 10-20 cm), while values
in these depth zones either increased slightly or stayed the same for the pasture
treatments. All CT-measured pore parameters except circularity were positively
correlated with K. Increased macroporosity in the buffer areas will probably increase
soil water infiltration, increase gas exchange, and reduce runoff and nonpoint-source
pollution. Additionally, buffer areas might help prevent surface runoff and serve as a
sediment trap. Also, buffers negatively enhance the groundwater flow. Differences in
pore parameters were attributed in part to differences in root growth and development
among the treatments. For improved infiltration, buffer zones should be managed to

prevent cattle traffic for better maintenance of soil pore characteristics.
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Fig. 4.1. Typical 2500-mm? area (center of the 4560-mm? core area) of scan images for
the agroforestry buffer (AgB), grass buffer (GB), rotationally grazed pasture (RG),
and continuously grazed pasture (CG) treatments for five scan depths (numbers are
depth from soil surface) in a selected profile. The air-filled pores are shown in black

and other areas in white.

Fig. 4.2. Total number of pores, number of macropores, and number of coarse mesopores
measured by computed tomography for the agroforestry buffer (AgB), grass buffer
(GB), rotationally grazed pasture (RG), and continuously grazed pasture (CG)
treatments influenced by soil depth. The bar indicates the LSD (0.05) values.

Fig. 4.3. Total porosity, macroporosity, and coarse mesoporosity measured by computed
tomography for the agroforestry buffer (AgB), grass buffer (GB), rotationally grazed
pasture (RG), and continuously grazed pasture (CG) treatments influenced by soil

depth. The bar indicates the LSD (0.05) values.

Fig. 4.4. Fractal dimension of macropores measured by computed tomography for the
agroforestry buffer (AgB), grass buffer (GB), rotationally grazed pasture (RG), and
continuously grazed pasture (CG) treatments influenced by soil depth. The bar
indicates the LSD (0.05) values.

Fig. 4.5. Relationship between the fractal dimension (D) and macroporosity measured by
computed tomography for the (A) agroforestry buffer (AgB), (B) grass buffer (GB),
(C) rotationally grazed pasture (RG), and (D) continuously grazed pasture (CG)

treatments. Each point is the mean of six replicates (n = 6).

Fig. 4.6. Mean soil bulk density and saturated hydraulic conductivity (Ks,) for the
agroforestry buffer (AgB), grass buffer (GB), rotationally grazed pasture (RG), and
continuously grazed pasture (CG) treatments influenced by soil depth. The bar
indicates the LSD (0.05) value for bulk density. The LSD (0.05) value for K, is

listed on the graph due to the logarithmic scale.
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Table 4.2. Mean saturated hydraulic conductivity (Ks,) and bulk density for the

agroforestry buffer (AgB), grass buffer (GB), rotationally grazed pasture (RG), and

continuously grazed pasture (CG) treatments and soil depths and an analysis of
variance. Data are means + standard deviations, and minimum and maximum

values for each parameter are given in parentheses.

Ksat Bulk Density
mm h' gem”
Treatment means
60.2+26.7°% 1.39+0.03°
AgB
(32.0-103.8) (1.34-1.42)
GB 91.5+43 4% 1.32+0.02°
(40.3-149.4) (1.29-1.35)
RG 20.249.79° 1.4240.04%
(9.55-34.4) (1.42-1.48)
oG 9.9+3.83° 1.44+0.03°
(3.93-14.4) (1.40-1.47)
Depth (cm) means
0-10 130.9+66.7% 1.28+0.05°
(50.8-226.3) (1.21-1.32)
1020 38.614.0° 1.390.03°
(16.8-48.83 (1.33-1.40)
be
20-30 26.9+10.6 1.43+0.01
(11.8-38.93 (1.41-1.43)
be
30-40 19.3+4.30 1.42+0.03
(13.4-21.93 (1.38-1.46)
40-50 11.5+4.73 1.44+0.03
(6.81-18.4) (1.41-1.47)
Analysis of variance P > F
Treatment <0.01 <0.01
Buffers vs. Pastures <0.01 <0.01
GB vs. AgB 0.05 <0.01
RG vs. CG 0.50 0.33
Depth <0.01 <0.01
Treatment by Depth <0.01 <0.01

"Means with different level for a soil property are significantly different at the 0.05 probability level.
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Table 4.3. Relationships between pore parameters measured by computed tomography
and saturated hydraulic conductivity (Kt).

Coefficient of  Significance

Relationship Determination Level
Single parameter
Ko =-0.36 + 3743.88*macroporosity 0.580 0.001
Ko =-6.51 +3166.25*porosity 0.579 0.001
Ko =-30.84 + 1.58*pores’ 0.517 0.001
Two parameters
Ko =4.59 - 5.93*macropores’ + 6825.76*porosity 0.635 0.001
Ko = 10.9 - 3.54*macropores + 6292.15*macroporosity 0.607 0.001

Pores = Total number of pores, macropores = Number of macropores, porosity= Total porosity.
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CHAPTER 5
WATER INFILTRATION INFLUENCED BY AGROFORESTRY AND GRASS
BUFFERS FOR A GRAZED PASTURE SYSTEM
ABSTRACT

Agroforestry (AgB) and grass (GB) buffers are often adopted as alternative resource
management tools in agroecosystems for environmental and economic benefits. The
objective of this study was to compare the influence of agroforestry (AgB) and grass
buffer (GB) systems under rotationally stocked (RP) and continuously stocked (CP)
pasture systems on water infiltration measured using ponded infiltration and tension
infiltration methods. Buffers were surrounded by a fence that prevented cattle from
grazing within these areas. Soils at the site are Menfro silt loam (fine-silty, mixed,
superactive, mesic Typic Hapludalf). Infiltration rates were measured using ponded ring
infiltration units in 2007 and 2008 for the four treatments with six replicates. Infiltration
rate as a function of tension (at 50-, 100-, and 150-mm) (1.97-, 3.94-, and 5.90-in) was
also measured using a tension infiltrometer in 2007. For ponded infiltration, a single
steel infiltration ring (25 cm [9.8 in] diam. and 30 cm [11.8 in] length) was vertically
driven 15 cm (5.9 in) into the soil. Water infiltration parameters were estimated using
Green-Ampt and Parlange infiltration equations. Quasi-steady state infiltration rates (gq;)
and field-saturated hydraulic conductivity (Kj) for buffers were about 30 and 40 times
higher compared to pasture treatments, respectively. Green-Ampt and Parlange models
appeared to fit measured data with / values ranging from 0.91 to 0.98. The g
(measured with ponded method) in 2007 for the GB treatment was the highest (221 mm

h' [8.72 in h™']) and for the CP treatment was the lowest (3.7 mm h™'[0.15 in h™']). For
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both years, estimated sorptivity (S) and saturated hydraulic conductivity (K;) parameters
were higher for buffer areas compared to the stocked pasture areas. Grazing reduced the
infiltration rate for the pasture (RP and CP) treatments. Results show that the buffer
areas have higher infiltration rates which imply lower runoff compared to pasture areas.
Keywords: agroforestry buffer-grass buffer-Green-Ampt equation-Parlange equation-

sorptivity-saturated hydraulic conductivity-water infiltration.

Introduction

Water infiltration is affected by various factors such as soil texture and structure,
landscape position, management system, soil organic carbon, vegetative cover, and
antecedent water content (Radke and Berry, 1993). Vegetative covers have been found to
increase soil organic carbon which improves soil properties and increases water
infiltration rates. Meek et al. (1992) reported that pores formed by perennial plant roots
are the major cause of increasing soil water infiltration rate. Management practices which
increase soil macropores usually increase the water infiltration rate. Rasiah and Aylmore
(1998) reported that macropore characteristics such as shape, size and orientation, and
size distribution affect the rate, flow, and retention of water in the soil.

Connolly et al. (1997) reported that reduced infiltration leads to less water stored
in the soil for later use by crops and often reduces crop yields. Runoff associated with
low infiltration is also the driving force for soil erosion, a serious problem for sloping
lands (Freebairn et al., 1986; Radford et al., 1992). Hoof trampling by grazing cattle can
damage the vegetation and soils of pasture areas with high stock densities (Betteridge et

al., 1999; Sheath and Boom, 1997) if cattle are left to graze an area for too long.
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Previous studies have shown that the loss of vegetative and litter cover by
improperly stocking cattle allow direct raindrop impact on soils which can increase
runoff from these areas (Lal and Elliot, 1994; Thurow et al., 1988; Warren et al., 1986a).
The increased kinetic energy in downhill water flow on moderate and steep slopes may
have greater capacity to damage the soil surface and hence increase soil erosion (Russell
et al., 2001). Installing grass or agroforestry buffers at the down slope end of pastures
can decrease runoff flow rates and reduce sediment transport.

Agroforestry and grass buffers establish deep root systems which increase the
proportion of macropores and improve the soil hydraulic properties as compared to row
crop systems (Allaire-Leung et al., 2000; Cadisch et al., 2004; Rasse et al., 2000; van
Noordwijk and Brouwer, 1991). The channels formed by decayed roots subsequently
form the macropores which creates an environment conducive to high soil water flow
rates. Water can easily enter these macropores and have greater infiltration rates
compared to soils without these buffers and macropores (Rachman et al., 2005). Ina
study performed by Bharati et al. (2002), it was shown that a multispecies riparian buffer
had five times higher soil infiltration rates compared to grazed and cultivated fields.
Seobi et al. (2005) also reported increased saturated hydraulic conductivity with
agroforestry and grass buffers for claypan soils. The same study showed that grass
buffers and agroforestry buffers stored more water than the adjacent row crop areas.

Agroforestry and grass buffers are sometimes used in combination with pastures.
In these buffer systems where the tree and grass buffer areas are left undisturbed by
grazing animals, soil properties are different compared to pasture areas (Kumar et al.

2008). Uneven grazing in continuously stocked pastures has been shown to lower water
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infiltration rates because of soil compaction in certain areas (Daniel et al., 2002; Radke
and Berry, 1993; Wheeler et al., 2002). However rotationally stocked pastures, where rest
periods are provided to allow forage to recover between grazing events, have been shown
to be important in minimizing the effects of livestock grazing on water infiltration rates
(Warren et al., 1986b).

Few studies have been conducted to evaluate the impact of agroforestry and grass
buffers on water infiltration rates compared to stocked pasture systems. The purpose of
this study was to compare the effects of agroforestry and grass buffers on water
infiltration relative to rotationally and continuously stocked pastures. The specific
objective of the study was to compare water infiltration parameters among agroforestry

and grass buffers in relation to rotationally and continuously stocked pastures.

Materials and Methods

Experimental site and management. The experimental site was located at the
Horticulture and Agroforestry Research Center (HARC) near New Franklin, Missouri
(39°02°N, 92°46’W, 195 m (640 ft) above mean sea level). The study site was
established in 2000 to compare the influence of grass and agroforestry buffers on runoff
water quality.

The pasture areas and grass buffers were seeded with Kentucky 31 tall fescue
[Lolium arundinaceum (Schreb.) Darbysh. = (Schedonorus arundinaceus (Schreb.)
Dumort.]. Red clover (Trifolium pratense L.) and Korean lespedeza [(Kummerowia
stipulacea Maxim.) Makino] were over-seeded in February 2003 (Kumar et al., 2008).

Eastern cottonwood (Populus deltoides Bartr. ex Marsh.) trees were planted in 2001 into
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the fescue for areas designated to be agroforestry buffers. Within the agroforestry buffers,
trees were planted 3 m (9.8 ft) apart within four rows which were also 3 m (9.8 ft) apart.
On average, trees were 7.6 m (25 ft) high with 15 cm (6 in) diameter at breast height.
Additional information about the experimental site can be found in Kumar et al. (2008).

Soils at the site are Menfro silt loam (fine-silty, mixed, superactive, mesic Typic
Hapludalf). Average annual precipitation of the site (1956-2006) was 967 mm (38.07 in);
mean July temperature was 25.6°C (78.1°F) and mean January temperature was -2.1°C
(28.2°F). The grass and agroforestry buffer areas were adjacent to the pasture areas, but
surrounded by an electric fence to prevent access by cattle. The rotationally stocked
pasture treatment had six paddocks within the watershed. The continuously stocked
pasture had no subdivisions. Treatments included agroforestry buffer (AgB), grass buffer
(GB), rotationally stocked pasture (RP), and continuously stocked pasture (CP).

Grazing was initiated at the site in late March/early April and discontinued in late
October/early November. During late July/early August, cattle were removed for about
one month due to inadequate forage. The pasture treatment sites had been grazed for
three years prior to 2007, and four years prior to 2008, before the infiltration
measurements were taken. Each year, three beef cows (average weight of 520 kg [1146
Ib]) were introduced into the watershed (0.8 ha [2.0 ac]). Eighty-five percent of the
grazing area (0.64 ha [1.6 ac]) of the watershed was divided into six rotationally grazed
paddocks with a single wire electric fences for forage management. The other 15% of the
grazing area was continuously grazed. The stocking density was 5.26 animal units ha™,
AU ha'' (2.13 AU ac™), and grazing pressure was 31.6 animal unit months ha"', AUM ha’

'(12.8 AUM ac™). The cows were rotated to new paddocks each Monday and Thursday
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with each paddock being grazed for 3.5 days and rested for 17.5 days (Kumar et al.,
2008).

Ponded infiltration measurements. Water infiltration was measured using
ponded ring infiltration units for the four treatments each with six replicates (total 24
times each year) in late May 2007 and early June 2008. The AgB measurements were
taken under six replicate trees, three each from two tree rows in the AgB area.
Infiltration measurements were taken 20 cm (7.87 in) from the base of tree trunks in the
agroforestry buffer. The GB treatment measurements were taken from six grass buffer
areas. The RP samples were taken from six replicate rotationally stocked areas and the
CP treatment measurements were taken from six replicate continuously stocked areas.

Infiltration rates were measured using a single-ring infiltrometer (Bouwer, 1986)
with 25-cm (9.84 in) inner diameter and 30-cm (11.8 in) in length. Plant residues were
not removed while inserting the ring. At the time of infiltration measurements,
gravimetric soil water content at depths of 0-10, 10-20, and 20-30 cm (0-3.94, 3.94-7.87,
and 7.87-11.8 in) was taken from all treatments and adjusted to volumetric water content
using measured bulk density values.

For the ponded infiltration measurements, a steel ring was driven 15- cm (5.90 in)
into the soil. A positive head of 50- mm (1.97 in) was maintained inside the ring using a
Mariotte system. Infiltration measurements were conducted for about 90 to 120 minutes.

Two infiltration models were used to fit infiltration data which include the Green-
Ampt model (1911), and the Parlange et al. (1982) model. Throughout this paper, the

Parlange et al. (1982) model will be referred to as the Parlange model. The Green-Ampt
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(1911) infiltration model was modified by Philip (1957) for time (¢) vs. cumulative

infiltration (), as follows:

2IK
{SZ In(1+ 25)}

S 1]

t=——
K, 2K} [
The physically based Parlange model for ¢ vs. [ is
*[l—exp(-2IK, /S®

;:L_S[ exp( s S)] 2]

K 2K

N

where ¢ (T) is time (h), 7 (L) is the cumulative infiltration (mm), S (L T?) is the
sorptivity (mm h*%), and K (L T™) is the saturated hydraulic conductivity (mm h™"). For
estimating the S and K parameters, the method proposed by Clothier et al. (2002) was
used. Both these parameters were estimated based on cumulative infiltration. The initial §
parameter is estimated from initial infiltration divided by the (time)'O'5 and the initial K
value is the final/steady state infiltration rate (mm h).

The method of Reynolds et al. (2002) was used to estimate field saturated
hydraulic conductivity (Kgz). This method assumes one-dimensional water flow in the

infiltration ring, and uses the following equation:

K= 9. 1 [3]
+4r +1
(qman {[a (C1d+C2a)J}

where Kj; is the field-saturated hydraulic conductivity (mm h™), ¢, is the quasi-steady

infiltration rate (mm hr™"), « is the radius of the infiltration ring (mm), H is the hydraulic
head of ponded water in the ring (mm), d is the depth of ring insertion into the soil (mm),

C) and C; are dimensionless quasi-empirical constants (C;=0.993 and C,=0.578 for this
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infiltrometer), and o* is the soil macroscopic capillary length, assumed to be equal to
0.036 mm™' (0.91 in™") for the agroforestry buffer and grass buffer treatments, 0.012 mm’
(0.30 in™") for the rotationally stocked pasture system, and 0.004 mm™ (0.10 in™") for the
continuously stocked pasture treatment (Reynolds et al., 2002). Laboratory saturated
hydraulic conductivity (K,) values were taken from Kumar et al. (2010) for comparison
with field Ky values.

Tension infiltration measurements. After the completion of the measurements
for ponded infiltration, the same rings were used for the tension infiltration
measurements. Without removing the ring infiltrometer, infiltration was measured with a
tension infiltrometer at 50-, 100-, 150-mm (1.97-, 3.94-, and 5.90-in) tensions. The ring
was filled with a 0.5 cm (0.20 in) silica sand layer (between 0.25 and 0.42 mm [0.098 and
0.165 in] diameter). The K, and water entry of the sand were assumed to be 283 m d”!
(928.48 ft d") and 22 cm (8.66 in), respectively, based on Wang et al. (1998). A water
reservoir was attached to a 20-cm (7.87 in) diameter tension infiltrometer preset at 50-
mm (1.97-in) tension then gently placed in contact with the sand. Infiltration was
measured for 20 minutes at 1-minute intervals. After infiltration data at 50-mm (1.97 in)
tension were recorded; the tension was increased by removing the bubbling tube from the
disc and then setting the tension to 100 mm (3.94 in). This procedure was repeated for
the 150-mm (5.90 in) tension setting. Tension infiltration measurements were only
conducted during 2007.

Statistical Analysis. A test for homogeneity of variance was conducted to
evaluate the variability in infiltration measurements within the different treatments due to

the systematic arrangement of treatments. Analysis of variance (ANOVA) was further
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conducted with SAS (SAS Institute, 1999) using the GLM procedure when variances
within treatments were homogeneous. A buffer vs. pastures contrast was also conducted.

Statistical differences were declared significant at o = 0.05 level.

Results and Discussion

Ponded infiltration measurements. Water infiltration is a critical process
affecting surface runoff and transport of dissolved nutrients (Rashidi and Seyfi, 2007).
Infiltration data are often fit to models (Green-Ampt and Parlange) to represent
infiltration data over time with physical parameters. Fitted parameters serve as a
convenient, condensed description of data and can be used for predictive purposes
(Hopmans et al., 1997). The initial infiltration rate depends on the antecedent soil water
content. Hence, the sorptivity parameter (S) which is highly dependent on the initial
infiltration rate is dependent on antecedent soil water content. Sorptivity is a physical
parameter and is a property describing the tendency of porous material to absorb and
transmit water by capillary suction (Reda Taha et al., 2001). Another physical parameter
important in infiltration is the saturated hydraulic conductivity (Kj); it is related to the
long-term steady infiltration rate. Both parameters (K and S) can be estimated to
represent infiltration data; physically-based models were used since these are the simplest
infiltration models. Two models (Green and Ampt; Parlange) were used to evaluate the
consistency in estimated physical parameters S and K.

Two infiltration models were fit to infiltration data as a function of time for
typical replicates for the agroforestry buffer (AgB), grass buffer (GB), rotationally

stocked pasture (RP) and continuously stocked pasture (CP) treatments for 2007 (Fig.
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5.1) and 2008. The Green-Ampt and Parlange models fit the measured infiltration data
reasonably well with coefficients of determination (+°) ranging from 0.91 to 0.98.

The K, and S parameters estimated with the Green-Ampt model were significantly
higher for the AgB and GB treatments as compared to pasture treatments for both years
(Tables 5.1 and 5.2). Both parameters were also significantly higher for the GB
treatment compared to AgB (except the Green-Ampt estimated K, parameter for 2008;
Table 5.1). These parameters were not significantly different between the RP and CP
pasture treatments for both years. The CP treatment had the lowest numerical values for
K, and S parameters estimated by the Green-Ampt and Parlange models for 2007, but not
in 2008 (Table 5.1). In 2007, the Green-Ampt estimated K, and S parameters were about
15.6 and 13.7 times higher in the buffers compared to pastures, while values were about 8
and 15.8 times higher for buffers in 2008 as compared to pasture treatments.

The values for K, and S parameters estimated with the Parlange model were 22.7
and 12 times higher for the buffer treatments in 2007 compared to pasture treatments,
while buffers treatments were 8.7 and 12.4 times higher in 2008 relative to pasture
treatments. Coefficients of variation (CV) for the fitted K, and S parameters (Green-
Ampt and Parlange models) ranged from 14.0 to 106.6 % for the four treatments in 2007
and 2008 (Table 5.1). One possible reason for the higher values for the S parameter may
be due to slightly lower initial soil water content; the volumetric water content for the 0-
30 cm (0-11.8 in) soil profile for the buffers was 7.7 and 13.5% lower compared to
pastures in 2007 and 2008, respectively .

The quasi-steady state infiltration rate (¢) and field saturated hydraulic

conductivity (K;) were significantly different (P <0.01) among the treatments (Table
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5.2). The single degree contrast, buffers vs. pastures, was also determined. Both
parameters were significantly different for the buffers vs. pastures contrast (P<0.01;
Table 5.2). The g, and Ky values were significantly higher for GB treatment compared
to other treatments in 2007 but significant differences were not observed among the other
three treatments (Table 5.3). In 2008, both these parameters for the AgB and GB
treatments were significantly higher as compared to pasture treatments (Table 5.3). The
qs and Ky parameters were not significantly different between the RP and CP treatments
for both years. The g, and K4 parameters for the buffers were about 31 and 41 times
higher, respectively, as compared to pasture treatments in 2007 (Table 5.3). Similarly for
2008, the values were 14 and 19 times (Table 5.3).

The CV values for the CP treatment were found to be higher for these parameters
in 2007 (81 %) and 2008 (66 %) compared to the other treatments. Similar CV values
were found for the GB and RP treatments with average CV values of 63 and 55% for
these years. The lowest CV values were found for the AgB treatment. The higher values
of CV for the RB and CP treatments were probably due to lower mean values of ¢, and
K parameters.

The buffers had better plant root and shoot growth which improved soil properties
compared to grazed pasture areas. Udawatta et al (2003) found that root length density
for trees in similar soils to the present study was higher compared to row crop areas. The
higher amount of roots in the buffers for the current study will probably improve soil
properties as roots decay and add soil organic matter. Kumar et al. (2008) reported 16.7
times higher saturated hydraulic conductivity and 11.2% lower bulk density for buffers

compared to grazed pasture areas at the same site. Thus, higher infiltration is expected
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due to higher saturated hydraulic conductivity in the buffers. Hence, buffers were shown
to improve water infiltration into the soil which would indicate less runoff from these
areas compared to stocked pastures areas (RP and CP treatments).

To assess the consistency of the parameters obtained from the field infiltration
data with laboratory data, comparisons were made between the Ky, parameter and
previously measured laboratory saturated hydraulic conductivity (K, ) data (Kumar et al.,
2010). Laboratory data for saturated hydraulic conductivity (Kj,) measured in 2007 for
the 0-10 cm (0- 3.94 in) soil depth (taken from Kumar et al., 2010) were correlated with
K, values estimated from 2007 (Fig. 5.2). The coefficient of determination for this
regression was found to be 0.56 between K and K. The slope of the regression was
estimated to be 0.39. Bouwer (1986) and Rachman et al (2004) proposed that K could
be estimated as 0.5 x K, and 0.65 x K, respectively. In the current study, this
coefficient was estimated to be 0.4 x K,, which was slightly lower than the other two
studies. Rachman et al. (2004) reported that K5 and K, could be related when K, was
measured in small cores of 76 by 76 mm (2.99 by 2.99 in), if the potential rapid-pipe flow
conduits were eliminated.

Tension infiltration measurements. Land management practices, such as buffers
used in the current study, may improve water infiltration and reduce surface runoff.
Buffer management practices enhance development of permanent root systems which add
organic matter to the soil as well as improve soil porosity and macroporosity (Kumar et
al., 2008; Udawatta et al., 2008). Macroporosity directly affects water infiltration since
these pores help in transmitting water. To assess the impact of these pores, water

infiltration under tension can be measured. Water infiltration under tension prevents
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larger pores from transmitting water. Hence, measurement of infiltration under tension is
one method to assess why ponded infiltration is larger for some management systems. In
the current study, the tension infiltration method was used to measure how much
macropores influenced water infiltration for the treatments.

Measured infiltration rates at 50-, 100-, and 150-mm (1.97-, 3.94-, and 5.90-in)
tensions for the AgB, GB, RP and CP treatments are shown in Table 5.4. Infiltration
rates at 50 and 100 mm (1.97 and 3.94 in) tension were significantly affected by the
treatments (P<0.05; Table 5.4). The infiltration rate values measured at 50 and 100 mm
(1.97 and 3.94 in) were significantly higher for the GB treatment as compared to the
other three treatments, while the infiltration rate at 150 mm (5.90 in) tension was
significant only between GB and CP treatments (Table 5.4). The infiltration rate at 50
mm (1.97 in) tension for the GB treatment was about 2.7, 7.5, and 13 times higher
compared to AgB, RP and CP treatments, respectively.

The single degree freedom contrast buffers vs. pastures was found to be
significant at 50- and 100- mm (1.97 and 3.94 in) tensions (P<0.05; Table 5.4). At 150
mm (5.90 in) tension, infiltration rate differences were also found to be significant for
this contrast (Table 5.4).

Infiltration rate decreased with increased applied tension with the highest decrease
occurring between the 0- to the 50-mm (1.97-in) tension values. The decrease for AgB,
GB, RP and CP treatments was about 99, 99, 94 and 94% between 0- to 50-mm (0- to
1.97-in) tensions. An exponential model seemed to fit the relationships for the
infiltration rate decrease with tension (fitted parameters shown in Table 5.5). Estimated

exponential parameter (f; parameter) values for the four treatments appear to indicate
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smaller values or a steeper decent for the buffer treatments (-0.039) compared to the
pasture treatments (-0.026). Similar exponential parameter results were reported by
Rachman et al. (2004) for deep loess soils in lowa. These researchers reported the
smallest values for the equation under grass hedge management (-0.034) compared to
row crop management (-0.029). It has been reported in a previous study (Kumar et al.,
2008) that more macropores were found in the buffer areas as compared to stocked
pasture treatments. The higher number of macropores was probably responsible for
conducting water under saturated conditions in the buffers (AgB and GB) compared to
pastures (RP and CP; Ankeny et al., 1990). Similar results for the function used in this

study were also reported by Rachman et al. (2004).

Summary/Conclusions

Infiltration measurements were taken to evaluate the effects of buffers on water
infiltration under stocked pasture systems. Agroforestry and grass buffers were
compared to rotationally stocked and continuously stocked pasture areas. Buffers had 30
and 14 times higher quasi-steady state infiltration (g,) in 2007 and 2008, respectively, as
compared to pasture treatments. The g, for the GB treatment (233.2 mm h'[9.18 in b))
was highest and for the CP treatment (6.83 mm h'[0.269 in h']) was lowest for the two
year study. The Green-Ampt and Parlange models appeared to adequately fit the
measured infiltration data for the treatments as estimated using coefficients of
determination. Fitted S and K parameters were highest for the GB treatment and lowest
for the CP treatment. Tension infiltration measurements were used to illustrate the

influence of macropores on water infiltration in the soil. The infiltration rate decreased
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more between 0 and 150 mm (0 and 5.90 in) tension for the buffer treatments compared
to the pasture treatments. This was attributed to more macropores present in the buffer
treatments which increased the water infiltration in the buffer areas compared to grazed
pasture areas. Findings from the current study were similar for both years.

Results obtained from the current study illustrates that management practices such
as grass and agroforestry buffers improve soil porosity and macroporosity and hence
improved water infiltration into the soil. Grazing reduced infiltration rates for pasture
areas compared to buffer areas with no cattle access. Findings of the current study show
that the buffer areas had higher infiltration rates which imply lower runoff compared to
pasture areas. Buffer areas were fenced which prevented cattle grazing in these areas

which probably benefited infiltration.
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Table 5.2. Analysis of variance of the sorptivity(S), saturated hydraulic conductivity (Kj),
quasi-steady state infiltration rate (¢s) and field-saturated hydraulic conductivity
(Kx) parameters for 2007 and 2008.

Analysis of variance P > F

2007
Green-Ampt Parlange
KS S KS S qS Kﬁ?
Treatment <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Buffers vs. Pastures <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
2008
Green-Ampt Parlange
KS S KS S qS Kﬁ?
Treatment <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Buffers vs. Pastures <0.01  <0.01 <0.01 <0.01 <0.01 <0.01
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Table 5.4. Means of infiltration rate (g) as a function of tension for the agroforestry

buffer (AgB), grass buffer (GB), rotationally stocked pasture (RP), and continuously
stocked pasture (CP) treatments in 2007 year (n=6).

Tension, mm water

50 100 150
¢s (mmh™)
Treatments
Agroforestry buffer (AgB) 1.04° 0.32° 0.21%
Grass buffer (GB) 2.77° 1.45% 0.40°
Rotationally stocked pasture (RP) 0.37° 0.21° 0.12%
Continuously stocked pasture (CP) 0.21° 0.14° 0.06
Analysis of variance P > F
Treatment <0.01 <0.02 0.08
Buffers vs. Pastures <0.01 <0.03 <0.02

"Means with different letters within a column are significantly different at the 0.05 probability level.
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Table 5.5. Fitted Sy and f; parameters for the exponential equation, y = Sy exp (f,x), and
the coefficient of determination () calculated by plotting quasi-steady state
infiltration (y) vs. soil water tension (x) as a function of tension (0, 50, 100 and 150
mm) for the agroforestry buffer (AgB), grass buffer (GB), rotationally stocked
pasture (RP), and continuously stocked pasture (CP) treatments in 2007 (n=6).

Treatments Lo b1 1’
Agroforestry buffer (AgB) 26.7 -0.038 0.81
Grass buffer (GB) 82.2 -0.039 0.85
Rotationally stocked pasture (RP) 3.13 -0.025 0.84
Continuously stocked pasture (CP) 1.91 -0.026 0.84
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Fig. 5.1. The Green-Ampt and Parlange models fitted to measured ponded infiltration
data for typical replicates under agroforestry buffer (AgB), grass buffer (GB),
rotationally stocked pasture (RP), and continuously stocked pasture (CP) treatments
for 2007. Please note that y-axis scale is different.
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Fig. 5.2. Field saturated hydraulic conductivity (Kg, 2007 data) vs. laboratory measured
saturated hydraulic conductivity (K., 2007 data; n=24).
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CHAPTER 6
ROOT LENGTH DENSITY AND CARBON CONTENT
INFLUENCED BY AGROFORESTRY AND GRASS BUFFERS UNDER
GRAZED PASTURE SYSTEMS IN A HAPLUDALF
ABSTRACT

Enhancement of root development helps to improve soil physical properties, carbon
sequestration, and water quality of streams. The objective of this study was to
evaluate differences in root length density (RLD) and root and soil carbon content
within grass buffer (GB), agroforestry buffer (AgB), rotationally grazed pasture (RG)
and continuously grazed pasture (CG) treatments. Pasture and GB areas included red
clover (Trifolium pretense L.) and lespedeza (Kummerowia stipulacea Maxim.)
planted into fescue (Festuca arundinacea Schreb.) while AgB included Eastern
cottonwood trees (Populus deltoids Bortr. ex Marsh.) planted into fescue. One-
meter deep soil cores were collected from each treatment in August 2007 and 2008
with a soil probe. Three soil cores were sampled at six replicate sampling positions.
Soil cores were collected in plastic tubes inserted inside the metal soil probe. Soils
were segregated by horizons, and roots were separated into three diameter classes (<1,
1-2, 2-3 mm) by soil horizon. Root length was determined using a flatbed scanner
assisted with computer software. Buffer treatments (167 cm/100 cm’) had 4.5 times
higher RLD as compared to pasture treatments (37.25 cm/100 cm®). The AgB
treatment had the highest (173.5 cm/100 cm®) RLD and continuously grazed pasture
had the lowest (10.8 cm/100 cm®) value. Root carbon was about 3% higher for the
buffers compared to RG treatment. Soil carbon was about 115% higher for the
buffers compared to pasture treatments. Results from this study imply that

establishment of agroforestry and grass buffers on grazed pasture watersheds improve
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soil carbon accumulation and root parameters which enhance soil physical and
chemical properties thus improving the environmental quality of the landscape.
Keywords: agroforestry buffer, grass buffer, root carbon, root length density, soil

carbon.

Introduction

In agroforestry management practices, agricultural crops along with trees and
grass are grown on the same landscape for economic and environmental benefits
(Gold and Hanover 1987). One of the main environmental benefits of growing trees
near agricultural crops is to capture nutrients, lost from the crop root zone, by the
extensive deep root system of perennial vegetation (Comerford et al. 1984; van
Noordwijk et al. 1991; Sanchez 1995). Tree roots can penetrate deeper into the soil
(Stone and Kalisz 1991) compared to roots of annual crops (Mekonnen et al. 1997).
The extensive deep root system of the trees intercept percolating nutrients (Szabo et
al. 2001; Lehman et al. 2003) and thereby reduce the impact on soil and water quality.
Additionally, this vegetation brings nutrients from deeper soil horizons to the surface
soil, and increases soil organic matter which is responsible for the retention and
release of nutrients (Lehman et al. 2003).

A study conducted by Tufekcioglu et al. (1999) reported that roots of the
buffers help in immobilizing soil water pollutants and improve soil quality. The
extensive deep root system of trees more effectively reduce non-point source
pollution and thereby help improve the water quality of streams and lakes (Jin et al.
2000; Udawatta et al. 2002). In this process, fine roots (< I mm diam.) play an
important function for the uptake of water and nutrients. Fine and small roots (< 5

mm) act as the dynamic portion of belowground biomass and nutrient capital
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(Tufekcioglu et al. 1999). The quantity of fine roots present in the soil profile also
reduces soil erosion (Kamyab 1991). In another study conducted by O’Neill and
Gordon (1994), they found that excess nitrate coming from adjacent crop fields
through ground water flow might be taken up by the roots of buffer strip vegetation
(Carolina poplar trees) more effectively than in roots in row crop areas (corn, Zea
mays or soybean, Glycine max). This was attributed to greater live root biomass,
higher root densities and greater rooting depths in poplar trees as compared to row
crops.

Roots also improve soil aggregation, soil porosity (Traore et al. 2000;
Wienhold and Tanaka 2000), water infiltration and soil water storage (Rasse et al.
2000; Wienhold and Tanaka 2000; Cadisch et al. 2004). The decaying roots of trees
result in a greater proportion of larger pores that enhance soil hydraulic properties,
preferential flow, and macropore flow compared to row crop systems (van Noordwijk
et al. 1991; Allaire-Leung et al. 2000; Rasse et al. 2000; Cadisch et al. 2004). The
extent of roots and rooting depth help improve soil hydraulic properties; these effects
are influenced by many factors such as plant species (Jonsson et al. 1988; Stone and
Kalisz 1991), provenances within a species (Vandenbeldt 1991), and subsoil resources
such as soil water (Esthman et al. 1990), and soil nutrients (Atkinson 1973). Rasse et
al. (2000) reported that alfalfa (Medicago sativa L.) root systems increased saturated
hydraulic conductivity by 57%, total porosity by 1.7%, macroporosity by 1.8%, and
the water recharge rate of the soil profile by 5.4% per day.

In buffer systems where tree and grass buffer areas are left undisturbed by
grazing cattle, root distributions may be different compared to pasture areas which are
either continuously or rotationally grazed by cattle. These undisturbed buffers have

lower soil bulk density, increased soil porosity and increased soil infiltration as
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compared to grazed pasture areas (Kumar et al. 2008). The decreased soil bulk
density and increased soil porosity found in buffered and undisturbed areas may
enhance root penetration through the soil profile. In contrast, cultivated fields and
grazed pastures have generally greater soil bulk density than those of undisturbed
buffers (native grassland or forest soils; Meek et al. 1992; Taboada and Lavado 1993;
Jaiyeoba 1995) which affect root growth. For an Alfisol and Entisol, Panayiotopoulos
et al. (1994) found that compaction created by traffic and tillage increased the soil
bulk density and penetration resistance and subsequently resulted in reduction of all
root growth parameters such as number of roots, mean and total root length, rate of
root elongation and fresh and dry root mass. Increased soil bulk density is one of the
factors responsible for poor aeration in the soil and hence restricted root growth which
affects the uptake of nutrients from the soil (Lipiec et al. 1991; Czyz and
Tomaszewska 1993; Lipiec and Sté€pniewski 1995; Lal 1996; Lipiec and Hatano
2003). Since grazed pasture areas are more compacted due to cattle grazing (Kumar
et al. 2008), root growth parameters, aeration and uptake of nutrients in grazed areas
could be lower as compared to ungrazed areas.

In rotational grazing, described by James Anderson near the end of the 18th
century in Scotland (Voisin 1959), pastures are subdivided into smaller paddocks in
which animals are allowed to graze in a sequence. It is an alternative grazing
management practice to minimize soil compaction. In this management system,
plants capture sufficient resources such as light, water and nutrients to enhance plant
growth on which livestock graze more efficiently (Briske et al. 2008). Rotational
grazing encourages uniform consumption of the grass (Fuhlendorf and Engle 2001),
and decreases compaction and soil erosion (Warren et al. 1986; Turner et al. 1997).

These grazing management systems are especially designed to redistribute grazing
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pressure (i.e., forage availability/forage demand) in time and space for any given
stocking rate (i.e., animal number/land area/time; Heitschmidt and Taylor 1991). The
root distribution under rotationally grazed areas may be different from areas which are
continuously grazed.

It is hypothesized that root distributions are different between agroforestry and
grass buffers as compared to grazed pasture areas. Very few researchers have studied
the root distribution pattern throughout the soil profile as influenced by agroforestry
and grass buffers in pasture management systems. The objective of this study was to
evaluate differences in root length density and root and soil carbon content within
agroforestry buffer (AgB), grass buffer (GB), rotationally grazed pasture (RG) and

continuously grazed pasture (CG) treatments.

Materials and Methods
Experimental Site and Management

The study site is located at the Horticulture and Agroforestry Research Center
(HARC) in New Franklin, Missouri (39°02°N, 92°46°’W, 195 m above mean sea
level). The experimental site was established in 2000 to compare the influence of
grass and agroforestry buffers on runoff water quality. Prior to establishment, most of
the area was in tall fescue grass (Festuca arundinacea Schreb.). The pasture areas
and buffers were seeded with tall fescue (Festuca arundinacea Schreb; Kentucky 31)
in 2000. The pastures were seeded with red clover (7rifolium pretense L.) and
lespedeza (Kummerowia stipulacea Maxim.) into the fescue in 2003. Eastern
cottonwood trees (Populus deltoids Bortr. ex Marsh.) were planted into the fescue to

create the agroforestry buffers in 2001. Trees were planted at 3-m spacing within and
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between rows in four rows. Cottonwood trees are fast growing and reach about 35
meters with a lifespan of about 70 years (Kumar et al. 2008).

Soils at the site are Menfro silt loam (fine-silty, mixed, superactive, mesic
Typic Hapludalfs). Additional details about the weather, watershed characteristics
and management practices can be found in Kumar et al. (2008).

Fences were installed between pasture areas and the agroforestry and grass
buffer areas to prevent cattle access to the buffers. Each year, cattle were introduced
in the watershed area with weights between 450 to 590 kg. The number of cattle for
the small watershed (0.8 ha) was three. Seventy-five percent of the grazing area was
divided into six rotationally grazed paddocks and these were separated by a fence for
cattle management. The other 25% of the grazing area was continuously grazed. The
cows were moved between paddocks on each Monday and Thursday with each

paddock being grazed for 3.5 days and rested for 17.5 days (Kumar et al. 2008).

Treatments and Sampling Procedures

Study treatments included agroforestry buffer (AgB), grass buffer (GB),
rotationally grazed pasture (RG), and continuously grazed pasture (CG) with six
replications per treatment. Agroforestry buffer (AgB) root samples were taken from
three replicate trees each in two tree rows in the agroforestry buffer area. Three core
samples were taken 20 cm from the base of the tree trunk. Six additional core
samples, three each at 50 and 100 cm distances from the base of the tree trunk, were
also taken from the agroforestry buffer treatment. Grass buffer (GB) samples were
taken from six replicate locations in the grass buffer areas; three soil cores were
sampled at six replicate sampling positions. Rotationally grazed pasture (RG)

samples were taken from six replicate rotationally grazed areas and continuously
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grazed pasture (CG) samples were taken from six replicate continuously grazed areas;
three cores at each replicate sampling position for both the treatments. A total of 108
soil core samples were taken (54 from AgB treatment, and 18 cores each from the
remaining three treatments) from the four treatments.

One-meter deep soil cores were collected from each treatment in August 2007 and
2008 with a Gator mounted soil auger. A 5.1 cm diam. metal tube was mechanically
driven into the ground to extract a soil core. Soil cores were collected in plastic
sleeves inserted inside the metal soil probe. The tube had a crowfoot head which
prevented the soil core from falling out of the tube when removed from the soil
(Bohm, 1979). Soil cores were labeled and transported to the laboratory. These cores
were stored at 4°C, until measurements were taken, because root respiration may
result in 5-10% loss of weight in 24 hours after sampling (Van Noordwijk and Floris

1979).

Root Parameters

Soils were segregated by horizons, and roots were separated from each sample.
Subsequently, roots were washed with water to remove soil particles, and separated
into three diameter classes (<1, 1-2, 2-3 mm) by soil horizon (Fig. 6.1). Root length
and surface area were determined for the three diameter classes as well as the total for
the each soil horizon using a flatbed scanner assisted with computer software
(WinRhizo 2003b, Regent Instruments, Inc., Montreal, Canada). Root length and
surface area were expressed in root length cm/100 cm® and root surface area cm?/100
cm’ soil, respectively. After scanning, each root sample was dried at 70°C for 48
hours and then immediately weighed to determine root dry weight expressed in g/100

3
cm .
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Root and Soil Carbon

After scanning the roots and determining the root dry weight, roots were prepared
for determination of root carbon. Root samples weighing between 100-150 mg were
used to determine the carbon content for AgB, GB, and RG treatment. For the CG
treatment, root carbon was determined for the whole soil profile as the root sample
was insufficient to determine carbon by each horizon.

After root separation, a soil sample (200-250 mg) from each horizon from each
core was air dried and sieved (< 2 mm diameter) before determination of soil carbon.
The soil and root carbon content were measured by dry combustion of the samples at
750°C in the presence of oxygen (induction furnace by apparatus C144) by LECO

method.

Statistical Analysis

A test for homogeneity of variance was conducted to evaluate the variability
within the different treatments due to the systematic arrangement of treatments.
Analysis of variance (ANOVA) was further conducted with SAS using the GLM
procedure when variances within treatments were homogeneous (SAS Institute 1999).
The contrast buffer vs. pastures was also determined. An estimate for the least
significant difference (Duncan’s LSD) between treatments at the same depth or
different depths was obtained using the Mixed procedure in SAS. Statistical

differences were declared significant at the oo = 0.05 level.
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Results and Discussion
Root Length Density

Root length density (RLD) is the most useful measure of root growth for
application to environmental soil science (Merril et al. 2002). Root length density
expressed in cm root length per 100 cm’ soil, was significantly different (P<0.01)
among treatments in 2008 (Table 6.1). Significant differences were found for the
‘buffers vs. pastures’ contrast. Buffer treatments (167 cm/100 cm®) had 4.5 times
higher root length density as compared to pasture treatments (37.25 cm/100 cm’).

The AgB treatment had 8.1% higher (not significant) RLD compared to the GB
treatment (Table 6.1). The AgB treatment had 2.7 and 16.1 times higher RLD
compared to the RG and CG treatments, respectively (Table 6.1). The AgB treatment
had the highest (173.5 cm/100 cm®) and continuously grazed pasture had the lowest
(10.8 cm/100 cm®) RLD. Similar trends were observed in 2007.

Schenk and Jackson (2002) found that trees had the highest root length
followed by grasses and annual plants. In their study, size of root systems was
proportional to above ground plant biomass. In an another study, Udawatta and
Henderson (2003) reported that in Menfro soils, mature oak trees had 9,272 m/m’ root
length within a 2.0 m soil depth. In the current study, for similar soils, eastern
cottonwood trees (AgB treatment) had 4110.4 m/m” root length density within about a
1.0 m soil depth. The differences in roots between the two studies could be due to
differences in age and species of trees, treatment and land management, and the
sampling depth. Higher RLD can be used as an indication of the proportional share of
the soil resource accessed by the plant (Bowen 1985). The buffers had higher RLD
and hence roots of these buffers can extract more water and nutrients from the soil

profile with their extensive deep root system as compared to grazed pasture systems.
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The RLD determined by diameter classes (0-1, 1-2 and 2-3 mm) were also
compared among the four treatments. The RLD for 0-1 and 1-2 mm diameter classes
were significantly different among the treatments (P<0.01; P<0.04, respectively;
Table 6.1). The ‘buffers vs. pastures’ contrast was significant only for 0-1 mm
diameter class. The RLD for the buffers was about 5 times higher for the 0-1 mm
diameter class compared to pasture treatments. The RLD decreased with an increase
in the root diameter class (Table 6.1).

Depth influenced RLD of all root diameter classes and the total RLD (P<0.01).
The interaction between treatments and soil depth for RLD was also found to be
significant for the total and all root diameter classes (P<0.01; Table 6.1). The RLD
decreased exponentially with soil depth (+ = 0.38; Fig. 6.2). About 70% of the total
RLD was present in the top 30 cm of soil (Fig. 6.3). Buffers (3878.1 m/m?) had three
times higher total root length compared with pastures (1270.8 m/m?; Fig. 6.4). The
AgB treatment (4110.4 m/m?) had the highest and CG treatment (355.9 m/m?) had the
lowest total RLD (Fig. 6.4).

The root length density values from the current study were correlated with soil
bulk density values reported in a previous study by Kumar et al. (2008) for the same
experimental site. The root length density decreased with an increase in the soil bulk
density as observed for all the treatments; RLD was negatively correlated with soil
bulk density (» =-0.69). The buffer treatments had better root growth probably due to
lower soil bulk density and higher soil porosity for these treatments compared to
pasture treatments (Kumar et al. 2008). Mattos et al. (2003) found that root density
decreased from 1.85 cm cm™ at the 0- to 15-cm depth to 0.16 cm cm™ at the 30- to
45-cm depth within 50 cm from the tree trunk. They also reported that at 150 cm

from the tree trunk, root density was 48% less as compared to 50 cm from the tree
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trunk. Higher root length density in the buffers will probably assist in reducing
surface runoff and soil erosion. It has been reported in previous studies that the soil
erosion rate is inversely proportional to root length density (Kamyab 1991) and root
volume (Dunaway et al. 1994).

At least 50% of the root length has been reported to be in the upper 0.3 m of
soil and 95% within the upper 2 m of soil (Schenk and Jackson 2002). Root length
and mass generally decrease exponentially with soil depth which was first proposed
by Gerwitz and Page (1974). A similar exponential decrease pattern (7 = 0.39) of the
root length and mass was found in the current study. Other researchers, Jama et al
(1998), also reported that root length of trees declined with depth. A decrease in root
length density of soybean and corn roots with soil depth was reported by Allmaras et
al (1975). Surface soil horizons generally have a higher density of roots as these
horizons have higher nutrient and oxygen concentrations and lower soil bulk density
(McGinty 1976; Gray and Leiser 1982; Coppin and Richards 1990). Wynn et al
(2004) found that root length density decreased with increasing soil depth and root

diameter. Findings in the current study agree with results from other studies.

Root Dry Weight and Surface Area
Root surface area is an indicator of the potential for exploitation of water and
nutrients from soil zones (van Noordwijk et al. 1994). Root dry weight and surface
area of roots were significantly different (P<0.01) among treatments in 2008 (P<0.01;
Table 6.1). Significant differences were also found for the ‘buffers vs. pastures’
contrast for both parameters. On average, buffer treatments had 288% (0.101 g/100
cm’) and 210% (42.75 ¢cm?/100 cm?) higher root dry weight and surface area,

respectively, compared to pasture treatments (0.026 g/100 cm’and 13.8 cm*/100 cm’,
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respectively). Root dry weight and surface area for AgB and GB treatments were
significantly higher relative to the CG treatment; the surface area was also
significantly higher for the RG treatment compared to the CG treatment. These
findings support the data mentioned in the root length section. The buffer treatments
(AgB and GB) had larger diameter roots as compared to grazed pasture systems (RG
and CG; Table 6.1).

The surface area was also determined for the three root diameter classes: 0-1,
1-2 and 2-3 mm diameter. The surface area was significantly different among the
treatments for the 0-1 mm diameter class (P<0.01; Table 6.1). Surface area was
highest for the buffers compared to pasture treatments for all the root diameter classes
with significant differences occurring for the 0-1 and 2-3 mm diameter classes.

Depth significantly influenced the root dry weight and surface area (P<0.01).
Significant interactions between treatments and soil depth for both parameters was
also found (P<0.01; Table 6.1). Root dry weight decreased with soil depth; a similar
decrease with soil depth was also found for surface area (Fig. 6.3). About 75% of the
total surface area was present in the top 30 cm of soil (Fig. 6.3). Buffers (7.98 m*/m?)
had 287% (3.87 times) higher total surface area compared with pastures (2.06 m*/m;
Fig. 6.4). Total surface area is an indicator of the potential for exploitation of water
and nutrients from the soil profile (van Noordwijk et al. 1994). Higher root surface
area in the buffers may enhance uptake of water and nutrients from the soil as
compared to pasture treatments. The total surface area for the AgB treatment was

highest (8.35 m*/m?) and for the CG treatment was the lowest (0.53 m*/m?).
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Root and Soil Carbon Content

Root carbon for the AgB, GB, and RG treatments was determined for the 70-
cm deep soil profiles in 10-cm depth intervals. The root samples were insufficient
below the 70 cm soil depth for the determination of root carbon. For the CG
treatment, root carbon was determined for the whole soil profile (0-70 cm) by
combining the entire root sample from all the soil depths, as the sample size was
insufficient to determine carbon for each horizon for each replicate.

Root carbon (C,,,) was significantly different among the treatments
(P<0.001). The C,,, was higher for the buffers as compared to pasture treatments.
The C,,,, was about 3% higher for the buffers (32.2%) compared to RG treatment
(31.3%; Fig. 6.5). The AgB treatment had the highest C,,,, throughout the soil profile
as compared to the other treatments.

Soil carbon was determined for the 75-cm soil profile in 5-cm depth intervals.
The soil carbon (Cj,;7) was also significantly different among the treatments (P<0.001;
Fig. 6.5). The C,,; was about 115% higher for the buffers (0.86%) compared to
pasture treatments (0.40%). The AgB treatment had the highest (0.93%) and RG
treatment had the lowest (0.20%) Cj,; throughout the profile (Fig. 6.5). The Cj,; was
slightly higher for the CG treatment compared to the RG treatment. This was
probably due to the fact that cattle were continuously grazed in the CG area and
manure deposition in this area by cattle may have improved the soil carbon of the CG
treatment. The C,,; decreased with soil depth (Fig. 6.5).

Tree roots help in building up soil carbon. It was reported in previous studies
that when agricultural land changed to forest land, an average increase in soil carbon
of about 33.8 g C m™y™' (Post and Kwon 2000) and 30.0 g C m™y™ (Schlesinger

1990) occurred after 40-50 years. Similarly, Paul et al. (2002) estimated an increase

146



0f30.2 g C m™ y after reforestation of agricultural lands. The percentage change in
soil carbon for reforestation of agricultural land (0- to 30-cm depth) was estimated at
0.56% year ' (Polglase et al. 2000; Paul et al. 2002). Results of the current study
agree with these findings. The study site was established in 2000 and the observed
differences occurred within 7 to 8 years. More soil carbon accumulation could be

expected, as trees mature and roots occupy more soil volume.

Spatial Distribution of Roots in Agroforestry Buffer

Tree roots are often not uniformly spatially distributed with distance from the
tree trunk. Tree and grass roots in the AgB treatment were found to be at the highest
density at 20 cm among the distances sampled, and decreased from 20 to 100 cm
distance; however, the differences were not statistically significant (Fig. 6.6). Root
length density at 20 cm from the tree trunk was about 8.6 and 25% higher compared
to root length density at 50 and 100 cm distance, respectively. Similarly, root dry
weight at 20 cm distance was about 11 and 12.5% higher compared to those at 50 and
100 cm. However, significant differences were not found in roots at any distance for
both parameters. Similar to our results, decreasing tree root length with increasing
distance from a tree row was reported by Van Noordwijk et al. (1996). In another
study, Moreno et al (2005) found that the root length density of Holm-oak trees
decreased with distance (20 to 120 cm from tree trunk) and depth. These results
suggest that trees established for the protection of water and soil quality should be
established at a tighter initial spacing, so that surface roots can help improve soil and

water quality. Trees may be harvested once canopy closure occurs.
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Conclusions

This study was conducted to examine the influence of agroforestry and grass
buffers on root length density and root and soil carbon compared to grazed pasture
systems. The RLD, root dry weight and surface area of roots for the buffers were
higher compared to pasture treatments. Root and soil carbon were also higher for the
buffers compared to pasture treatments. Buffer treatments (167 cm/100cm’) had 4.5
times higher root length density as compared to pasture treatments (37.25 cm/100
cm’). The AgB treatment had the highest (173.5 cm/100 cm®) RLD and CG had the
lowest (10.8 cm/100cm’) RLD. Buffer treatments had 288 and 210%, respectively,
higher dry weight and surface area of roots compared to pasture treatments. The root
carbon was about 3% higher for the buffers compared to the RG treatment. The soil
carbon was about 115% higher for the buffers compared to pasture treatments. All
the measured root parameters decreased with soil depth.

The current study illustrates that buffers had the highest root length density
and root carbon compared to pastures which may help in extracting water and
nutrients from deeper in the soil profile which shallow root systems are unable to
extract. The roots of the buffers have improved soil carbon which will improve soil
structure, and hence improve soil hydraulic properties which aid in reducing surface

water runoff and sediment loss from watersheds.
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Agroforestry Buffer (AgB) Grass Buffer (GB)

Rotationally Grazed (RG) Continuously Grazed (CG)

Fig. 6.1. Typical scanned root samples from the surface 0-10 cm soil horizon for the
agroforestry buffer (AgB), grass buffer (GB), rotationally grazed pasture (RG) and
continuously grazed pasture (CG) treatments.
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Fig. 6.2. Vertical distribution of root length density in a Hapludalf soil profile, averaged

across all four treatments.
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Fig. 6.3. Average root length density and surface area for the agroforestry buffer (AgB),
grass buffer (GB), rotationally grazed pasture (RG) and continuously grazed
pasture (CG) treatments. The bar indicates LSD (0.05) values with significant
differences among treatments.
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Fig. 6.4. Total root length and total surface area for the agroforestry buffer (AgB), grass
buffer (GB), rotationally grazed pasture (RG) and continuously grazed pasture
(CQ) treatments for 0-75 cm soil depth. Mean values with the same letter are not
significantly different at the 0.05 level.
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Fig. 6.5. Average soil and root carbon for the agroforestry buffer (AgB), grass buffer
(GB), and rotationally grazed pasture (RQG) treatments. For the continuously
grazed (CG) treatment the soil carbon was 28.7% for the whole profile;
insufficient root sample was available for the carbon analysis in CG treatment by
soil depth. Bars indicate LSD (0.05) values with significant differences among
treatments.
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Fig. 6.6. Spatial distribution of root length density and root dry weight measured at 20,
50 and 100 cm distance from the tree trunk in the agroforestry buffer treatment
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CHAPTER 7
APEX MODEL SIMULATION OF RUNOFF AND SEDIMENT LOSSES
FROM AGROFORESTRY BUFFERS FOR WATERSHEDS
UNDER PASTURE MANAGEMENT
ABSTRACT
Buffers have been found to reduce non-point source pollution (NPSP) from
watersheds. Hydrologic simulation models may assist in predicting the effects of buffers
on runoff and sediment losses from small watersheds. The objective of this study was to
calibrate, validate and simulate runoff and sediment losses and compare with values
under agroforestry buffer watersheds and control watersheds (no buffer) for seven years.
The experimental design consists of four watersheds under pastures management which
were monitored from 2002 through 2008; two with agroforestry buffers (AgB 100 and
AgB 300) and two control watersheds (CW 400 and CW 600). Pasture areas included red
clover (Trifolium pretense L.) and lespedeza (Kummerowia stipulacea Maxim.) planted
into fescue (Festuca arundinacea Schreb.) while AgB included Eastern cottonwood trees
(Populus deltoids Bortr. ex Marsh.) planted into fescue. The model was calibrated from
2002 to 2005 and was validated from 2005 to 2008. The 7 and NSE values for the
calibration and validation period of the runoff varied from 0.52 to 0.78 and 0.50 to 0.74,
respectively. The model did not predict sediment loss very well probably due to
insufficient number of measured events and low measured sediment loss. The measured
runoff was 57% higher for CW watersheds compared to AgB watersheds. The measured
sediment loss was 95% higher for CW watersheds compared to AgB watersheds. After

calibrating and validating the model, it was run for long-term scenario analyses for 10
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years from 1999 to 2008. Buffer width had an influence on the runoff. Simulated runoff
decreased 24% when the buffer width was doubled compared to losses associated with
the measured buffer width. Simulated runoff from the CW watersheds was 11% higher
with double stocking density (relative to measured density) compared to AgB watersheds
with double stocking density. With half stocking density (relative to measured density),
the AgB watershed had 18% lower runoff compared to CW. Results from this study
imply that establishment of agroforestry buffers on grazed pasture watersheds reduce
runoff and sediment losses compared to control watersheds without buffers.

Keywords: agroforestry buffer, AgB; agricultural policy extender (APEX) model; CW,

control watershed; NSE, Nash and Sutcliffe.

Introduction

To assess the long-term benefits of soil conservation practices, simulation models
are often used. Models can provide long-term simulations of different combinations of
cropping systems and conservation practices, effects of best management practices, and
agricultural management practices, and assist in selection of appropriate conservation
approaches (Wang et al., 2008). Models calibrated and validated with measured runoff,
sediment and nutrient losses from watersheds have been used to assist policy makers in
selecting conservation practices and allocating resources (Singh and Frevert, 2006).
Watershed studies typically take long time periods to detect differences due to changes in
annual weather patterns and time for plant establishment, especially where trees are
involved. Due to monitoring costs and variable weather patterns, it is often difficult to

assess management effects on environmental quality. This difficulty can be overcome by
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using simulation models which have been calibrated with measured data. There are
several models that are currently being used to simulate management effects with
alternative land uses: SWAT (Soil and Water Assessment Tool) model (Gassman et al.
2005; Gassman et al. 2007), WEPP (Water Erosion Prediction Project), EPIC (originally
the Erosion Productivity Impact Calculator; now the Environmental Policy Integrated
Climate) model (Gassman et al. 2005; Gassman et al. 2007), and APEX (Agricultural
Policy Extender) (Williams et al., 2006; Williams et al., 2008). All these models require
different types of inputs such as climate data, soil properties, land management, and
landscape data to run the model effectively.

Wang et al. (2006) reported that different watershed models like CREAMS (a
field-scale model for Chemicals, Runoff, and Erosion from Agricultural Management
Systems; Knisel, 1980), ALMANAC (Agricultural Land Management Alternatives with
Numerical Assessment Criteria; Kiniry et al., 1992), APEX (Williams and Izaurralde,
2005), and SWAT (Soil and Water Assessment Tool; Arnold et al., 1998) have been
developed to assess the effects of changes in land use, land cover, different management
practices and weather conditions on soil and water erosion on small and large watershed
scales. Wang et al. (2006) also reported that these models generally use a daily time step.

The Agricultural Policy Extender (APEX) model is suitable for small watersheds
or field-scale simulations and is an extension of the EPIC model (Williams, 1990;
Williams and Sharpley, 1989). This model was developed in the 1990°s to address
environmental problems associated with livestock and other agricultural production
systems on a field-scale, on the whole farm-scale, or on a small watershed-scale

(Gassman et al., 2005).
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The APEX model is developed from several earlier mature and well tested models
(Wang et al., 2008). A few examples from where the APEX model components are
derived, as reported by Wang et al (2008), include: (i) the soil carbon cycling submodel
taken from the Century model (Parton et al., 1993; Parton et al., 1994) as developed by
Izaurralde et al. (2006), (ii) the pesticide component submodel was derived from the
Groundwater Loading Effects of Agricultural Management Systems (GLEAMS) model
(Leonard et al., 1987), and (iii) the plant competition component was derived from the
Agricultural Land Management Alternatives with Numerical Assessment Criteria
(ALMANAC) model (Kiniry et al., 1992).

Harman et al. (2004) reported that the APEX model simulates different cropping
and management practices and their environmental effects on a whole farm basis, which
is a larger scale of simulation compared to the EPIC model. The APEX model has been
used to evaluate government policy effects on soil erosion in the USA and simulate soil
erosion (sheet and rill) caused by wind and water (Wang et al., 2006).

The APEX model is used to see the effects of different conservation practices
such as buffers on runoff and sediment losses from watersheds (Harman et al., 2004). In
Central Texas, Harman et al. (2004) evaluated atrazine use in corn (Zea mays) and
sorghum (Sorghum bicolor) production on 66,000 ha for the Aquilla watershed using the
APEX model to compare effects of conservation practices on runoff. In Missouri, Farrand
et al. (2002) used the APEX model to calibrate the paired watershed study at the
Greenley Research Center to predict environmental benefits of tree and grass buffer
practices. Because of its strength in simulating agricultural management systems, the

APEX model is used for cultivated cropland (Wang et al., 2006).
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Installation of undisturbed buffers such as agroforestry buffers, grass buffers, and
vegetative filter strips on the down slope edge of grazed pasture areas in watersheds has
been shown to improve soil hydraulic properties (Kumar et al., 2008; Kumar et al., 2010)
and has helped in reducing surface runoff and nutrient transport. These buffers or
vegetative filters can help reduce the movement of sediments and nutrients from grazed
pasture areas to streams (Daniels and Gilliam, 1996). The APEX model could be used to
simulate runoff, sediment, and nutrient losses from these grazed pasture areas. This
model can be used to simulate the effects of buffers, filter strips, grassed waterways,
intensive grazing management, and also land application of manure removed from
feedlots (Wang et al., 2008).

Few studies have evaluated and simulated the effects of buffers on runoff and
sediment losses from grazed pasture systems. The objective of this study was to simulate
runoff and sediment losses from grazed pasture watersheds with agroforestry buffers

compared to watersheds with no buffers (control).

Materials and Methods
Location, Description and Land Management of Watersheds
The four small watersheds evaluated in this study are located at the Horticulture
and Agroforestry Research Center (HARC) in New Franklin, Missouri (39°02°N,
92°46°W, 195 m above mean sea level; Fig. 7.1). The watersheds were established in
2000 to compare the influence of agroforestry buffers on runoff water quality.
Prior to establishment, most of the area was in tall fescue grass (Festuca

arundinacea Schreb.). Two watersheds are divided into rotationally grazed (RG),
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continuously grazed (CG) and agroforestry buffer (AgB) areas; while the remaining two
(control) watersheds are divided into RG and CG areas with no buffer. The dimensions
and land management of all the watersheds are given in Tables 7.1 and 7.2. The pasture
areas and buffers were seeded with tall fescue (Festuca arundinacea Schreb; Kentucky
31) in 2000. The pastures were seeded with red clover (7rifolium pretense L.) and
lespedeza (Kummerowia stipulacea Maxim.) into the fescue in 2003. Eastern
cottonwood trees (Populus deltoids Bortr. ex Marsh.) were planted into the fescue to
create the agroforestry buffers in 2001. Trees were planted in four rows at 3-m spacing
both within and between rows. Cottonwood trees are fast growing and reach about 35
meters with a lifespan of about 70 years.

Soils at the site are Menfro silt loam (fine-silty, mixed, superactive, mesic Typic
Hapludalfs). Additional details about the weather, watershed characteristics and

management practices can be found in Kumar et al. (2008).

Grazing Schedule

Grazing was initiated at the site in late March or early April and discontinued in
late October or early November each year. During late July or early August, the cattle
were removed for about one month due to poor grass growth (Kumar et al., 2008).

Fences were installed between pasture areas and the agroforestry buffer areas to
prevent cattle access to the buffers. Each year, cattle were introduced in the watershed
area with weights between 450 to 590 kg. The number of cattle for each small watershed
(0.8 ha) was three. Seventy-five percent of the grazing area was divided into six

rotationally grazed paddocks and these were separated by a fence for cattle management.
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The other 25% of the grazing area was continuously grazed. The cows were moved
between paddocks on each Monday and Thursday with each paddock being grazed for

3.5 days and rested for 17.5 days.

Data Collection Methods

The runoff and sediment losses from the agroforestry buffer watersheds (AgB 100
and AgB 300) and control watersheds (CW 400 and CW 600) were collected from
February/March to late-December. The data used for the current study were from March
through November each year from 2002 to 2008. The runoff was measured in m’ ha™,
which then was converted to mm; whereas, sediments were measured in kg ha and
converted to tons ha"'. The APEX runoff output and sediment output are in mm and tons
ha™! units.

Each watershed is instrumented with a 2-foot H flume, an ISCO water sampler
(Lincoln, NE, USA), and an ISCO bubbler flow measuring device to record flow rate,
water level, sampling time as well as collect water samples. During December, these
units were removed from the watersheds because of low temperatures.

The sampler is controlled by the flow measuring devices to collect water samples.
After each 5 m’ flow, a 125-mL sample was collected and samples were composited and
analyzed for sediment. Unprocessed samples were refrigerated at 4°C until analysis.
After a runoff event, flow, level, and sample intake time data were downloaded to a
laptop computer.

For the estimation of sediment weight, known volumes of a well mixed sample

were filtered through a pre-weighed glass microfiber filter (934-AH) using a vacuum
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ump [maximum vacuum 7 Ibs in* (48263.3 Pa) above ambient)]. The filters were then
pump

dried at 105°C and sediment weight was calculated.

Description of the APEX Model

The APEX model simulates cropping systems, cultural practices and their
environmental effects on a whole-farm scale (Williams et al., 2008). The model is based
on a daily time-step (Harman et al., 2004). The APEX model has been used to simulate
agroforestry practices such as riparian buffers (buffers placed near the stream),
shelterbelts, and farm analysis throughout Missouri and nearby states (FAPRI, 2002).
This model simulates runoff and sediment loss from small farms (up to 2500 km” area),
feeding areas, crop fields, or buffer strips or parts of larger watersheds with a variety of
soil, climate, landscape, crop rotation and management combinations (Gassman et al.,
2005).

The APEX model uses crop and land management data, cropping systems, soil
and climate data (Wang et al., 2006). These researchers also reported that the APEX
model also contains a database of more than 60 crops including vegetables, a few grass
and tree species for simulation of runoff, sediment and nutrient losses.

The APEX model has components for routing water, sediments, nutrients, and
pesticides across landscapes and channel systems to a watershed outlet (Wang et al.,
2008). For estimating potential evaporation, the Hargreaves method was used

(Hargreaves and Samani, 1985).
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APEX Model Inputs

The APEX model inputs include: weather (precipitation, maximum and minimum
temperature), soil properties, watershed management, grazing schedule, and site
information (Table 7.1; Table 7.2; Table 7.3; Fig. 7.2). The input dataset was used for
simulations from 2002-2008. The basic soil property (texture, pH, CEC, organic carbon)
values up to 40 cm soil depth were used from previous publications for the current site
(Kumar et al., 2008). The soil bulk density, saturated hydraulic conductivity, and soil
water content at field capacity and wilting point were measured in 2006. The soil
properties values from 30-40 cm soil depth were used for the 40-100 cm soil profile. The
annual precipitation of the experimental site for the last 50 years (1956-2006 year) is 967
mm; mean temperature in July is 25.6°C and mean temperature in January is -2.1°C (Fig.

7.2; Kumar et al., 2008).

Grazing Component

Each AgB watershed had one continuously grazed area (CG), a rotationally
grazed area (RG) and a buffer area; whereas, each control watershed had continuously
grazed and rotationally grazed areas but no buffer area. The AgB100 and AgB300
watersheds were divided into 18 subareas (6 each for CG, RG, and buffer areas). For the
CG and RG areas, one herd of three cows was assigned, and the buffers did not have any
cows. For RG, cows were rotationally grazed whereas, for CG the cows were
continuously grazed with no rest. For CW400 and CW600, a total of 12 subareas were

formed (6 each for CG and RG areas).
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Sensitivity Analysis of the APEX Model
Simulation Methodology
The APEX model operates on daily time step with simulations from 2002 through
2008. A sensitive analysis for all the watersheds were performed for the model and

detailed information on parameters and their ranges are given in Table 7.4.

Model Calibration and Validation
The APEX model was calibrated using data from 2002 through 2005. The runoff
and sediment yield data were collected from all four watersheds and these measured data
were compared with the model simulated output data. The sensitive parameters were
adjusted (given in Table 7.2) to improve the model output. These parameters were
adjusted to allow for calibration using measured values for the 2002-2005 (Table 7.5).
After calibrating the model from 2002 to 2005, the validation for the model was
performed from 2006 to 2008 by keeping the same parameters as used for the calibration
period.
Evaluation of Model Performance
Simulated and measured values of runoff and sediment losses were compared
using #*, and Nash-Sutcliffe efficiency (EF) (Nash and Sutcliffe, 1970) coefficients. The
Nash and Sutcliffe (1970) efficiency equation is as follows:

3 (0n- 0
NSE=1-+H

Z(Qm—Qaf

(1)

170



where, NSE is the efficiency of the model, Q,, are measured values, Q; are simulated
values, Q, is the average measured value, and n is the number of events. The APEX
performance was also evaluated by conducting statistical tests with SAS (SAS Institute

1999).

Scenario Analysis

The model was calibrated for the 2002-2005 period and the same parameter
values were used for the validation period from 2006 through2008. The 7 and Nash-
Sutcliffe efficiency (NSE; Nash and Sutcliffe, 1970) coefficients were calculated between
the simulated and measured values for the evaluation period of the model. The calibrated
and validated models for each watershed were run to assess several scenarios. Three
scenario analyses were performed: (i) watersheds with and without buffers using half the
buffer width of the experimental watersheds and double the buffer width of the
experimental watersheds; (ii) watersheds containing only CG areas for the entire pasture
and watersheds with only RG areas for the entire pasture area, and (iii) watersheds having

grazed pasture areas with normal, half and double stocking densities.

Results and Discussion
APEX Model Calibration
The sensitive analysis of the APEX model showed that the model output was
sensitive to the following parameters for the runoft: curve number (CN) retention
parameter, Soil Conservation Service CN, runoff curve number initial abstraction, and

Hargreaves potential evapotranspiration (PET) equation coefficient (Table 7.4). The
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parameters which were sensitive for sediment yield were sediment routing exponent,
sediment routing coefficient, and sediment routing travel time coefficient (Table 7.4).
The calibration of runoff and sediment yield was performed from 2002 to 2005. The
calibration period included one year of grazing (2005).

The model was calibrated by adjusting these parameters for the 2002-2005 period
(Table 7.5). The model was felt to be well calibrated based on NSE values greater than
0.51 and #* values greater than 0.52. The 7* and NSE values for the AgB 100 watershed
were 0.70 and 0.68, and for the AgB 300 were 0.52, and 0.51, respectively (Fig. 7.4). For
the CW 400 watershed, ° and NSE values were 0.78 and 0.69, and for the CW 600
watershed the values were 0.65 and 0.63, respectively (Fig. 7.3).

The model was also calibrated for sediment loss. The same parameter settings
which were used for calibration of runoff were used for sediment yield. The APEX model
did not calibrate well for the sediment yield. The 7 for the CW 400 watershed was 0.78
and NSE was 0.69 and these were the best among all the four watersheds (Fig. 7.5). The
AgB watersheds had very little sediment loss which reduced the number of measured
events and amount lost. Due to insufficient number of measured events from these

watersheds, the model did not calibrate well.

APEX Model Validation
After calibration, the model was validated using the same parameter values. The
model validation of runoff and sediment yield was performed for the 2006 to 2008
measurement years. The 7 and NSE values for the runoff during the validation period for

the AgB 100 watershed were 0.77 and 0.74, and for the AgB 300 watershed were 0.63,
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and 0.59, respectively (Fig. 7.4). For the CW 400 watershed, 7 and NSE values were
0.62 and 0.60, and for the CW 600 watershed, the values were 0.53 and 0.50, respectively
(Fig. 7.3).

The validation for sediment yield was also done with the same parameters set for
runoff and sediment calibration. The current site did not have sufficient measured events
for sediment loss, and because of this the model did not validate well. The »* and NSE for
the CW 400 watershed was 0.19 and 0.17, respectively, and was the best amongst all four

watersheds (Fig. 7.5).

Measured Runoff and Sediment Yield

The measured runoff from the agroforestry watersheds was lower compared to
control watersheds. The total measured runoff from the AgB watersheds was about 348
mm, whereas runoff from the CW watersheds was about 548 mm (Fig. 7.6) from 2002 to
2008 (cumulative total of runoff from March through November for the seven years). The
runoff for AgB watersheds (total of AgB 100 and AgB 300 watersheds) was about 36.4%
lower compared to control watersheds (total of CW 400 and CW 600 watersheds).
Udawatta et al. (2002) reported that agroforestry buffer strips reduced water runoft by
about 9% compared to a control watershed with no buffer strips for a claypan soil. The
buffers in the AgB100 and AgB 300 watersheds reduced the runoff compared to control
watersheds. Similar findings were reported by De la Cruz and Vergara (1987) and
Muschler and Bonnemann (1997). Agroforestry buffers help in reducing runoff from
agricultural areas by improving soil hydraulic properties (Gilliam, 1994; Udawatta et al.,

2002; Abu-Zreig et al., 2003; Lovell and Sullivan, 2006).
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The AgB watersheds also had lower sediment loss compared to CW watersheds
(cumulative total of sediment loss from March through November for the seven years).
On average, AgB (46.9 kg ha™) watersheds had about 48.6% lower sediment loss
compared to control (91.4 kg ha™) watersheds. These agroforestry buffers have been
widely studied in agricultural settings and have reduced nutrient losses from agricultural
lands (Baker et al., 2000; Udawatta et al., 2002). Buffers can remove up to 97% of
sediments in runoff before entering into a stream if these buffers are well maintained (Lee
et al., 2003; Lowrance et al., 2002). In a recent study of a riparian buffer strip in central
Iowa, Lee et al. (2003) reported that switch grass (Panicum virgatum L.) buffers removed
95% of sediments compared to no buffers.

Scenario Analysis

After calibration, the model was used to predict runoff for certain selected
scenarios. Long-term scenario analyses were evaluated from 1999 to 2008, keeping all
the parameters unchanged after calibration (Table 7.6). Simulated runoff values are

cumulative from March through November for the ten years.

Scenario 1: Buffer Width Influence on Runoff

The width of the agroforestry watersheds was reduced by half and doubled. The
simulated runoff decreased with an increase in buffer width and increased with a decrease
in buffer width compared to measured buffer width (Table 7.6).The runoff was
significantly affected by the buffer width treatment (P<0.01). The CW watershed (no
buffer) had the highest (877 mm) value of runoff as compared to AgB with half buffer

width (866 mm), AgB with full buffer width (783 mm), and AgB with double buffer
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width (593 mm). The reduction in runoff was highly correlated with buffer width (» = -
0.97). Doubling the measured buffer width appeared to reduce the runoff by 24% (Table
7.6). The vegetative filters or buffers can help reduce the movement of runoff, sediments
and nutrients from source areas on uplands to the streams (Daniels and Gilliam, 1996);

the bigger the buffer, the lower the runoff.

Scenario 2: Continuously Grazed (CG) and Rotationally Grazed (RG) Pasture
Influence on Runoff

The AgB watersheds having either full CG or full RG pasture areas compared
with CW watersheds having full CG areas or full RG areas were compared. The CW
watershed with either RG or CG areas had higher runoff compared to AgB watersheds
with either RG or CG areas; however the differences were not significant (P<0.40). The
AgB watershed with RG (783 mm) had 10% lower runoff (not significant) compared to
the AgB watershed with CG (873 mm; Table 7.6). This implies that the pasture area
when rotationally grazed had better soil properties, less compaction from cattle and a

trend in reduced runoff compared to continuously grazed pasture.

Scenario 3: Influence of Stocking Density on Runoff

Runoff from the AgB and CW watersheds was simulated with stocking density of
the grazed pasture reduced by half and doubled. All four watersheds gave similar trends
with runoff significantly affected by the six different treatments in this scenario (P<0.02).
Reducing stocking density by half, decreased runoff; while increasing stocking density by

two times increased runoff compared to the measured stocking density (Table 6). The
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AgB watershed with half of the measured stocking density had 9% lower runoff and the
AgB watershed with double the measured stocking density had 2.7% higher runoff
compared to AgB watersheds with measured stocking density (Table 7.6). A similar trend
was observed for the CW watersheds. The runoff from CW watersheds with half the
measured stocking density had 0.7% lower and from watersheds with double the
measured stocking density had 1.6% higher runoff compared to CW watersheds with
measured stocking density.

Line et al (2000) reported that livestock exclusion fencing reduces the amount of
sediment and nutrient losses from a grazing area. The reduction in the grazing area
relative to the buffer and or reduction in the stocking density per unit area may reduce the
amount of runoff and sediment losses from an area as observed in the current study.

The current findings showed that agroforestry buffers are important in reducing
the runoff and sediment losses from grazed pasture watersheds. The results from this
study showed when ungrazed agroforestry buffers were installed at the downslope edge
of grazed pasture areas, they improved soil hydraulic properties and improved water
infiltration. Additionally, pollutants from grazed pasture areas will probably be reduced
when runoff from grazed pasture areas moves through the buffers prior to movement to
streams or lakes. These pollutants can be immobilized by the roots and or infiltrate with

the water in the buffer areas and reduce effects on water quality of streams.

Summary/Conclusions
Runoff and sediment losses from agroforestry (AgB) watersheds were compared

with control watersheds (CW, without buffer). Runoff and sediment measured data from
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AgB watersheds were 36.4 and 48.6%, respectively, lower compared with control
watersheds. The runoff and sediment data were used to calibrate and validate the APEX
model to simulate runoff and sediment loss during the years from 2002 through 2008.
The #* and NSE values for the runoff calibration (2002 to 2005) and validation (2005 to
2008) periods for all four watersheds varied from 0.52 to 0.78 and 0.51 to 0.74,
respectively. The APEX model did not simulate sediment loss very well (NSE values
were less than 0.19) probably due to insufficient measured events and low sediment loss.
Measured runoff was 36.4% lower for AgB (348 mm) watersheds compared to
CW (548 mm) watersheds. Measured sediment losses for AgB (46.9 kg ha™) watersheds
were 49% lower compared to CW (91.4 kg ha') watersheds (values are cumulative from
March through November for seven measurement years). After calibrating and validating
the model, the models were run for long-term scenario analyses for ten years. Buffer
width had a significant influence on runoff. Runoff was 24% lower when the buffer width
was doubled. Runoff from the AgB (804 mm) watersheds was 9.8% lower with double
the stocking density compared to CW (891 mm) watersheds with double the stocking
density. With half stocking density, the AgB (714 mm) watershed had 18% lower runoff

compared to CW (871 mm).
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Table 7.2. The initial soil properties for the experimental site for agroforestry buffer
(AgB100 and 300) and control (CW400 and CW600) watersheds at HARC, New
Franklin. Data obtained from Kumar et al. (2008).

Soil
Soil  Sand  Silt  Clay Texture CEC* oct = - pH----

depth

cm horizon g kg'1 -1 -1

cmol kg gkg” CaCl, H,0
_ I

0-10 A 37 638 325 SCL 227 12 6.4 5.1
10-20 AB 38 639 322 SCL 21.9 9 6.4 5.1
20-30 By 40 641 319 SCL 212 61 64 5.1
30-40 Bty 40 641 319 SCL 21.2 6.1 6.4 5.1

*SCL, Silty Clay Loam
*CEC Cation Exchange Capacity
ele Organic Carbon
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Table 7.3. The soil bulk density (BD), saturated hydraulic conductivity (Kg:), water
content at field capacity, and water content at permanent wilting point (PWP) for the
agroforestry buffer and control watersheds. Data obtained from Kumar et al. (2008).

Agroforestry Buffer
Soil water content
Soil depth Soil BD Kt Field capacity PWP
cm horizon gcm” mm hr”’ % %

0-10 A 1.04 182.16 0.38 0.15
10-20 AB 1.35 38.99 0.35 0.12
20-30 Bt 1.32 14.94 0.36 0.13
30-40 Bt, 1.42 9.23 0.37 0.12

Rotationally Grazed Area (RG)

0-10 A 1.35 8.41 0.43 0.12
10-20 AB 1.48 1.40 0.37 0.13
20-30 Bt; 1.47 2.67 0.36 0.16
30-40 Bt; 1.36 3.43 0.37 0.13

Continuously Grazed Area (CG)

0-10 A 1.45 0.10 0.41 0.14
10-20 AB 1.46 7.75 0.36 0.12
20-30 Bt, 1.43 2.35 0.40 0.16
30-40 Bt; 1.43 2.26 0.39 0.16
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Table 7.4. Input parameters and their ranges used in sensitive analysis for runoff and
sediments in APEX model for AgB (100 and 300) and Control watersheds (400 and 600).

Input File Parameter Remarks Range
Runoff
PARM parml6 CN retention parameter 1.0-1.5
parm17 Soil evaporation plant cover factor 0-0.05
parm20 Runoff curve number initial abstraction 0.05-0.4
parm23 Hargreaves PET equation coefficient 0.0023-0.0032
Parm34 Hargreaves PET equation exp 0.5-0.6
APEXCOUNT NVCNO 0-4.0
Sediments
PARM parml8 Sediment routing exponent 1-1.5
parml9 Sediment routing coefficient 0.01-0.05
parm45 Sediment routing travel time coefficient 0.5-10
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Table 7.5. The parameters and their values used for calibration analysis in APEX model
for AgB (100 and 300) and Control watersheds (400 and 600).

Watershed

AgB 100 and AgB 300

Input File Parameter Remarks Value
PARM parml6 CN retention parameter 1.0
parml7 Soil evaporation plant cover factor 0.5
parm20 Runoff curve number initial 0.05
abstraction
parm23 Hargreaves PET equation coefficient 0.0023
parm34 Hargreaves PET equation exp 0.6
parm42 SCS curve number index coefficient 2.5
APEXCOUNT NVCNO 0
CW 400 and CW 600
PARM parml6 CN retention parameter 1.0
parml17 Soil evaporation plant cover factor 0.1
parm20 Runoff curve number initial 0.05
abstraction
parm23 Hargreaves PET equation coefficient 0.0023
parm34 Hargreaves PET equation exp 0.5
parm42 SCS curve number index coefficient 0.5
APEXCOUNT NVCNO 0

185



Table 7.6. Simulation results (means and analysis of variance) for three scenarios from
1999 through 2008 (cumulative total of runoff from March through November for the ten
years): buffer width, rotational vs. continuous grazing, and stocking density.

Scenario 1 — Buffer Width

Treatment Means Runoff (mm)
Control watershed (no buffer) 877a
AgB watershed (half buffer width) 866a
AgB watershed (full buffer width) 783a
AgB watershed (double buffer width) 593b

Analysis of variance p>F
Treatment 0.01

Scenario 2 — Rotational vs. Continuous Grazing
Treatment Means

AgB watershed with CG pasture area 873a
AgB watershed with RG pasture area 783a
Control watershed with CG pasture area 867a
Control watershed with RG pasture area 857a

Analysis of variance p>F
Treatment 0.40

Scenario 3 — Stocking Density

Treatment Means

AgB watershed with full stocking density 783bc
AgB watershed with half stocking density 714c
AgB watershed with double stocking density 804abc
Control watershed (no buffer) 877ab
Control watershed with half stocking density 871ab
Control watershed with double stocking density 891a

Analysis of variance p>F
Treatment 0.02
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Fig. 7.1. The agroforestry (AgB) and control (CW) watersheds at the Horticulture and
Agroforestry Research Center (HARC), New Franklin, Missouri. Narrow strips on AgB
100 and AgB 300 watersheds represent agroforestry buffers. The inset map shows
approximate location of the HARC Center in Missouri, USA.
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Fig. 7.3 Measured versus simulated runoff for calibration (A, CW 400; C, CW 600) from
2002 to 2005 and validation (B, CW 400; D, CW 600) from 2005 to 2008 (cumulative
total of runoff from March through November each year).
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Fig. 7.4 Measured versus simulated runoff for calibration (A, AgB 100; C, AgB 300)
from 2002 to 2005 and validation (B, AgB 100; D, AgB 300) from 2005 to 2008
(cumulative total of runoff from March through November each year).
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Fig. 7.5 Measured versus simulated sediment loss for calibration (A, CW 400) from 2002
to 2005 and validation (B, CW 400) from 2005 to 2008 (cumulative total of sediment
yield from March through November each year).
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Fig. 7.6 Measured and simulated total runoff for control (CW 400 and CW 600) and

agroforestry (AgB 100 and AgB 300) watersheds from 2002 to 2008 (cumulative total of
runoff from March through November for the seven years).
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CHAPTER 8
CONCLUSIONS

Soil hydraulic properties, root growth, runoff loss, and sediment loss from soils
managed under rotationally-grazed pasture (RG), continuously grazed pasture (CG),
grass buffer (GB), and agroforestry buffer (AgB) areas were studied from 2006-2009.
The experimental site is located at the Horticulture and Agroforestry Research Center in
New Franklin, MO. Grazed pasture areas (RG and CG) and GB areas included red clover
(Trifolium pretense L.) and lespedeza (Kummerowia stipulacea Maxim.) planted into
fescue (Festuca arundinacea Schreb.) while AgB included Eastern cottonwood trees
(Populus deltoids Bortr. ex Marsh.) planted into fescue. Soils at the site were Menfro
silt loam (fine-silty, mixed, superactive, mesic Typic Hapludalfs).

The following conclusions were determined from the five experimental studies:

Study 1 — Soil Hydraulic Properties
1. Bulk density (BD) was significantly lower for buffer treatments as compared to
pasture treatments. Buffers had significantly higher water retained for the 0.0, -0.4, and -
1.0 kPa pressures compared to pasture treatments, but lower water retained at -10.0, -
20.0, and -30.0 kPa pressures.
2. Soil macroporosity (>1000 pm diam.) was 2.1 times higher for the buffer
treatments compared to the pasture treatments for the 0-10 cm soil depth. Buffer
treatments had greater total porosity, macroporosity, coarse mesoporosity (60 to 1000
pm diam.) and fine mesoporosity (10 to 60 pm diam.) but lower microporosity (< 10 um

diam.) compared to the pasture treatments.
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3. The saturated hydraulic conductivity (Ky,,) values were higher for buffers
compared with grazed pasture areas which were related to the significantly higher total

porosity and soil macroporosity found for the buffer treatments.

Study 2 — CT-Measured Pore Parameters

1. The buffer treatments had greater CT-measured total number of pores, number of
macropores, number of coarse mesopores, porosity, macroporosity, coarse
mesoporosity, area of largest pore, and fractal dimension of macropores compared with
grazed pasture treatments.
2. The circularity of macropores was found to be lower in the buffer treatments than
pasture treatments.
3. All CT-measured pore parameters except circularity were positively correlated

Wlth Ksat-

Study 3 — Ponded and Tension Infiltration
1.  Buffers had 30 and 14 times higher quasi-steady state infiltration (g,) in 2007 and
2008, respectively, as compared to pasture treatments.
2. The Green-Ampt and Parlange models appeared to adequately fit the measured
infiltration data for the treatments as shown with coefficients of determination. Fitted
sorptivity (S) and saturated hydraulic conductivity (K;) parameters were highest for the
GB treatment and lowest for the CG treatment.
3.  Tension infiltration measurements were used to illustrate the influence of

macropores on water infiltration in the soil. The infiltration rate decreased more
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between 0 and 150 mm tension for the buffer treatments compared to the pasture
treatments. This was attributed to more macropores present in the buffer treatments
which increased the water infiltration in the buffer areas compared to grazed pasture

areas. Findings from the study were similar for both years.

Study 4 — Root Parameters

1.  The root length density (RLD), root dry weight and surface area of roots for the
buffers were higher compared to pasture treatments.

2. Buffer treatments (167 cm/100cm’) had 4.5 times higher root length density as
compared to pasture treatments (37.25 ¢cm/100 cm®). The AgB treatment had the
highest (173.5 cm/100 cm’) RLD and CG had the lowest (10.8 cm/100cm®) RLD.

3. Buffer treatments had 288 and 210%, respectively, higher dry weight and surface
area of roots compared to pasture treatments.

4.  The root carbon was about 3% higher for the buffers compared to the RG
treatment. The soil carbon was about 115% higher for the buffers compared to pasture

treatments. All the measured root parameters decreased with soil depth.

Study 5 — Watershed Runoff and Sediment Losses
1.  Runoff and sediment losses from the agroforestry (AgB) and control watersheds
(CW) were measured. The APEX model was used to simulate runoff and sediment
losses by using measured soil property data. The model was calibrated using data from

2002-2005 and then validated with data from 2006-2008.
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2. The /* and NSE values for the runoff calibration (2002 to 2005) and validation
(2005 to 2008) periods for all four watersheds varied from 0.52 to 0.78 and 0.51 to
0.74, respectively. The APEX model did not simulate sediment loss very well probably
due to insufficient measured events and low sediment loss.

3. Runoff was 36% lower for AgB (348 mm) watersheds compared to CW (548
mm) watersheds. Sediment losses for AgB (46.9 kg ha™') watersheds were 49% lower
compared to CW (91.4 kg ha™") watersheds.

4.  Buffer width had a significant influence on runoff. Runoff was 24% lower when
the buffer width was doubled. Runoff from the AgB (804 mm) watersheds was 9.8%
lower with double the stocking density compared to CW (891 mm) watersheds with
double the stocking density. With half stocking density, the AgB (714 mm) watershed

had 18% lower runoff compared to CW (871 mm).

SUMMARY

The agroforestry and grass buffers improved the soil hydraulic properties
compared to grazed pasture systems. Whearas, hydraulic properties deteriorated in grazed
pastures. This study shows that soil hydraulic properties which are related to infiltration
were higher within buffer treatments and lower within grazed pasture areas. Grazing
reduced infiltration rates for pasture areas compared to buffer areas with no cattle access.
The current findings show that the buffer areas had lower BD, and higher porosity,
macroporosity, K, and infiltration rates which imply lower runoff compared to pasture
areas. Buffer areas were fenced which prevented cattle grazing in these areas which

probably benefited the soil hydraulic properties.
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Grass and agroforestry buffers add organic matter to the soil from their roots and
improve soil porosity and macroporosity and hence improve water infiltration into the
soil. These undisturbed buffers (GB and AgB) had the highest RLD and C,,,, compared
to pastures which may help in extracting water and nutrients from deeper in the soil
profile which shallow root systems are unable to extract. The roots of the buffers have
improved Cj,;; which will improve soil structure, and hence improve soil hydraulic
properties which aid in reducing surface water runoff and sediment loss from watersheds.
Runoff from the AgB watersheds was 36% lower compared to CW watersheds (without
buffers). Sediment losses for AgB (46.9 kg ha™") watersheds were 49% lower compared
to CW (91.4 kg ha) watersheds. Buffer width had a significant influence on runoff
which reduced the runoff from the AgB watersheds. Runoff was 24% lower when the

buffer width was doubled.
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APPENDIX 1

All Laboratory measurements for saturated hydraulic conductivity (Ksat) with
bentonite around core edges and bulk density (BD) for soil core samples
measured in 2006 and used in Chapter 3. CG= continuously grazed pasture, RG=
rotationally grazed pasture, GB= grass buffer, and AgB=agroforestry buffer.

Treatment  Replication  Depth Ksat Bulk Density
cm mm hr? gcm?
CG 1 0-10 0.004 1.49
CG 2 0-10 0.006 1.42
CG 3 0-10 0.025 1.46
CG 4 0-10 0.405 1.45
CG 5 0-10 0.137 1.52
CG 6 0-10 0.009 1.36
RG 1 0-10 0.30 1.37
RG 2 0-10 18.50 1.34
RG 3 0-10 4.90 1.31
RG 4 0-10 8.40 1.35
RG 5 0-10 2.39 1.40
RG 6 0-10 15.94 1.31
GB 1 0-10 126.30 1.16
GB 2 0-10 126.30 1.16
GB 3 0-10 126.30 1.16
GB 4 0-10 161.36 1.14
GB 5 0-10 104.55 1.15
GB 6 0-10 112.82 1.18
AgB 1 0-10 34.70 1.08
AgB 2 0-10 24.29 1.07
AgB 3 0-10 304.13 1.08
AgB 4 0-10 57.44 1.14
AgB 5 0-10 157.05 0.97
AgB 6 0-10 515.34 0.90
CG 1 0-20 7.80 1.43
CG 2 0-20 7.80 1.40
CG 3 0-20 9.46 1.46
CG 4 0-20 2.26 1.49
CG 5 0-20 11.30 1.49
CG 6 0-20 7.87 1.50
RG 1 0-20 0.339 1.51
RG 2 0-20 1.43 1.57
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Al.1 Cont’d

Treatment Replication Depth Ksat Bulk Density
cm mm hr’! gcm™
RG 3 0-20 3.02 1.41
RG 4 0-20 1.23 1.44
RG 5 0-20 1.73 1.54
RG 6 0-20 0.66 1.44
GB 1 0-20 30.08 1.30
GB 2 0-20 22.07 1.29
GB 3 0-20 36.50 1.15
GB 4 0-20 36.50 1.28
GB 5 0-20 22.04 1.29
GB 6 0-20 71.60 1.33
AgB 1 0-20 194.63 1.33
AgB 2 0-20 21.90 1.32
AgB 3 0-20 3.51 1.41
AgB 4 0-20 2.05 1.42
AgB 5 0-20 7.81 1.34
AgB 6 0-20 4.01 1.30
CG 1 0-30 6.70 1.43
CG 2 0-30 3.07 1.45
CG 3 0-30 2.04 1.40
CG 4 0-30 0.105 1.45
CG 5 0-30 0.551 1.43
CG 6 0-30 1.66 1.45
RG 1 0-30 2.48 1.52
RG 2 0-30 1.26 1.48
RG 3 0-30 0.49 1.42
RG 4 0-30 1.48 1.46
RG 5 0-30 7.58 1.47
RG 6 0-30 2.70 1.46
GB 1 0-30 62.88 1.25
GB 2 0-30 27.46 1.30
GB 3 0-30 14.05 1.31
GB 4 0-30 5.33 1.22
GB 5 0-30 8.01 1.28
GB 6 0-30 23.60 1.24
AgB 1 0-30 15.85 1.23
AgB 2 0-30 2.72 1.39
AgB 3 0-30 11.24 1.34
AgB 4 0-30 16.89 1.34
AgB 5 0-30 16.18 1.33
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Al.1 Cont’d

Treatment Replication Depth Ksat Bulk Density
CG 1 0-40 1.97 1.48
CG 2 0-40 2.68 1.47
CG 3 0-40 1.04 1.35
CG 4 0-40 0.76 1.45
CG 5 0-40 2.34 1.44
CG 6 0-40 4.74 1.42
RG 1 0-40 1.22 1.37
RG 2 0-40 2.03 1.36
RG 3 0-40 1.88 1.36
RG 4 0-40 1.10 1.39
RG 5 0-40 3.40 1.33
RG 6 0-40 10.95 1.34
GB 1 0-40 25.21 1.31
GB 2 0-40 89.42 1.31
GB 3 0-40 40.03 1.38
GB 4 0-40 11.31 1.33
GB 5 0-40 41.50 1.23
GB 6 0-40 41.50 1.31

AgB 1 0-40 7.06 1.42
AgB 2 0-40 5.74 1.44
AgB 3 0-40 8.20 1.40
AgB 4 0-40 4.81 1.45
AgB 5 0-40 9.99 1.42
AgB 6 0-40 19.57 1.40
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Al2. Volumetric water content (m3 m> ) values for soil core samples at 0, -0.4, -1, -2.5,
-5, and -10 kPa soil water pressure measured in 2006 and used in Chapter 3. CG=
continuously grazed pasture, RG= rotationally grazed pasture, GB= grass buffer, and
AgB=agroforestry buffer.

Treatment Replication Depth Soil Water Pressure, -kPa
0.0 04 10 25 50 100 20.0 30.0

CG 1 0-10 0.45 044 043 043 042 042 041 040
CG 2 0-10 0.44 044 043 042 042 042 041 041
CG 3 0-10 0.47 045 043 042 041 040 040 039
CG 4 0-10 0.55 0.53 051 050 050 050 049 049
CG 5 0-10 0.45 042 040 039 038 038 037 037
CG 6 0-10 0.46 046 045 044 043 043 042 042
RG 1 0-10 0.52 049 047 046 044 044 043 043
RG 2 0-10 0.53 047 046 044 043 042 042 041
RG 3 0-10 0.53 048 047 045 044 044 043 043
RG 4 0-10 0.57 052 049 047 047 046 045 045
RG 5 0-10 0.55 048 047 046 045 044 043 043
RG 6 0-10 0.55 050 048 045 044 043 042 042
GB 1 0-10 0.62 0.55 048 044 042 041 040 0.39
GB 2 0-10 0.62 0.55 052 046 045 043 042 041
GB 3 0-10 0.62 0.55 0.52 046 045 043 041 040
GB 4 0-10 0.60 0.52 048 044 042 041 040 040
GB 5 0-10 0.57 0.54 049 045 043 042 041 040
GB 6 0-10 0.58 0.55 049 044 044 041 040 040
AgB 1 0-10 0.62 0.52 049 047 045 043 042 041
AgB 2 0-10 0.56 052 049 046 044 042 041 040
AgB 3 0-10 0.56 048 043 041 040 039 038 038
AgB 4 0-10 0.60 052 048 045 042 041 040 039
AgB 5 0-10 0.61 0.54 048 043 041 039 038 037
AgB 6 0-10 0.57 0.50 041 037 035 034 033 032
CG 1 0-20 0.46 044 041 038 037 036 035 035
CG 2 0-20 0.49 044 041 039 038 037 037 0.36
CG 3 0-20 0.48 044 042 039 038 038 037 037
CG 4 0-20 0.48 044 043 040 039 039 038 0.38
CG 5 0-20 0.51 043 041 039 038 037 037 0.36
CG 6 0-20 0.43 042 041 038 037 037 036 035
RG 1 0-20 0.45 043 042 041 040 039 038 037
RG 2 0-20 0.49 044 043 042 041 041 040 0.39
RG 3 0-20 0.53 045 044 042 040 038 037 036
RG 4 0-20 0.46 045 043 041 040 039 038 0.37
RG 5 0-20 0.51 042 041 040 039 038 0.37 0.36
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A 1.2 Cont’d

Treatment Replication Depth Soil Water Pressure, -kPa

0.0 04 10 25 50 100 20.0 30.0
GB 1 0-20 0.54 051 047 042 041 039 038 0.37
GB 2 0-20 0.53 0.50 049 046 043 040 040 0.37
GB 3 0-20 0.52 051 048 045 042 042 038 0.37
GB 4 0-20 0.61 049 046 042 039 038 0.37 0.36
GB 5 0-20 0.59 0.50 049 045 043 041 040 0.39
GB 6 0-20 0.52 049 046 042 040 039 037 0.37
AgB 1 0-20 0.50 046 044 042 039 038 037 036
AgB 2 0-20 0.51 047 045 042 039 038 036 035
AgB 3 0-20 0.51 0.44 042 041 038 036 035 034
AgB 4 0-20 0.48 0.43 043 041 039 038 037 0.36
AgB 5 0-20 0.50 046 043 041 039 037 035 034
AgB 6 0-20 0.52 0.47 043 040 038 036 035 0.34
CG 1 0-30 0.45 045 043 040 039 039 038 038
CG 2 0-30 0.50 046 044 043 042 042 041 040
CG 3 0-30 0.49 046 044 043 042 041 040 040
CG 4 0-30 0.50 046 044 043 043 042 041 041
CG 5 0-30 0.50 045 044 043 042 042 041 040
CG 6 0-30 0.46 046 044 043 042 042 041 041
RG 1 0-30 0.43 043 041 040 039 037 036 036
RG 2 0-30 0.51 044 043 041 039 038 037 0.36
RG 3 0-30 0.51 046 044 042 040 039 038 037
RG 4 0-30 0.48 0.45 043 042 041 040 039 038
RG 5 0-30 0.56 0.46 043 040 037 035 034 033
RG 6 0-30 0.49 0.48 046 044 042 040 039 0.38
GB 1 0-30 0.57 0.48 046 042 039 037 036 035
GB 2 0-30 0.54 0.50 048 043 040 038 0.37 036
GB 3 0-30 0.52 048 046 042 040 038 036 035
GB 4 0-30 0.57 0.51 048 042 039 036 034 034
GB 5 0-30 0.55 0.51 048 045 042 039 037 036
GB 6 0-30 0.52 0.52 046 041 039 037 036 035
AgB 1 0-30 0.53 0.50 047 044 041 039 038 0.37
AgB 2 0-30 0.53 046 045 043 041 039 0.38 0.37
AgB 3 0-30 0.51 045 044 041 038 036 035 034
AgB 4 0-30 0.55 047 046 042 040 038 0.37 0.36
AgB 5 0-30 0.50 0.47 045 041 037 035 034 032
AgB 6 0-30 0.50 0.47 045 043 040 039 038 037
CG 1 0-40 0.45 045 043 042 041 041 040 040
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A 1.2 Cont’d

Treatment Replication Depth Soil Water Pressure, -kPa

0.0 04 10 25 50 100 20.0 30.0

CG 2 0-40 0.48 045 044 043 042 042 041 041
CG 3 0-40 0.52 048 044 042 041 040 039 0.39
CG 4 0-40 0.49 046 045 043 043 042 041 041
CG 5 0-40 0.50 046 044 043 042 042 041 040
CG 6 0-40 0.45 0.44 041 040 0.39 038 0.37 0.37
RG 1 0-40 0.48 047 044 042 040 038 037 036
RG 2 0-40 0.48 046 044 042 040 038 0.37 0.36
RG 3 0-40 0.50 046 044 042 040 039 038 0.37
RG 4 0-40 0.46 0.46 044 042 041 040 039 038
RG 5 0-40 0.53 0.50 0.48 043 040 038 036 036
RG 6 0-40 0.52 0.49 047 044 041 039 038 037
GB 1 0-40 0.55 049 047 043 039 037 035 034
GB 2 0-40 0.56 0.47 043 039 037 036 035 0.34
GB 3 0-40 0.52 048 044 041 039 038 037 036
GB 4 0-40 0.51 0.50 048 043 041 040 040 0.39
GB 5 0-40 0.54 050 046 042 038 037 036 035
GB 6 0-40 0.61 0.53 049 043 0.39 038 0.37 0.36
AgB 1 0-40 0.49 048 046 043 040 039 037 037
AgB 2 0-40 0.48 046 045 042 040 038 0.37 0.36
AgB 3 0-40 0.53 046 044 042 039 038 037 036
AgB 4 0-40 0.54 0.48 046 044 042 040 039 038
AgB 5 0-40 0.51 048 046 043 040 038 037 036
AgB 6 0-40 0.52 048 046 043 042 039 038 0.37
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Al3. Pore size distribution (m® m™) values for soil core samples measured in 2006 and used
in Chapter 3. AgB=agroforestry buffer, GB= grass buffer, RG= rotationally grazed pasture, CG=
continuously grazed pasture.

Coarse Fine
Macropores Mesopores ~ Mesopores  Micro- Total
Treatment Replication Depth pores  Pores
(>1000 pm) (60- to (10- to 60- (<10
1000- um) um) pum)

CG 1 0-10 0.01 0.02 0.02 0.40 0.45
CG 2 0-10 0.00 0.03 0.01 0.41 0.44
CG 3 0-10 0.01 0.04 0.02 0.39 0.47
CG 4 0-10 0.02 0.03 0.01 0.49 0.55
CG 5 0-10 0.03 0.03 0.02 0.37 0.45
CG 6 0-10 0.00 0.02 0.01 0.42 0.46
RG 1 0-10 0.04 0.04 0.02 0.43 0.52
RG 2 0-10 0.06 0.04 0.02 0.41 0.53
RG 3 0-10 0.05 0.04 0.02 0.43 0.53
RG 4 0-10 0.05 0.05 0.02 0.45 0.57
RG 5 0-10 0.07 0.03 0.02 0.43 0.55
RG 6 0-10 0.05 0.07 0.02 0.42 0.55
GB 1 0-10 0.07 0.13 0.03 0.39 0.62
GB 2 0-10 0.07 0.11 0.03 0.41 0.62
GB 3 0-10 0.07 0.11 0.05 0.40 0.62
GB 4 0-10 0.08 0.09 0.03 0.40 0.60
GB 5 0-10 0.03 0.11 0.03 0.40 0.57
GB 6 0-10 0.03 0.11 0.04 0.40 0.58
AgB 1 0-10 0.10 0.07 0.04 0.41 0.62
AgB 2 0-10 0.04 0.08 0.04 0.40 0.56
AgB 3 0-10 0.08 0.08 0.02 0.38 0.56
AgB 4 0-10 0.08 0.10 0.03 0.39 0.60
AgB 5 0-10 0.08 0.13 0.04 0.37 0.61
AgB 6 0-10 0.08 0.14 0.03 0.32 0.57
CG 1 0-20 0.03 0.07 0.02 0.35 0.46
CG 2 0-20 0.04 0.06 0.02 0.36 0.49
CG 3 0-20 0.04 0.05 0.02 0.37 0.48
CG 4 0-20 0.04 0.04 0.02 0.38 0.48
CG 5 0-20 0.08 0.05 0.02 0.36 0.51
CG 6 0-20 0.00 0.05 0.02 0.35 0.43
RG 1 0-20 0.01 0.03 0.03 0.37 0.45
RG 2 0-20 0.05 0.03 0.02 0.39 0.49
RG 3 0-20 0.07 0.06 0.04 0.36 0.53
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A1.3 Cont’d

Coarse Fine
Macropores Mesopores  Mesopores ~ Micro- Total
Treatment Replication Depth pores  Pores
(>1000 pm) (60- to (10- to 60- (<10
1000- pm) pum) um)

RG 5 0-20 0.09 0.03 0.03 0.36 0.51
RG 6 0-20 0.05 0.04 0.03 0.36 0.48
GB 1 0-20 0.04 0.10 0.03 0.37 0.54
GB 2 0-20 0.02 0.08 0.06 0.37 0.53
GB 3 0-20 0.01 0.09 0.05 0.37 0.52
GB 4 0-20 0.12 0.10 0.03 0.36 0.61
GB 5 0-20 0.09 0.08 0.04 0.39 0.59
GB 6 0-20 0.03 0.09 0.03 0.37 0.52
AgB 1 0-20 0.03 0.07 0.03 0.36 0.50
AgB 2 0-20 0.03 0.08 0.04 0.35 0.51
AgB 3 0-20 0.07 0.06 0.04 0.34 0.51
AgB 4 0-20 0.04 0.04 0.03 0.36 0.48
AgB 5 0-20 0.05 0.07 0.04 0.34 0.50
AgB 6 0-20 0.05 0.09 0.04 0.34 0.52
CG 1 0-30 0.00 0.06 0.02 0.38 0.45
CG 2 0-30 0.04 0.04 0.02 0.40 0.50
CG 3 0-30 0.04 0.04 0.02 0.40 0.49
CG 4 0-30 0.04 0.03 0.02 0.41 0.50
CG 5 0-30 0.05 0.03 0.02 0.40 0.50
CG 6 0-30 0.00 0.03 0.02 0.41 0.46
RG 1 0-30 0.00 0.04 0.03 0.36 0.43
RG 2 0-30 0.06 0.05 0.03 0.36 0.51
RG 3 0-30 0.05 0.06 0.03 0.37 0.51
RG 4 0-30 0.04 0.04 0.02 0.38 0.48
RG 5 0-30 0.11 0.09 0.04 0.33 0.56
RG 6 0-30 0.01 0.06 0.03 0.38 0.49
GB 1 0-30 0.09 0.09 0.04 0.35 0.57
GB 2 0-30 0.04 0.09 0.05 0.36 0.54
GB 3 0-30 0.04 0.08 0.04 0.35 0.52
GB 4 0-30 0.07 0.12 0.05 0.34 0.57
GB 5 0-30 0.04 0.09 0.06 0.36 0.55
GB 6 0-30 0.00 0.13 0.03 0.35 0.52
AgB 1 0-30 0.03 0.09 0.04 0.37 0.53
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A 1.3 Cont’d

Coarse Fine
Macropores Mesopores  Mesopores ~ Micro- Total
Treatment Replication Depth pores  Pores
(>1000 pm) (60- to (10- to 60- (<10
1000- pm) um) pum)

AgB 3 0-30 0.06 0.07 0.04 0.34 0.51
AgB 4 0-30 0.07 0.08 0.04 0.36 0.55
AgB 5 0-30 0.03 0.09 0.05 0.32 0.50
AgB 6 0-30 0.04 0.06 0.03 0.37 0.50
CG 1 0-40 0.00 0.04 0.02 0.40 0.45
CG 2 0-40 0.03 0.03 0.02 0.41 0.48
CG 3 0-40 0.04 0.07 0.02 0.39 0.52
CG 4 0-40 0.03 0.04 0.02 0.41 0.49
CG 5 0-40 0.04 0.04 0.02 0.40 0.50
CG 6 0-40 0.01 0.05 0.02 0.37 0.45
RG 1 0-40 0.01 0.06 0.04 0.36 0.48
RG 2 0-40 0.03 0.06 0.04 0.36 0.48
RG 3 0-40 0.05 0.05 0.03 0.37 0.50
RG 4 0-40 0.01 0.05 0.03 0.38 0.46
RG 5 0-40 0.02 0.10 0.05 0.36 0.53
RG 6 0-40 0.04 0.08 0.04 0.37 0.52
GB 1 0-40 0.06 0.10 0.05 0.34 0.55
GB 2 0-40 0.09 0.10 0.02 0.34 0.56
GB 3 0-40 0.04 0.08 0.03 0.36 0.52
GB 4 0-40 0.02 0.09 0.02 0.39 0.51
GB 5 0-40 0.04 0.11 0.03 0.35 0.54
GB 6 0-40 0.07 0.14 0.04 0.36 0.61
AgB 1 0-40 0.01 0.08 0.03 0.37 0.49
AgB 2 0-40 0.02 0.06 0.03 0.36 0.48
AgB 3 0-40 0.07 0.07 0.03 0.36 0.53
AgB 4 0-40 0.06 0.06 0.04 0.38 0.54
AgB 5 0-40 0.03 0.07 0.04 0.36 0.51
AgB 6 0-40 0.04 0.06 0.05 0.37 0.52
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APPENDIX 2

A 2.1. Laboratory measurements for saturated hydraulic conductivity (Ksat) with
bentonite around the edges and bulk density (BD) for soil core samples measured in
2007 and used for Chapter 4. AgB=agroforestry buffer, GB= grass buffer, RG=
rotationally grazed pasture, CG= continuously grazed pasture.

Treatment Replication  Depth Bulk Density Ksat
gem” mm hr’'
AgB 1 0-10 1.17 464.18
AgB 1 10-20 1.40 17.63
AgB 1 20-30 1.44 12.74
AgB 1 30-40 1.48 12.54
AgB 1 40-50 1.49 12.09
AgB 2 0-10 1.12 206.81
AgB 2 10-20 1.41 33.83
AgB 2 20-30 1.38 16.93
AgB 2 30-40 1.39 27.63
AgB 2 40-50 1.39 2.33
AgB 3 0-10 1.24 127.96
AgB 3 10-20 1.36 77.36
AgB 3 20-30 1.40 67.65
AgB 3 30-40 1.44 17.65
AgB 3 40-50 1.50 17.36
AgB 4 0-10 1.30 305.13
AgB 4 10-20 1.44 24.97
AgB 4 20-30 1.45 18.27
AgB 4 30-40 1.45 3.43
AgB 4 40-50 1.48 9.34
AgB 5 0-10 1.27 134.96
AgB 5 10-20 1.30 10.65
AgB 5 20-30 1.44 7.10
AgB 5 30-40 1.41 11.59
AgB 5 40-50 1.47 4.51
AgB 6 0-10 1.23 112.09
AgB 6 10-20 1.46 29.12
AgB 6 20-30 1.52 4.77
AgB 6 30-40 1.48 7.10
AgB 6 40-50 1.42 6.81
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A 2.1. Cont’d

Treatment Replication  Depth Bulk Density Ksat
gcm” mm hr’!
GB 1 0-10 1.12 409.79
GB 1 10-20 1.33 100.11
GB 1 20-30 1.37 27.43
GB 1 30-40 1.32 25.21
GB 1 40-50 1.32 29.72
GB 2 0-10 1.11 428.19
GB 2 10-20 1.42 120.19
GB 2 20-30 1.35 89.42
GB 2 30-40 1.46 89.42
GB 2 40-50 1.40 19.98
GB 3 0-10 1.16 326.30
GB 3 10-20 1.36 86.50
GB 3 20-30 1.42 64.47
GB 3 30-40 1.38 40.03
GB 3 40-50 1.38 40.03
GB 4 0-10 1.24 336.13
GB 4 10-20 1.25 36.50
GB 4 20-30 1.41 34.29
GB 4 30-40 1.28 11.31
GB 4 40-50 1.28 11.31
GB 5 0-10 1.24 104.55
GB 5 10-20 1.46 41.50
GB 5 20-30 1.42 41.50
GB 5 30-40 1.25 7.10
GB 5 40-50 1.25 6.86
GB 6 0-10 1.18 86.37
GB 6 10-20 1.27 71.60
GB 6 20-30 1.43 18.40
GB 6 30-40 1.29 25.47
GB 6 40-50 1.43 14.00
RG 1 0-10 1.29 28.87
RG 1 10-20 1.29 58.24
RG 1 20-30 1.42 35.76
RG 1 30-40 1.50 29.38
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A 2.1. Cont’d

Treatment Replication  Depth Bulk Density Ksat
gcm” mm hr’
RG 1 40-50 1.47 19.50
RG 2 0-10 1.29 11.28
RG 2 10-20 1.40 4421
RG 2 20-30 1.43 80.01
RG 2 30-40 1.45 3.32
RG 2 40-50 1.53 4.02
RG 3 0-10 1.40 3.78
RG 3 10-20 1.54 4.48
RG 3 20-30 1.45 6.86
RG 3 30-40 1.53 23.34
RG 3 40-50 1.47 9.27
RG 4 0-10 1.33 20.86
RG 4 10-20 1.40 3.48
RG 4 20-30 1.48 5.96
RG 4 30-40 1.42 21.57
RG 4 40-50 1.61 2.32
RG 5 0-10 1.39 7.36
RG 5 10-20 1.36 34.20
RG 5 20-30 1.46 21.90
RG 5 30-40 1.48 27.81
RG 5 40-50 1.43 11.13
RG 6 0-10 1.41 2.38
RG 6 10-20 1.22 36.20
RG 6 20-30 1.37 20.30
RG 6 30-40 1.35 10.95
RG 6 40-50 1.44 17.26
CG 1 0-10 1.24 2.27
CG 1 10-20 1.56 7.80
CG 1 20-30 1.45 24.54
CG 1 30-40 1.53 5.68
CG 1 40-50 1.57 3.38
CG 2 0-10 1.42 2.47
CG 2 10-20 1.46 17.03
CG 2 20-30 1.50 12.57
CG 2 30-40 1.47 2.68
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A 2.1 Cont’d

Treatment Replication  Depth Bulk Density Ksat
g cm? mm hr’'

CG 2 40-50 1.43 491
CG 3 0-10 1.31 7.00
CG 3 10-20 1.44 23.30
CG 3 20-30 1.45 16.50
CG 3 30-40 1.47 6.70
CG 3 40-50 1.51 7.00
CG 4 0-10 1.39 3.55
CG 4 10-20 1.49 2.26
CG 4 20-30 1.40 1.00
CG 4 30-40 1.44 7.05
CG 4 40-50 1.47 5.79
CG 5 0-10 1.40 6.91
CG 5 10-20 1.44 11.30
CG 5 20-30 1.33 13.81
CG 5 30-40 1.45 35.25
CG 5 40-50 1.55 4.73
CG 6 0-10 1.40 2.26
CG 6 10-20 1.39 35.01
CG 6 20-30 1.43 3.89
CG 6 30-40 1.41 10.11
CG 6 40-50 1.35 11.89
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APPENDIX 3

A 3.1. Cumulative infiltration in the agroforestry buffer (AgB) treatment measured in

2007.
Cumulative Infiltration (mm)
Minutes | 11 111 v \% VI

0 0.0 0.0 0.0 0.0 0.0 0.0

2 2.48 3.30 3.63 5.29 8.42 4.62
4 4.95 6.61 6.77 12.88  17.67 9.78
6 8.75 11.56  10.74 1949 2593 15.29
8 1239  15.69 14,53  25.10 3485  20.51
10 16.52  18.17  18.17  32.87 4558  26.26
12 2246 2147 2131  40.13 5335 31.74
14 3039 2477 2560 4657 6243 3795
16 3254 28.08 2890  53.18 7349 4324
18 3322 2973 3221  59.79 8225 4744
20 40.63 3221 3551 6722  96.62  54.44
25 5252 3799 4583  76.80 117.76  66.18
30 62.76 4542 5368 87.86 146.16 79.18
35 77.62 5120 5422  89.67 16233  87.01
40 8588 5747 6524 10438 179.03 98.40
50 102.40 6441 7845 12255 21437 11644
60 11726 7432  90.01 141.13 24476 133.50
70 13130 84.64 102.40 160.53 295.80 154.93
80 9455 11693 17622 32528 178.25
90 104.05 132.95 190.26 344.27 192.88
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A 3.2. Cumulative infiltration in the grass buffer (GB) treatment measured in

2007.
Cumulative Infiltration (mm)
Minutes I 11 111 I\% \Y VI
0 0.0 0.0 0.0 0.0 0.0 0.0
2 12.88 13.38 11.40 11.07 4.95 5.62
4 2527 2692 2378  23.29 6.61 11.07
6 37.66  40.20 3534 3551 6.61 17.34
8 5136 5235 4690  50.37 6.61 23.45
10 65.73 65.40  60.12  68.54 8.26 27.42
12 80.10  73.66  74.98 86.71 8.26 34.68
14 94.14  82.74  88.19  94.96 8.67 39.14
16 109.17 89.68  99.75 114.78  8.67 42.28
18 126.01 100.08 112.97 13130 10.74  47.57
20 142.70  107.85 122.05 151.12 11.56  51.36
25 177.87 12932 13691 182.50 23.12  63.75
30 21421 15244 14930 211.11 34.68 7201
32 164.33
35 249.55 177.21 161.69 240.30 89.35
40 284.48 19637 170.77 263.42 37.16 105.87
45 321.72  227.92 283.24
46 328.99
49 349.47
50 359.38 262.43 196.54 30637 39.64 124.86
55 397.53 321.23
60 435.52 308.84 227.42 33775 39.64 149.63
65 474.82 345.18
70 51446 358.89 251.70 379.03 41.70 163.67
75 552.94 380.03 400.50
80 593.41 443.61 268.21 42032 42.11 182.66
85 464.25
90 670.37 484.73 286.38 454.18 4459 18597
100 749.31 530.65 302.07 499.60 49.55 207.11
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A 3.3. Cumulative infiltration in the rotationally grazed pasture (RG) treatment

measured in 2007.

Cumulative Infiltration (mm)

Minutes 11 111 IV \Y VI
0 0 0 0 0 0 0
2 3.91 0.50 0.66 2.56 248 248
4 5.47 1.32 1.32 5.86 4.79 5.78
6 6.41 2.15 2.15 8.01 6.28 7.93
8 8.82 2.81 3.14 9.50 6.77 9.31
10 10.97 3.63 3.96 13.38 941 11.73
12 11.53 3.96 5.12 17.59 9.93 14.20
14 13.15 4.46 595  20.56 12.06 17.51
16 14.65 5.45 6.77  23.87 13.21 20.81
18 16.85 6.19 727  27.52 13.86  23.96
20 18.32 6.94 7.76  30.60 16.15  26.90
25 21.06 7.76 8.09  32.78 18.00 2791
30 22.89 8.26 892  37.08 19.08  30.97
35 24.00
40 27.30 9.91 9.74 4038 20091 32.37
60 11.23 10.07 4254  24.11 34.85
80 12.72 11.73 4690 2626  36.66
90 14.04 13.21
100 1486  50.59  28.90
120 15.03 53.91
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A 3.3. Cumulative infiltration in the continuously grazed pasture (CG) treatment

measured in 2007.

Cumulative Infiltration (mm)

Minutes I 11 111 IV \Y VI
0 0 0 0 0 0 0
2 0.41 0.33 0.50 0.66 3.14 0.66
4 0.53 0.83 1.32 1.32 6.38 1.16
6 0.56 1.16 1.82 1.82 9.81 1.49
8 0.63 1.32 231 231 13.31 231
10 0.76 1.49 2.97 2.97 16.98 2.81
12 0.79 1.65 3.30 3.80 20.12 3.14
14 1.04 1.82 3.96 4.62 22.87 3.80
16 1.14 1.98 4.95 545 26.72 4.46
18 1.21 2.15 5.29 6.61 30.36 4.79
20 1.30 2.31 5.62 7.27 33.30 5.45
25 1.37 248 6.11 8.09 35.13 6.28
30 1.47 2.73 6.19 8.59 38.48 6.54
40 1.57 3.14 6.44 941 38.81 7.09
60 2.89 3.63 6.61 10.57  38.98 7.60
80 3.30 3.96 6.94 1222 39.14 9.25
90 3.63 4.29 7.10 14.04 9.91
100 7.27

222



A 3.4. Cumulative infiltration in the agroforestry buffer (AgB) treatment
measured in 2008.

Cumulative Infiltration (mm)

Minutes I II III v A% VI
0 0 0 0 0 0 0
3 33.03 13.21
5 44.59 4.95 3.30 8.26 9.91 14.86
7 54.50 14.86
8 57.80 16.93
9 61.11

10 62.76 6.61 4.95 13.21 19.82 17.75
12 67.71 17.84
15 71.84 11.56 8.26 21.47 18.17
20 84.23 14.86 11.56 28.08 52.85 18.17
24 85.88 18.17 14.86 34.68 95.79

30 89.18 21.47 16.52 4294 138.73  18.17
32 90.84 186.63  18.99
38 97.44 18.99
40 99.09 26.43 18.17 52.85 252.69 18.99
44 100.75 19.82
48 102.40

50 104.05 31.38 19.82 56.15 30224 21.14
56 107.35 21.47
60 109.00 41.29 23.12 5946 341.87 22.46
64 111.48

70 47.90 26.43 62.76 47895 23.12
72 113.96

75 24.61
76 115.61

80 54.50 46.24 67.71 49547

85 120.56 24.77
90 122.22 59.46 67.71 69.37 518.59 26.43
100 79.28 82.58
110 127.17 109.00 95.79 28.08
120 128.66 29.73
130 142.03 51.20
140 158.55 67.71
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A 3.5. Cumulative infiltration in the grass buffer (GB) treatment measured in

2008.
Cumulative Infiltration (mm)
Minutes I 11 111 v A% VI
0 0 0 0 0 0 0
1.5 49.55 49.55 13.21 57.80
2 66.06 64.41 19.82 0.83
2.5 80.93 84.23 11.56 8.26 85.88
3 97.44 28.08 97.44
3.5 110.65 31.38 109.00
4 125.52 35.51 33.03
4.5 137.08 23.12 132.13
5 151.94 37.99
5.5 163.50 28.90
7.5 59.46 132.13
8 61.11 97.44 49.55 135.43
9 164.33 52.85 140.38
9.5 71.02
10 165.16 85.88 109.00 57.80
11 173.41 89.18 82.58 118091
12 193.23 120.56 90.84 130.47
12.5 201.49 132.13 140.38
13 209.75 140.38  92.49 67.71 162.68
13.5 219.66
14 224.61 148.64 95.79 148.64
14.5 234.52
15 242.78 156.90 15690 7597 178.37
16 260.12 171.76 77.62  183.32
17 274.16 178.37
18 289.02 18498 120.56 156.90 204.79
19 303.89 194.88 165.16
20 322.06 209.75 127.17 175.07 89.18
21 335.27 219.66 133.78 188.28
22 346.83 229.57
24 146.99 215.53 104.05 239.48
26 163.50 234.52
26.5 350.13
27.5 358.39 267.55
28 368.30 170.11 250.21 117.26
29 378.21 180.02
30 396.38 267.55
31 409.59 289.02
32 422.80 231.22 194.88 127.17
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A 3.5. Cont’d

Cumulative Infiltration (mm)

Minutes I 11 111 IV \ VI
33 436.01 297.28 300.58
34 449.23 237.83 318.75  132.13
35 464.09 246.08
36 478.95 252.69 314.62
37 479.78 141.21 323.71
38 480.61 195.71
40 493.82 283.24 196.54
41 495.47 289.02 198.19 156.90 323.71
42 497.12
43 510.33
44 521.89 310.49 320.40 340.22
45 536.76 317.93 331.14 158.55
49 538.41 203.14 333.62 160.20
50 540.06 346.83 21470 341.87 377.38
51 549.97 361.69 218.01 352.61
52 220.07
53 573.09 361.69 22792 361.69 167.63 389.77
55 597.87 37491 401.33
58 23948 404.63 179.19 41537
60 609.43 366.65
61 612.73 36830 251.04 187.45
62 373.25 419.50 427.76
66 396.38 442.62 199.01 440.97
67 622.64 402.98 269.21
68 629.25 275.81 459.14 453.35
70 642.46 421.15 279.94 207.27
71 426.10 462.44
74 44427 289.02 460.79 21635 462.44
75 660.63
76 663.93 451.70  295.63
77 459.14 47235 22626 477.30
79 469.04 305.54 232.04
80 693.66 310.49 487.21 492.99
82 716.78
83 475.65 322.06 503.73 508.68
86 485.56 518.59 24195 521.89
87 503.73
89 518.59 251.04 534.28
91 343.53
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A 3.5. Cont’d

Cumulative Infiltration (mm)

Minutes I 11 111 IV \Y VI
92 725.04 518.59 345.18 546.67 258.47 549.15
95 743.20 519.42 35343 559.88 559.05
97 747.33 530.98 571.44 268.38
98 570.62
100 779.54 542.54
101 602.82 276.64 580.53
102 799.36
105 829.09 289.85
106 598.69
107 852.21
109 872.03
111 873.68 59291 645.76  299.76
112 597.04
113 605.30
114 900.10
115 613.56
116 616.86 311.32
118 921.57 625.12  355.09
120 949.65 638.33  363.34
121 639.98
123 959.56
124 970.29
125 979.38 643.28
126 999.20
128 1028.92
131 1040.49
134 1053.70

226



A 3.6. Cumulative infiltration in the rotationally grazed pasture (RG) treatment
measured in 2008.

Cumulative Infiltration (mm)

Minutes I 11 111 1\% \Y VI
0 0 0 0 0 0 0
5 3.47 248 21.47 3.30 9.91 1.65
10 3.80 4.95 37.16 7.43 13.21 3.30
15 3.96 4.95 56.15 14.86 14.04 4.54
20 4.13 4.95 72.67 14.04 4.95
25 4.23 4.95 89.18 14.86 5.12
30 4.29 4.95 107.35  21.47 14.86
35 115.61
40 4.95 6.61 127.17  28.08
45 8.42
50 6.61 6.77 148.64  34.68 15.69
55 161.85
60 9.91 8.26 171.76 ~ 41.29 18.58
68 175.89
70 9.58 20479  47.07 19.82 11.56
80 23122 52.85
90 23948  59.46 21.47
100 24443  63.59
110 68.54
120 74.32
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A 3.7. Cumulative infiltration in the continuously grazed pasture (CG) treatment
measured in 2008.

Cumulative Infiltration (mm)

Minutes I 11 111 1\ \Y VI
0 0 0 0 0 0 0
5 19.82  11.56 0.83 1.65 9.91 4.95

10 37.99 19.82 3.30 289 2147 8.26
15 54.50  24.77 4.95 4.95 31.38 11.56
20 77.62  29.73 578  41.29

25 94.14 49.55 18.17
30 109.00 6.61 57.80

35 12222 37.99 69.37 2477
40 133.78 6.77 7597

45 14534 4294 8.26 85.88  29.73
50 155.25

55 165.16 34.68
60 180.02 18.17 8.26 100.75

65 44.59 118.09  38.81
70 191.58 46.24 146.16

75 29.73 43.77
80 204.79 4790  33.03 941 171.76

90 272.51  49.55 39.64 991 181.67  49.55
95 42.94
100 363.34 51.20  47.90 186.63
110 480.61 51.20 59.46

A 3.8. Cumulative infiltration at 50-mm tension in the agroforestry buffer (AgB)
treatment measured in 2007.

Cumulative Infiltration (mm)

Minutes | 11 111 1\ \Y VI
0 0 0 0 0 0 0
2 0.000  0.007  0.007 0262  0.059 0425
4 0.029  0.020 0.013 0.151 0.098  0.216
6 0.032 0.052 0.026 0.079 0438  0.255
8 0.035  0.281 0.052  0.131 0.563 0.281
10 0.035 0445  0.033 0.203 0.700  0.327
12 0.042 0582  0.020 0216 0.766  0.393
14 0.068 0.615 0.026 0.242  0.811 0.412
16 0.654 0.072  0.262 0.825 0.432
18 0.105 0.478
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A 3.9. Cumulative infiltration at 50 mm tension in the grass buffer (GB) treatment

measured in 2007.

Cumulative Infiltration (mm)

Minutes I 11 111 IV \Y VI
0 0 0 0 0 0 0
2 0.065 0.013 0.524 0419 0.020 0.831
4 0.118 0.183 0.635 0.550 0.033  0.883
6 0.177 0406  0.818 0.589 0.033 0916
8 0.196  0.602 1.034  0.622  0.033  0.942
10 0.229  0.746 1.224  0.648 0.000  0.962
12 0262 0942 1.407  0.668  0.000  0.988
14 0.294 1.099 1.610  0.687  0.007 1.008
16 0.393 1.793  0.785  0.013 1.027
18 0.596 0.020
20 0.065

A 3.10.Cumulative infiltration at 50 mm tension in the rotationally grazed pasture (RG)
treatment measured in 2007.

Cumulative Infiltration (mm)

Minutes I 11 111 IV \Y VI
0 0 0 0 0 0 0
2 0.0065 0.0000 0.0458 0.0065 0.0065 0.0131
4 0.0196  0.0065 0.1898 0.0393 0.0065 0.0131
6 0.0393 0.0131 0.2225 0.0589 0.0065 0.0262
8 0.0589 0.0196 0.2225 0.0589 0.0131 0.0458
10 0.0785 0.0327 0.2225 0.0720 0.0458 0.0458
12 0.0851 0.0360 0.2290 0.0785 0.0654 0.0524
14 0.1047 0.0458 0.2356 0.0851 0.1178 0.0524
16 0.1178 0.0654 0.2683 0.0851 0.1178 0.0524
18 0.1309
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A 3.11.Cumulative infiltration at 50-mm tension in the continuously grazed pasture (CG)
treatment measured in 2007.

Cumulative Infiltration (mm)

Minutes | 11 111 IV \ VI
0 0 0 0 0 0 0
2 0.020  0.020  0.007  0.007  0.013  0.046
4 0.052  0.216  0.007  0.013 0.016  0.059
6 0.079  0.229  0.013 0.013 0.046  0.098
8 0.118 0236  0.026 0.013 0.072  0.118
10 0.137  0.236  0.033 0.013 0.079  0.118
12 0.157 0236  0.039 0.026 0.092 0.118
14 0.177 0236  0.041 0.033 0.131 0.131
16 0.196 0262 0.042 0.039 0.144  0.137
18 0.203 0.046 0.145
20 0.147

A 3.12.Cumulative infiltration at 100-mm tension in the agroforestry buffer (AgB)
treatment measured in 2007.

Cumulative Infiltration (mm)

Minutes I 11 111 IV \Y VI
0 0.0 0.0 0.0 0.0 0.0 0.0
2 0.007  0.013 0.007  0.046  0.026  0.007
4 0.013 0.026  0.013 0.065 0.033 0.013
6 0.020  0.065 0.014  0.072  0.039  0.020
8 0.026 0.144 0.014 0.079 0.059  0.033
10 0.036  0.151 0.020  0.085 0.085  0.020
12 0.046  0.157 0.026  0.098 0.085  0.020
15 0.059 0.164  0.033 0.105 0.105  0.026
16 0.170  0.065 0.108  0.111 0.033
20 0.079 0.033
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A 3.13.Cumulative infiltration at 100 mm tension in the grass buffer (GB) treatment
measured in 2007.

Cumulative Infiltration (mm)

Minutes | 11 111 IV \ VI
0 0 0 0 0 0 0
2 0.059  0.020 0.033 0.007  0.000  0.000
4 0.118 0.020 0.072  0.020  0.007  0.000
6 0.124  0.020 0.118 0.020 0.013 0.000
8 0.164 0.046 0465  0.033 0.020  0.000
10 0.203 0.059  0.851 0.059  0.033 0.000
12 0314  0.079 1.263 0.144  0.033 0.007
14 0.419  0.098 1.669  0.145 0.046  0.059
16 0.550  0.144 1.695  0.151 0.059
18 0.615  0.144
20

A 3.14.Cumulative infiltration at 100 mm tension in the rotationally grazed pasture (RG)
treatment measured in 2007.

Cumulative Infiltration (mm)

Minutes I 11 111 IV \Y VI
0 0 0 0 0 0 0
2 0.000  0.007  0.020 0.013 0.026  0.013
4 0.007  0.023 0.039  0.013 0.020  0.013
6 0.016  0.033 0.007  0.013 0.013 0.026
8 0.020 0.049 0.000 0.026 0.013 0.046
10 0.026  0.056 0.007 0.039 0.013 0.046
12 0.033 0.069 0.020 0.052 0.013 0.052
14 0.036 0.079  0.023 0.052  0.026  0.052
16 0.039  0.085 0.033 0.065 0.046  0.052
18 0.046
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A 3.15.Cumulative infiltration at 100-mm tension in the continuously grazed
pasture (CG) treatment measured in 2007.

Cumulative Infiltration (mm)

Minutes | 11 111 IV \ VI
0 0 0 0 0 0 0
2 0.013 0.013 0.033 0.020  0.000  0.007
4 0.052  0.033 0.033 0.039  0.000  0.007
6 0.065 0.039 0.039 0.046 0.007 0.033
8 0.075 0.046 0.039 0.072  0.007  0.052
10 0.098 0.046 0.039 0.085  0.000 0.079
12 0.118 0.047 0.046 0.085 0.007  0.085
14 0.124  0.049 0.049 0.086  0.007  0.092
16 0.131 0.065 0.049 0.105 0.007  0.092
18 0.131 0.049 0.007
20 0.020

A 3.16.Cumulative infiltration at 150-mm tension in the agroforestry buffer (AgB)
treatment measured in 2007.

Cumulative Infiltration (mm)

Minutes I 11 111 IV \Y VI

0 0.00  0.00 0.00 0.00 0.00 0.00

2 0.000  0.033 0.000  0.007  0.026  0.046
4 0.000  0.079 0.046  0.013 0.033 0.065
6 0.013 0.079  0.085 0.020 0.052  0.039
8 0.013 0.079  0.105 0.026  0.092  0.026
10 0.020  0.079  0.137  0.033 0.131 0.052
12 0.026 0.079 0.144 0.039  0.151 0.072
15 0.026  0.079  0.151 0.046  0.154  0.085
16 0.085 0.157  0.052  0.158 0.092
20 0.164  0.065 0.105
22 0.072

24 0.079
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A 3.17.Cumulative infiltration at 150 mm tension in the grass buffer (GB) treatment
measured in 2007.

Cumulative Infiltration (mm)

Minutes | 11 111 IV \ VI
0 0 0 0 0 0 0
2 0.006  0.033 0.007  0.013 0.020  0.007
4 0.032  0.039 0.013 0.026  0.020 0.013
6 0.065 0.046  0.020 0.046  0.020  0.020
8 0.078  0.048 0.013 0.085 0.020 0.026
10 0.084  0.049 0.013 0.052  0.020  0.033
12 0.084 0.052 0.007 0.065 0.020 0.039
14 0.071 0.056 0.105 0.065 0.026  0.059
16 0.071 0.124  0.105  0.026
18 0.084 0.124  0.124
20

A 3.18.Cumulative infiltration at 150 mm tension in the rotationally grazed pasture (RG)
treatment measured in 2007.

Cumulative Infiltration (mm)

Minutes I 11 111 IV \Y VI
0 0 0 0 0 0 0
2 0.039  0.033 0.013 0.072  0.013 0.000
4 0.046  0.049  0.033 0.072  0.020  0.000
6 0.072  0.056 0.059 0.072  0.020  0.000
8 0.085 0.059  0.085 0.072  0.020  0.000
10 0.088 0.062  0.085 0.072  0.020  0.000
12 0.088 0.065 0.157  0.072  0.020  0.000
14 0.088 0.062 0.164 0.072  0.021 0.000
16 0.092 0.072  0.170  0.077  0.026  0.013

0.039
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A 3.19.Cumulative infiltration at 150-mm tension in the continuously grazed pasture

(CQG) treatment measured in 2007.

Cumulative Infiltration (mm)

Minutes I 11 111 IV \% VI
0 0 0 0 0 0 0
2 0.007  0.011 0.007  0.039  0.000  0.005
4 0.010  0.013 0.026  0.059  0.013 0.007
6 0.020 0.052  0.039 0.085 0.013 0.007
8 0.046 0.079 0.052 0.098 0.026  0.013
10 0.062  0.098 0.056 0.131 0.033 0.013
12 0.082  0.105 0.062  0.131 0.046  0.013
14 0.085  0.111 0.065 0.137 0.046  0.013
16 0.085 0.112  0.065 0.144 0.046 0.014
18 0.085 0.065 0.052
20 0.054
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A 4.2. Root parameters [(dry weight, OD (g); root length density, RLD (cm/100 cm’);

and surface area, SA (cm’/100 cm”) for all size classes, Total) and (root length density
and surface area for 0-1, 1-2 and 2-3 mm diameter classes)] for the different root
diameter classes measured in 2008. TRT, treatments, REP, replication,
AgB=agroforestry buffer, GB= grass buffer, RG= rotationally grazed pasture, CG=
continuously grazed pasture.

Total Root Diameter Classes
0-1 1-2 2-3 0-1 1-2 2-3
mm mm mm mm mm mm
Depth OD
TRT REP wt RLD SA RLD SA
(cm) (2)

AgB 1 5 0.079 434.63 144.20 219.30 16.47 1.03 82.25 6.54 0.75
AgB 1 10  0.079 33595 114.60 219.30 16.47 1.03 62.51 6.54 0.75
AgB 1 15  0.047 267.94 62.19 157.21 11.59  0.20 25.01 4.44 0.14
AgB 1 20 0.047 169.26 32.59 157.21 11.59  0.20 25.01 4.44 0.14
AgB 1 25  0.021 109.22 22.81 96.29 12.62  0.26 15.19 5.53 0.17
AgB 1 30  0.040 78.77 18.92 66.53 10.72 1.48 1098 5.20 1.09
AgB 1 35 0.040 78.77 18.92 66.53 10.72 1.48 10.98 5.20 1.09
AgB 1 40  0.016 5546 12.63 40.01 10.79  0.37 9.38 5.29 0.24
AgB 1 45  0.016 5546 12.63 40.01 10.79  0.37 5.84 5.29 0.24
AgB 1 50 0.013 5546 12.63 40.01 10.79  0.00 5.84 0.85 0.00
AgB 1 55  0.013 5546 12.63 40.01 10.79  0.00 5.84  0.85 0.00
AgB 1 60  0.009 51.20 10.66 34.24 1.43 0.00 5.84  0.52 0.00
AgB 1 65  0.009 51.20 10.66 34.24 1.43 0.00 5.84  0.52 0.00
AgB 1 70  0.009 51.20 10.66 34.24 1.43 0.00 5.84  0.52 0.00
AgB 1 75  0.009 51.20 10.66 34.24 1.43 0.00 5.84  0.52 0.00
AgB 2 5 0.244 482.55 73.84 234.89 38.05 11.92 36.45 1620 10.16
AgB 2 10 0.244 383.87 73.84 234.89 38.05 11.92 36.45 1620 10.16
AgB 2 15 0.244 285.19 73.84 234.89 38.05 11.92 3645 1620 10.16
AgB 2 20  0.134 127.81 26.65 111.79 13.34  2.39 16.79 5.60 1.90
AgB 2 25  0.134 127.81 26.65 111.79 13.34  2.39 16.79 5.60 1.90
AgB 2 30 0.134 127.81 26.65 111.79 13.34  2.39 16.79 5.60 1.90
AgB 2 35  0.030 59.68  4.69 25.96 1.31 0.10 3.68 0.66 0.07
AgB 2 40  0.030 59.68  4.69 25.96 1.31 0.10 3.68 0.66 0.07
AgB 2 45  0.017 59.68  6.52 36.28 2.05 0.15 497 093 0.10
AgB 2 50 0.017 59.68  6.52 36.28 2.05 0.15 497 093 0.10
AgB 2 55  0.017 59.68  6.52 36.28 2.05 0.15 497 093 0.10
AgB 2 60  0.021 5546  6.52 36.28 2.73 0.30 7.52 1.34 0.21
AgB 2 65 0.038 5546  6.52 36.28 4.94 0.96 0.79 2.77 0.62
AgB 2 70  0.038 5546  6.52 36.28 4.94 0.96 0.79 2.77 0.62
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A 4.2. Cont’d

Depth oD
TRT REP wt RLD SA RLD SA
(cm)
(g)

AgB 2 75  0.009 5546  6.52 36.28 1.43 0.00 9.38 0.52 0.00
AgB 3 5 0.166 39222 141.92 166.29 26.18 294 9493 10.15 1.82
AgB 3 10  0.166 333.01 92.58 156.42 26.18 1.91 85.07 10.15 1.82
AgB 3 15 0.166 293.54 82.71 77.68 26.18 1.91 65.33 10.15 1.82
AgB 3 20  0.166 19486 53.11 77.68 26.18 1.91 36.71 10.15 1.82
AgB 3 25  0.030 91.25 39.95 47.65 5.29 1.47 21.74 2.39 1.01
AgB 3 30  0.030 5546 31.49 47.65 5.29 1.47 749 239 1.01
AgB 3 35  0.030 5546 11.76 47.65 5.29 1.47 749 239 1.01
AgB 3 40  0.030 5445 11.76 47.65 5.29 1.47 749  2.39 1.01
AgB 3 45  0.038 5445 11.76 47.65 5.29 1.47 7.49 477 2.02
AgB 3 50  0.038 30.53 4.28 4.89 4.94 0.96 0.79 2.77 0.62
AgB 3 55  0.038 30.53  4.28 4.89 4.94 0.96 0.79 2.77 0.62
AgB 3 60  0.038 30.53 4.28 4.89 4.94 0.96 0.79 2.77 0.62
AgB 3 65  0.038 30.53  4.28 4.89 4.94 0.96 0.79 2.77 0.62
AgB 3 70  0.038 30.53 4.28 4.89 4.94 0.96 0.79 2.77 0.62
AgB 3 75  0.009 30.53  4.28 4.89 1.43 0.00 0.79 0.52 0.00
AgB 4 5 0.641 567.52 181.35 432.39 91.02 43.44 67.71 39.07 48.35
AgB 4 10 0.641 567.52 181.35 432.39 91.02 43.44 67.71 39.07 48.35
AgB 4 15 0.586 477.23 149.93 367.55 80.07 29.02 59.04 34.02 35.63
AgB 4 20 0.507 356.34 109.43 284.86 50.66 20.41 46.41 20.89 27.41
AgB 4 25  0.075 180.89 34.77 165.35 14.58 0.84 2534 5.74 0.65
AgB 4 30  0.072 176.17 33.53 161.84 13.26  0.53 25.05 5.35 0.36
AgB 4 35  0.072 176.17 33.53 161.84 13.26  0.53 25.05 5.35 0.36
AgB 4 40  0.077 160.10 31.90 144.53 14.50  0.53 22.96 5.83 0.36
AgB 4 45  0.063 131.75 27.50 113.69 17.16  0.40 18.03 6.85 0.27
AgB 4 50  0.063 131.75 27.50 113.69 17.16  0.40 18.03 6.85 0.27
AgB 4 55  0.028 82.54 27.50 73.81 4.84 0.00 6.75 1.83 0.00
AgB 4 60  0.028 82.54 27.50 73.81 4.84 0.00 6.75 1.83 0.00
AgB 4 65 0.022 82.54 16.70 73.81 4.84 0.08 6.75 322 0.06
AgB 4 70  0.022 4425 16.70 39.05 4.84 0.08 6.75 322 0.06
AgB 4 75  0.022 4425 16.70 39.05 4.84 0.08 6.75 3.22 0.06
AgB 5 5 0.414 520.12 117.77 334.33 64.07 22.18 53.33 26.64 21.27
AgB 5 10 0414 470.78 117.77 334.33 64.07 22.18 53.33 26.64 21.27
AgB 5 15  0.303 346.31 94.98 273.80 5497 17.06 4336 2293 15.30
AgB 5 20  0.303 346.31 94.98 273.80 5497 17.06 4336 2293 15.30
AgB 5 25  0.205 218.88 60.45 171.41 3645 10.87 27.75 15.13 9.87
AgB 5 30 0.070 114.63 24.93 98.00 1499  2.35 1597 5.82 1.15
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A 4.2. Cont’d

Depth oD
TRT REP wt RLD  SA RLD SA
(M ()

AgB 5 35 0070 8063 1633 70.17 535 235 1182 224 097
AgB 5 40 0102  80.63 19.32 71.83 642 235 1294 271 211
AgB 5 45 0102 8063 19.32 71.83 642 141 1294 271 211
AgB 5 50 0067 80.63 18.70 71.83 611 141 1241 257 214
AgB 5 55 0067 8562 18.70 7183 611 141 1241 257 214
AgB 5 60 0014 7478 13.34 7183 184 008  11.89 067  0.05
AgB 5 65 0011 4236 837 41.15 121 000  7.65 046  0.00
AgB 5 70 0011 4236 837 41.15 121 000  7.65 046 0.0
AgB 5 75 0022 4236 837 41.15 121 008  7.65 046 0.6
AgB 6 5 0090 43633 17193 30457 2593 674  47.17 1061 4.73
AgB 6 10 0.090 36923 102.86 30457 2593 674  47.17 1061 4.73
AgB 6 15 0097 36878 78.68 334.18 2770 647 5175 1130 4.54
AgB 6 20 0060 29175 4581 23229 2014 427 3504 553 047
AgB 6 25 0046 29175 39.08 19895 1414 054 3048 426 041
AgB 6 30 0046 29175 39.08 19895 1118 054 3048 426 041
AgB 6 35 0051 282.60 39.08 19895 1118 081 4082 5.12 061
AgB 6 40 0051 24733 39.08 19895 1118 081 3491 491 06l
AgB 6 45 0051 24733 39.08 19895 1118 0.81 3491 491 061
AgB 6 50 0051 24733 39.08 19895 1118 081 3491 491 06l
AgB 6 55 0051 24733 39.08 19895 11.18 081 3491 491 0.6l
AgB 6 60 0051 24733 39.08 19895 11.18 081 3491 491 06l
AgB 6 65 0046 18691 39.08 161.80 11.18 081 2572 949 338
AgB 6 70 0046  154.10 39.08 12776 1118 081 2197 1032 3.77
AgB 6 75 0046  154.10 39.08 12776 1118 081 2197 1032 3.77
AgB50 1 5 0152 21811 43.63 140.54  62.82 1444 1726 1433  6.90
AgB350 1 10 0.152 21811 43.63 140.54  62.82 1444 1726 1433  6.90
AgB50 1 15 0152 21811 43.63 140.54  62.82 1444 1726 1433  6.90
AgB50 1 20 0.106 15829 30.74 11848 3206 7.51 1533 7.99  4.04
AgB50 125 0074 11237 19.69 80.17  26.17 5.83 935 558  2.80
AgB50 1 30 0072 10536 19.05 69.94 3030 491 854 638 236
AgB50 1 35 0072 10536 19.05 69.94 3030 491 854 638 236
AgB50 1 40  0.025 6747 1535 5658  10.66 023 988 421 0.5
AgB50 1 45 0025 6747 1535 5658  10.66  0.23 088 421  0.15
AgB50 1 50 0025 1047 285 0.56 720 270 006 176 091
AgB50 1 55 0025 1047 285 0.56 720 270 006 176 091
AgB350 1 60 0007 929 138 7.46 150 0.33 078 034 0.1
AgB50 1 65 0007 929 138 7.46 150 033 078 034 0.11
AgB50 1 70  0.007 924 227 3.76 515 033 035 172 0.11
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A 4.2. Cont’d

Depth oD
TRT REP wt RLD  SA RLD SA
(M ()

AgB50 1 75 0014 655 155 1.58 362 135 0.14 088 045
AgB50 2 5 0123 27395 5852 24533 2493 335  37.16 1033 2.89
AgB50 2 10 0.123 27395 5852 24533 2493 335  37.16 1033 2.89
AgB50 2 15 0.157 22380 5022 191.68 2699 481 2955 1125 3.95
AgB50 2 20 0.157 22380 5022 191.68 2699 481 2955 1125 3.95
AgB50 225 0.38 15756 36.03 132.89 1994 448 2022 842 372
AgB50 230 0112 99.92 248l 81.78 1350 441 1292 571  3.67
AgB50 2 35 0077 7393 1421 6952 418 002  11.87 150  0.01
AgB50 2 40 0077 7393 1421 69.52 418  0.02  11.87 150 001
AgB50 2 45 0023 7634 1423 7270 343 000 1236 121  0.00
AgB50 2 50 0.023 7634 1423 7270 343 000 1236 121 0.00
AgB50 2 55 0025 6162 1176 59.15 247 000 1067 0.87  0.00
AgB50 2 60 0.025 6747 1535 5658  10.66 023 988 421  0.15
AgB50 2 65 0030 3133 890 2197 658 279 310 295 221
AgB50 270 0.030 3133 890 2197 658 279 310 295 221
AgB50 2 75 0030 3133 890 2197 658 279 310 295 221
AgB50 3 5 0171 40239 88.03 353.56 4388 416 5532 1839 3.18
AgB50 3 10 0.171 40239 88.03 353.56  43.88 416 5532 1839 3.18
AgB50 3 15 0.161  317.78 7236 27824 3539 345 4661 1422  2.66
AgB50 320 0095 21673 43.56 19870 1631 129 3120 642 095
AgB50 325 0084 12854 2352 12079 740 007 1831 269  0.05
AgB50 330 0080 12524 23.15 11871 619 001 1857 227 001
AgB50 335 0080 12524 23.15 11871 619 001 1857 227 00l
AgB50 340 0067 8952 16.06 8577 369 001 1327 136 001
AgB50 345 0067 8952 16.06 8577 369 001 1327 136 001
AgB50 350 0068 7177 13.56 6732 402 043 1038 153 030
AgB50 355 0035 9740 18.42 91.90 485  0.64 1421 188 045
AgB50 3 60 0045 6506 1553 5705 673 129 1031 264  0.90
AgB50 365 0025 1047 285 0.56 720 270 006 176 091
AgB50 370 0025 6747 1535 5658  10.66 023 988 421  0.15
AgB50 375 0025 6747 1535 5658  10.66 023 988 421  0.15
AgB50 4 5 0387 68423 18574 52991 13632 1696  91.60 5677 13.52
AgB50 4 10 0387 68423 18574 52991 13632 1696  91.60 56.77 13.52
AgB50 4 15 0387 68423 18574 52991 13632 1696  91.60 56.77 13.52
AgB50 4 20 0283 57698 16027  434.04 12957 1255  77.67 5358 9.92
AgB50 4 25 0385 48423 13800 35678 11492 12.15 6498 4671 10.54
AgB50 4 30 0175 30196 7234 25555 4128 4.86 4428 1645 4.68
AgB50 4 35 0.197 31281 73.26 27148 3632 461 4610 1468 4.64
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Depth oD
TRT REP wt RLD  SA RLD SA
(M ()

AgB50 4 40 0.197 31281 73.26 27148 3632 461 4610 14.68 4.64
AgB50 4 45 0.197 31281 73.26 27148 3632 461  46.10 14.68 4.64
AgB50 4 50  0.182 26223 5547 23536 2478 174 3817 1028 138
AgB50 4 55 0.135 20152 41.98 180.68 19.62 1.08  29.15 8.04  0.79
AgB50 4 60 0.101 11176 2432 9756 1373 045 1610 550 031
AgB50 4 65 0101 11176 2432 9756 1373 045 1610 550 031
AgB50 4 70 0025 6747 1535 5658  10.66 023 988 421  0.15
AgB50 4 75 0025 6747 1535 5658  10.66 023 988 421  0.15
AgB50 5 5 0137 30825 72.86 22325 7011 1414  31.69 22.04 9.49
AgB50 5 10 0137 30825 72.86 22325 7011 1414 31.69 22.04 9.49
AgB50 5 15 0087 22624 48.40 16416 5171 985 2298 1405 5.83
AgB50 5 20 0087 22624 48.40 16416 5171  9.85 2298 14.05 5.83
AgB50 5 25 0102 13176 3881 93.06 2129 17.09 14.16 7.40 13.76
AgB50 5 30 0102 13176 3881 93.06 2129 17.09 14.16 7.40 13.76
AgB50 5 35 0102 12984 3687 9426 1829 1691 1389 623 13.61
AgB50 5 40 0066  132.93 35.09 92.16  27.69 1234  13.67 824 1039
AgB50 5 45 0066 132.93 35.09 92.16  27.69 1234  13.67 824 1039
AgB50 5 50 0035 9514 1696 73.96 1948 1.19 1023 467  0.65
AgB50 5 55 0035 6563 1281 53.87 1039 130 805 278  0.82
AgB50 5 60 0045 7870 15.76 71.92 516 151  11.14 2.14  1.08
AgB50 5 65 0045 7870 15.76 7192 516 151  11.14 2.14  1.08
AgB350 5 70 0033 6138 12.15 5507 449 160 797 188 125
AgB50 5 75 0037 8450 17.78 7090 1341 0.6 1070 529  0.11
AgB50 6 5 0088 16994 3522 139.06 2793 283 2167 832 172
AgB50 6 10 0088  169.94 3522 139.06 2793 2.83 2167 832 172
AgB50 6 15 0088 169.94 3522 139.06 2793 283 2167 832 172
AgB50 6 20 0054 21844 4348 13832 6040 1872  16.63 13.94 801
AgB50 6 25 0054 21844 4348 13832 6040 1872  16.63 13.94 801
AgB50 6 30 0054 21844 4348 13832 6040 1872  16.63 13.94 801
AgB350 6 35 0045 106.09 20.19 91.87  9.81  3.69  12.83 300 232
AgB50 6 40 0.028 5455 11.64 4508 581  3.63 714 139 229
AgB50 6 45 0028 5455 11.64 4508 581  3.63 714 139 229
AgB50 6 50 0028 5455 11.64 4508 581  3.63 714 139 229
AgB50 6 55 0014 3985 7.59 3706 273 002 631 081 001
AgB50 6 60 0009 543 092 2.83 256 004 029 057 001
AgB50 6 65 0009 543 092 2.83 256 004 029 057 001
AgB50 6 70 0033 6138 12.15 5507 449 160 797 188 125
AgB50 6 75 0037 8450 17.78 7090 1341  0.16 1070 529  0.11
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A 4.2. Cont’d

Depth OD
TRT REP wt RLD SA RLD SA
(cm) (8)
AgB100 1 5 0.175 217.33 55.23 184.10 27.23 5.87 31.26 11.49 498
AgB100 1 10 0.185 226.44 52.08 199.61 24.00 2.72 33.70 9.91 2.01
AgB100 1 15 0.185 226.44 52.08 199.61 24.00 2.72 33.70 9.91 2.01
AgB100 1 20  0.090 90.84 23.08 78.24 8.26 4.25 12.71 3.25 497
AgB100 1 25  0.090 90.84 23.08 78.24 8.26 4.25 12.71 3.25 497
AgB100 1 30  0.012 44.01 6.97 43.17 0.83 0.00 6.04 0.30 0.00
AgB100 1 35  0.022 58.96 11.38 54.92 3.36 0.67 8.74 1.29 0.49
AgB100 1 40  0.031 5525 11.99 48.73 542 1.10 8.44 2.09 0.80
AgB100 1 45  0.020 32.62  6.92 29.49 2.95 0.18 526 1.10 0.13
AgB100 1 50  0.020 32.62  6.92 29.49 2.95 0.18 526 1.10 0.13
AgB100 1 55  0.020 3262 692 29.49 2.95 0.18 5.26 1.10 0.13
AgB100 1 60  0.020 3262  6.92 29.49 2.95 0.18 526 1.10 0.13
AgB100 1 65  0.020 3262  6.92 29.49 2.95 0.18 526 1.10 0.13
AgB100 1 70 0.020 3262  6.92 29.49 2.95 0.18 526 1.10 0.13
AgB100 1 75  0.020 32,62  6.92 29.49 2.95 0.18 526 1.10 0.13
AgB100 2 5 0.156 253.06 57.16 224.00 23.59 521 35.99 997 422
AgB100 2 10  0.156 253.06 57.16 224.00 2359 521 35.99 997 422
AgB100 2 15 0.156 253.06 57.16 224.00 23.59 521 35.99 997 422
AgB100 2 20  0.058 103.07 22.33 88.00 12.75  2.32 11.89 5.73 1.68
AgB100 2 25  0.058 103.07 22.33 88.00 12.75  2.32 11.89 5.73 1.68
AgB100 2 30  0.031 72.84 11.33 69.52 3.32 0.00 934 1.14 0.00
AgB100 2 35  0.031 72.84 11.33 69.52 3.32 0.00 934 1.14 0.00
AgB100 2 40 0.014 3742 7.87 33.11 431 0.00 574 1.79 0.00
AgB100 2 45  0.014 3742  7.87 33.11 431 0.00 574  1.79 0.00
AgB100 2 50  0.014 3742  7.87 33.11 431 0.00 574  1.79 0.00
AgB100 2 55  0.014 3742  7.87 33.11 431 0.00 574  1.79 0.00
AgB100 2 60 0.014 3742  7.87 33.11 431 0.00 574  1.79 0.00
AgB100 2 65 0.014 3742  7.87 33.11 431 0.00 574  1.79 0.00
AgB100 2 70  0.014 3742 787 33.11 431 0.00 574  1.79 0.00
AgB100 2 75  0.014 3742  7.87 33.11 431 0.00 574 1.79 0.00
AgB100 3 5 0.126 348.64 74.07 262.19 70.06  15.57 35.87 20.56 8.06
AgB100 3 10  0.126 348.64 74.07 262.19 70.06  15.57 35.87 20.56 8.06
AgB100 3 15 0.123 319.74 69.02 234.79 67.12 17.24 31.79 1942 941
AgB100 3 20 0.068 136.69 28.96 113.78 18.88 3.81 18.03 6.39 2.93
AgB100 3 25  0.068 136.69 28.96 113.78 18.88 3.81 18.03 6.39 2.93
AgB100 3 30  0.051 123.72  26.31 103.34 18.09  2.06 16.84 6.01 1.48
AgB100 3 35  0.051 123.72  26.31 103.34 18.09  2.06 16.84 6.01 1.48
AgB100 3 40  0.051 123.72  26.31 103.34 18.09  2.06 16.84 6.01 1.48
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A 4.2. Cont’d

Depth oD
TRT REP wt RLD  SA RLD SA
(M ()

AgB100 3 45 0060 12784 27.52 10201 2260 3.12 1654 693 1.95
AgB100 350 0056 12256 27.72 92.89 2646 3.10 1589 836 194
AgB100 355 0035 7082 14.46 4389 2510 1.83 666 586 084
AgB100 3 60 0035 7082 14.46 4389 2510 1.83 6.66 586  0.84
AgB100 365 0023 7893 17.12 36.66 4037  1.63 596 935 0.6l
AgB100 370 0023 7893 17.12 36.66 4037  1.63 596 935 061
AgB100 375 0023 7893 17.12 36.66 4037  1.63 596 935 061
AgB100 4 5 0312 48124 139.11  383.85 77.15 19.15  62.93 32.50 24.33
AgB100 4 10 0312 48124 139.11 38385 77.15 19.15 6293 3250 2433
AgB100 4 15 0312 48124 139.11 38385 77.15 19.15 6293 3250 2433
AgB100 4 20 0.122 32811 7733 281.16 4003 626 4481 1645 6.76
AgB100 4 25 0070 207.14 4281 18455 1856 3.89 2890 725  2.84
AgB100 4 30 0070 207.14 4281 18455 1856 3.89 2890 725 2.84
AgB100 4 35 0070 207.14 4281 18455 1856 3.89 2890 725 2.84
AgB100 4 40  0.055 14830 33.00 13031 1425 361 2061 546 2.62
AgB100 4 45 0045 13021 2822 11663 1000 345  18.02 385 251
AgB100 4 50 0032 12621 2588 11959 619 012 1952 241 0.8
AgB100 4 55 0032 15593 29.86 14896 642 009 2428 252 0.6
AgB100 4 60 0032 15593 29.86 14896 642 009 2428 252  0.06
AgB100 4 65 0032 15593 29.86 14896 642 009 2428 252 0.6
AgB100 4 70 0.029 15246 30.16 14427 764 009 2451 299  0.06
AgB100 4 75 0.029 15246 30.16 14427 764 009 2451 299  0.06
AgB100 5 5 00245 24444 57.88 20936 29.63 512 512 3561 12.03
AgB100 5 10 0245 24444 5788 20936 2963 512 512 3561 12.03
AgB100 5 15 0245 24444 57.88 20936 29.63 512 512 3561 12.03
AgB100 5 20 0245 24444 57.88 20936 2963 512 512 3561 12.03
AgB100 5 25 0062 10082 21.50 9053  10.12  0.17 0.7 1542 435
AgB100 5 30 0062 10082 21.50 9053 10.12  0.17 0.7 1542 435
AgB100 5 35 0062 10082 21.50 9053 10.12 0.7 0.7 1542 435
AgB100 5 40 0062 10082 21.50 9053 10.12  0.17 0.7 1542 435
AgB100 5 45 0032 8840 19.65 7323 1489 027 027 1143 632
AgB100 5 50 0032 8840 19.65 7323 1489 027 027 1143 632
AgB100 5 55 0032 8840 19.65 7323 1489 027 027 1143 632
AgB100 5 60 0027 5685 11.00 5259 417 007 007 776 168
AgB100 5 65 0026 4243 675 4101 087 001 001 586 031
AgB100 5 70 0026 4243 6.5 4101 087 001 001 586 031
AgB100 5 75 0026 4243 6.75 4101 087 001 001 586 031
AgB100 6 5 0172 22888 5235 19404 2706 7.0  28.65 11.61 5.66
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A 4.2. Cont’d

Depth oD
TRT REP wt RLD  SA RLD SA
(M ()

AgB100 6 10 0.172 22888 5235 19404 2706 7.10 2865 11.61 5.66
AgB100 6 15 0.172 22888 5235 19404 2706 7.10 2865 11.61  5.66
AgB100 6 20 0.172 22888 5235 19404 2706 7.10 2865 11.61  5.66
AgB100 6 25 0.103 20203 47.13 17580  21.11 490 2774 930  3.87
AgB100 6 30 0.103 20203 47.13 17580  21.11 490 2774 930  3.87
AgB100 6 35 0105 202.69 4648 17154 2581 518 2604 1128 4.02
AgB100 6 40 0.105  202.69 46.48 17154 2581 518 2604 1128  4.02
AgB100 6 45  0.120 15674 41.82 12551 2424 676 1970 11.04 536
AgB100 6 50 0021 5023 10.90 45.68 446 007 736 179  0.06
AgB100 6 55 0021 5023 10.90 4568 446 007 736 179 0.6
AgB100 6 60 0021 5023 10.90 45.68 446 007 736 179 0.6
AgB100 6 65 0034 4086 7.74 3803 175  0.03 669 062  0.02
AgB100 6 70 0.034 4086 7.74 3803 175  0.03 669 062  0.02
AgB100 6 75 0034 4086 7.74 38.03 175 0.03 669 062  0.02
GB 1 5 0573 76191 27735 46347 207.85 8880  73.13 77.69 8545
GB 1 10 0573 76191 27735 46347 207.85 88.80  73.13 77.69 85.45
GB 1 15 0.664  690.83 257.63  407.07 19479 87.19  61.78 7235 84.27
GB I 20 0.188 25536 5436 20028 5224 275 3111 1436 145
GB 1 25 0.188 25536 54.36 20028 5224 275 3111 1436 145
GB 1 30 0065 249.66 51.84 19729 4968 257 3031 1329 130
GB 1 35 0065 249.66 51.84 19729 4968 257 3031 1329 130
GB 1 40  0.048  209.09 45.10 17371 3392 133 2756 1047 073
GB 1 45  0.027 8150 15.50 5896 2177 0.73 771 635 031
GB 1 50 0027 8150 1550 5896 2177 0.73 771 635 031
GB 1 55 0015 8871 1677 6647 2146  0.73 911 624 031
GB 1 60 0014 91.03 1656 7630 1359  1.06 1036 447 058
GB 1 65 0014 9103 1656 7630 1359  1.06 1036 447 058
GB 1 70 0013 6889 11.65 5672 1109 099 755 275  0.53
GB 1 75 0013 6889 11.65 5672 1109 099 755 275  0.53
GB 2 5 0803 52357 12088 31625 49.04 3.69 1696 260  0.18
GB 2 10 0703 42489 101.15 21757 39.18 369 1696 2.60 0.8
GB 2 15 0661 301.63 87.57 19122 2777 369 1259 198 251
GB 220 0072 24379 78.67 6023 1204 348 615 054 240
GB 225 0072 14511 9.60 6023 217 348 615 054 240
GB 2 30 0032 11673 10.13 5339 268 1.16 813 071 074
GB 2 35 0030 9148 1082 5308 750 100 804 159  0.69
GB 2 40 0030 6188 10.82 5308 750 100 804 159  0.69
GB 2 45 0013 5385 9.04 49.04 389 049 752 080 0.17
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Depth oD
TRT REP wt RLD  SA RLD SA
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GB 2 50 0.006 3740 5.42 3335 356 049 409 069 0.17
GB 2 55 0.006 3740 5.42 3335 356 049 409 069 0.17
GB 2 60 0.005 3740 729 3335 051 000 650 0.18  0.00
GB 2 65 0.005 3740 7.9 3335 051 000 650 0.8 0.0
GB 2 70 0018 3740 654 3335 000 000 638 000 0.0
GB 2 75 0018 3740 654 3335 000 000 638 000 0.00
GB 3 5 0030 42489 21956 31625 957 039 1696 260  0.18
GB 3 10 0.030 32621 12088 21757 957 039 1696 2.60 0.18
GB 3 15 0.083 20295 117.18 19122 804 369 1259 198 251
GB 320 0072 14511 68.80 139.18  2.17  3.48 6.15 054  2.40
GB 325 0072 145.11 49.07 139.18 217 348 615 054 240
GB 330 0032 8713 10.13 5339 268 116 813 071 074
GB 335 0030 6188 10.82 5308 750 100 804 159  0.69
GB 340 0030  61.88 10.82 5308 750 100 804 159  0.69
GB 345 0013 5385 9.04 49.04 389 049 752 080 0.17
GB 350 0006 3740 542 3335 356 049 409 069 0.17
GB 355 0006 3740 542 3335 356 049 409 069 0.17
GB 3 60 0005 3740 7.9 5035 051 000 650 018  0.00
GB 365 0005 3740 7.9 5035 051 000 650 018  0.00
GB 370 0018 3445 654 3445 000 000 638 000 0.00
GB 375 0018 3445 654 3445 000 000 638 000 0.0
GB 4 5 0040 38005 13653  257.99 2057 258 2272 818  2.66
GB 4 10 0.040 28137 87.19 257.99 2057 258 2272 8.18  2.66
GB 4 15 0.030 13346 2626 11620 1632 080 1669 648  0.60
GB 4 20 0030 13346 2626 11620 1632 080 1669 648  0.60
GB 4 25 0019 10945 21.18 99.88 817 120 1535 322  0.90
GB 4 30 0023 12197 2321 11251 806 122  17.16 322 091
GB 4 35 0023 12197 2321 11251 806 122  17.16 322 091
GB 4 40 0.023 12197 2321 11251 806 122  17.16 322 091
GB 4 45 0019 9750 1857 8891 720 120 1316 289  0.90
GB 4 50 0019 9750 1857 8891 720 120  13.16 2.89  0.90
GB 4 55 0019 9750 1857 8891 720 120 1316 2.89  0.90
GB 4 60 0.005 3732 757 3700 022 010 518 010 0.07
GB 4 65 0.003 4486 9.77 4439 033 014 631 015 0.11
GB 4 70 0.003 5420 11.97 5308 098 0.14 826 039 0.1
GB 4 75  0.006 5829 14.54 5613 188 028 1054 074 020
GB 5 5 0179 31158 14838 23060 2321 419 2989 952 420
GB 5 10 0179 311.58 49.70 18521 2321 419 2989 952 420
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GB 5 15 0169 26234 38.11 14211 1896 241 2386 782 214
GB 5 20 0179 14439 3429 12404 17.89 233 2096 730  2.09
GB 5 25 0179 14439 3429 12404 1789 233 2096 730  2.09
GB 5 30 0168 12925 32.32 109.02 1776 233 1930 725  2.09
GB 5 35 0015 2652 243 1203 038 030 177 0.14 025
GB 5 40 0015 1271  2.43 1203 038 030 1.77  0.14 025
GB 5 45 0004 1133 157 1133 0.00  0.00 144 000  0.00
GB 5 50 0004  7.83 098 1133 000 000 087 000 0.0
GB 5 55 0004 783 098 1133 000 000 087 000 0.0
GB 5 60 0004  7.83 098 1133 000 000 087 000 0.0
GB 5 65 0004 783 098 1133 000 000 087 000 0.00
GB 5 70 0004  7.83 098 1133 000 000 479 048  0.00
GB 5 75 0004 783 098 1133 000 000 479 048  0.00
GB 6 5 0574  508.08 139.08  405.08 7633 2246 6329 3144 2434
GB 6 10 0574 47033 139.08 37093 7633 2246 6329 3144 2434
GB 6 15 0574 47033 139.08 37093 7633 2246 6329 3144 2434
GB 6 20 0569 47033 145.18 37093 8025 2213  67.09 34.01 23.70
GB 6 25 0.110 299.58 40.85 182.16 1580 2.83 2746 697 243
GB 6 30 0.110 20090 40.85 182.16 1580 2.83 2746 697 243
GB 6 35 0.110 20090 40.85 182.16 1580 2.83 2746 697 243
GB 6 40 0081 11270 25.65 10039 1018 212 17.12 477  1.93
GB 6 45 0081 11270 25.65 10039 1018 212 17.12 477 1.93
GB 6 50 0008  70.15 18.85 5736 10.18 212 1071 3.72  3.85
GB 6 55 0009 7829 18.75 67.18 1018 061 1232 536 041
GB 6 60 0012 5787 11.62 5642 145 000 1049 0.5  0.00
GB 6 65 0012 5787 11.62 5642 145 000 1049 055  0.00
GB 6 70 0012 5787 1162 5642 145 000 1049 0.5  0.00
GB 6 75 0012 5787 1162 5642 145 000 1049 055  0.00
RG 1 5 0169 197.99 60.87 12477 2992 654  33.64 1296  0.00
RG 1 10 0.169  197.99 60.87 12477 2992 654  33.64 1296  0.00
RG 1 15 0.169  197.99 60.87 12477 2992 654  33.64 1296  0.00
RG 1 20 0035 11220 21.61 8249 406 592 1327 174  0.00
RG 1 25 0035 11220 2161 8249 406 592 1327 174  0.00
RG 1 30 0013 3218 5.67 31.60 057 0.0l 433 022 0.00
RG 1 35 0013 3218 5.67 3160 057 0.0l 433 022 0.00
RG 1 40 0.004 2814 456 2798 0.5 000 427 006 0.0
RG 1 45 0004 2814 456 2798 0.5 000 427 006 0.0
RG 1 50  0.005 4821 8.1 4790 031 000 427 012 0.0
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A 4.2. Cont’d

Depth oD
TRT REP wt RLD  SA RLD SA
(M ()

RG 1 55  0.005 4821 8.1l 4790 031 000 427 012 0.0
RG 1 60 0005 4821 8.1l 4790 031 000 427 012 0.0
RG 1 65 0005 4821 8.1l 4790 031 000 427 012 0.0
RG 1 70  0.005 4821 8.1l 4790 031 000 427 0.12 0.0
RG 1 75 0005 4821 8.1l 4790 031 000 427 012 0.0
RG 2 5 0218 9811 1552 50.88 3821 8.6l 209 083  0.64
RG 2 10 0218 9811 7.63 50.88 3821 8.6l 209 083 064
RG 2 15 0218 9811 7.63 50.88 3821 8.6l 209 083  0.64
RG 2 20 0.101 6428 7.63 36.16 2550 228 209 083  0.64
RG 225 0069 6428 7.63 36.16 2079  7.09 209 026 0.64
RG 2 30 0069 6428 7.63 36.16 2079 7.09 139 026 0.64
RG 2 35 0069 6428 7.63 36.16 2079 7.09 139 026  0.64
RG 2 40 0.069 6428 5.99 36.16 2079 7.09 139 026  0.64
RG 2 45 0.050 5447 357 36.16 515  5.93 139 026  0.00
RG 2 50 0.030 4524 357 3868 652 000 040 026  0.00
RG 2 55 0.030 4524 357 3868 652 000 040 026  0.00
RG 2 60 0.030 4524 357 3868 652 000 040 026  0.00
RG 265 0030 4524 357 3868 652 000 040 026  0.00
RG 2 70 0.003 2839 357 1950 889 000 040 026 0.00
RG 2 75 0.003 2839 357 19.50 889 000 040 026 0.00
RG 3 5 0033 9701 4091 8441  61.66 941 2494 861 118
RG 3 10 0.033  97.01 32.54 8441  61.66 941 1508 861  1.18
RG 3 15 0.033 9701 32.54 8441 6166 941 1508 861  1.18
RG 320 0033 7518 32.54 42.02 3057 256 1508 132  1.18
RG 325 0033 7518 32.54 4202 3057 256 1508 132 0.00
RG 330 0033 7518 32.54 42.02 3057 256 1508 132 0.00
RG 335 0033 7518 32.54 42.02 3057 256 1508 132 0.00
RG 340  0.024 4530 18.14 630 2484 429 785 132  0.00
RG 3 45 0024  18.63 18.14 630 2484 429 785 132  0.00
RG 350 0019 1863 11.10 375 10.19  3.63 461 132  0.00
RG 355 0019 1863 11.10 375 1019 3.63 461 132 0.00
RG 3 60 0019 1863 11.10 375 10.19  3.63 461 132  0.00
RG 365 0019 1863 11.10 375 1019 3.63 461 132 0.00
RG 370 0018  18.63 11.10 167 1019 340 447 132 0.0
RG 375 0009 1863 3.76 1.67  10.19  0.00 128 132 0.0
RG 4 5 0045 9457 3084 3920 2477 997 743 335 087
RG 4 10 0.045 9457 30.84 3920 2477 997 743 335 087
RG 4 15 0.045 9457 30.84 3920 2477 997 743 335 087
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A 4.2. Cont’d

Depth oD
TRT REP wt RLD  SA RLD SA
(M ()

RG 4 20 0036 8855 12.99 2534 2477 1067 653 335 087
RG 4 25 0036 8381 12.99 2534  17.05 148 056 096  0.00
RG 4 30 0036 8381 1299 2534  17.05 148 056 096  0.00
RG 4 35 0036 8381 1299 2534 1705 148 056 096  0.00
RG 4 40 0036 8381 12.99 2534  17.05 148 056 096  0.00
RG 4 45 0036 8381 8.4l 2534 1705 148 056 096  0.00
RG 4 50 0.025 12,60 8.4l 5.58 911 035 056 096  0.00
RG 4 55 0025 12,60 8.4l 5.58 830 052 056 096  0.00
RG 4 60  0.025 1066 8.4l 5.58 830 052 056 096  0.00
RG 4 65 0025 1066 8.4l 5.58 830 052 056 096  0.00
RG 4 70 0.025  10.66 8.4l 5.58 830 052 056 096  0.00
RG 4 75 0025 1066 8.4l 5.58 830 052 056 096  0.00
RG 5 5 0060 12174 82.44 11659 4536  7.57  40.15 19.10  0.20
RG 5 10 0060 12174 62.71 11659 4536  7.57 3028 19.10  0.20
RG 5 15 0060 7730 6271 4752 4536 757 3028 19.10 0.0
RG 5 20 0038 7730 6271 4752 2727 494  28.12 11.05 020
RG 5 25 0076 7730 5548 4752 2764 094  28.12 1121 0.69
RG 5 30 0076 7730 5548 4752 2764 094  28.12 1121 0.69
RG 5 35 0076 7730 5548 4752 2764 094  28.12 1121 0.69
RG 5 40 0028 7730 44.59 4752 2278 066 1996 9.15  0.48
RG 5 45 0023 4649 51.59 36.92 2821 097 1996 1132 0.70
RG 5 50 0023 4284 2672 3407 868  0.03 1996 328  0.02
RG 5 55 0025 2306 26.72 2076 868 006 1996 4.17  0.04
RG 5 60 0025 2306 26.72 2076 868 006 1996 4.17  0.04
RG 5 65 0025 2306 26.72 2076 868 006 1996 4.17  0.04
RG 5 70 0025 2306 26.72 2076 868 006 1996 4.17  0.04
RG 5 75 0025  23.06 26.72 2076 868 006 1996 4.17  0.04
RG 6 5 0136 16729 8293 7990 3673 1059  43.56 23.58  0.04
RG 6 10 0.136 16729 8293 79.90 3673 1059 4356 23.58  0.04
RG 6 15 0.136 16729 8293 7990 3673 1059  43.56 23.58  0.04
RG 6 20 0.120 9348 60.14 2485 3673 791  33.03 1638 0.04
RG 6 25 0089 8286 57.12 18.17 3673 791 3285 1292 0.04
RG 6 30 0050 4798 46.11 18.17 2999 791  27.10 741  0.04
RG 6 35 0050 4798 46.11 18.17 2999 791  27.10 741  0.04
RG 6 40 0039 4798 43.79 18.17 2393 000  23.04 973  0.04
RG 6 45 0039 4798 43.79 18.17 2393 000  23.04 973  0.04
RG 6 50 0039 4798 43.79 18.17 2393 000  23.04 973  0.04
RG 6 55 0026 4798 30.79 18.17 2393 000 1650 10.70 0.04
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A 4.2. Cont’d

Depth oD
TRT REP wt RLD  SA RLD SA
(M ()

RG 6 60 0022 2506 2335 18.17 2393 000 1326 735 0.04
RG 6 65 0022 2506 2335 18.17 2393 000 1326 735  0.04
RG 6 70 0031 2506 2335 18.17 2393 000 17.17 735  0.04
RG 6 75 0046 2506 23.35 18.17 2393 000 1929 735  0.04
CcG 1 5 0003 1926  2.02 1923 003  0.00 1.65 001  0.00
CcG 1 10 0.003 1926 2.02 1923 0.03  0.00 1.65 001  0.00
CG 1 15 0.003 1937 2.02 1935  0.03  0.00 1.65 001  0.00
CcG 1 20 0003 1937 2.02 1935 0.03  0.00 1.65 001  0.00
CcG 1 25 0.003 341 045 3.41 000 000 041 0.00  0.00
CcG 1 30  0.003 341 045 3.41 000 000 041 000 0.00
CcG 1 35 0.003 341 045 3.41 000 000 041 0.00  0.00
CcG 1 40  0.003 341 045 3.41 000 000 041 000  0.00
CcG 1 45 0.003 341 045 3.41 000 000 041 0.00  0.00
CcG 1 50 0.003 341 045 3.41 000 000 041 000  0.00
CG 1 55 0.003 341 045 3.41 000 000 041 0.00  0.00
CcG 1 60 0.003 341 045 3.41 000 000 041 000 0.00
CcG 1 65  0.003 341 045 3.41 000 000 041 0.00  0.00
CcG 1 70  0.003 341 045 3.41 000 000 041 000  0.00
CcG 175 0.003 341 045 3.41 000 000 041 0.00  0.00
CcG 2 5 0003 2634 3.56 2562 072 000 293 027 0.0
CcG 2 10 0.003 2634 3.6 2562 072 000 293 027 0.0
CcG 2 15 0.003 2634 3.6 2562 072 000 293 027 0.0
CcG 220 0003 1813 277 1706 026  0.00 173 0.09  0.00
CG 225 0003 1721 140 1450 036  0.00 115 013 0.00
CcG 2 30 0.003 1494 140 1450 044 000 229 016 0.0
CG 2 35 0.003 1494 140 1450 044 000 229 016 0.0
CG 2 40  0.003 1494 140 1173 044 000 28 043 0.0
CG 2 45  0.003 1494 140 1173 044 000 286 043 0.0
CG 2 50 0.003 1244 116 1173 044 0.00 1.65 032  0.00
CG 2 55 0003 1244 1.16 1173 021 0.00 165 032 0.0
CcG 2 60 0.003 6.58  0.74 6.58 000 000  0.66 000 0.00
CcG 2 65 0.003 6.58  0.74 6.58 000 000  0.66 0.00 0.00
CcG 270 0.003 631  0.63 6.31 000 000 054 000 0.00
CcG 2 75 0003 450  0.63 6.31 000 000 091 0.00 0.00
CcG 3 5 0.003 574 0.93 538 035 000 070 0.15  0.00
CcG 3 10 0.003 574 093 538 035 000 070 0.5  0.00
CcG 3 15 0.003 574 0.93 538 035 000 070 0.5  0.00
CcG 320 0008 692 128 6.54 039  0.00 1.02 015  0.00
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A 4.2. Cont’d

Depth oD
TRT REP wt RLD  SA RLD SA
(M ()

CG 3 25 0008 692 128 6.54 039  0.00 1.02 015 0.0
CcG 330 0008 692 128 6.54 039  0.00 1.02 015  0.00
CcG 335 0008 692 128 6.54 039  0.00 1.02 015  0.00
CcG 340 0004 349 0.5 3.39 010 000  0.69 004 0.00
CcG 3 45 0004 349 0.5 3.39 010 000  0.69 004 0.00
CcG 350 0004 349 0.5 3.39 010 000  0.69 004 0.00
CG 355 0004 349 0.5 3.39 010 000  0.69 0.04 0.00
CcG 3 60 0004 349 0.5 3.39 010 000  0.69 004 0.00
CG 365 0004 349 0.5 3.39 010 000  0.69 004 0.00
CcG 370 0004 349 0.5 3.39 010 000  0.69 004 0.00
CG 375 0004 349 0.5 3.39 0.10 000  0.69 0.04 0.00
CcG 4 5 0009 4394 744 4097 297 000 607 1.03 0.0
CcG 4 10 0.009 4394 7.44 4097 297 000 607 1.03 0.0
CcG 4 15 0.009 4394 7.44 4097 297 000 607 1.03 0.0
CcG 4 20 0005 3985 7.54 3753 231 000 645 079  0.00
CcG 4 25 0005 2947 476 2927 020 000 441 007 0.0
CcG 4 30  0.005 2947 476 2927 020 000 441 007 0.0
CG 4 35 0005 2947 476 2927 020 000 441 007 0.0
CG 4 40 0.004 2409 3.17 2409 000 000 298 000 0.0
CG 4 45 0004 1528 173 1528  0.00  0.00 1.64  0.00  0.00
CG 4 50  0.004 1528 173 1528  0.00  0.00 1.64 000  0.00
CcG 4 55 0004 1528 173 1528  0.00  0.00 1.64 000  0.00
CcG 4 60 0003 1449 166 1528  0.00  0.00 175 0.00  0.00
CG 4 65 0003 1449 1.66 1528  0.00  0.00 175 0.00  0.00
CcG 4 70  0.004 801 0093 8.01 000 000 085 000 0.00
CcG 4 75 0004 801 0093 8.01 000 000 085 0.00 0.00
CcG 5 5 0.003 652  0.89 6.50 002 000 078 001  0.00
CG 5 10  0.003 652  0.89 6.50 002 000 078 001  0.00
CcG 5 15 0.003 652 0.89 6.50 002 000 078 001  0.00
CG 5 20 0003 652  0.89 6.50 002 000 078 001  0.00
CcG 5 25 0004 687 098 6.83 004 000 085 001  0.00
CcG 5 30 0004 687 098 6.83 004 000 085 001  0.00
CcG 5 35 0004 687 098 6.83 004 000 085 001  0.00
CcG 5 40 0004 687 098 6.83 004 000 085 001  0.00
CcG 5 45 0004 687 098 6.83 004 000 085 001 0.00
CcG 5 50 0.005 8.64 127 8.57 007  0.00 1.05 003  0.00
CcG 5 55 0.005 8.64 127 8.57 007  0.00 1.05 0.03  0.00
CcG 5 60 0.005 8.64 127 8.57 007  0.00 1.05 003  0.00
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A 4.2.Cont’d

Depth 0D
TRT REP wt RLD  SA RLD SA
)

CG 5 65 0.005 864 127 8.57 007  0.00 1.05 003 0.0
CcG 5 70  0.005 8.64 127 8.57 007  0.00 1.05 0.03  0.00
CcG 5 75 0.005 8.64 127 8.57 007  0.00 1.05 003  0.00
CcG 6 5 0003 1120 1.01 1120 000 000 092 000 0.0
CcG 6 10 0003 1120 1.01 1120 000 000 092 000 0.00
CcG 6 15 0003 1127 101 1127 000 000 092 000 0.0
CcG 6 20 0003 1324 1.00 1324 000 000 090 000 0.0
CcG 6 25 0.003 1.99 025 1.99 000 000 022 000 0.00
CcG 6 30 0.003 1.99 025 1.99 000 000 022 000 0.00
CcG 6 35 0.003 1.99 025 1.99 000 000 022 000 0.00
CcG 6 40  0.003 1.99 025 1.99 000 000 022 000 0.00
CcG 6 45  0.003 199 025 1.99 000 000 022 000 0.00
CcG 6 50 0.003 199 025 1.99 000 000 022 000 0.00
CcG 6 55  0.003 1.99 025 1.99 000 000 022 000 0.00
CG 6 60 0.003 199 025 1.99 000 000 022 000 0.00
CcG 6 65 0.003 1.99 025 1.99 000 000 022 000 0.0
CcG 6 70 0.003 199 025 1.99 000 000 022 000 0.00
CG 6 75 0.003 1.99 025 1.99 000 000 022 000 0.0

*AgB50 = root sampling in agroforestry buffer treatment at 50 cm away from tree trunk,
and AgB 100 = root sampling in agroforestry buffer treatment at 100 cm away from tree

trunk.
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A 4.3. Soil carbon measured in 2008 and used in Chapter 5. AgB=agroforestry buffer,
GB= grass buffer, RG= rotationally grazed pasture, and CG= continuously grazed
pasture.

Treatment  Replication Soil depth  Soil carbon

(cm) ()
AgB 1 5 1.51
AgB 1 10 1.51
AgB 1 15 1.51
AgB 1 20 1.34
AgB 1 25 1.34
AgB 1 30 1.34
AgB 1 35 0.72
AgB 1 40 0.72
AgB 1 45 0.72
AgB 1 50 0.58
AgB 1 55 0.58
AgB 1 60 0.58
AgB 1 65 0.58
AgB 1 70 0.58
AgB 1 75 0.58
AgB 2 5 1.62
AgB 2 10 1.62
AgB 2 15 1.62
AgB 2 20 1.62
AgB 2 25 1.24
AgB 2 30 1.24
AgB 2 35 1.24
AgB 2 40 0.49
AgB 2 45 0.49
AgB 2 50 0.49
AgB 2 55 0.49
AgB 2 60 0.36
AgB 2 65 0.36
AgB 2 70 0.36
AgB 2 75 0.36
AgB 3 5 2.01
AgB 3 10 2.01
AgB 3 15 2.01
AgB 3 20 2.01
AgB 3 25 0.93
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A 43. Cont’d

Treatment  Replication Soil depth  Soil carbon
AgB 3 30 0.93
AgB 3 35 0.67
AgB 3 40 0.67
AgB 3 45 0.67
AgB 3 50 0.65
AgB 3 55 0.65
AgB 3 60 0.65
AgB 3 65 0.65
AgB 3 70 0.65
AgB 3 75 0.65
AgB 4 5 2.53
AgB 4 10 2.53
AgB 4 15 1.19
AgB 4 20 1.19
AgB 4 25 1.49
AgB 4 30 1.49
AgB 4 35 0.17
AgB 4 40 0.17
AgB 4 45 0.17
AgB 4 50 0.17
AgB 4 55 0.17
AgB 4 60 0.17
AgB 4 65 0.17
AgB 4 70 0.17
AgB 4 75 0.17

GB 1 5 1.20
GB 1 10 1.20
GB 1 15 0.76
GB 1 20 0.76
GB 1 25 0.76
GB 1 30 0.74
GB 1 35 0.74
GB 1 40 0.74
GB 1 45 0.63
GB 1 50 0.63
GB 1 55 0.63
GB 1 60 0.63
GB 1 65 0.63
GB 1 70 0.63
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A 4.3. Cont’d

Treatment  Replication Soil depth  Soil carbon
GB 1 75 0.63
GB 2 5 1.20
GB 2 10 1.20
GB 2 15 1.20
GB 2 20 1.03
GB 2 25 1.03
GB 2 30 0.84
GB 2 35 0.84
GB 2 40 0.84
GB 2 45 0.84
GB 2 50 0.26
GB 2 55 0.26
GB 2 60 0.26
GB 2 65 0.26
GB 2 70 0.26
GB 2 75 0.26
GB 3 5 1.62
GB 3 10 1.62
GB 3 15 1.62
GB 3 20 1.62
GB 3 25 1.24
GB 3 30 1.24
GB 3 35 1.24
GB 3 40 0.49
GB 3 45 0.49
GB 3 50 0.49
GB 3 55 0.49
GB 3 60 0.36
GB 3 65 0.36
GB 3 70 0.36
GB 3 75 0.36
GB 4 5 1.34
GB 4 10 1.34
GB 4 15 1.19
GB 4 20 1.14
GB 4 25 1.01
GB 4 30 0.90
GB 4 35 0.90
GB 4 40 0.65
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A 4.3. Cont’d

Treatment  Replication Soil depth  Soil carbon
GB 4 45 0.69
GB 4 50 0.50
GB 4 55 0.50
GB 4 60 0.45
GB 4 65 0.45
GB 4 70 0.45
GB 4 75 0.45
RG 1 5 0.40
RG 1 10 0.40
RG 1 15 0.40
RG 1 20 0.40
RG 1 25 0.18
RG 1 30 0.18
RG 1 35 0.18
RG 1 40 0.18
RG 1 45 0.15
RG 1 50 0.15
RG 1 55 0.15
RG 1 60 0.15
RG 1 65 0.15
RG 1 70 0.13
RG 1 75 0.13
RG 2 5 0.64
RG 2 10 0.64
RG 2 15 0.64
RG 2 20 0.14
RG 2 25 0.14
RG 2 30 0.14
RG 2 35 0.14
RG 2 40 0.11
RG 2 45 0.11
RG 2 50 0.11
RG 2 55 0.11
RG 2 60 0.11
RG 2 65 0.11
RG 2 70 0.11
RG 2 75 0.14
RG 3 5 0.30
RG 3 10 0.30
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A 4.3. Cont’d

Treatment  Replication Soil depth  Soil carbon
RG 3 15 0.30
RG 3 20 0.13
RG 3 25 0.13
RG 3 30 0.13
RG 3 35 0.13
RG 3 40 0.13
RG 3 45 0.12
RG 3 50 0.12
RG 3 55 0.12
RG 3 60 0.12
RG 3 65 0.12
RG 3 70 0.11
RG 3 75 0.11
RG 4 5 0.23
RG 4 10 0.23
RG 4 15 0.23
RG 4 20 0.22
RG 4 25 0.22
RG 4 30 0.22
RG 4 35 0.22
RG 4 40 0.15
RG 4 45 0.15
RG 4 50 0.15
RG 4 55 0.15
RG 4 60 0.15
RG 4 65 0.12
RG 4 70 0.12
RG 4 75 0.12
CG 1 5 0.82
CG 1 10 0.82
CG 1 15 0.82
CG 1 20 0.82
CG 1 25 0.82
CG 1 30 1.19
CG 1 35 1.19
CG 1 40 1.19
CG 1 45 1.19
CG 1 50 0.42
CG 1 55 0.42
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A 4.3. Cont’d

Treatment  Replication Soil depth  Soil carbon
CG 1 60 0.42
CG 1 65 0.42
CG 1 70 0.23
CG 1 75 0.23
CG 2 5 0.86
CG 2 10 0.86
CG 2 15 0.86
CG 2 20 0.90
CG 2 25 0.90
CG 2 30 0.90
CG 2 35 0.90
CG 2 40 0.24
CG 2 45 0.24
CG 2 50 0.24
CG 2 55 0.24
CG 2 60 0.24
CG 2 65 0.24
CG 2 70 0.32
CG 2 75 0.32
CG 3 5 0.82
CG 3 10 0.82
CG 3 15 0.82
CG 3 20 0.74
CG 3 25 0.74
CG 3 30 0.74
CG 3 35 0.74
CG 3 40 0.43
CG 3 45 0.43
CG 3 50 0.43
CG 3 55 0.43
CG 3 60 0.31
CG 3 65 0.31
CG 3 70 0.31
CG 3 75 0.31
CG 4 5 1.23
CG 4 10 1.23
CG 4 15 1.23
CG 4 20 1.23
CG 4 25 0.48
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A 4.3. Cont’d

Treatment  Replication Soil depth  Soil carbon
CG 4 30 0.48
CG 4 35 0.48
CG 4 40 0.48
CG 4 45 0.48
CG 4 50 0.48
CG 4 55 0.23
CG 4 60 0.23
CG 4 65 0.23
CG 4 70 0.23
CG 4 75 0.23
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A 4.4. Root carbon measured in 2008 and used in Chapter 5. AgB=agroforestry buffer,
GB= grass buffer, RG= rotationally grazed pasture, and CG= continuously grazed
pasture.

Treatment Replication Soil depth  Root carbon

(cm) (%)
AgB 1 10 32.33
AgB 1 20 32.33
AgB 1 30 31.98
AgB 1 40 31.98
AgB 1 50 31.98
AgB 1 60 31.98
AgB 1 70 31.98
AgB 2 10 35.50
AgB 2 20 34.35
AgB 2 30 34.35
AgB 2 40 34.35
AgB 2 50 34.35
AgB 2 60 34.35
AgB 2 70 34.35
AgB 3 10 32.22
AgB 3 20 32.22
AgB 3 30 28.39
AgB 3 40 28.39
AgB 3 50 28.39
AgB 3 60 28.39
AgB 3 70 28.39
AgB 4 10 38.17
AgB 4 20 35.11
AgB 4 30 35.00
AgB 4 40 35.00
AgB 4 50 35.00
AgB 4 60 35.00
AgB 4 70 35.00
AgB 5 10 40.00
AgB 5 20 37.98
AgB 5 30 37.98
AgB 5 40 37.98
AgB 5 50 37.98
AgB 5 60 37.98
AgB 5 70 37.98
AgB 6 10 35.13
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A4.4. Cont’d

Treatment Replication Soil depth ~ Root carbon
AgB 6 20 35.13
AgB 6 30 35.16
AgB 6 40 29.11
AgB 6 50 29.11
AgB 6 60 29.11
AgB 6 70 29.11

GB 1 10 36.07
GB 1 20 32.95
GB 1 30 22.99
GB 1 40 22.99
GB 1 50 22.99
GB 1 60 22.99
GB 1 70 22.99
GB 2 10 37.93
GB 2 20 34.01
GB 2 30 33.31
GB 2 40 33.31
GB 2 50 33.31
GB 2 60 33.31
GB 2 70 33.31
GB 3 10 34.48
GB 3 20 33.85
GB 3 30 33.85
GB 3 40 33.85
GB 3 50 33.85
GB 3 60 33.85
GB 3 70 33.85
GB 4 10 34.11
GB 4 20 33.49
GB 4 30 33.49
GB 4 40 33.49
GB 4 50 33.49
GB 4 60 30.01
GB 4 70 30.01
GB 5 10 35.72
GB 5 20 23.19
GB 5 30 23.19
GB 5 40 23.19
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A4.4. Cont’d

Treatment Replication Soil depth ~ Root carbon
GB 5 50 23.19
GB 5 60 23.19
GB 5 70 23.19
GB 6 10 36.01
GB 6 20 33.11
GB 6 30 33.11
GB 6 40 33.11
GB 6 50 33.11
GB 6 60 33.11
GB 6 70 33.11
RG 1 10 29.64
RG 1 20 32.63
RG 1 30 32.63
RG 1 40 32.63
RG 1 50 32.63
RG 1 60 32.63
RG 1 70 32.63
RG 2 10 34.11
RG 2 20 34.11
RG 2 30 33.28
RG 2 40 33.28
RG 2 50 33.28
RG 2 60 33.28
RG 2 70 33.28
RG 3 10 32.27
RG 3 20 32.27
RG 3 30 32.27
RG 3 40 32.27
RG 3 50 32.27
RG 3 60 32.27
RG 3 70 32.27
RG 4 10 30.98
RG 4 20 34.24
RG 4 30 26.11
RG 4 40 26.11
RG 4 50 26.11
RG 4 60 26.11
RG 4 70 26.11
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A4.4. Cont’d

Treatment Replication Soil depth ~ Root carbon
RG 5 10 28.56
RG 5 20 28.56
RG 5 30 28.56
RG 5 40 28.56
RG 5 50 28.56
RG 5 60 28.56
RG 5 70 28.56
RG 6 10 34.39
RG 6 20 34.39
RG 6 30 31.40
RG 6 40 31.40
RG 6 50 31.40
RG 6 60 34.70
RG 6 70 34.70

261



APPENDIX 5

A 5.1. Measured versus simulated sediment loss for calibration (A, CW 400) from 2002
to 2005 and validation (B, CW 400) from 2005 to 2008. CW=control watershed.

y= 0.20 + 0.04 . A
i =077

© o 9
~N © ©
1

Simulated Sediment (kg hal)

4.0

y=0.14x + 0.16
r2=0.19

Simulated Sediment

0 . —® . .
0.0 0.5 1.0 1.5 2.0 2.5

Measured Sediment (kg ha't)

262



A 5.2. Measured versus simulated sediment loss for calibration (A, AgB100; C, AgB
300) from 2002 to 2005 and validation (B, AgB 100; D, AgB 300) from 2005 to
2008. AgB=agroforestry buffer.
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